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FOREWORD

The Composite Materials Handbook, CMH-17, provides information and guidance necessary to design
and fabricate structural components from composite materials. Its primary purposes are a) the standardi-
zation of engineering data development methodologies related to testing, data reduction, and data report-
ing of property data for current and emerging composite materials, b) guidance on material and process
specifications and procedures for utilization of the material data presented in the handbook, and ¢) meth-
odologies for the design, analysis, certification, manufacture, and field support of composite structures. In
support of these objectives, the handbook includes composite materials properties that meet specific data
requirements. The Handbook therefore constitutes an overview of the field of composites technology and
engineering, an area that is advancing and changing rapidly. As a result, the document will be continually
revised as sections are added or modified to reflect advances in the state-of-the-art.

CMH-17 Mission

The Composite Materials Handbook organization creates, publishes and maintains proven, reliable engi-
neering information and standards, subjected to thorough technical review, to support the development
and use of composite materials and structures.

CMH-17 Vision
The Composite Materials Handbook will be the authoritative worldwide focal point for technical information
on composite materials and structures.

Goals and Objectives to Support CMH-17 Mission

e To periodically meet with experts from the field to discuss critical technical issues for composite
structural applications, with an emphasis on increasing overall product efficiency, quality and safe-

ty.

e To provide comprehensive, practical engineering guidance that has proven reliable for the design,
fabrication, characterization, test and maintenance of composite materials and structures.

e To provide reliable data, linked to control of processes and raw materials, thereby being a com-
prehensive source of material property basis values and design information that can be shared
within the industry.

e To provide a resource for composite material and structure education with examples, applications
and references to supporting engineering work.

o To establish guidelines for use of information in the Handbook, identifying the limitations of the da-
ta and methods.

¢ To provide guidance on references to proven standards and engineering practices.

e To provide for periodic updates to maintain the all-inclusive nature of the information.

e To provide information in formats best-suited for user needs.

e To serve the needs of the international composites community through meetings and dialogue be-

tween member industries, which use teamwork and the diverse member engineering skills to pro-
vide information for the handbook.
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Notes
1. Every effort has been made to reflect the latest information on polymer (organic), metal, and ce-
ramic composites. The handbook is continually reviewed and revised to ensure it is complete and
current.

2. CMH-17 provides guidelines and material properties for polymer (organic), metal, and ceramic
matrix composite materials. The first three volumes of this handbook currently focus on, but are
not limited to, polymeric composites intended for aircraft and aerospace vehicles. Metal matrix
composites (MMC), ceramic matrix composites (CMC) including carbon-carbon composites
(C-C), and sandwich composites are covered in Volumes 4, 5, and 6, respectively.

3. The information contained in this handbook was obtained from materials producers, industry
companies and experts, reports on Government sponsored research, the open literature, and by
contract with research laboratories and those who participate in the CMH-17 coordination activity.
The information in this handbook has undergone vigorous technical review and was subject to
membership vote.

4. Beneficial comments (recommendations, additions, deletions) and any pertinent data which may
be of use in improving this document should be addressed to: CMH-17 Secretariat, Materials
Sciences Corporation, 135 Rock Road, Horsham, PA 19044, by letter or email, hand-
book@materials-sciences.com.
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1. GUIDELINES
1.1 GENERAL INFORMATION

This handbook documents engineering methodologies for the development of standardized, statisti-
cally-based material property data for continuous and discontinuous metal matrix composite (MMC) mate-
rials. Also provided are data summaries for a number of relevant composite material systems for which
available data meets specific CMH-17 requirements for publication. Additionally, supporting engineering
and manufacturing technologies and common practices related to composite materials are summarized.

1.1.1 INTRODUCTION

It is generally understood that standardized, statistically-based, material property data are essential to
an efficient engineering development process; such data are needed by material suppliers, engineering
users, and system end-users alike. Since the inherent properties of materials are independent of specific
applications, data development methodologies and material property data are applicable to a wide variety
of industries; they also form much of the technical basis for establishment of statistically-based design
values acceptable to procuring or certifying agencies.1 This evaluation of the inherent properties of com-
posite materials, as shown in Figure 1.1.1, is the focus of CMH-17.

1.1.2 PURPOSE

The primary purpose of CMH-17 Volume 4 is the standardization of engineering data development
methodologies related to characterization testing, data reduction, and data reporting of properties for
metal matrix composite materials. In support of this objective CMH-17 Volume 4 publishes properties on
composite material systems for which data meeting specific requirements is available. In addition, CMH-
17 provides selected guidance on other technical topics related to composites, including material
selection, material specification, material processing, design, analysis, quality control, and repair of typical
metal matrix composite materials. Thus, CMH-17 is published in three major sections, and serves as a
source for the following:

e Section 1 - Guidelines: Documents material characterization data development methodology
guidelines adaptable to a wide variety of needs, as well as specific requirements to be met by data
published in the handbook. Most procuring and certifying agencies prefer, and some may require,
that composite material systems used in critical applications either be characterized in accord-
ance with Section 1 guidelines or selected from material systems published in Section 3.

e Section 2 — Design Guidelines for Metal Matrix Materials: This section provides guidance on sta-
tistical analysis of metal matrix composite data. In addition, methodologies and recommendations
for design, modeling, joining, structural reliability, and repair are given.

e Section 3 - Material Property Data: Provides a repository of potential design data. The docu-

mented property summaries for material systems provide data meeting the criteria for any of the
two CMH-17 data documentation classes, screening and fully approved.

1.1.3 SCOPE

Volume 4 of CMH-17 serves as a general Reference source for technical information on metal matrix
composites, including:

"An example of a procuring agency is a branch of the U.S. Department of Defense (DoD). An example of a certifying agency is an
office of the Federal Aviation Administration (FAA).

1
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CMH-17
MATRIX MATERIAL FIBER
CHARACTERIZATION CHARACTERIZATION
INTERMEDIATE FORMS
EVALUATION
COMPOSITE SYSTEMS CHARACTERIZATION
NOTCHED/DAMAGED JOINT
COMPOSITE EVALUATION
EVALUATION

DETERMINATION OF
STRUCTURAL DESIGN VALUES

CERTIFICATION OF THE
COMPOSITE STRUCTURE

FIGURE 1.1.1 Focus of CMH-17 Volume 4 indicated by shaded block.

1.1.3.1 Section 1: Guidelines

This Volume contains guidelines for determining the properties of composite material systems, their
constituents, and generic structural elements, including test planning, test matrices, sampling, condition-
ing, test procedure selection, data reporting, data reduction, statistical analysis, and other related topics.
Special attention is given to the statistical treatment and analysis of data. Section 1 contains guidelines for
general development of material characterization data as well as specific requirements for publication of
metal matrix composite material data in CMH-17.

It must be emphasized that this handbook differentiates between material basis values (material al-
lowables) and design allowable values. Material basis values, being an intrinsic property of a composite
material system, are the focus of this handbook. Design allowable values, while often rooted in material
basis values, are application dependent, and consider and include specific additional considerations that

2
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may further affect the strength or stiffness of the structure. Also, when establishing application design val-
ues there may be additional certification or procurement agency requirements that go beyond CMH-17.

1.1.3.2 Section 2: Design Guidelines for Metal Matrix Materials
[Materials Usage, Design, and Analysis Guidelines]

Section 2 provides methodologies and lessons learned for the design, manufacture, analysis, and
supportability of composite structures, and for utilization of the material data provided in Section 3 con-
sistent with the guidance provided in Section 1. Topics discussed in Section 2 include materials and pro-
cessing, quality control, design and analysis, joints, reliability, and supportability.

1.1.3.3 Section 3: Material property data

Section 3 contains statistically-based data meeting specific CMH-17 population sampling and data
documentation requirements, covering constituents and material systems of general interest. Data pub-
lished in Section 3 are under the jurisdiction of the Data Review Working Group and are approved by the
overall Coordination Group (the CMH-17 Coordination Group and Working Groups are discussed in Sec-
tion 1.1.5). New material systems will be included and additional material data for existing systems will be
added as data become available and are approved.

The material properties in Section 3 are defined over a range of potential use conditions, focusing,
when possible, on the upper and lower material environmental limits so that application-specific environ-
ments do not limit use of the data. Data at intermediate environmental conditions, when available, provide
additional definition of the relation between material response and environment.

While the process of establishing structural design values for specific applications can begin with the
data contained in Section 3, most applications require collection of additional data, especially if there are
requirements for data from the laminate or higher structural complexity levels (structural complexity level
is discussed in Volume 3, Chapter 4). Also, the ability to manufacture material equivalent to that from
which the data in Section 3 were obtained typically must be proven to the procuring or certifying agency,
which usually involves limited testing and data comparison. The details of such an evaluation remain at
the discretion of the procuring or certifying agency.

1.1.4 USE OF THE DOCUMENT AND LIMITATIONS
1.1.4.1 Source of information

The information contained in CMH-17 Volume 4 is obtained from materials producers and fabricators,
manufacturers, reports on government-sponsored research, the open literature, direct contacts with re-
searchers, and from participants in CMH-17 coordination activities. All information published in this docu-
ment has been coordinated and reviewed by representatives from industry, the U.S. Army, U.S. Navy, U.S.
Air Force, NASA, and Federal Aviation Administration. Every effort has been made to reflect the most up-
to-date information on the use of composite materials, with particular emphasis on use of composites in
structures. The handbook is continually reviewed and revised to keep current with the state-of-the-art and
ensure completeness and accuracy.

1.1.4.2 Use of data and guidelines in applications
All data contained herein are based on small-scale test specimens for specific environmental condi-

tions, largely limited to uniaxial Ioading.1 It is the user's responsibility to determine if handbook data is ap-
propriate for a given application, and if selected, to translate or scale the data as necessary for use:

"Unless otherwise noted, tests were conducted in conformance with the particular test method noted. The emphasis is on data
obtained from ASTM standard test methods for advanced composites, but where an ASTM test method has been deemed inappro-
priate or is not yet available, or when data from a nonstandard but commonly practiced test procedure is available, then data from a
non-standard test method may have been accepted for publication. The specific test method used is noted in the data documenta-
tion. See also the statement on test method acceptance criteria in Section 1.3.2.1.

3
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in a multi-directional laminate,

on a structure of different characteristic size and geometry,
under a multi-directional stress state,

when exposed to a different environment, and/or

when subjected to non-static loading.

Further discussions of these and other issues are provided in Section 2. Specific uses of handbook data
are beyond the scope and responsibility of CMH-17, and applicability and interpretation of specific provi-
sions of this handbook may require approval by an appropriate procurement or certification agency.

1.1.4.3 Strength properties and allowables terminology

The handbook intent is to provide guidelines for generating material property data, including statistical-
ly-based strength data at environmental extremes that bracket most intermediate application-specific envi-
ronments. The philosophy is to avoid having application-specific issues govern generic material property
characterization programs. If data are also available at intermediate environmental conditions, they can
be used to more completely define the relationship between the property and the effect of the environment
on that property. However, in some cases an environmental limit for a composite material system may be
application dependent, and in others, data at environmental limits may not be available.

Available statistically-based strength data are useful as a starting point for establishing structural de-
sign allowable values when stress and strength analysis capabilities permit lamina-level margin-of-safety
calculations. For such cases the CMH-17 strength basis value may also be termed a material design al-
lowable. Depending on the application, some structural design allowables may have to be empirically de-
termined from additional laminate, element, or higher-level test data not provided by CMH-17.

1.1.4.4 Use of references

While many References are provided at the end of each chapter, note that the information in these
citations may not necessarily comply in every respect either with the general guidelines for data develop-
ment or with the specific requirements for publication of data in the handbook. The References are simply
intended to be helpful, but not necessarily complete or authoritative sources of additional related infor-
mation on specific subject areas.

1.1.4.5 Use of tradenames and product names

Use of tradenames or proprietary product names does not constitute an endorsement of those prod-
ucts by the U.S. Government or by the CMH-17 Coordination Group.

1.1.4.6 Toxicity, health hazards, and safety

Certain processing and test methods discussed in CMH-17 may involve hazardous materials, opera-
tions, or equipment. These methods may not address safety problems, if any, associated with their use. It
is the responsibility of the user of these methods to establish appropriate safety and health practices and
to determine the applicability of regulatory limitations prior to use. The user is referred to the Advanced
Composite Materials U.S. Army Interim Health and Safety Guidance for a discussion of the health and
safety issues involved in the processing and use of composite materials. This document is generated by
the U.S. Army Environmental Hygiene Agency, Aberdeen Proving Ground, MD. Material manufacturers,
as well as various composites user groups, may also provide guidance on health and safety issues perti-
nent to composite materials.

1.1.4.7 Ozone depleting chemicals

Restrictions on the use of ozone depleting chemicals are detailed in the U.S. Clean Air Act of 1991.
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1.1.5 APPROVAL PROCEDURES

The content of the handbook is developed and approved by the CMH-17 MMC Coordination Group,
which meets periodically to consider changes and additions to the handbook. This Group consists of the
Coordination Group Co-Chairs, Coordinator, Secretariat, Working Group Chairs, and the active Working
Group participants, which include representatives from various United States procuring and certifying agen-
cies, in addition to the producing industries, academic, and research institutions. CMH-17 MMC Coordina-
tion Group meetings are announced on the CMH-17 homepage (http://www.cmh17.org/).

While each of the Working Groups functions similarly, they are of three types: Executive, a single
Working Group with oversight responsibility composed of the Working Group Chairs, the handbook Co-
Chairs, Coordinator, and Secretariat; Standing, including Data Review, Materials and Processing, Statis-
tics, and Testing Working Groups; and Specialty, which will be established as needed. The makeup and
organization of the Coordination Group and Working Groups, as well as the procedures followed for doc-
ument change approval, are summarized in the CMH-17 homepage.

Proposals for addition to, deletion from, or modification to the handbook should be submitted to both
the appropriate Working Group and the Secretariat well in advance of the announcement mailing date,
and should include specific notation of the proposed changes and adequate documentation of supporting
data or analytical procedures. Reproducible copies of Figures, drawings, or photographs proposed for
publication in the document should be furnished to the Secretariat. Following approval by the appropriate
Working Group, the proposed changes are published in the next minutes of the Coordination Group, in a
special section of the minutes called the "yellow pages", and all participants are allowed comment on the
proposed changes. If no substantive comments are received on any individual item by the posted re-
sponse date, then that item is considered approved by the Coordination Group and is considered effective
as of that date. (Prior to publication in the next revision of the handbook the collected changes are re-
viewed by various branches of the U.S. DoD. Additional proposals for revision may result from this U.S.
DoD review.)

Requests for inclusion of material property data into CMH-17 should be submitted to either the Coor-
dinator or the Secretariat, accompanied by the documentation specified in Section 1.3.2.5. A Data Source
Information Package has been created to aid those considering submitting data for inclusion in CMH-17,
and is available from either the Coordinator or the Secretariat. The Secretariat reviews and analyzes each
data submission and at the next available meeting of the Coordination Group presents a summary for
evaluation by the Data Review Working Group. The choice of new materials to be included herein is gov-
erned by the CMH-17 Coordination Group. Practical considerations preclude inclusion of all advanced
composite materials, but reasonable attempts will be made to add new material systems of interest in a
timely manner.

1.1.6 SYMBOLS, ABBREVIATIONS, AND SYSTEMS OF UNITS

This section defines the symbols and abbreviations that are used within CMH-17 and describes the
system of units which is maintained. Common usage is maintained where possible. References 1.1.6(a)
through 1.1.6(c) served as primary sources for this information.
1.1.6.1 Symbols and abbreviations

The symbols and abbreviations used in this document are defined in this section with the exception of
statistical symbols. These latter symbols are defined in Section 1.11. The lamina/laminate coordinate

axes used for all properties and a summary of the mechanical property notation are shown in Figure
1.1.6.1.

e The symbols f and m, when used as either subscripts or superscripts, always denote fiber and
matrix, respectively.

e The type of stress (for example, cy - compressive yield) is always used in the superscript position.
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e Direction indicators (for example, x, vy, z, 1, 2, 3, and so on) are always used in the subscript posi-
tion.

e Ordinal indicators of laminae sequence (for example, 1, 2, 3, and so on) are used in the super-
script position and must be parenthesized to distinguish them from mathematical exponents.

e Otherindicators may be used in either subscript or superscript position, as appropriate for clarity.

e Compound symbols (such as, basic symbols plus indicators) which deviate from these rules are
shown in their specific form in the following list.

The following general symbols and abbreviations are considered standard for use in CMH-17. Where
exceptions are made, they are noted in the text and Tables.

A - (1) area (mz,inz)
- (2) ratio of alternating stress to mean stress
- (3) A-basis for mechanical property values
Ann - Annealed
a - (1) length dimension (mm.,in)
- (2) acceleration (m/secz,ft/secz)
- (3) amplitude
- (4) crack or flaw dimension (mm, in.)

a, - critical half crack length
a, - initial half crack length
B - (1) B-basis for mechanical property values
- (2) biaxial ratio
Btu - British thermal unit(s)
BUS - individual or typical bearing ultimate strength
BYS - individual or typical bearing yield strength
b - (1) width dimension (mm, in.), for example, the width of a bearing or compression panel nor-
mal to load,

or breadth of beam cross-section
- (2) width of sections; subscript “bending”

br - subscript “bearing”

C - (1) specific heat (kJ/kg °C, Btu/lb °F)
- (2) Celsius

CcC - center cracked

CEM - consumable electrode melted

CF - centrifugal force (N, Ibf)CPF

CPF - crossply factor

CG - (1) center of mass, "center of gravity"
- (2) area or volume centroid

€ - centerline

CT - compact tension

c - column buckling end-fixity coefficient

cpm - cycles per minute

D - (1) diameter (mm, in.)

- (2) hole or fastener diameter (mm, in.)
- (3) plate stiffness (N-m, Ibf-in)

d - mathematical operator denoting differential

E - modulus of elasticity in tension, average ratio of stress to strain for stress below proportional
limit (GPa, Msi)

E. - modulus of elasticity in compression, average ratio of stress to strain for stress below

proportional limit (GPa, Msi)
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Lamina
+3, Thickness

o

V' 4 ~—
1, Longitudinal
ik

Notation = HJi

Where,

o, 1; Applied Normal, Shear Stress

F; Allowable Stress

g, v; Extensional, Shear Strain

E, G; Young's, Shear Modulus

v; Poisson’s Ratio

(
1; Longitudinal
2; Transverse

! Lamina
3; Thickness
] 12, 13, 32; Shear, Poisson’s
= <x; Longitudinal
y; Transverse Laminate

z; Thickness
Xy, Xz, zy; Shear, Poisson’s

\

&2 Transverse

+ z, Thickness
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X, Longltudlnal

t . . , .
Voq= Minor Poisson’s Ratio = ——

c; Compression
j= t; Tension

s; Shear
y; Yield
u; Ultimate, Not Used

k= for Stiffness

—» y, Transverse

8t->||<—

2

t
Fiu
=

Examples, = Lamina Ultimate Transverse Tensile Allowable Stress

= Lamina Compressive Young’s Modulus, Thickness Direction

FIGURE 1.1.6.1 Mechanical property notation.
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Ec
ESCC
Elan
ELI
ER
ESR
c

e/D

FCCI’

- modulus of elasticity of honeycomb core normal to sandwich plane (GPa, Msi)

- secant modulus (GPa, Msi)

- tangent modulus (GPa, Msi)

- extra low interstitial (grade of titanium alloy)

- equivalent round

- electro-slag remelted

- (1) minimum distance from a hole center to the edge of the sheet (mm, in.)

- (2) elongation in percent, a measure of the ductility of a material based on a tension test

- (3) unit deformation or strain

- (4) subscript “fatigue or endurance”

- ratio of edge distance to hole diameter (bearing strength)

- (1) stress (MPa, ksi)

- (2) Fahrenheit

- bending stress (MPa, ksi)

- crushing or crippling stress (upper limit of column stress for failure) (MPa, ksi)

- proportional limit (MPa, ksi)

- ultimate stress in pure shear (this value represents the average shear stress over the
cross-section) (MPa, ksi)

- ultimate stress in tension (MPa, ksi)

- fiber volume (%)

- (1) internal (or calculated) stress (MPa, ksi)

- (2) stress applied to the gross flawed section (MPa, ksi)

- (3) creep stress (MPa, ksi)

- internal (or calculated) compressive stress (MPa, ksi)

- (1) maximum stress at fracture (MPa, ksi)

- (2) gross stress limit (for screening elastic fracture data (MPa, ksi)

- foot, feet

- modulus of rigidity (shear modulus) (GPa, Msi)

- gigapascal(s)

- (1) gram(s)

- (2) acceleration due to gravity (m/sz, ft/sz)

- honeycomb (sandwich)

- height dimension (mm, in.) for example, the height of a beam cross-section

- hour(s)

- area moment of inertia (mm*, in.*)

- slope (due to bending) of neutral plane in a beam, in radians

- inch(es)

- (1) torsion constant (= 1, for round tubes) (m*, in.%)

- (2) Joule

- (1) Kelvin

- (2) stress intensity factor (MPa\/E ,ksi/\/ﬁ)

- (3) coefficient of thermal conductivity (W/m °C, Btu/ft’/hr/in./°F)

- (4) correction factor

- (5) dielectric constant

- apparent plane strain fracture toughness or residual strength (MPa\/E ksi/+fin )

- critical plane strain fracture toughness, a measure of fracture toughness at point of crack

growth instability (MPa~/m ,ksi//in )

- plane strain fracture toughness (MPa+/m ,ksi/+/in )
- empirically calculated fatigue notch factor

- plate or cylinder shear buckling coefficient

- (1) theoretical elastic stress concentration factor

- (2) ty/c ratio in H/C sandwich

- dielectric strength (KV/mm, V/mil)

- plate or cylinder compressive buckling coefficient

8
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k - strain at unit stress (m/m, in./in.)
ksi - kips (1,000 pounds) per square inch
L - cylinder, beam, or column length (mm, in.)
L - effective column length (mm, in.)
LT - long transverse (grain direction)
Ib. - pound
L, - gage length
M - applied moment or couple (N-m, in.-Ibf)
Mg - megagram(s)
MIG - metal-inert-gas (welding)
MPa - megapascal(s)
MS - military standard
M.S. - margin of safety
MW - molecular weight
MWD - molecular weight distribution
m - (1) mass (kg, Ib.)
- (2) number of half wave lengths
- (3) metre
- (4) slope
mm - millimetre(s)
N - (1) number of fatigue cycles to failure

- (2) number of laminae in a laminate
- (3) distributed in-plane forces on a panel (Ibf/in.)

- (4) Newton
- (5) normalized
NA - neutral axis
n - (1) number of times in a set
- (2) number of half or total wavelengths
- (3) number of fatigue cycles endured
- (4) subscript “normal’;
- (5)cycles applied to failure
- (6) shape parameter for the standard stress-strain curve (Ramberg-Osgood parameter)
P - (1) applied load (N, Ibf)
- (2) exposure parameter
- (3) probability
- (4) specific resistance (Q)
o - test ultimate load, (N, Ib. per fastener)
PY - test yield load, (N, Ib per fastener)
P - normal pressure (Pa, psi)
psi - pounds per square inch
Q - area static moment of a cross-section (mm?, in.?)
Q&T - quenched and tempered
q - shear flow (N/m, Ibf/in.)
R - (1) algebraic ratio of minimum load to maximum load in cyclic loading
- (2) reduced ratio
RA - reduction of area
R.H. - relative humidity
RMS - root-mean-square
RT - room temperature
T - (1) radius (mm, in.)

- (2) root radius (mm, in.)

- (3) reduced ratio (regression analysis)
S - (1) shear force (N, Ibf)

- (2) nominal stress in fatigue (MPa, ksi)

- (3) S-basis for mechanical property values
S, - stress amplitude in fatigue (MPa, ksi)
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Se - fatigue limit (MPa, ksi)
S - mean stress in fatigue (MPa, ksi)
Shnax - highest algebraic value of stress in the stress cycle (MPa, ksi)
Shmin - lowest algebraic value of stress in the stress cycle (MPa, ksi)
Sk - algebraic difference between the minimum and maximum stresses in one cycle (MPa, ksi)
S.F. - safety factor
SCC - stress-corrosion cracking
ST - short transverse (grain direction)
STA - solution treated and aged
S-N - stress vs. fatigue life
s - (1) arc length (mm, in.)
- (2) H/C sandwich cell size (mm, in.)
T - (1) temperature (°C, °F)
- (2) applied torsional moment (N-m, in.-Ibf)
TIG - tungsten-inert-gas (welding)
Tk - exposure temperature
Tg - exposure temperature (°C, °F)
T - melting temperature (°C, °F)
t - (1) thickness (mm, in.)
- (2) exposure time (s)
- (3) elapsed time (s)
v - (1) volume (mm3, in.s)

- (2) shear force (N, Ibf)
W - (1) weight (N, Ibf)
- (2) width (mm, in.)
- (3) Watt
- distance along a coordinate axis
nondimensional factor relating component geometry and flaw size
(1) deflection (due to bending) of elastic curve of a beam (mm, in.)
- (2) distance from neutral axis to given point
- (3) distance along a coordinate axis
- section modulus, I’y (mm?, in.%)
- distance along a coordinate axis
- coefficient of thermal expansion (m/m/°C, in./in./°F)

- shear strain (m/m, in./in.)

difference (used as prefix to quantitative symbols)
- angular deflection
- elongation or deflection (mm, in.)
- strain (m/m, in./in.)
elastic strain (m/m, in./in.)
plastic strain (m/m, in./in.)
- permeability
plasticity reduction factor
- Poisson's ratio
- (1) density (g/cm®, Ib/in.%)
- (2) radius of gyration (mm, in.)
- (3) radius of gyration; Neuber constant (block length)
A - HI/C sandwich core density (kg/m®, Ib/in.?)

z - total, summation

o - standard deviation

Gijy T ij - stress in j direction on surface whose outer normal is in i direction (i,j=1,2,3 orx, y, z)
(MPa, ksi)

T - applied shear stress (MPa, ksi)

® - angular velocity (radians/s)

0 - infinity

m g > < g NN <o
1 T

m M
T o
1 1

° <3 T
1
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1.1.6.1.1 Constituent properties

The following symbols apply specifically to the constituent properties of a typical composite material.

Ef - Young's modulus of fiber (MPa, ksi)

E™ - Young's modulus of matrix material (MPa, ksi)

ER - Young’s modulus of reinforcement (MPa, ksi)

G' - shear modulus of fiber (MPa, ksi)

G" - shear modulus of matrix (MPa, ksi)

Gt - shear modulus of reinforcement (MPa, ksi)

G/, - shear modulus of sandwich core along X-axis (MPa, ksi)

G, - shear modulus of sandwich core along Y-axis (MPa, ksi)

4 - fiber length (mm, in.)

af - coefficient of thermal expansion for fiber material (m/m/°C, in./in./°F)

a™ - coefficient of thermal expansion for matrix material (m/m/°C, in./in./°F)

yf - Poisson's ratio of fiber material

% - Poisson's ratio of matrix material

c - applied axial stress at a point, as used in micromechanics analysis (MPa, ksi)
T - applied shear stress at a point, as used in micromechanics analysis (MPa, ksi)

1.1.6.1.2 Laminae and laminates

The following symbols, abbreviations, and notations apply to composite laminae and laminates.

Aij (1,_] = 1,2,6)
Bij (1,_] = 1,2,6)
Cij (1,_] = 1,2,6)
Dy, Dy

D

Xy
Dij (15.] = 152)6)
E,
2

X

M m o

y

G

Gyy

h;

M, My, My,

nf
Qx Qy

Qy(i,j = 1,2,6)

Uy, Uy, U,

o 8] [0}
Ux» uy, Uz

extensional rigidities (N/m, Ibf/in.)

coupling matrix (N, Ibf)

elements of stiffness matrix (Pa, psi)

flexural rigidities (N-m, Ibf-in.)

twisting rigidity (N-m, Ibf-in.)

flexural rigidities (N-m, Ibf-in.)

Young's modulus of lamina parallel to fiber or warp direction (GPa, Msi)
Young's modulus of lamina transverse to fiber or warp direction (GPa, Msi)
Young's modulus of laminate along x Reference axis (GPa, Msi)
Young's modulus of laminate along y Reference axis (GPa, Msi)

shear modulus of lamina in 12 plane (GPa, Msi)

shear modulus of laminate in xy Reference plane (GPa, Msi)

thickness of i"" ply or lamina (mm, in.)

bending and twisting moment components (N-m/m, in.-Ibf/in. in plate and shell analysis)

number of fibers per unit length per lamina

shear force parallel to z axis of sections of a plate perpendicular to x and y axes,
respectively (N/m, Ibf/in.)

reduced stiffness matrix (Pa, psi)

components of the displacement vector (mm, in.)

components of the displacement vector at the laminate's midsurface (mm, in.)

void content (% by volume)

fiber content or fiber volume (% by volume)

matrix content (% by volume)

edge or support shear force (N/m, Ibf/in.)

fiber content (% by weight)

matrix content (% by weight)

weight of laminate per unit surface area (N/m?, Ibf/in.?)

lamina coefficient of thermal expansion along 1 axis (m/m/°C, in./in./°F)

lamina coefficient of thermal expansion along 2 axis (m/m/°C, in./in./°F)
11
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V12

V21

laminate coefficient of thermal expansion along general Reference x axis

(m/m/°C, in./in./°F)

laminate coefficient of thermal expansion along general Reference y axis

(m/m/°C, in./in./°F)

laminate shear distortion coefficient of thermal expansion (m/m/°C, in./in./°F)
angular orientation of a lamina in a laminate, that is, angle between 1 and x axes (°)
product of Vey @nd vy,

Poisson's ratio relating contraction in the 2 direction as a result of extension in the 1
direction’

Poisson's ratio relating contraction in the 1 direction as a result of extension in the 2
direction’

Poisson's ratio relating contraction in the y direction as a result of extension in the x

direction’

Poisson's ratio relating contraction in the x direction as a result of extension in the y
direction’

(1) density of a single lamina (g/cm3, Ib/in.3)

(2) density of a laminate (g/cm3, Ib/in.3)

)
(1) general angular coordinate, (°)
(2) angle between x and load axes in off-axis loading (°)

1.1.6.1.3 Subscripts

The following subscript notations are considered standard in CMH-17.

BT IZmgeog

max
min

laminae natural orthogonal coordinates (1 is fiber)

axial

(1) adhesive

() al
appa

ternating
rent

bypass

(1) composite system, specific fiber/matrix composition.
(2) critical

(3) compression

centr

ifugal force

fatigue or endurance
effective
equivalent

fiber
hoop

i"™ position in a sequence

lateral

(1) matrix

(2) mean

maximum

minimum

(1) n" (last) position in a sequence
(2) normal

polar

symmetric
stiffener

trans

verse

value of parameter at time t

"The convention for Poisson’s ratio should be checked before comparing different sources as different conventions are used.
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&
<
N
1

1.1.6.1.4

cC
cr

(1)
lim

ohc
oht

pl
rup

SCr
SeC

1.1.6.1.5

general coordinate system

total, or summation

initial or Reference datum

format for indicating specific, temperature associated with term in parentheses. RT - room
temperature (21°C, 70°F); all other temperatures in °F unless specified.

Superscripts

The following superscript notations are considered standard in CMH-17.

bending

bearing

(1) compression

(2) creep

compressive crippling
compressive buckling
elastic

fiber

i" ply or lamina

limit, used to indicate limit loading
matrix

open hole compression
open hole tension
plastic

proportional limit
rupture

shear

shear buckling

secant (modulus)
offset shear
temperature or thermal
tension

tangent (modulus)
ultimate

yield

secondary (modulus), or denotes properties of H/C core when used with subscript ¢

Acronyms

The following acronyms are used in CMH-17, Volume 4

AA
AES
AlA
AlSI

Atomic Absorption

Auger Electron Spectroscopy
Aerospace Industries Association
American Iron & Steel institute

AMPTIAC Advanced Materials & Processes Technical Information and Analysis Center

AMS
ANOVA
ARL
ASM
CAD
CAl
CAT
CIP
CTE
Ccv

Aerospace Materials Specification
Analysis of Variance

Army Research Laboratory

ASM International

Computer Aided Design
Compression After Impact
Computer Aided Tomography
Cold Isostatic Pressing
Coefficient of Thermal Expansion
Coefficient of Variation
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CVvD Chemical Vapor Deposition

CVi Chemical Vapor Infiltration

DCB Double Cantilever Beam

DLL Design Limit Load

DOD Department of Defense

DOE Department of Energy

DRA Discontinuously Reinforced Aluminum
DSC Differential Scanning Calorimetry

DTA Differential Thermal Analysis

EAC Environmentally Assisted Cracking

EDM Electric Discharge Machining

ENF End Notched Flexure

ESCA Electron Spectroscopy for Chemical Analysis
FAA Federal Aviation Administration

FEA Finite Element Analysis

FEM Finite Element Method

FOD Foreign Object Damage

GC Gas Chromatography

GTAW Gas Tungsten Arc Welding

HAC Hydrogen Assisted Cracking

HIP Hot Isostatic Pressing

ICP Inductively Coupled Plasma

IGA Intergranular Attack

LMI Liquid metal Infiltration

LPT Laminate Plate Theory

LSS Laminate Stacking Sequence

MMB Mixed Mode Bending

MMC Metal Matrix Composite

MOL Material Operational Limit

MS Mass Spectroscopy

MSDS Material Data Safety Sheets

MTBF Mean Time Between Failure

NAS National Aerospace Standard

NASA National Aeronautics & Space Administration
NDC Nondestructive Characterization

NDE Nondestructive Evaluation

NDI Nondestructive Inspection

NDT Nondestructive Testing

PEL Precision Elastic Limit

RT Room Temperature

SACMA Suppliers of Advanced Composite Materials Association
SAE Society of Automotive Engineers

SAMPE Society for the Advancement of Materials & Process Engineering
SBS Short Beam Shear Strength

SCC Stress Corrosion Cracking

SEM Scanning Electron Microscopy

SI International System of Units (Le Systéme International d’Unités)
SIMS Secondary lon Mass Spectroscopy

TEM Transmission Electron Microscopy

TMA Thermomechanical Analysis

TMS The Metals, Minerals & Materials Society
TMP Thermomechanical Processing

VNB V-notched Beam

WOF Work Of Fracture

XRF X-Ray Fluorescence

XRD X-Ray Diffraction
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1.1.6.2 Material system codes

The material systems codes which are used in the handbook consist of a fiber system code and a
matrix material code separated by a virgule (/), for example, AIO/Al for alumina reinforced aluminum. The
codes for the fiber and matrix materials appear in Table 1.1.6.2(a) and (b).

TABLE 1.1.6.2(a) Fiber system codes.

AlLO, Alumina

B Boron

B,C Boron Carbide
C Carbon

Gr Graphite

SiC Silicon Carbide
-- Steel

W Tungsten

TABLE 1.1.6.2.(b) Matrix material codes.

Al Aluminum
Cu Copper

Fe Iron

Mg Magnesium
Ni Nickel

Ti Titanium

1.1.6.3 System of units

To comply with Department of Defense Instructive 5000.2, Part 6, Section M, "Use of the Metric Sys-
tem," dated February 23, 1991, the data in CMH-17 are generally presented in both the International Sys-
tem of Units (S| units) and the U. S. Customary (English) system of units. ASTM D380, Standard for Met-
ric Practice, provides guidance for the application for Sl units which are intended as a basis for worldwide
standardization of measurement units (Reference 1.1.6.3(a)). Further guidelines on the use of the Sl sys-
tem of units and conversion factors are contained in the following publications (References 1.1.6.3(b)
through 1.1.6.3(e)):

(1) DARCOM P 706-470, “Engineering Design Handbook: Metric Conversion Guide”, July 1976.

(2) NBS Special Publication 330, "The International System of Units (Sl)”, National Bureau of Stand-
ards, 1986 edition.

(3) NBS Letter Circular LC 1035, "Units and Systems of Weights and Measures, Their Origin, Devel-
opment, and Present Status”, National Bureau of Standards, November 1985.

(4) NASA Special Publication 7012, "The International System of Units Physical Constants and Con-
version Factors", 1964.
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(5) IEEE SI 10, “International System of Units (SI): The Modern Metric System”, Institute of Electrical
and Electronic Engineers (IEEE), November 1997.

English to S| conversion factors pertinent to CMH-17 data are contained in Table 1.1.6.3.

TABLE 1.1.6.3 English to Sl conversion factors.

To convert from to Multiple by*
Btu (thermochemical)/in.*-s watt/meter® (W/m?) 1.634 246 E+06
Btu-in/(s-ft>-°F) W/(m K) 5.192 204 E+02
Btu/lb.-F Joule/gram-Kelvin 4.1868**

(or Btu-lb."-F ™) (JIgK) or Jg-'K™
Btu/[(hr)(ftz)(Fz)/ft] Watt/metre-Kelvin 1.7307
(or Btu-hr™-ftZ-F'-ft) W/(m-K) or W-m™-K-™"
degree Fahrenheit degree Celsius (°C) T=(T-32)1.8
degree Fahrenheit kelvin (K) T = (T +459.67)/1.8
foot meter (m) 3.048 000 E-01
ft? m? 9.290 304 E-02
foot/second meter/second (m/s) 3.048 000 E-01
ft/s® m/s’ 3.048 000 E-01
inch meter (m) 2.540 000 E-02
in.? meter? (m?) 6.451 600 E-04
in.? m°® 1.638 706 E-05
in./in./F Metre/metre/Kelvin 1.8
(orin. -in."-F ™ m/(m-K) or (m-m™-K-")
kilogram-force (kgf) newton (N) 9.806 650 E+00
kgf/m2 pascal (Pa) 9.806 650 E+00
kip (1000 Ibf) newton (N) 4.448 222 E+03
ksi (kip/in.?) MPa 6.894 757 E+00
ksivin. megapascal \meter 1.0989

(MPa-m 1/2)***
Ibf-in. N-m 1.129 848 E-01
Ibf-ft N-m 1.355 818 E+00
Ibf/in.? (psi) pascal (Pa) 6.894 757 E+03
Ib./in.? gm/m? 7.030 696 E+05
Ib./in.? kg/m® 2.767 990 E+04
Msi (10° psi) GPa 6.894 757 E+00
pound-force (Ibf) newton (N) 4.488 222 E+00
pound-mass (Ib. avoirdupois)  kilogram (kg) 4.535 924 E-01
torr pascal (Pa) 1.333 22 E+02

*The letter “E” following the conversion factor stands for exponent and the two digits
after the letter “E” indicate the power of 10 by which the number is to be multiplied.
**One Pascal (Pa) = one newton/metre”.

***Conversion factor is exact.
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1.1.7 DEFINITIONS

The following definitions are used within CMH-17. This glossary of terms is not totally comprehensive
but it does represent nearly all commonly used terms. Where exceptions are made, they are noted in the
text and Tables. For ease of identification the definitions have been organized alphabetically.

A-Basis (or A-Value) -- A statistically-based material property; a 95% lower confidence bound on the
first percentile of a specified population of measurements. Also a 95% lower tolerance bound for the up-
per 99% of a specified population.

Accuracy -- The degree of conformity of a measured or calculated value to some recognized stand-
ard or specified value. Accuracy involves the systematic error of an operation.

ADK -- Notation used for the k-sample Anderson-Darling statistic, which is used to test the hypothesis
that k batches have the same distribution.

Aging — A heat treatment process involving precipitation of a second phase in a metal matrix, in gen-
eral leading to hardening; artificial aging is conducted a an elevated temperature while natural aging may
occur at room temperature.

Ambient -- The surrounding environmental conditions such as pressure or temperature.
Angleply -- Lamina orientation not coinciding with load axis.

Anisotropic -- Not isotropic; having mechanical and/or physical properties which vary with direction
relative to natural Reference axes inherent in the material.

Aspect Ratio -- In an essentially two-dimensional rectangular structure (e.g., a panel), the ratio of the
long dimension to the short dimension. However, in compression loading, it is sometimes considered to
be the ratio of the load direction dimension to the transverse dimension. Also, with reinforcement, it is the
ratio of length to diameter.

B-Basis (or B-Value) -- A statistically-based material property; a 95% lower confidence bound on the
tenth percentile of a specified population of measurements. Also a 95% lower tolerance bound for the
upper 90% of a specified population. (See Volume 1, Section 8.1.4)

Balanced Laminate -- A composite laminate in which all laminae at angles other than 0 degrees and
90 degrees occur only in + pairs (not necessarily adjacent).

Batch (or Lot) -- n, A quantity of material produced essentially at the same time and under the same
conditions from a well-defined collection of raw materials.

Discussion — Specific definition of Batch/Lot is dependent on the intended use of the material.
More specific definitions of Batch/Lot as related to fibers, fabric, resins, pre-impregnated material,
and mixing processes for production use are discussed in Volume 3, Section 5.5.3. Specific pre-
preg batch requirements for submittal of data to this Handbook for inclusion in Volume 2 are de-
scribed in Volume 1, Section 2.5.3.1.

Bearing Area -- The product of the pin diameter and the specimen thickness.

Bearing Load -- A compressive load on an interface.

Bearing Yield Strength -- The bearing stress at which a material exhibits a specified limiting devia-
tion from the proportionality of bearing stress to bearing strain.
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Bend Test -- A test of ductility by bending or folding, usually with steadily applied forces. In some
instances the test may involve blows to a specimen having a cross section that is essentially uniform over
a length several times as great as the largest dimension of the cross section.

Binomial Random Variable -- The number of successes in independent trials where the probability
of success is the same for each trial.

Brittleness — tendency to fracture with little or no plastic deformation and with little energy absorbed.

Buckling (Composite) -- A mode of structural response characterized by an out-of-plane material
deflection due to compressive action on the structural element involved. In advanced composites, buck-
ling may take the form not only of conventional general instability and local instability but also a micro-
instability of individual fibers.

Bundle -- A general term for a collection of essentially parallel fibers or fibers.

Casting — The process of making a shape by the transfer of a liquid material into a mold and allowing
it to solidify.

Carbon Fibers — Fibers produced by the pyrolysis of organic precursor fibers such as rayon, polyac-
rylonitrile (PAN), and pitch in an inert atmosphere.

Censoring -- Data is right (left) censored at M, if, whenever an observation is less than or equal to M
(greater than or equal to M), the actual value of the observation is recorded. If the observation exceeds
(is less than) M, the observation is recorded as M.

CMC - Ceramic Matrix Composite. A material consisting of two or more constituents where a ceram-
ic matrix is normally the principal component and the additional constituents are incorporated to strengthen,
toughen, and / or enhance the thermophysical properties.

Coating — A material applied to the surface of another material, known as the substrate, for the pur-
pose of modifying the properties of the substrate; the process of applying a coating.

Coefficient of Linear Thermal Expansion -- The change in length per unit length resulting from a
one-degree rise in temperature.

Coefficient of Variation -- The ratio of the population (or sample) standard deviation to the popula-
tion (or sample) mean.

Collimated -- Rendered parallel.

Composite Material -- Composites are considered to be combinations of materials differing in com-
position or form on a macroscale. The materials retain their identities in the composite; that is, they do
not dissolve or otherwise merge completely into each other although they act in concert. Normally, these
materials can be physically identified and exhibit an interface between one another.

Confidence Coefficient -- See Confidence Interval.
Confidence Interval -- A confidence interval is defined by a statement of one of the following forms:

(1) Pla<@}<l-«a
(2) PlO<bl<l-a
(3) Pla<f<b}<l-a

where 1-« is called the confidence coefficient. A statement of type (1) or (2) is called a one-sided confi-
dence interval and a statement of type (3) is called a two-sided confidence interval. In (1) a is a lower con-
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fidence limit and in (2) b is an upper confidence limit. With probability at least 1- « , the confidence interval
will contain the parameter 6.

Consolidation -- The process of creating a composite material or structure by combining matrix and
reinforcement constituents into a single solid material form.

Constituent -- In metal matrix composites, an element of a larger grouping. In advanced composites,
the principal constituents are the reinforcement and the matrix.

Continuous Fiber -- A yarn or monofilament which spans the dimension of the test specimen.
Corrosion -- A process of deterioration by chemical reaction in an environment containing a liquid.
Creep -- The time dependent part of permanent strain resulting from an applied stress.

Creep, Rate Of -- The slope of the creep-time curve at a given time.

Critical Value(s) -- When testing a one-sided statistical hypothesis, a critical value is the value such
that, if the test statistic is greater than (less than) the critical value, the hypothesis is rejected.

Cumulative Distribution Function -- See Volume 1, Section 8.1.4.

Chemical Vapor Deposition -- A process for depositing a solid material on a surface as a result of
chemical reactions at the surface involving gaseous reactants.

Crossply -- Any filamentary laminate which is not uniaxial. Same as Angleply. In some References,
the term crossply is used to designate only those laminates in which the laminae are at right angles to one
another, while the term angleply is used for all others.

Debond -- A deliberate separation of a bonded joint or interface, usually for repair or rework purpos-
es. Any separation of an interface between constituents in a composite. testing a two-sided statistical
hypothesis, two critical values are determined. If the test statistic is either less than the smaller critical
value or greater than the larger critical value, then the hypothesis is rejected. In both cases, the critical
value chosen depends on the desired risk (often 0.05) of rejecting the hypothesis when it is true.

Deformation -- The change in shape of a material.

Degradation -- A deleterious change in chemical structure, physical properties or appearance.

Delamination -- The separation of the layers of material in a laminate. This may be local or may
cover a large area of the laminate. It may occur at any time in the fabrication or subsequent life of the

laminate and may arise from a wide variety of causes.

Denier -- A direct numbering system for expressing linear density, equal to the mass in grams per
9000 meters of yarn, fiber, fiber, or other textile strand.

Density -- The mass per unit volume.

Deviation -- Variation from a specified dimension or requirement, usually defining the upper and low-
er limits.

Diffusion Bonding -- A process of joining two materials in the solid state by bring their two surfaces into
close contact and allowing chemical diffusion to aid in developing an interface bond.

Discontinuous Reinforcement -- Reinforcement constituents with aspect ratios less than 50 to 1;
e.g., particles or whiskers; may also designate fibers which do not span a dimension of the material.
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Distribution -- A formula which gives the probability that a value will fall within prescribed limits. (See
Normal, Weibull, and Lognormal Distributions, also Volume 1, Section 8.1.4).

Ductility -- The ability of a material to deform plastically before fracturing; a measure of ductility ex-
pressed as a percentage of elongation in a tensile test.

Elasticity -- The property of a material which allows it to recover its original size and shape immedi-
ately after removal of the force causing deformation.

Elastic Limit -- The apparent stress value at which elastic behavior is no longer observed; value of
which is dependent upon the precision of strain measurement.

Elongation -- The increase in gage length or extension of a specimen during a tension test, usually
expressed as a percentage of the original gage length.

End -- A single fiber, strand, roving or yarn being or already incorporated into a product. An end may
be an individual warp yarn or cord in a woven fabric. In referring to aramid and glass fibers, an end is
usually an untwisted bundle of continuous fibers.

Extensometer -- A device for measuring linear strain.

Fatigue -- Phenomena involving the accumulation of material damage under cyclic loading conditions.

Fatigue Crack Propagation Rate -- The rate of extension of a fatigue crack per cycle of stain; fre-
quently referred to as da/dn.

Fatigue Damage -- Cumulative deterioration in the form of either microscopic or macroscopic defects
introduced by cyclic stressing.

Fatigue Limit -- Cyclic stress amplitude below which fatigue failure does not occur.
F-Distribution -- See Volume 1, Section 8.1.4.

Fiber -- A general term used to refer to filamentary materials. Often, fiber is used synonymously with
filament. It is a general term for a fiber of finite length. A unit of matter, either natural or manmade, which
forms the basic element of fabrics and other textile structures.

Fiber Content -- The amount of fiber present in a composite. This is usually expressed as a percent-
age volume fraction or weight fraction of the composite.

Fiber Count -- The number of fibers per unit width of ply present in a specified section of a compo-
site.

Fiber Direction -- The orientation or alignment of the longitudinal axis of the fiber with respect to a
stated Reference axis.

Fiber System -- The type and arrangement of fibrous material which comprises the fiber constituent
of an advanced composite. Examples of fiber systems are collimated fibers or fiber yarns, woven fabric,
randomly oriented short-fiber ribbons, random fiber mats, whiskers, etc.

Filament -- The smallest unit of a fibrous material. The basic units formed during spinning and which
are gathered into strands of fiber, (for use in composites). Filaments usually are of extreme length and of
very small diameter. Filaments normally are not used individually. Some textile filaments can function as
a yarn when they are of sufficient strength and flexibility.
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Filamentary Composites -- A major form of advanced composites in which the fiber constituent con-
sists of continuous filaments. Specifically, a filamentary composite is a laminate comprised of a number of
laminae, each of which consists of a nonwoven, parallel, uniaxial, planar array of filaments (or filament
yarns) embedded in the selected matrix material. Individual laminae are directionally oriented and com-
bined into specific multiaxial laminates for application to specific envelopes of strength and stiffness re-
quirements.

Fixed Effect -- A systematic shift in a measured quantity due to a particular level change of a treat-
ment or condition. (See Volume 1, Section 8.1.4.)

Flash -- Excess material which forms at the parting line of a mold or die, or which is extruded from a
closed mold.

Foil-Fiber-Foil -- Fabrication approach for continuously reinforced MMCs in which fibers are affixed
between two layers of metal foil and diffusion bonded to create a sandwich like structure.

Forming -- A secondary manufacturing process which employs temperature and mechanical force to
induce permanent plastic deformation and change of shape.

Fracture Ductility -- The true plastic strain at fracture.

Fracture Toughness -- A material property that reflects the material’s resistance to crack propaga-
tion; often refers to the plain strain fracture toughness, Kic.

Gage Length -- the original length of that portion of the specimen over which strain or change of
length is determined.

Graphite Fibers -- See Carbon Fibers.

Hand Lay-up -- A process in which components are applied either to a mold or a working surface, and
the successive plies are built up and worked by hand.

Hardness -- Resistance to deformation; usually measured by indention. Types of standard tests in-
clude Brinell, Rockwell, Knoop, and Vickers.

Heterogeneous -- Descriptive term for a material consisting of dissimilar constituents separately iden-
tifiable; a medium consisting of regions of unlike properties separated by internal boundaries. (Note that
all nonhomogeneous materials are not necessarily heterogeneous).

Homogeneous -- Descriptive term for a material of uniform composition throughout; a medium which
has no internal physical boundaries; a material whose properties are constant at every point, in other
words, constant with respect to spatial coordinates (but not necessarily with respect to directional coordi-
nates).

Horizontal Shear -- Sometimes used to indicate interlaminar shear. This is not an approved term for
use in this handbook.

Hot Pressing — Manufacturing process using temperature and uniaxial pressing to achieve consolida-
tion of a composite material.

Humidity, Relative -- The ratio of the pressure of water vapor present to the pressure of saturated
water vapor at the same temperature.

Hybrid -- A composite laminate comprised of laminae of two or more composite material systems.
Or, a combination of two or more different fibers such as carbon and glass or carbon and aramid into a
structure (tapes, fabrics and other forms may be combined).
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Hysteresis -- The energy absorbed in a complete cycle of loading and unloading.

Inclusion -- A physical and mechanical discontinuity occurring within a material or part, usually con-
sisting of solid, encapsulated and undesirable second phase material. Inclusions are often capable of
transmitting some structural stresses and energy fields, but in a noticeably different manner from the par-
ent material.

Integral Composite Structure -- Composite structure in which several structural elements, which
would conventionally be assembled by bonding or with mechanical fasteners after separate fabrication,
are instead laid up and cured as a single, complex, continuous structure; e.g., spars, ribs, and one stiff-
ened cover of a wing box fabricated as a single integral part. The term is sometimes applied more loosely
to any composite structure not assembled by mechanical fasteners.

Interface -- The boundary between the individual, physically distinguishable constituents of a compo-
site; often refers to the boundary between the reinforcement and the matrix.

Interlaminar -- Descriptive term pertaining to some object (e.g., voids), event (e.g., fracture), or po-
tential field (e.g., shear stress) Referenced as existing or occurring between two or more adjacent lami-
nae.

Interlaminar Shear -- Shearing force tending to produce a relative displacement between two laminae
in a laminate along the plane of their interface.

Intermediate Bearing Stress -- The bearing stress at the point on the bearing load-deformation curve
where the tangent is equal to the bearing stress divided by a designated percentage (usually 4%) of the
original hole diameter.

Intralaminar -- Descriptive term pertaining to some object (e.g., voids), event (e.g., fracture), or po-
tential field (e.g., temperature gradient) existing entirely within a single lamina without Reference to any
adjacent laminae.

Isostatic Pressing -- Application of hydrostatic pressure in the process of densifying a solid material;
typically accomplished at RT (CIP) by pressurizing with a liquid medium or at elevated temperature (HIP)
by pressurizing with a gaseous medium.

Isotropic -- Having uniform properties in all directions. The measured properties of an isotropic ma-
terial are independent of the axis of testing.

k-Sample Data -- A collection of data consisting of values observed when sampling from k batches.
Lamina -- A single ply or layer in a laminate made up of a series of layers or unidirectional ply(ies).
Laminae -- Plural of lamina.

Laminate -- A product made by bonding together two or more laminae non-unidirectionally.

Laminate Orientation -- The configuration of a crossplied composite laminate with regard to the an-
gles of crossplying, the number of laminae at each angle, and the exact sequence of the lamina lay-up.

Lay-up -- A process of fabrication involving the assembly of successive layers of fiber matrix.

Liquid Metal Infiltration -- A fabrication process in which liquid metal is introduced into the interstices
of reinforcement constituents to form a composite material.
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Lognormal Distribution -- A probability distribution for which the probability that an observation se-
lected at random from this population falls between a and b (0 <a <b < B) is given by the area under the
normal distribution between log a and log b. The common (base 10) or the natural (base ¢) logarithm may
be used. (See Volume 1, Section 8.1.4.)

Lot -- See Batch.

Lower Confidence Bound -- See Confidence Interval.

Macro -- In relation to composites, denotes the gross properties of a composite as a structural ele-
ment but does not consider the individual properties or identity of the constituents.

Macrostrain -- The mean strain over any finite gage length of measurement which is large in compar-
ison to the material's interatomic distance.

Mandrel — A fixture or male mold used for the base in the production of a part by lay-up, filament
winding or braiding.

Material Acceptance -- The testing of incoming material to ensure that it meets requirements.

Material Qualification -- The procedures used to accept a material by a company or organization for
production use.

Material System -- A specific composite material made from specifically identified constituents in
specific geometric proportions and arrangements and possessed of numerically defined properties.

Material System Class -- As used in this handbook, a group consisting of material systems catego-
rized by the same generic constituent materials, but without defining the constituents uniquely; e.g., the
carbon/epoxy class.

Material Variability -- A source of variability due to the spatial and consistency variations of the mate-
rial itself and due to variation in its processing.

Matrix -- The essentially homogeneous material in which the fiber system of a composite is embed-
ded.

Mean -- See Sample Mean and Population Mean.

Mechanical Properties -- The properties of a material that are associated with elastic and inelastic
reaction when force is applied, or the properties involving the relationship between stress and strain.

Median -- See Sample Median and Population Median.

Meso --In relation to composites, denotes an intermediate scale of structure between micro- and mac-
ro-.

Micro -- In relation to composites, denotes the properties of the constituents, i.e., matrix and rein-
forcement and interface only, as well as their effects on the composite properties.

Microhardness -- measurement of hardness in a material at a microscale level; typically involves ex-
amining individual phases or grains.

Microstrain -- The strain over a gage length comparable to the material's interatomic distance.

Microstructure -- the structure of a material at the microscopic level; prefix micro- designates 1 part
in a million.
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Modulus, Chord -- The slope of the chord drawn between any two specified points on the stress-
strain curve.
Modulus, Initial -- The slope of the initial straight portion of a stress-strain curve.

Modulus, Secant -- The slope of the secant drawn from the origin to any specified point on the
stress-strain curve.

Modulus, Tangent -- The ratio of change in stress to change in strain derived from the tangent to any
point on a stress-strain curve.

Modulus, Young's -- The ratio of change in stress to change in strain below the elastic limit of a ma-
terial. (Applicable to tension and compression).

Modulus of Rigidity (also known as the Shear Modulus or Torsional Modulus) -- The ratio of stress
to strain below the proportional limit for shear or torsional stress.

Modulus of Rupture, in Bending -- The maximum tensile or compressive stress (whichever causes
failure) value in the extreme fiber of a beam loaded to failure in bending. The value is computed from the
flexure equation:

P = — 1.1.7(a)

where M = maximum bending moment computed from the maximum load and the
original moment arm,
¢ = initial distance from the neutral axis to the extreme fiber where failure occurs,
I = the initial moment of inertia of the cross section about its neutral axis.

Modulus of Rupture, in Torsion -- The maximum shear stress in the extreme fiber of a member of

circular cross section loaded to failure in torsion calculated from the equation:

P = % 1.1.7(b)

where T = maximum twisting moment,
r = original outer radius,
J = polar moment of inertia of the original cross section.

Monolayer -- The basic laminate unit from which crossplied or other laminates are constructed.

Monotape -- the simplest form of a continuously reinforced composite in which a single layer of rein-
forcement is imbedded in a metal matrix to produce a tape or ribbon like material.

NDE -- Nondestructive evaluation. Broadly considered synonymous with NDI.

NDI -- Nondestructive inspection. A process or procedure for determining the quality or characteris-
tics of a material, part, or assembly without permanently altering the subject or its properties.

NDT -- Nondestructive testing. Broadly considered synonymous with NDI.
Neat Matrix -- Unreinforced matrix manufactured similar to the composite.

Necking -- A localized reduction in cross-sectional area which may occur in a material under tensile
stress.
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Negatively Skewed -- A distribution is said to be negatively skewed if the distribution is not symmetric
and the longest tail is on the left.

Nominal Specimen Thickness -- The nominal ply thickness multiplied by the number of plies.

Nominal Value -- A value assigned for the purpose of a convenient designation. A nominal value ex-
ists in name only.

Normal Distribution -- A two parameter (u,c) family of probability distributions for which the probabil-
ity that an observation will fall between a and b is given by the area under the curve between a and b. (See
Volume 1, Section 8.1.4.)

fx) =

1 (- )
exp| - 1.1.7(c
ov2rx p{ 2572 (©)
Normalization -- A mathematical procedure for adjusting raw test values for fiber-dominated proper-
ties to a single (specified) fiber volume content.
Normalized Stress -- Stress value adjusted to a specified fiber volume content. The adjustment factor
provided in the Handbook may be obtained directly by experimentally measuring fiber volume, or indirectly

by calculation using measured specimen thickness and fiber areal weight.

Observed Significance Level (OSL) -- The probability of observing a more extreme value of the test
statistic when the null hypotheses is true.

Offset Shear Strength --- (from valid execution of a material property shear response test) the value
of shear stress at the intersection between a line parallel to the shear chord modulus of elasticity and the
shear stress/strain curve, where the line has been offset along the shear strain axis from the origin by a
specified strain offset value.

One-Sided Tolerance Limit Factor -- See Tolerance Limit Factor.

Orthotropic -- Having three mutually perpendicular planes of symmetry.

PAN Fibers -- Reinforcement fiber derived from the controlled pyrolysis of poly(acrylonitrile) fiber.

Parallel Laminate -- A laminate of woven fabric in which the plies are aligned in the same position as
originally aligned in the fabric roll.

Particulate -- In relation to composites, refers to the finely divided form of either matrix or reinforce-
ment material characterized by a low aspect ratio near unity.

pPH -- A measure of acidity or alkalinity of a solution, with neutrality represented by a value of 7, with
increasing acidity corresponding to progressively smaller values, and increasing alkalinity corresponding
to progressively higher values.

Phase Transformation -- A change in either the physical state ( i.e., Liquid to solid) or solid-to-solid
changes such as in precipitation during heat treatment.

Physical Properties -- Material properties other than mechanical properties such as thermal expan-
sion coefficient, magnetic susceptibility, heat capacity, density, etc.

Pitch Fibers -- Reinforcement fiber derived from petroleum or coal tar pitch.

Plasma Spray -- a manufacturing process in which fully or partially melted material is projected
through a plasma arc at a surface on which it solidifies.
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Plied Yarn -- A yarn formed by twisting together two or more single yarns in one operation.

Poisson's Ratio -- The absolute value of the ratio of transverse strain to the corresponding axial
strain resulting from uniformly distributed axial stress below the proportional limit of the material.

Population -- The set of measurements about which inferences are to be made or the totality of pos-
sible measurements which might be obtained in a given testing situation. For example, "all possible ulti-
mate tensile strength measurements for carbon/epoxy system A, conditioned at 95% relative humidity and
room temperature”. In order to make inferences about a population, it is often necessary to make as-
sumptions about its distributional form. The assumed distributional form may also be referred to as the
population. (See Volume 1, Section 8.1.4.)

Population Mean -- The average of all potential measurements in a given population weighted by
their relative frequencies in the population. (See Volume 1, Section 8.1.4.)

Population Median -- That value in the population such that the probability of exceeding it is 0.5 and
the probability of being less than it is 0.5. (See Volume 1, Section 8.1.4.)

Population Variance -- A measure of dispersion in the population.
Porosity -- A condition of trapped pockets of air, gas, or vacuum within a solid material, usually ex-
pressed as a percentage of the total nonsolid volume to the total volume (solid plus nonsolid) of a unit

quantity of material.

Positively Skewed -- A distribution is said to be positively skewed if the distribution is not symmetric
and the longest tail is on the right.

Powder -- see Particulate; the term powder is commonly used in powder metallurgy referring to
the particulate form of the metal.

Precision -- The degree of agreement within a set of observations or test results obtained. Precision
involves repeatability and reproducibility.

Preform -- An assembly of fibers which has been prepared for one of several different infiltration
methods. A preform may be stitched or stabilized in some other way to hold its shape.

Pressure -- The force or load per unit area in triaxial loading condition.
Probability Density Function -- See Volume 1, Section 8.1.4.

Proportional Limit -- The maximum stress that a material is capable of sustaining without any devia-
tion from the proportionality of stress to strain (also known as Hooke's law).

Quasi-Isotropic Laminate -- A laminate approximating isotropy by orientation of plies in several or
more directions.

Random Effect -- A shift in a measured quantity due to a particular level change of an external, usu-
ally uncontrollable, factor.

Random Error -- That part of the data variation that is due to unknown or uncontrolled factors and
that affects each observation independently and unpredictably.

Reduction of Area -- The difference between the original cross sectional area of a tension test spec-

imen and the area of its smallest cross section, usually expressed as a percentage of the original
area.
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Reinforcement -- In relation to MMCs, the reinforcement is the constituent added to achieve benefi-
cial composite properties such as stiffness, strength, hardness, etc.

Roving -- A number of strands, tows, or ends collected into a parallel bundle with little or no twist. In
spun yarn production, an intermediate state between sliver and yarn.

Run-out — A terminated fatigue test where the applied cycles meet or exceed a predetermined cycle
limit that represents demonstration of being at or below a fatigue limit stress level.

S-Basis (or S-Value) -- The mechanical property value which is usually the specified minimum value
of the appropriate government specification or SAE Aerospace Material Specification for this material.

Sample -- A small portion of a material or product intended to be representative of the whole. Statisti-
cally, a sample is the collection of measurements taken from a specified population.

Sample Mean -- The arithmetic average of the measurements in a sample. The sample mean is an
estimator of the population mean.

Sample Median -- Order the observation from smallest to largest. Then the sample median is the
value of the middle observation if the sample size is odd; the average of the two central observations if n
is even. If the population is symmetric about its mean, the sample median is also an estimator of the pop-
ulation mean.

Sample Standard Deviation -- The square root of the sample variance.

Sample Variance -- The sum of the squared deviations from the sample mean, divided by n-1.

Sandwich Construction -- A structural panel concept consisting in its simplest form of two relatively
thin, parallel sheets of structural material bonded to, and separated by, a relatively thick, light-weight core.

Set -- The strain remaining after complete release of the force producing the deformation.

Shear Fracture (for crystalline type materials) -- A mode of fracture resulting from translation along
slip planes which are preferentially oriented in the direction of the shearing stress.

Short Beam Strength (SBS) -- A test result from valid execution of ASTM test Method D2344.

Significant -- Statistically, the value of a test statistic is significant if the probability of a value at least
as extreme is less than or equal to a predetermined number called the significance level of the test.

Significant Digit -- Any digit that is necessary to define a value or quantity.
Skewness -- See Positively Skewed, Negatively Skewed.

Slenderness Ratio -- The unsupported effective length of a uniform column divided by the least radi-
us of gyration of the cross-sectional area.

Sliver -- A continuous strand of loosely assembled fiber that is approximately uniform in cross-
sectional area and has no twist.

Slurry Infiltration -- A manufacturing process in which partially solidified metal matrix material is in-
troduced into the interstices of the reinforcement.

Solidification -- A phase change from liquid to solid that occurs at a fixed, constant temperature for a
pure substance and normally over a temperature range for a multi-component alloy.
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Specific Gravity -- The ratio of the weight of any volume of a substance to the weight of an equal vol-
ume of another substance taken as standard at a constant or stated temperature. Solids and liquids are
usually compared with water at 39°F (4°C).

Specific Heat -- The quantity of heat required to raise the temperature of a unit mass of a substance
one degree under specified conditions.

Specimen -- A piece or portion of a sample or other material taken to be tested. Specimens normally
are prepared to conform with the applicable test method.

Standard Deviation -- See Sample Standard Deviation.

Staple -- Either naturally occurring fibers or lengths cut from fibers.

Strain -- The per unit change, due to force, in the size or shape of a body referred to its original size
or shape. Strain is a nondimensional quantity, but it is frequently expressed in inches per inch, meters per

meter, or percent.

Strand -- Normally an untwisted bundle or assembly of continuous fibers used as a unit, including
slivers, tow, ends, yarn, etc.

Strength -- The maximum stress which a material is capable of sustaining.
Stress -- The intensity at a point in a body of the forces or components of forces that act on a given
plane through the point. Stress is expressed in force per unit area (pounds-force per square inch, mega-

pascals, etc.).

Stress Relaxation -- The time dependent decrease in stress in a solid under given constraint condi-
tions.

Stress-Strain Curve (Diagram) -- A graphical representation showing the relationship between the
change in dimension of the specimen in the direction of the externally applied stress and the magnitude of
the applied stress. Values of stress usually are plotted as ordinates (vertically) and strain values as ab-
scissa (horizontally).

Structural Element -- a generic element of a more complex structural member (for example, skin,
stringer, shear panels, sandwich panels, joints, or splices).

Structured Data -- see Volume 1, Section 8.1.4

Symmetrical Laminate -- A composite laminate in which the sequence of plies below the laminate
midplane is a mirror image of the stacking sequence above the midplane.

Tenacity -- The tensile stress expressed as force per unit linear density of the unstrained specimen
i.e., grams-force per denier or grams-force per tex.

Terminated Test — A test that was stopped prior to failure.

Tex -- A unit for expressing linear density equal to the mass or weight in grams of 1000 meters of fiber,
yarn or other textile strand.

Thermal Conductivity -- Ability of a material to conduct heat. The physical constant for quantity of

heat that passes through unit cube of a substance in unit time when the difference in temperature of two
faces is one degree.
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Thermal Fatigue -- The process of fatigue under thermal cycling conditions.
Tolerance -- The total amount by which a quantity is allowed to vary.

Tolerance Limit -- A lower (upper) confidence limit on a specified percentile of a distribution. For ex-
ample, the B-basis value is a 95% lower confidence limit on the tenth percentile of a distribution.

Tolerance Limit Factor -- The factor which is multiplied by the estimate of variability in computing the
tolerance limit.

Toughness — See Fracture Toughness. The term toughness is also sometimes used to
designate the area under the load-elongation curve from the origin to the breaking point.

Tow -- An untwisted bundle of continuous fibers. Commonly used in referring to man-made fibers,
particularly carbon and graphite fibers, in the composites industry.

Transformation (Data) -- A transformation of data values is a change in the units of measurement
accomplished by applying a mathematical function to all data values. For example, if the data is given by
x,theny=x+1,x, 1/, log x, and cos x are transformations.

Transformation ( Phase ) -- See Phase Transformation

Transversely Isotropic -- Descriptive term for a material exhibiting a special case of orthotropy in
which properties are identical in two orthotropic dimensions, but not the third; having identical properties in

both transverse directions but not the longitudinal direction.

Twist -- The number of turns about its axis per unit of length in a yarn or other textile strand. It may
be expressed as turns per inch (tpi) or turns per centimeter (tpcm).

Twist, Direction of -- The direction of twist in yarns and other textile strands is indicated by the capital
letters S and Z. Yarn has S twist if, when held in a vertical position, the visible spirals or helices around its
central axis are in the direction of slope of the central portion of the letter S, and Z twist is in the other di-
rection.

Typical Basis -- A typical property value is a sample mean. Note that the typical value is defined as
the simple arithmetic mean which has a statistical connotation of 50% reliability with a 50% confidence.

Ultimate Strength -- The maximum stress ( tensile, compressive or shear) a material can sustain
without fracture; determined by dividing the maximum load in such a test by the original cross sectional
area of the specimen.

Unidirectional Laminate -- A laminate with all layers laid up in the same direction.

Unstructured Data -- See Volume 1, Section 8.1.4.

Upper Confidence Limit -- See Confidence Interval.

Variance -- See Sample Variance.

Viscosity -- The property of resistance to fluid-like flow exhibited within the body of a material

Void -- A physical and mechanical discontinuity occurring within a material or part which may be two-
dimensional (e.g., disbonds, delaminations) or three-dimensional (e.g., vacuum-, air-, or gas-filled pock-

ets). Porosity is an aggregation of micro-voids. Voids are essentially incapable of transmitting structural
stresses or nonradiative energy fields. (See Inclusion.)
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Weibull Distribution (Two - Parameter) -- A probability distribution for which the probability that a

randomly selected observation from this population lies between a and b (0 <a <b < ®) is given by Equa-
tion 1.1.7(d) where « is called the scale parameter and g is called the shape parameter. (See Volume 1,

Section 8.1.4.)
B B
expl—(%) }—expl—(g) } 1.1.7(d)

Whisker -- A short single fiber. Whiskers have diameters typically from 1 to 25 microns, and have
aspect ratios less than 50.

Yarn -- A generic term for strands or bundles of continuous fibers, usually twisted and suitable for
making textile fabric.

Yarn, Plied -- Yarns made by collecting two or more single yarns together. Normally, the yarns are
twisted together though sometimes they are collected without twist.

Yield Strength -- The stress at which a material exhibits a specified limiting deviation from the propor-
tionality of stress to strain. (The deviation is expressed in terms of strain such as 0.2 percent for the Off-
set Method or 0.5 percent for the Total Extension Under Load Method.)

X-Axis -- In composite laminates, an axis in the plane of the laminate which is used as the 0 degree
Reference for designating the angle of a lamina.

X-Y Plane -- In composite laminates, the Reference plane parallel to the plane of the laminate.

Y-Axis -- In composite laminates, the axis in the plane of the laminate which is perpendicular to the x-
axis.

Z-Axis -- In composite laminates, the Reference axis normal to the plane of the laminate.
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1.1.6(a)

1.1.6(b)

1.1.6(c)

1.1.6.3(a)

1.1.6.3(b)

1.1.6.3(c)

1.1.6.3(d)

1.1.6.3(e)
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1.2 INTRODUCTION TO MMC MATERIALS

1.21 INTRODUCTION

This Materials and Processes, M&P, Section 1.2, is intended to provide a condensed, designer orient-
ed, introduction and overview of the various MMC materials (including their constituent matrices and rein-
forcements) and the typical processes used in their consolidation and subsequent fabrication.

The emphasis in Section 1.2 is on making clear the distinctions between the various M&P considera-
tions in MMC, polymer matrix composites (PMC), and ceramic matrix composites (CMC). Just as there
are very significant differences between the monolithic unreinforced metals and monolithic polymers and
ceramics, similar differences exist between MMC, PMC, and CMC. Such differences are manifested in:
a.) the nature and type of constituents, b.) the consolidation and processing approaches and c.) their re-
sulting engineering physical and mechanical property attributes and liabilities.

Although MMCs are relative newcomers to the regime of modern engineered materials for advanced
design, one can expect continuing improvements in both the understanding and predictability of their de-
sign and performance characteristics. Improvements in their affordability and availability will also lead to
significant future design utilization.

The scope of MMCs included in this Section 1.2 includes all MMC materials either currently available
commercially or under advanced development and of current or anticipated future design interest. Not
included in this section are those "model" system MMC materials developed for basic research and not
intended for commercialization and technology transfer/implementation in their present form.

1.2.2 MMC SYSTEMS
1.2.2.1 Systems definitions

A metal matrix composite system is generally designated simply by the metal alloy designation of the
matrix and the material type, volume fraction and form of the ceramic reinforcement. For example, 6061Al/
30v/o SiCp designates a discontinuously reinforced 6061 Aluminum Alloy with 30 volume percent Silicon

Carbide particulate reinforcement. A continuously reinforced MMC may be designated by SiCy, for example.

These designations do not fully describe the composite system since they provide no information on the
basic consolidation process (ingot or powder metallurgical consolidation), subsequent thermal treatment, or
specific fiber orientations , for example.

1.2.2.2 Distinction from other materials/composites

MMCs differ from other composite materials in several ways. Some of these general distinctions are as
follows:

1. The matrix phase of an MMC is either a pure or alloy metal as opposed to a polymer or ceramic.

2. MMCs evidence higher ductility and toughness than ceramics or CMCs, although they have lower
ductility and toughness than their respective unreinforced metal matrix alloys.

3. The role of the reinforcement in MMCs is to increase strength and modulus as is the case with
PMCs. Reinforcement in CMCs is generally to provide improved damage tolerance.

4. MMCs have a temperature capability generally higher than polymers and PMCs but less than ce-
ramics and CMCs.

5. Low to moderately reinforced MMCs are formable by processes normally associated with unrein-
forced metals.

1.2.3 MATRIX MATERIALS

Metals are extremely versatile engineering materials. A metallic material can exhibit a wide range of
readily controllable properties through the appropriate selection of alloy composition and thermomechani-

32



CMH-17-4B
Volume 4, Section 1 Guidelines

cal processing methods. The extensive use of metallic alloys in engineering reflects not only their strength
and toughness but also the relative ease and low cost of fabrication of engineering components by a wide
range of manufacturing processes. The development of MMCs has reflected the need to achieve property
combinations beyond those attainable in monolithic metals alone. Thus, tailored composites resulting
from the addition of reinforcements to a metal may provide enhanced specific stiffness coupled with im-
proved fatigue and wear resistance, or perhaps increased specific strength combined with desired thermal
characteristics (e.g., reduced thermal expansion coefficient and conductivity) in the resulting MMC. How-
ever, the cost of achieving property improvements remains a challenge in many potential MMC applica-
tions.

MMCs involve distinctly different property combinations and processing procedures as compared to
either PMCs or CMCs. This is largely due to the inherent differences among metals, polymers and ceram-
ics as matrix materials and less so to the nature of the reinforcements employed. Pure metals are
opaque, lustrous chemical elements and are generally good conductors of heat and electricity. When pol-
ished, they tend to reflect light well. Also, most metals are ductile but are relatively high in density. These
characteristics reflect the nature of atom bonding in metals, in which the atoms tend to lose electrons; the
resulting free electron "gas" then holds the positive metal ions in place. In contrast, ceramic and polymeric
materials are chemical compounds of elements. Bonding in ceramics and intermolecular bonding in poly-
mers is characterized by either sharing of electrons between atoms or the transfer of electrons from one
atom to another. The absence of free electrons in ceramics and polymers (no free electrons are formed in
polymers due to intermolecular van der Waals bonding) results in poor conductivity of heat and electricity,
and lower deformability and toughness in comparison to metallic materials.

1.2.3.1 Role of matrix materials

The choice of a matrix alloy for an MMC is dictated by several considerations. Of particular im-
portance is whether the composite is to be continuously or discontinuously reinforced. The use of contin-
uous fibers as reinforcements may result in transfer of most of the load to the reinforcing filaments and
hence composite strength will be governed primarily by the fiber strength. The primary roles of the matrix
alloy then are to provide efficient transfer of load to the fibers and to blunt cracks in the event that fiber
failure occurs and so the matrix alloy for a continuously reinforced MMC may be chosen more for tough-
ness than for strength. On this basis, lower strength, more ductile, and tougher matrix alloys may be uti-
lized in continuously reinforced MMCs. For discontinuously reinforced MMCs, the matrix may govern
composite strength. Then, the choice of matrix will be influenced by consideration of the required compo-
site strength and higher strength matrix alloys may be required.

Additional considerations in the choice of the matrix include potential reinforcement/matrix reactions,
either during processing or in service, that might result in degraded composite performance; thermal
stresses due to thermal expansion mismatch between the reinforcements and the matrix; and the influ-
ence of matrix fatigue behavior on the cyclic response of the composite. Indeed, the behavior of MMCs
under cyclic loading conditions is an area requiring special consideration. In MMCs intended for use at
elevated temperatures, an additional consideration is the difference in melting temperatures between the
matrix and the reinforcements. A large melting temperature difference may result in matrix creep while the
reinforcements remain elastic, even at temperatures approaching the matrix melting point. However, creep
in both the matrix and reinforcement must be considered when there is a small melting point difference in
the composite.

1.2.3.2 Forms of matrix materials

Metals are routinely available in a wide variety of product forms intended for subsequent manufactur-
ing operations. These forms include remelting stock for casting, wrought materials including wire, foil,
sheet, bar, plate, a wide variety of extruded shapes, and powder. Many of these different forms are em-
ployed in the manufacturing of MMCs. Melt processing methods such as liquid metal infiltration require
remeltable compositions. Foil/fiber/foil methods require matrix foil in appropriate thicknesses (typically
0.004 inch or 0.1 mm); in general, foil refers to a flat rolled product of thickness less than 0.012 inch (0.3
mm). Such thickness is readily attainable by rolling of many ductile matrix alloys but may require special
rolling methods for less workable alloys. Most metals can be reduced to powder by a variety of methods.
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1.2.3.3 Types of matrix materials

Many MMC applications involve considerations other than strength alone - e.g., electrical contacts -
and so there are corresponding requirements for many types of matrix materials. Pure metals generally
are soft and weak as well as being high in electrical and thermal conductivity. This is because the factors
which result in easy plastic deformation and low strength with high ductility also allow for ready motion of
free electrons and, therefore, high electrical and thermal conductivity. Thus, applications requiring high
thermal or electrical conductivity combined with high strength and resistance to wear, e.g., contact points,
may employ pure metal matrices with ceramic reinforcements.

In recent years there has been a growing emphasis on alloy compositions near to those of certain in-
termetallic compounds such as Titanium Aluminides. Such intermetallic compounds and the alloys based
on them often exhibit attractive combinations of low density, high melting point and high strength at elevat-
ed temperatures. On the other hand, the ductility of such compounds is generally poor since bonding is
often covalent or ionic in character rather than metallic.

Matrix alloys are also classified according to melting temperature. Exceptionally high melting temper-
atures such as found with Mo, Nb, and W are termed refractory, meaning difficult to melt. Metals such as
Fe, Ni, and Cu are considered to exhibit ordinary melting behavior while Al and Mg are relatively lower
temperature melting materials.

Many different metals have been employed in MMCs and the choice of matrix material provides the
basis for further classification of these composites. Alloy systems including aluminum, copper, iron
(steels), magnesium, nickel, and titanium have been utilized as matrices and each of these are discussed
further in following sections.

1.2.3.3.1  Aluminum

Commercially, aluminum is the most widely-used MMC matrix material (References 1.2.3.3.1(a) and
(b)). A wide range of aluminum alloys in various forms have been incorporated in MMCs. The density of
most aluminum alloys is near that of pure aluminum, approximately 0.1 Ib/in® (2698 kg/m3). Pure alumi-
num melts at 1220°F (660°C); this relatively low melting temperature in comparison to most other potential
matrix metals facilitates processing of Al-based MMCs by solid state routes, such as powder metallurgy,
and by casting methods. Aluminum alloys are broadly classified as either wrought or cast materials; fur-
thermore, many wrought compositions are also available in powder form. The term “wrought” indicates
that the material is available primarily in the form of mechanically worked products such as rolled sheet,
plate or foil, various extruded shapes, tubing, forgings, wire, rod, or bar. The ready availability of alumi-
num alloy foils and relatively low processing temperatures allowed the foil-fiber-foil method to be success-
fully developed and utilized during the 1970s to produce aluminum alloys reinforced with continuous boron
or SiC-coated boron fibers for aerospace applications. The 6061 Al-Mg-Si alloy in foil form was employed
in many instances, and this same alloy composition has also been used in cast form as the matrix in con-
tinuously reinforced Al-graphite and Al-SiC composites. Many wrought aluminum alloy compositions are
well suited for extrusion and most discontinuously reinforced aluminum (DRA) MMCs, whether initially
consolidated via powder metallurgy or casting methods, are processed in this manner. Aluminum alloys
intended for use in production of castings are generally available as ingots of varying size or in other forms
suitable for remelting. Applications of such cast materials have included the production of cast compo-
nents using DRA, with stirring to suspend particles in the liquid metal prior to casting and solidification of
the article.

The designation schemes for both wrought and cast alloys are based on the major alloying additions.
Wrought alloys are designated by four digits while cast compositions are designated by three digits (Table
1.2.3.3.1). Further details of compositions are available from many sources. Both wrought and cast alloy
compositions may be further classified according to the method of obtaining mechanical properties: heat
treatable or non-heat treatable. Heat treatable refers to alloys that can be strengthened by thermal treat-
ment. Wrought alloys of the 2XXX, 6XXX and 7XXX series are generally heat treatable and those that
contain major additions of lithium (e.g., some 8XXX alloys) are also heat treatable. Typical heat treatment
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operations may include solution heat treatment, quenching in a liquid medium and subsequent aging. A
temper designator is appended to the alloy designation to describe the resulting condition of heat treat-
ment. Thus, -T4 refers to material allowed to naturally age at room temperature following solution heat
treatment and quenching, while -T6 describes artificial aging to the peak strength. Additional digits may be
used to indicate further details of processing such as straightening operations. Further details of heat
treatments and their effect on properties are available in numerous References. The addition of rein-
forcements (especially particles and whiskers) has been shown to have a significant effect on the aging
response of the matrix composition for many DRA MMCs. The aging response may be either accelerated
or retarded and the effect is both material and process specific. For this reason the aging treatment for a
MMC with a heat treatable matrix alloy may differ significantly from that for the unreinforced matrix. Fur-
thermore, most wrought alloys contain minor alloy additions. For example, Zr is added to various alloys to
control recrystallization during hot working. However, the presence of reinforcing particles in an MMC may
also aid in grain refinement and obviate the need for some of the minor additions often found in wrought
alloys.

TABLE 1.2.3.3.1 Designations for Aluminum Alloys (Aluminum Association - AA and
American National Standards Institute - ANSI).

Designation
Maijor Alloying Element(s)
Wrought Cast
1XXX 1XX None
2XXX 2XX Cu
3XXX Mn
3XX Si + Mg; Si +Cu; Si + Mg +Cu
4AXXX 4XX Si
5XXX 5XX Mg
BXXX Mg + Si
7TXXX 7TXX Zn
8XXX Other than above
8XX Sn

Non-heat treatable alloys are those that are not appreciably strengthened by heat treatment. The
strength of the material is determined by the presence of alloying elements present in solid solution and by
the extent of any cold working. Wrought alloys of the 1XXX, 3XXX, 4XXX and 5XXX series are generally
non-heat treatable. The appended temper designators for these alloys are generally either -O, referring to
a fully annealed and softened condition, or -H (with additional digits). The H refers to the use of plastic de-
formation, typically by cold rolling, to strengthen the material, and the additional digits describe the extent
of strain hardening and related annealing treatments to control strength, ductility and susceptibility to
stress corrosion. Temper designators similar to those employed with wrought heat treatable alloys are
employed with heat treatable (2XX, 3XX, 7XX and 8XX series) casting alloys. Since castings will not expe-
rience appreciable mechanical deformation in manufacture, the non-heat treatable 1XX, 4XX and 5XX
series cast aluminum alloys are either designated -F (as-cast) or -O (cast and annealed for stress relief).
Aluminum-silicon alloys (3XX and 4XX series) are predominant among cast aluminum alloys because they
generally exhibit high fluidity when molten and, thus, are well suited for complex shapes and thin sections.
Such fluidity is an important consideration in selection of matrix compositions for cast MMCs where, for
example, it may be necessary to completely fill the mold volume. The presence of silicon in aluminum sig-
nificantly lessens the tendency of aluminum to react chemically and reduce SiC and form Al,C. This latter
compound severely embrittles SiC-reinforced Al MMCs even when present in small quantities. For this
reason cast aluminum MMCs incorporating SiC particles as reinforcements utilize alloys such as AA 356
(7% Si) and AA 359 (9% Si) as the matrix material; some manufacturers add additional Si to achieve lev-
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els as high as 12.5% Si. Alternatively, SiC can be incorporated into aluminum alloys by powder metallurgy
methods; lower processing temperatures in the solid state reduce the tendency to formation of Al,C and
this affords a wider range of choice of matrix composition. Many AA3XX die casting alloys employed in
MMCs also contain an iron addition (approximately one weight percent) to reduce the reaction between
molten aluminum and steel die surfaces.

1.2.3.3.2  Copper

Several proprietary processes for producing copper MMCs have been developed. Copper alloy rein-
forced with aluminum oxide particles can impart considerable strength while retaining its conductivity.

1.2.3.3.3 Iron
This section is reserved for future use.
1.2.3.3.4  Magnesium

Magnesium-matrix composites show promise for automotive and aerospace applications because of
their light weight. There materials are corrosion-resistance since pure magnesium does not react with
carbon fibers (Reference 1.2.3.3.4).

1.2.3.3.5  Nickel
This section is reserved for future use.
1.2.3.3.6  Titanium

Titanium matrix composites have been successfully produced from a wide range of beta, alpha-beta
and alpha-phase titanium alloy compositions. Since titanium alloys have a density of approximately 0.18
Ib/in (4317 kg/m3), they are typically 60% higher in density than aluminum alloys and 40% lower in density
than low alloy steels at strength levels comparable to annealed steel. Titanium alloys typically maintain
good structural properties and oxidation resistance at temperatures up to 315°C (600°F). Since these al-
loys will provide higher matrix property contributions to a composite system than previously observed in
continuous fiber reinforced aluminum composites, there is a greater interest in specific alloy selection.

Although titanium alloys are available in most wrought product forms, its high (approximately 3200°F
(1750°C)) melting temperature and work hardening characteristics make some alloys more difficult to pro-
cess than others. In general, beta-phase alloys can be mechanically worked to higher reduction ratios than
alpha-beta alloys, while alpha-beta alloys exhibit greater elevated temperature strength retention. In addi-
tion, titanium is a highly reactive element and, therefore, difficult to handle and process at elevated tem-
peratures. Titanium melting/pouring and rapid solidification operations must be performed in vacuum envi-
ronments.

Titanium alloys are typically identified by their major alloying constituents (e.g., Ti-6Al-4V, Ti-15V-3Cr-
3Al-3Sn), although several specific alloys have registered trade names (e.g., Timetal-21, Ti-1100). The
most common alloys used in titanium compositing have been Ti-6-4, Ti-15-3-3-3, Ti-6-2-4-2 and Timetal-
21. There has been significant interest in a variety of titanium aluminide alloys, including alpha-2, super
alpha-2, gamma, and most recently orthorhombic alloys. These alloys offer higher elevated temperature
strength, creep strength, and microstructural stability and are attractive for some gas turbine engine appli-
cations, however, low ductility and low tolerance for interstitial contaminants makes processing much more
difficult.

1.2.4 REINFORCEMENT MATERIALS
Reinforcement materials in MMCs are discrete fibers or second phase additions to a metallic matrix

that result in a net improvement in some properties, typically an increase in strength and/or stiffness.
Most often reinforcement materials for MMCs are ceramics (oxides, carbides, nitrides, etc.), which are
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characterized by their high strength and stiffness both at ambient and elevated temperatures. Examples of
common MMC reinforcements are SiC, Al,Os, TiB,, B4C, and graphite. Metallic reinforcements are used
less frequently.

1.2.4.1 Types of reinforcement

Reinforcements can be divided into two major groups: (a) particulates or whiskers; and (b) fibers. Fi-
ber reinforcements can be further divided into continuous and discontinuous. Fibers enhance strength in
the direction of their orientation. Lower strength in the direction perpendicular to the fiber orientation is
characteristic of continuous fiber reinforced MMCs. Discontinuously reinforced MMCs, on the other hand,
display more isotropic characteristics. Two (2) or more types of reinforcements may be present in some
MMC systems to impart specific properties.

1.2.4.2 Role of reinforcement

The role of the reinforcement depends upon its type in structural MMCs. In particulate and whisker
reinforced MMCs, the matrix is the major load bearing constituent. The role of the reinforcement is to
strengthen and stiffen the composite through prevention of matrix deformation by mechanical restraint.

This restraint is generally a function of the ratio of interparticle spacing to particle diameter. In continu-
ous fiber reinforced MMCs, the reinforcement is the principal load-bearing constituent. The metallic matrix
serves to hold the reinforcing fibers together and transfer as well as distribute the load. Discontinuous fiber
reinforced MMCs display characteristics between those of continuous fiber and particulate reinforced
composites. Typically, the addition of reinforcement increases the strength, stiffness and temperature ca-
pability while reducing the thermal expansion coefficient of the resulting MMC. When combined with a
metallic matrix of higher density, the reinforcement also serves to reduce the density of the composite,
thus enhancing properties such as specific strength.

1.2.4.3 Composition of reinforcement

The most common reinforcement material in commercial MMC systems is silicon carbide (Reference
1.2.3.3.1(b)). Incorporation of silicon carbide, or SiC, to a material provides considerable property en-
hancement, depending upon the end use application. Structural applications normally utilize between 10 —
40% by weight SiC reinforcement, whereas electronic packaging applications can employ volume loadings
as high as 70%. For MMC applications, SiC comes in two grades: the standard “black” SiC is utilized for
structural applications, while a more pure (and more expensive) “green” SiC provides higher thermal con-
ductivity and is used for electronic packaging. Performance variability in SiC MMCs may be a result of this
variance; the resistivity of SiC can range from 10" t0 10, depending upon the purity (Reference 1.2.4.3).

Aluminum oxide (Al,O3) reinforcement has also been utilized for MMC applications. This ceramic ma-
terial is heavier and more expensive than SiC, but offers distinct advantages such as an increase of
strength and corrosion resistance. High temperature performance advantages have been realized with
the employment of submicron Al,Os.

1.2.5 REINFORCEMENT COATINGS
1.2.5.1 Role of coatings

In many MMCs, it is necessary to apply a thin coating on the reinforcements prior to their incorporation
into the metal matrix.

In general, coatings on the fibers offer the following advantages:

1. Protection of fiber from reaction and diffusion with the matrix by serving as a diffusion barrier
2. Prevention of direct fiber-fiber contact

3. Promotion of wetting and bonding between the fiber and the matrix

4. Relief of thermal stresses or strain concentrations between the fiber and the matrix
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5. Protection of fiber during handling

In some instances particulates are coated to enhance composite processing by enhancing wetting and
reducing interfacial reactions.

1.2.5.2 Types of coatings

Given the major role of coatings, there are several techniques available for the deposition of thin coat-
ings on long fibers and, to a much lesser extent, on short fiber and particulate reinforcement. One such
process is chemical vapor deposition (CVD). In this process, hot fiber is traversed through a reaction
zone in which a vaporized species either decomposes thermally or reacts with another vapor so as to form
a deposit on the fiber. Sometimes, the deposition process is enhanced by generating an electric dis-
charge plasma (plasma-assisted CVD). Physical vapor deposition (PVD), plating and spraying are some
of the other techniques used to produce fiber coatings. When the objective is to increase wettability, the
integrity and structure of the coating is less of a concern than if it were to be used as a protective layer.
Barrier coatings to protect fibers from chemical attack by the matrix must, in addition to having thermody-
namic stability, impair transport of reactants through it. Fluxing action by a reactive salt coating such as
KoZrFg have been found to promote wettability particularly for C and SiC fibers in aluminum. Sizing of tow
based ceramic fibers may be used to enhance handling characteristics.

1.2.6 MANUFACTURING PROCESSES
1.2.6.1 Overview and general information

Choice of the primary manufacturing process for the fabrication of any MMC is dictated by many fac-
tors, the most important of which are:

Preservation of reinforcement strength

Minimization of reinforcement damage

Promotion of wetting and bonding between the matrix and reinforcement

Flexibility that allows proper backing, spacing and orientation of the reinforcements within the ma-
trix

PON~

These primary industrial manufacturing processes can be classified into liquid phase and solid state
processes. Liquid phase processing is characterized by intimate interfacial contact and hence strong bond-
ing, but can lead to the formation of a brittle interfacial layer. Solid state processes include powder blending
followed by consolidation, diffusion bonding and vapor deposition. Liquid phase processes include squeeze
casting and squeeze infiltration, spray deposition, slurry casting (compocasting), and reactive processing (in-
situ composites).

1.2.6.2 Assembly and consolidation
1.2.6.2.1  Powder blending and consolidation

Powder blending and consolidation is a commonly used method for the preparation of discontinuously
reinforced MMCs. In this process, powders of the metallic matrix and reinforcement are first blended and
fed into a mold of the desired shape. Blending can be carried out dry or in liquid suspension. Pressure is
then applied to further compact the powder (cold pressing). The compact is then heated to a temperature
which is below the melting point but high enough to develop significant solid state diffusion (sintering).
After blending, the mixture can also be consolidated directly by hot pressing or hot isostatic pressing (HIP)
to obtain high density. The consolidated composite is then available for secondary processing. Achieving
a homogeneous mixture during blending is a critical factor because the discontinuous reinforcement tends
to persist as agglomerates with interstitial spaces too small for penetration of matrix particles.
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1.2.6.2.2  Consolidation diffusion bonding

This method is normally used to manufacture fiber reinforced MMCs from sheets, foils, powder, pow-
der tape or wire of matrix material, or matrix coated fibers. The methods of assembling reinforcement
fibers and matrix alloys depend upon fiber type and fiber array preform method. In the case of monofila-
ments, such as SiC and boron, parallel arrays with controlled fiber-to-fiber spacing are generated via drum
winding, weaving with metallic ribbons, or feeding one or more filaments into a continuous process. Tow-
based fibers, such as alumina or graphite (carbon), are typically drum wound or creeled for continuous
payout. Matrix materials can be supplied to the composite assembly as separate constituents (e.g., foils,
powder mat or tape, wires) or applied directly to the fiber array (e.g., vapor deposition, plasma spray). The
composite elements (plies) are assembled by layering (or wrapping for cylindrical or ring shapes) the fiber
array and matrix plies to achieve a predetermined fiber orientation and composite thickness. Composite
consolidation is achieved by applying a high pressure in a direction normal to the ply surfaces and a tem-
perature sufficient to produce atomic diffusion of the applicable matrix alloy. This process is performed in
a vacuum environment.

1.2.6.2.3  Vapor deposition

Prominent among the vapor deposition techniques for the fabrication of MMCs is electron beam/ physi-
cal vapor deposition (EB/PVD). This process involves continuous passage of fiber through a region of high
partial vapor pressure of the metal to be deposited, where condensation takes place so as to produce a rela-
tively thick coating on the fiber. The vapor is produced by directing a high power (~ 10kW) electron beam
onto the end of a solid bar feedstock. One advantage of this technique is that a wide range of alloy compo-
sitions can be used. Another advantage worth noting is that there is little or no mechanical disturbance of
the interfacial region which may be quite significant when the fibers have a diffusion barrier layer or a tai-
lored surface chemistry. Composite fabrication is usually completed by assembling the coated fibers into a
bundle or array and consolidating in a hot press or HIP operation.

1.2.6.2.4  Squeeze casting and squeeze infiltration

Porous preforms of reinforcement material are infiltrated by molten metal under pressure to produce
metal matrix composites. Reinforcement materials include carbon, graphite, and ceramics, such as ox-
ides, carbides, or nitrides. Reinforcement forms include continuous fiber, discontinuous fiber, and particu-
late. Metals used include aluminum, magnesium, copper, and silver. The volume fraction of reinforcement
in the metal matrix composites varies from 10 to 70 v/o depending on the particular application for the ma-
terial.

Generally, the preform, which is shaped to match the contours of the mold, is not wet by the molten
metal and must be infiltrated under pressure. In squeeze casting, a hydraulically activated ram applies a
low controlled pressure to the molten metal to attain infiltration of the preform without damaging it. Infiltra-
tion may or may not be vacuum assisted, and may also incorporate the use of inert gases. Once infiltra-
tion is complete, a high pressure is applied to eliminate the shrinkage porosity that can occur when the
liquid metal contracts as it transforms into the solid state. This complete consolidation, or absence of po-
rosity, provides the squeeze cast metal matrix composite materials with excellent mechanical properties.

The above technique can also be utilized to manufacture selectively reinforced MMC materials in
which only a specific section or area of the resulting part contains the reinforcing material.

A modification of this process is a pressureless infiltration process which is accomplished through a
proprietary reactive metal penetration technique.

1.2.6.2.5  Spray deposition

A number of processes have evolved under this category in which a stream of metal droplets impinges
on a substrate in such a way as to build up a composite. If the reinforcement is particulate, it can be fed
into the spray. Matrix only spray can be applied to an array of fibers. The techniques employed fall into
two distinct classes, depending on whether the droplet stream is produced from the molten bath (e.g., the
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Osprey process), or by continuous feeding of cold metal into a zone of rapid heat injection (e.g., thermal
spray processes). In general, spray deposition methods are characterized by rapid solidification, low ox-
ide contents, and significant porosity levels. Depositions of this type are typically consolidated to full den-
sity in subsequent processing.

1.2.6.2.6  Slurry casting (compocasting)

Liquid metal is stirred as solid reinforcement particles are added to the melt to produce a slurry. Stir-
ring continues as the melt is cooled until the metal itself becomes semi-solid and traps the reinforcement
particles in a uniform dispersion. Further cooling and solidification then takes place without additional stir-
ring. The slurry may be transferred directly to a shaped mold prior to complete solidification, or it may be
allowed to solidify in billet or rod shape so that it can be reheated to the slurry form for further processing
by techniques, such as die casting.
1.2.6.2.7  Reactive processing (in-situ composites)

There are several different processes that would fall under this category. Directional solidification of
eutectics in which one of the phases solidifies in the form of fibers is one such process. Inherent limita-
tions in the nature and volume fraction of the reinforcement and the morphological instabilities associated
with thermal gradients have resulted in a decrease in the interest in these types of composites. Exother-
mic reactions, such as directed metal oxidation, are one family of processes for the production of in-situ
composites. The major advantage of this class of composites is that the in-situ reaction products are
thermodynamically stable.
1.2.6.3 Thermomechanical processing

This section is reserved for future use.
1.2.6.4 Near net shape manufacturing processes

This section is reserved for future use.

1.2.7 PRODUCT FORMS
1.2.7.1 Intermediate

This section is reserved for future use.
1.2.7.2 Standard

This section is reserved for future use.
1.2.7.3 Selectively reinforced components

This section is reserved for future use.

1.2.8 SECONDARY MANUFACTURING PROCESSES
1.2.8.1 Overview and general information

This section is reserved for future use.

1.2.8.2 Forming

This section is reserved for future use.
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1.2.8.3 Machining
This section is reserved for future use.
1.2.8.4 Joining

In order to fabricate structures from MMCs, effective joining methods must be developed to join
MMCs to the same or different materials. This section reviews the potential adaptability of standard join-
ing practices used for monolithic metals to the joining of MMCs. Since MMCs utilize a variety of non-
metallic reinforcements such as silicon carbide, graphite, aluminum oxide, boron carbide, etc., these rein-
forcements will impose limitations and may require some modifications to standard joining methods for
monolithic metals. This section provides a brief summary of the candidate joining methods and a qualita-
tive assessment of their joint performances.

1.2.8.4.1  Qualitative assessment for MMC joining methods
1.2.8.4.1.1 Qualitative performance assessment

As a general rule, the adaptability of conventional joining techniques to MMCs will depend on the
combination of the following factors: (1) the volume percent and types of reinforcements, (2) metal matrix
melting temperatures, and (3) the thermal energy management control. A brief summary of these three
factors is given as follow:

Factor 1: Since MMCs utilize a variety of non-metallic reinforcements, the higher the reinforcement vol-
ume fraction, the less likely for standard metal joining techniques to adapt to the MMC. Discontinu-
ously reinforced MMCs are easier to join than continuously reinforced MMCs.

Factor 2: The prolonged contact between a molten metal matrix and a reinforcement can lead to undesir-
able chemical reactions which are accelerated as the molten metal temperature is increased. There-
fore, the metal matrix-reinforcement chemical compatibility is a material and temperature dependent
factor. For this reason, the higher the metal matrix melting temperature, the less likely fusion welding
techniques will be applicable.

Factor 3: Although high thermal energy is required for many conventional joining processes, excessive
thermal energy input is undesirable. Therefore, the use of an automated joining process or a special
joining method which can offer a well controlled thermal energy input in @ minimum process time will
likely improve the joining adaptability for MMCs.

1.2.8.4.1.2 Joint adaptability, applications and selection

A qualitative estimate of the adaptability of 17 monolithic joining practices to MMCs is shown in Table
1.2.8.4.1.2. Further details of each process and classification are provided in subsequent sections. It is
important to realize that MMC joining is not a mature technology and many important joining technical de-
tails are still lacking. Consequently, the precise knowledge of the adaptability for a specific joining method
is a specific material and process dependent factor which must be determined experimentally. However,
as a general observation, the use of solid state and other low temperature processes are often more
adaptable for joining of MMCs than the use of high temperature fusion processes.

From the designer’s viewpoint, selecting a joining method can be qualitatively accomplished by using
a set of criteria for joint applications, in conjunction with its adaptability for joining MMCs. Table 1.2.8.4.1.2
shows the proposed criteria for joint applications which are grouped into 8 categories such as joint’s stiff-
ness, strength, thermal and electrical conductivity, etc. Each of these joint performance criteria is qualita-
tively rated in terms of high, medium, or low. From this Table, the designer could qualitatively select a
candidate joining method which is adaptable for MMCs and has the highest rating score for a particular
joining application.
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TABLE 1.2.8.4.1.2 Qualitative rating for joining adaptability, applications and selection.
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1.2.8.4.2  Potential issues in joining MMCs
In general, MMCs utilize a variety of non-metallic reinforcements with a typical volume fraction ranging

from 5% to 60%. For this reason, there are a number of potential joining issues that are peculiar to
MMCs.
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1.2.8.4.2.1 Solidification effects

For discontinuously reinforced MMCs, most non-metallic reinforcements have different densities from
the metal matrix and this can lead to pronounced particle segregation effects when the matrix is in the
molten state. In general, the composite weld pool has a higher viscosity and does not flow as well as the
unreinforced metal matrix. High viscosity can often lead to a lower heat transfer by convection mecha-
nism in the weld pool which can affect the resulting microstructures and the stress distributions in the
MMCs. Techniques which avoid reinforcement material dissolution and non-uniform packing density due to
migration of the reinforcement into the welded regions should be employed.

1.2.8.4.2.2 Chemical reactions

In general, the joining process temperature and time must be carefully controlled such that the contact
between molten metal matrix and the reinforcements during joining will not lead to dissolution of the rein-
forcement material, interdiffusion, and the formation of undesirable metallurgical phases. The chemical
stability of the metal matrix-reinforcement for a specific joining method is material and process specific.
Consequently, final process parameters for a specific process must be experimentally determined.

1.2.8.4.2.3 Joint preparation

Because of their non-metallic reinforcements, most MMCs have very high wear resistance and are
brittle to cut using standard steel-cutting tools and saw blades in the preparation of the joint. Cutting and
drilling operations must be carefully controlled in order to avoid composite panel edge tear out problems
and excessive damage to the continuous fiber reinforcements.

1.2.8.4.2.4 Post-joining heat treatment

A post-joining heat treatment should be considered. to achieve maximum properties following joint
fabrication and to reduce or eliminate residual stresses.

1.2.8.4.3  Classification and discussion of selected joining methods

MMC joining methods can be classified into three main groups: solid state, fusion, and other pro-
cesses. In solid state processes, joining occurs at temperatures below melting of the base metals by the
use of either mechanical deformation or the diffusion mechanism. A solid state process often results in
the elimination of the original joint interface. In fusion processes, the joining is achieved by melting the
base metals of substantially similar compositions and allow the molten metal mixture to solidify. A fusion
weld can be fundamentally considered as a miniature casting with different boundary conditions. In other
processes, joining usually occurs at temperatures below the melting of the base metals being joined with
the use of intermediate filler materials. For processes such as brazing and soldering, special alloys or
filler materials are placed in the clearance between the base materials to be joined. A variety of means
may be used to heat the assembly. When the resulting filler materials become liquid, they coat the base
metal and form a metallurgical bond. MMCs may also be joined by adhesives, mechanical inserts, and
fasteners.

MMC joining is not yet a mature technology and many important details are still being developed.
Therefore, the applicability of a specific MMC joining method depends on the types of MMC materials be-
ing joined. This section provides a qualitative review of selected joining methods, performed mostly for
aluminum MMCs, that are described in the open literature as shown in Figure 1.2.8.4.3.

1.2.8.4.3.1 |Inertia friction (IF) welding

Friction welding produces a joint by using the friction force between components to generate heat.
There are two conventional versions of this process: the direct drive and inertia friction welding. In gen-
eral, conventional friction welding is applicable only to certain types of component sizes and shapes with
appropriate joint cross-sectional geometries. Friction welding has been proven successful in making
sound joints for discontinuously reinforced MMCs (References 1.2.8.4.3.1(a) and (b)). In IF welding, a
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part attached to a rapidly rotating flywheel is forced into contact with a part held stationary. A soft layer of
material is formed at the interface due to frictional heating. This is the bonding layer that exists between
the two components and the bond is normally allowed to cool under the contact pressure. IF welding is a
solid state welding process and the processing temperature is lower than the melting temperature of the
matrix materials. For these reasons, the welding technique does not tend to produce undesirable chemi-
cal reactions and may even promote a uniform particulate distribution at the friction weld interface. Joint
formation is accompanied by upset forging and extrusion of materials from the interface. For joining of
MMCs, the applied force is usually higher than for conventional alloys since the reinforcement particles
substantially increase the flow stress of the MMCs.

Joining Methods .

Solid State Processes . Fusion Processes . Other Processes .

Inertia Friction Welding Laser Beam Welding Brazing
Friction Stir Welding Electron Beam Welding Soldering
Ultrasonic Welding Gas Metal Arc Welding Adhesive Bonding
Diffusion Bonding Gas Tungsten Arc Welding Mechanical Fastening
Resistance Spot Welding Cast-insert Joining
Capacitor Discharge Welding Transient Liquid Phase
Rapid Infrared Joining

FIGURE 1.2.8.4.3 Classification of selected joining methods for MMCs.

1.2.8.4.3.2 Friction stir (FS) welding

Friction stir welding is a special type of conventional friction welding and was invented by The Welding
Institute (Reference 1.2.8.4.3.2(a)) from the U.K. in 1991. FS welding is a relatively new technique even
for the joining of monolithic materials. Although the technique is still in the development stage, it has a
potential for joining some dissimilar materials and MMCs (References 1.2.8.4.3.2(b) and (c)). In FS weld-
ing, the parts to be joined are clamped to a backing plate in order to prevent the joint faces from being
forced apart. A specially profiled cylindrical tool is rotated and slowly plunged into the joint line to produce
a plasticized material zone around the tool through frictional heating. As the tool continues to rotate and
moves slowly forward in the direction of welding, plasticized material surrounding the tool is forced to
move from the front to the back of the tool thus forming a weld on consolidation. FS welding is a solid
state welding which enables the retention of chemistry and uniform distribution of reinforcement materials
in the matrix. The welding occurs at temperatures lower than the melting of the matrix and thus minimizes
the potential for matrix-reinforcement chemical reactions. Proper fixturing is required. For joining of
MMCs, the applied force is usually higher than conventional alloys since the reinforcement particles sub-
stantially increase the flow stress. The FS welding’s tool must be made from materials of high strength,
high wear resistance, and toughness.

1.2.8.4.3.3 Ultrasonic (US) welding

Ultrasonic welding produces a joint by applying high frequency vibration to the weldment as it is held
under a moderately high clamping force without significant melting of the base materials. In contrast with
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the friction welding which has a high localized plastic deformation at the joint interface, US welding is a
mechanically fused joint that may not provide enough localized plastic deformation for joining of some
MMCs. However, the induced thermal energy from ultrasonic welding is relatively low such that it will not
promote unwanted reinforcement-to-matrix chemical reactions. For some continuously reinforced MMCs,
the clamping pressures can result in fiber damage and face sheet delamination. On the other hand, weld-
ing may not be achieved if the clamping forces are reduced in order to minimize composite damage. US
welding can induce fiber bundle damage from the shearing action of the high frequency vibration (Refer-
ences 1.2.8.4.3.3(a) and (b)). In general, conventional US welding is a low temperature process that has
limited application for joining MMCs.

1.2.8.4.3.4 Diffusion bonding (DFB)

Diffusion bonding is a solid state process which is commonly referred to by trade names such as Acti-
vated Diffusion Bonding (ADB) and Activated Diffusion Healing (ADH). In each case, the result is actually
a diffusion bond. A critical aspect of DFB is that an extensive diffusion penetration of the metallic filler into
the base metal must occur and is only achieved with correct joint preparation and cleanliness. For this
reason, the DFB process often results in the elimination of the original joint interface. In ADB, chemical
compatibility between the MMCs and the metallic filler must be chosen to prevent liquid metal embrittle-
ment (LME) effects. ADB can produce high joint strength for high temperature applications if LME effects
are not encountered. Temperature and time must be minimized to control the formation of undesirable
chemical reactants. Joint properties are material dependent and DFB joints can offer high thermal and
electrical conductivity. DFB is commonly used for heat transfer applications such as heat pipes, fins, radi-
ators, and heat exchangers. However, high temperature DFB may degrade the mechanical properties of
some MMCs and may also induce some structural thermal distortion (References 1.2.8.4.3.4(a) and (b)).

1.2.8.4.3.5 Laser beam (LB) welding

Laser beam welding is a rapid thermal joining process that minimizes re-distribution of reinforcements
and results in a very fine metal matrix grain size. The LB welding focuses the thermal energy into a very
narrow beam resulting in a very narrow weld and heat-affected-zone (HAZ). Microstructural analysis of
this region of high heat flux has shown that some reinforcements such as SiC and graphite are completely
reacted to form undesirable metal-carbide phases. Other reinforcement types such as B4C and Al,O3, do
not present a similar problem. Experimental data suggested that the laser energy is preferentially ab-
sorbed by most non-metallic reinforcements in MMCs, relative to the metal matrices. Therefore, mechan-
ically sound joints are not easily obtained by LB welding for most MMC materials containing SiC, carbon or
graphite as reinforcement (References 1.2.8.4.3.3(b) and 1.2.8.4.3.4(a)).

1.2.8.4.3.6 Electron beam (EB) welding

This technique usually requires the electron beam and focusing devices, as well as the workpieces, to
be placed in a vacuum chamber. The welding quality for MMCs obtained from the EB welding is some-
what similar to those obtained from the LB welding. Both EB and LB welding processes are fusion pro-
cesses capable of providing very rapid thermal cycles and localized heating. In contrast with LB welding
which can be performed in air, EB welding is more complex to set up due to vacuum requirements. Faster
electron beam travel and sharper beam focus would tend to produce less aluminum-carbide phases.
Generally, EB welding process produces somewhat less unwanted phases than the LB welding using the
same welding speed. EB welding has had limited success with aluminum and titanium-based MMCs
which are reinforced by silicon-carbide (References 1.2.8.4.3.3(b) and 1.2.8.4.3.6). However, some im-
provement in joining quality may be achieved through the use of high speed and temperature controlled
welding automation.

1.2.8.4.3.7 Gas-tungsten arc (GTA) welding

GTA is an arc welding process wherein heat is produced by an arc between a single tungsten elec-
trode and the workpiece. Filler metal, if used, is preplaced in the weld joint or fed into the arc from an ex-
ternal source during welding. An arc weld involves a significant melting of the parent materials. Conse-
quently, some degradation of the microstructures and properties of MMCs are often observed. In general,
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GTA is not easily applied to continuous fiber reinforced MMCs. However for discontinuously reinforced
MMCs, the GTA welding process offers a commercially viable joining process. Butt joints, rather than lap
joints, can be produced readily using GTA in these systems (References 1.2.8.4.3.3(b) and 1.2.8.4.3.7).

1.2.8.4.3.8 Gas-metal arc (GMA) welding

GMA is an arc welding process which is similar to the GTA, except that a consumable filler metal elec-
trode (either monolithic alloy or MMC) is used instead of the tungsten electrode. The consumable elec-
trode is fed through the welding torch and provides filler metal for making the weld joint. GMA welding
process is often automated with high welding speed and has been found to be somewhat more adaptable
for MMCs welding than the GTW. For discontinuous reinforcement, GMA welding has proven fairly suc-
cessful in joining AI-MMCs reinforced with alumina particulates (References 1.2.8.4.3.4(b) and
1.2.8.4.3.8). For multi-pass welds, removing surface contaminants and degassing the MMCs may be re-
quired in order to reduce porosity and defects in the heat affected zone. The GMA welding process offers
a commercially viable joining process for MMCs.

1.2.8.4.3.9 Resistance spot (RS) welding

A process wherein the heat at the joint interface is generated by a short time flow of low voltage but
very high electrical current. An external force is usually applied during the application of the current to as-
sure a continuous electrical contact and to forge the heated parts together to form a joint. RS welding for
MMCs typically requires substantially less electrical current than non-reinforced metals due to the increase
in bulk electrical resistivity associated with the non-metallic reinforcements. Because the thermal input is
very localized, RS produces minimal unwanted reactions. For some continuously reinforced MMCs, the
clamping pressures could induce the migration of reinforcement fibers into the weld nugget. This could be
a favorable effect in weld nugget reinforcement by enhancing the fiber bundle-to-face sheet peel strength.
However, fiber motion is often unpredictable and may lead to complex stress distributions. Important RS
welding parameters to control weld nugget cracking are current density, clamping force, contact time be-
tween two components and post-forge cycles (References 1.2.8.4.3.3(b) and 1.2.8.4.3.6).

1.2.8.4.3.10 Capacitor discharge (CD) welding

CD is a welding technique similar to electrical resistance welding in that thermal energy is imported to
the workpiece by direct electrical contact. In CD welding, the energy is introduced by the rapid discharge
of electrical capacitors while force is applied. This assures a continuous electrical circuit and to forge the
heated parts together to form a joint. Because capacitive discharge rates are short (on the order of 5 to
25 milliseconds), the process may produce fewer unwanted reactions and provide slightly better properties
than interface resistance spot welding (RSW). In the CD welding process, some localized expulsion of
molten metal from the interface is common and must be considered in the selection of this process. Ex-
perimental work on CD welding has shown that aluminum-carbide compound formation can be precluded
on several types of silicon-carbide aluminum MMCs (Reference 1.2.8.4.3.10).

1.2.8.4.3.11 Brazing (BZ)

The two most common production brazing methods are vacuum furnace brazing and dip brazing.
Vacuum brazing is somewhat limited to flat-on-flat applications where a large normal pressure can be ap-
plied to the surface during the braze cycle. Dip brazing is accomplished with chemical fluxes, and is best
suited to self-fixturing assemblies. All brazing processes occur at elevated temperatures which may in-
duce some structural thermal distortion. Long contact times at high process temperatures may cause
degradation of joint properties due to the formation of deleterious phases. Surface oxidation must be re-
moved prior to brazing aluminum MMCs. The chemical compatibility between the MMCs and the metallic
brazing alloy must be considered to prevent the occurrence of liquid metal embrittlement (LME). Brazing
can offer superior thermal and electrical conductivity due to use of a thin metallic filler. Brazing processes
are commonly used for thermal applications such as joining of metallic heat pipes, radiators and heat ex-
changers (References 1.2.8.4.3.3(b) and 1.2.8.4.3.11).
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1.2.8.4.3.12 Soldering (SD)

This is a relatively low temperature joining process in comparison with brazing, DFB, and fusion weld-
ing, but will result in much lower joint strength. However, a lower processing temperature may be benefi-
cial in the fabrication of a dimensionally stable structure. Low temperature soldering will not degrade alu-
minum MMCs in the heat treated condition. The tenacious oxide layer formed on the metal matrix must
be removed to allow a metallurgical bonding between the solder and the base metals. In general, highly
corrosive chemical fluxes are commonly used to enhance surface wetting. Care must be taken to remove
these chemical fluxes because they can cause in-service galvanic corrosion and liquid metal embrittle-
ment (LME), if allowed to remain in the joint. Therefore, it is preferred to use solder along with a flux re-
moval technique or a fluxless soldering process (References 1.2.8.4.3.4(a) and 1.2.8.4.3.12).

1.2.8.4.3.13 Adhesive bonding (AB)

This technique offers the lowest risk against potential physical damage of MMCs during joining. LME
and metallic corrosion effects associated with joining of MMCs are not encountered when using the AB
process. Since most curing temperatures for adhesives will be below 350°F (180°C), adhesive bonding is
applicable to aluminum MMCs in the heat treated conditions. In general, strong chemical bonds can be
achieved using standard adhesive bonding procedures with appropriate MMCs surface preparation. As
with all adhesive bonding applications, outgassing of adhesive compound is a consideration. Vacuum
outgassing could contaminate optical mirrors and photonic sensitive equipment if they are mounted onto
an MMC adhesively bonded structure. AB technique is not recommended for applications with high ther-
mal or electrical conductivity across the adhesive joint interface. High conductivity joints are more likely to
be achieved with thin metal fillers as commonly used in soldering, brazing, and diffusion bonding (Refer-
ences 1.2.8.4.3.3(b) and 1.2.8.4.3.4(a)).

1.2.8.4.3.14 Mechanical fastening (MF)

This is a joining process using a non-melting agent such as mechanical inserts, bolts, nuts, and fas-
teners. Although mechanical fastening is easy to apply, this method has some disadvantages. For in-
stance, high temperature MMC applications are often sensitive to thermal stresses resulting from the dif-
ferences in the thermal expansion between the MMC and the fasteners. The size and location of fastener
holes in relation to the composite’s panel edges and corners must be carefully chosen to avoid panel edge
tear out problems during fastener hole machining. It is important to minimize the damage to adjacent fi-
bers when cutting holes through the composite structure. For discontinuous fiber reinforced MMCs, panel
delamination and edge tearout problems are usually not encountered for MF. However, fastener sizes and
the threshold torque for fastening should be selected to prevent delamination and deformation from over-
tightening the fasteners. MF is not recommended for the assembly of very low distortion, high dimension-
ally stable structures and high stiffness MMCs components (References 1.2.8.4.3.14(a) and (b)). Discon-
tinuously Reinforced MMCs have very high pin bearing properties and readily lend themselves to mechan-
ical fastening.

1.2.8.4.3.15 Cast-insert joining (Cl)

Cast-insert joining is a method of near net shape casting of MMC components with built-in metallic
inserts to provide a site for joining with conventional techniques. Moreover, the inserts can be designed to
transfer the imposed load to the fiber reinforcements which may result in stronger and stiffer cast MMC
structures. The metallic insert’s thermal expansion must be compatible with the cast MMC’s to minimize
thermal stress during casting (Reference 1.2.8.4.3.15).

1.2.8.4.3.16 Transient liquid phase (TLP) bonding

TLP bonding is a process which employs a filler material to produce a transient liquid layer at the inter-
face to be joined. Since bonding of the joint occurs as a result of diffusion, surface oxides must be re-
moved from the joined areas to facilitate wetting. This process generally requires the application of pres-
sure to improve the interlayer-substrate contact. Process time and temperature must be minimized to
prevent microstructural damage. In general, joint quality is material dependent. TLP joints can offer high
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thermal and electrical conductivity. However, high temperature TLP bonding may degrade the mechanical
properties of some MMCs and induce structural thermal distortion. TLP bonding has been demonstrated
for joining aluminum MMCs reinforced with silicon carbide and aluminum oxide particulates (References
1.2.8.4.3.16(a) and (b)).
1.2.8.4.3.17 Rapid infrared (RI) joining

This is a relatively new MMC joining process that can produce heating and cooling rates on the order
of 212°F/second (100°C/second). Such rapid rates of thermal input could decrease the adverse effects
associated with prolonged heating for MMC joining. This technique was developed to minimize the pro-
cessing time in the transient-liquid-phase joining of high temperature titanium MMCs (Reference
1.2.8.4.3.17). RI process requires that MMC parts, with a metallic filler material, are placed in a special
infrared furnace in an appropriate joint configuration. During the entire RIJ process an inert gas, such as
argon, is purged through the heating chamber to prevent oxidation. After joining, the MMC parts are
cooled naturally in the protective atmosphere. Similar to most diffusion bonding processes, RI can offer
high thermal and electrical conductivity.
1.2.8.5 Thermal treatment

This section is reserved for future use.
1.2.8.6 Coatings and surface treatments

This section is reserved for future use.
1.2.9 QUALITY ASSURANCE
1.2.9.1 Constituents

This section is reserved for future use.
1.2.9.2 Preform

This section is reserved for future use.
1.2.9.3 Final product

This section is reserved for future use.
1.2.9.4 Statistical process control

This section is reserved for future use.
1.2.10 REPAIR
1.2.10.1 In-process

This section is reserved for future use.

1.2.10.2 In-service

This section is reserved for future use.

48



CMH-17-4B

Volume 4, Section 1 Guidelines

1.2.3.3.1(a)
1.2.3.3.1(b)
1.2.3.3.4
1.2.4.3
1.2.8.4.3.1(a)

1.2.8.4.3.1(b)

1.2.8.4.3.2(a)

1.2.8.4.3.2(b)

1.2.8.4.3.2(c)

1.2.8.4.3.3(a)

1.2.8.4.3.3(b)

1.2.8.4.3.4(a)

1.2.8.4.3.4(b)

1.2.8.4.3.6

1.2.8.4.3.7

1.2.8.4.3.8

1.2.8.4.3.10

1.2.8.4.3.11

1.2.8.4.3.12

1.2.8.4.3.14(a)

REFERENCES

Harrigan, W.C., “Metal Matrix Composites: Processing and Interfaces,” Academic Press,
1991.

Andreas Mortensen, “Metal Matrix Composites in Industry: An Overview,” MMC VIi

conference, London, UK November 2001.
MMC ASSESS Thematic Network website: http://mmc-assess.tuwien.ac.at/data/cfrm/
mg_c.htm
Ichinose, N., “Introduction to Fine Ceramics”, John Wiley and Sons, 1987.
Ahearn, J. S., and Cooke, D. C., “Joining Discontinuous SiC Reinforced Al Composites,”
Martin Marietta Co., Report No: NSWC TR-86-36, September 1, 1985.

Cola, M. J., Martin, G., and Albright, C. E., “Inertia Friction Welding of 6061-T6/AI203
MMCs,” Research Report MR9108, Edison Welding Institute, June 1991.

Thomas et al., “Friction Stir Welding,” U. S. Patent 5,460,317.

Dawes, C. J., and Thomas, W. M., “Friction Stir Process Welds Aluminum Alloys,”
Welding Journal, March 1996, pp. 41-45.

Rhodes, C. G, Mahoney, M. W. and et al., “Effects of Friction Stir Welding on
Microstructure of 7075 Al,” Script Metall., Vol 36, 1997, pp. 69-75.

Harrigan, W. C., and Dolowy, J. F., “Investigation of Joining Concepts for Graphite Fiber
Reinforced Aluminum Composites,” DWA Inc., NSWC TR- 284-9, March 1980.

Luhman, T. S., and Wiliams R. L., “Development of Joint and Joining Techniques for
Metal Matrix Composites,” Boeing Co., Report: AMMRC TR-84-35, August 1984.

Nedervelt, P. D., and Burns R. A., “Metal Matrix Composites Joining and Assembly
Technology,” Boeing Defense & Space, Report No. WL-TR-93-4083, September 1993.

Lienert, T., Lane, C., and Gould, J., “Selection and Weldability of Al. Metal Matrix
Composites,” ASM Handbook, Vol 6, Materials Park, OH, ASM, 1995, pp. 555-559.

Kissinger, R.D., “Advanced Titanium Based Material Joining Technology,” G.E. Aircraft
Engines, Naval Air Warfare Center, Phase 1 Report No. 8, January 1994.

Goddard, D. M., and Pepper, R. T., “A Preliminary Investigation of Joining Methods for
Gr/Al Composites,” Aerospace Corp., SAMSO-TR-71-149, August 1971.

Altshuller, B., Christy, W., and Wiskel, B., “GMA Welding of Al-Alumina MMCs,”
Weldability of Materials, Materials Park, OH, ASM, 1990, pp. 305-309.

Devletian, J. H., “SiC/Al MMC Welding by a Capacitor Discharge Process,” Welding
Journal, pp. 33-39, 1987.

Rosenwasser, S. N., and Auvil, A. J., “Development of Low-Temp, Solid-State Bonding
Approach for MMC Joints,” Sparta Inc., NSWC-TR-89-302, Oct. 24, 1989.

Nowitzky, A. M., and Supan, E. C., “Space Structures Concepts and Materials,” SBIR
Phase 2 Final Report, DWA Inc., NASA-MSFC, Contract No. NAS8-37257, June 1988.

Kiely, J. D., “Performance of Graphite Fiber Reinforced Aluminum Under Fastening
Compression Loads,” Naval Surface Warfare Center, NAVSWC-TR-91-408, July 1991.

49



CMH-17-4B

Volume 4, Section 1 Guidelines

1.2.8.4.3.14(b)

1.2.8.4.3.15

1.2.8.4.3.16(a)

1.2.8.4.3.16(b)

1.2.8.4.3.17

Sawyer, J. W. and Rothgeb, T. M., “Thermal-Mechanical Test of TMC Highly Loaded
Joints,” NASP TM-1176, April 1994.

Lee, J. A, and Kashalika, U., “Casting of Weldable Gr/Mg MMC with Built-in Metallic
Inserts,” NASA Conf. 3249, Vol 1, p. 371, Dec. 7-9, 1993, Anaheim, CA.

Sudhakar, K., “Joining of Aluminum Based Particulate-Reinforced MMCs,” Dissertation,
The Ohio State University, 1990.

Klehn, R., “Joining of 6061 Aluminum Matrix Ceramic Particulate Reinforced
Composites,” M.S. thesis, Massachusetts Institute of Technology, Sept 1991.

Lin, R. Y., Warrier, S. G,, and et. al., “The Infrared Infiltration and Joining of Advanced
Materials,” JOM, Vol 46, March 1994, pp. 26-30.

50



CMH-17-4B
Volume 4, Section 1 Guidelines

1.3 TEST PLANS FOR MATERIALS CHARACTERIZATION
1.3.1 INTRODUCTION
1.3.1.1 Objective

The objective of these guidelines is to make recommendations regarding minimum handbook proper-
ties data that are required for establishing A-Basis, B-Basis and S-Basis mechanical properties for MMC
systems. These recommendations cover the composites in final form, the constituents, and intermediate
forms.

One of the benefits of composite materials is the ability to tailor their properties to meet design criteria
for specific applications. For this reason, the recommendations which follow have been developed to pro-
vide flexibility in selecting the applicable test matrices, and number of tests. However, the need remains
for statistically valid data in all critical orientations under the anticipated temperature and stress regime for
each component.

It is recommended that specific end-use data be reported even if it covers only a small portion of the
plans defined in the handbook. Frequently, testing outside that listed is completed. This data can provide
very useful information and should be reported. In instances where testing methods used are not Refer-
enced in this handbook, the specimens and test methods should be described in detail.

1.3.1.2 Classes of data

Material property data sets submitted for possible publication are classified by one of the two CMH-17
data classes described below, and are examined to see that material and process (Section 1.2.6), sam-
pling (Section 1.3.2), test methods (Section 1.4), and data documentation (Section 1.3.2.5) requirements
are meet for the properties discussed in Sections 1.3.4.2 and 1.3.5.2. B-basis values are presented in the
handbook only for fully approved data. (A-basis values may also be presented if sufficient data are availa-
ble.) The two CMH-17 data classes for MMCs are:

o Fully Approved Data
Statistically-based material properties that meet the most stringent handbook level of population
sampling (1.3.4.2 and 1.3.5.2), data documentation (1.3.2.5), and test method requirements.

e Screening Data
Any submission that does not meet fully approved requirements will be defined as screening data.
Minimum data and documentation requirements will be determined by the Data Review Working
Group on a case-by-case basis.

1.3.2 REQUIREMENTS
1.3.2.1 Test method selection

Specific test method criteria apply when submitting data to CMH-17 for consideration for inclusion in
Section 3 of the Handbook, based on the following concepts. Ideally, a test method should have under-
gone a rigorous review of its applicability, precision and bias by an independent voluntary consensus
standards organization that may include representatives from material suppliers, end-users, academia, or
government. This review, and the test method, should be available in a Referenceable, open-literature
publication, and include interlaboratory (round robin) testing. Many times test methods meeting the above
criteria are not available, and methods which meet less rigorous criteria (2 below) must be selected for
data submittal.

The CMH-17 MMC Coordination Group has identified specific test methods to be used when submit-

ting data for consideration for inclusion in Section 3 of the Handbook. These methods are designated or
described in Sections 1.4 through 1.10, and meet one or more of the following criteria:
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1. Methods, applicable to advanced composites and in common use, which have completed the fol-
lowing:
¢ Round robin testing under sponsorship of a recognized standards-making organization
e Rigorous review of precision and bias
e Publication in the open literature of a recognized standards-making organization

2. Where no standards meeting the above criteria exist for specific structures or process/product
forms, other test methods may have been selected by consensus of the CMH-17 MMC Coordina-
tion Group. Such methods may have been developed within the CMH-17 Working Groups, or by
other organizations, and will have begun the process toward formal standardization.

The test methods used for generating data submitted to the handbook must meet the handbook recom-
mendations, current at the time the tests were performed.

1.3.2.2 Test conditions selection

The selection of conditions at which testing is performed is driven by many factors. In general, testing
is best performed under the actual service conditions for which the material will be used. However, testing
at each and every set of service conditions is cost and time prohibitive. Therefore, a compromise must be
made which covers the usable range of the material, yet minimizes testing. This is usually accomplished
by testing at the extremes of the application for the material, allowing the user to interpolate for applica-
tions between these extremes. This assumes that the properties vary somewhat linearly between these
extremes. This is not always the case, as local maxima or minima are sometimes observed (for example,
ductility minimum). If such anomalies occur, then an additional set of tests should be conducted at those
conditions.

In addition to service conditions, there are other goals which may influence the choice of test condi-
tions selection. If testing is performed to characterize a model, then that specific model should dictate the
types of tests and conditions at which to conduct the tests. Testing is sometimes performed beyond the
useful range of the material capabilities in order to understand the material behavior under extreme ser-
vice conditions (that is, overloads, over temperatures, and so on). Therefore, testing may be performed
under conditions where the material incurs excessive amounts of creep, plasticity, oxidation, or other
forms of damage. An excessive amount of testing should not be performed in ranges where the material
is nominally elastic, where no thermal effects apply, or where limited damage accumulates.

1.3.2.3 Specimen number and sampling

General: Generation of design allowables for metal matrix composite systems usually imply that data
have been pooled from different batches, locations, or even slightly different processes. For computation-
al purposes, the definition of a population must be sufficiently restrictive to ensure that the calculated de-
sign variables are realistic and useful. A homogeneous population for data pooling should not include
more than one composite system of fiber and matrix constituents, heat treat condition, test temperature,
fiber orientation, fiber volume fraction, and test method. Statistical analysis of the pooled data should then
be performed to confirm that they represent the same population. A decision will then be made after dis-
cussions with the certifying agency or, for CMH-17, by the Data Review Group.

Sampling for Continuous Fiber Reinforced Metal Matrix Composites

For all continuous fiber reinforced metal matrix composites, samples should be taken from every pan-
el to ensure that there is a homogeneity of properties in the entire batch or lot. The sample should be ob-
tained from randomly selected areas of the panel so as to accurately represent the rest of the material. At
least one specimen needs to be taken from each panel that is 6” x 6” (15 cm x 15 cm) or less. For com-
posite panels larger that 6” x 6”, at least two specimens should be removed. A test method should be
chosen by mutual agreement between the manufacturer and the end user. Tensile or low cycle fatigue are
often used for such screening tests. These screening tests are in addition to the testing requirements out-
lined in Sections 1.3.3 and 1.3.4 of the Handbook.
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1.3.2.4 Specimen preparation

This description is for the machining of composite test specimens. These test specimens will be sub-
jected to cyclic and monotonic loads in order to characterize the behavior of these advanced, state-of-the-
art materials. The mechanical properties of the materials will then be used to characterize models and
provide data for design. Therefore, it is imperative that the machining process does not introduce any
damage that will adversely affect the properties of the material.

These materials are usually supplied in plate form approximately one sq. ft. in size. Portions of the
plate may be delivered if specimens have previously been machined from them. The thicknesses of the
plates vary from 0.04" (0.1 cm) (for a 4-ply composite) to 0.30" (0.8 cm) (for a 32-ply composite). These
materials are very expensive (approx. $10,000/sq. ft.) and require long lead times to purchase. The con-
cern, therefore, is to get good quality specimens from these plates with no mistakes and minimal material
waste. Due to the inhomogeneity (that is, hard ceramic fibers and soft matrix) and the extreme anisotropy
of these materials, they are not easily machined. This is exacerbated by the fact that the plates are often
slightly warped due to the high residual stresses (due to the CTE mismatch between the fibers and the
matrix, as well as from irregular lay-ups, that is, fiber misalignment, non-uniform matrix layers) from manu-
facturing of the plates. For these reasons, conventional machining practices do not work. Non-
conventional machining methods have been successfully used for these materials.

There are three ways in which these materials have typically been machined: wire electro-discharge
machining, abrasive water-jet machining, or diamond cutting/grinding of the entire specimen. All of these
methods have been used successfully for thinner materials (8-ply or less). For thicker materials, abrasive
water-jet cutting does not have a sufficient force to cut through the material and maintain accurate geome-
tries; therefore, one of the other machining methods must be used. The machining method chosen
should be maintained throughout the entire test program, if possible, to eliminate machining as a possible
lurking variable in the data.

When preparing 0° specimens, care must be taken to ensure that the fibers are aligned parallel to the
specimen axis. Likewise, when preparing specimens with off-axis or cross-ply fiber orientations, good
alignment should also be maintained between the specimen axis and the desired orientation. Large devia-
tions could result in errors in the mechanical properties. Typically, an alignment of £1° is desired. Larger
deviations in alignment should be reported.

If damage on the edge of the gage section (this is a machined surface) is of concern either because it
is too rough to support an extensometer, too irregular to get an accurate measurement of the cross-
sectional area, or because there is a concern with machining damage influencing the test results, then the
specimens can be cut oversized by approximately 0.020 inches (0.050 cm) in the gage and radius sec-
tions and be subsequently diamond ground to final dimensions. Final grinding passes should be done in
the longitudinal direction (that is, the direction of loading) to avoid scratches that may initiate damage
(cracks).

Specimen edges (that is, machined surfaces) may be polished to aid in the viewing of cracks either by
optical or replicative means. The faces of the specimen, which consist of a layer of matrix material above
the outer most plies of fibers, are usually not prepared in any way. The reason for this is that the matrix
face layer is often thin, and there is a good chance that through the preparation process, fibers will be ex-
posed to the surface. This could damage the fibers, or at the least will provide an easy access for the en-
vironment into the material (note that the fiber coating on the SCS-6 fiber is an easy diffusion path for oxy-
gen). In either case, the mechanical properties could be compromised. However, polishing may be re-
quired to facilitate matrix-crack detection during fatigue and fatigue crack growth testing. If polishing of
the faces of the specimen is required, care should be taken to remove a minimum of matrix material.
Light polishing can be conducted with the following procedure: 320, 400, then 600 grit abrasive paper fol-
lowed by 6 and 3 micron diamond paste.

A sample of typical machining instructions is given in Figure 1.3.2.4(a) for the sample geometry given
in Figure 1.3.2.4(b). This sample design is used for uniaxial loading. Its design originated from a finite
element analysis, constructed to prevent failure in the transition area by minimizing and separating the
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shear and axial stress concentrations which occur at the transition between the radius and the gage sec-
tion (Reference 1.3.2.4(a)). This geometry is proposed in the revision of ASTM Standard D 3552-77 (the
latest version is ASTM D3552/D3552M-96), Test Method for Tensile Properties of Fiber-Reinforced Metal
Matrix Composites, as the recommended design for specimens of unidirectional composites. Other sam-
ple geometries may be used. Figure 1.3.2.4(c) shows a dogbone-shaped specimen which has been used
successfully and has the added advantage that it uses less material. The key to an adequate specimen
design is that the specimen must fail in the gage section. If failure frequently occurs in the transition, radi-
us or grip areas, then the data from these specimens should be labeled as suspect and a new specimen
geometry sought.

Rectangular cross-section gage
1) Wire EDM material approximately 0.020" oversized on gage and radius cuts before grinding.
2) Diamond grind on gage and radius to final dimensions as per detail dimensions shown.

3) Remove final stock with a series of light passes to minimize the depth of damage and work
hardening.

4) Material supplied is unique and not easily replaced; therefore, take extra care to set up correct
dimensions before making any cuts.

5) The reduced gage section width (0.390") should be centered relative to the width (0.500") of the
specimen ends within + 0.001".

6) The reduced gage section should be also centered with respect to the length (6”) of the speci-
men within + 0.001”

7) Cut surfaces marked A [gage edge and end edge] should be true and square. Also, A surfaces
should be parallel to specimen centerline within + 0.001".

8) All radii must blend without undercuts or steps.

9) Number each specimen with permanent ink and identify the unique position of the plate from
which it came.

10) The one inch straight gage section and the radii must have a 32 rms finish or better.
11) Thickness as supplied
12) Return ALL material and scraps. Protect ground surfaces of specimen from damage.

FIGURE 1.3.2.4(a) Machining instructions.

For specimens which contain off-axis plies, there is an additional factor in determining the gage
width/length of the specimen. A study has shown that when off-axis fibers in the gage begin, end, or begin
and end in either the radius or the grips, there is additional constraint on the specimen, thus affecting at
least the room temperature tensile properties (Reference 1.3.2.4(b)). Thus, while the gage width may
maintain a value identical to that of the unidirectional specimens, the gage width-to-length must be sized
such that there are few fibers from the gage ending in either the radius or grips. In other words, the fibers
in the gage section should begin and end in the straight gage section. Depending on the inclination of the
fibers with respect to the specimen axis, this may necessitate a longer gage section.
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Specimens will often require a heat treatment to either age the in-situ matrix or to simulate some
thermomechanical treatment which the component may experience. The heat treatment should be per-
formed after machining for several reasons. First, the heat treatment may help relieve machining residual
stresses. Second, if only a few specimens are heat treated at a time and if there is a problem with the
heat treatment, then only a few specimens will be ruined and not the entire plate. Lastly, due to the high
residual stresses in the composite, the specimens may warp when cut out of the plate. This can be cured
by subsequent heat treating of the specimen under weight for creep flattening. It should be noted that due
to the high residual stresses in the composite, initially flat specimens may not come out of the heat treat
furnace as flat. In some cases, specimens have been observed to be so severely bent and warped that
they were rendered useless. Again, weighting the specimens during heat treatment should solve this
problem.
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FIGURE 1.3.2.4(b) MMC/IMC dogbone specimen - 14.5” radius.
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1.3.2.5 Data documentation Requirements Checklist

CMH-17 (MMC'’s)
Data Documentation Requirements Checklist
Material Name:
Data Submitted by:
Date Submitted:

Does Data meet CMH-17 requirements for fully approved data? Yes  No ____

For fully approved data, the requirements listed in Volume 4, Section 1.3.4 (Continuous Fiber Reinforced
Metal Matrix Composites) or Section 1.3.5 (Discontinuous Reinforced Metal Matrix Composites) must be
fulfilled. In addition, all the items listed below marked by an arrow must be provided either on the Submit-
ter’'s data Tables or on this checklist in order to meet the handbook’s Full Documentation Requirements.
Otherwise, the data will be considered as Screening Data if those items marked by an arrow are not sup-
plied.

Name (POC):

Organization:

Telephone:

MATERIAL IDENTIFICATION
O > Reinforcement ID

O > Matrix ID

O > continuous or Discontinuous

REINFORCEMENT INFORMATION
O > Form (fiber, whisker, particulate, etc.)

O > commercial Name

O > Manufacturer

O > chemical Com position

O > core Material (If Continuous)

O > Processing Method

O > Diameter

O > Nominal Density

O > Lot Number(s)

O > Processing Date

=>» = For Full Documentation Requirements 6/00
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Material Name:

Data Submitted by:

Date Submitted:

REINFORCEMENT INFORMATION (Continued)
O > Nominal Filament Count (If Applicable)

O > Fiber Alignment Material (crossweave)

O > Fiber, Tow, or Yarn Count (per inch)

O > Aspect Ratio (If Discontinuous)

O Shape (If Discontinuous)

O > Size Distribution (If Discontinuous)

MATRIX INFORMATION
O > Mmatrix Composition

O > Mmatrix Supplier
O > Mmatrix Heat No.

CONSOLIDATION PROCESS INFORMATION
O > Manufacturer

O Manufacture Date
O > Process Sequence Description

O > Process Temperature/Pressure/Time

COMPOSITE INFORMATION
O > Product Form

[0 > Material Lot/Serial/Part No.

0  Product Form Dimensions

[0 > Reinforcement Volume Fraction
O > Lay-Up & Ply Count (If Applicable)
O > Nominal Density (g/cc)

O > Void Content (If Cast Process)

=>» = For Full Documentation Requirements
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Material Name:

Data Submitted by:

Date Submitted:

SPECIMEN INFORMATION

[0 > Machining Method

O > Specimen Geometry

O > Specimen Overall Dimensions
[0 > surface Condition

O > Specimen Orientations

O > Pre-Test Exposure

O > Tabbing Method (If Applicable)

MECHANICAL TESTING

O > Type of Test(s)

[0 > Test Method/Procedure
O > Number of Specimens
O-> Gauge Length

O TestDate

O > Test Temperature

[0 > Test Environment

[0 > Failure Mode and Location

= = For Full Documentation Requirements
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Static Properties Documentation

For static properties, the following information should be provided for each specimen in tabular (spread-
sheet) form as shown on the data Table templates provided by CMH-17 Secretariat:

Yield Strength @ 0.2%, (F¥**) (ksi)
Ultimate Strength, (F") (ksi)

Specimen No.
Fiber Volume %
Lot I.D. (Plate No.) Elongation, (¢") (%)
Test Temp. (°F) Reduction in Area, RA (%)
Strain rate (1/s) Gage Length (in)
Modulus, (E) (Msi) Gage Diameter (in)

Proportional Limit (ksi) Gage Width (in)

OO0OO0O0O0O000
0 I I I Iy

Yield Strength @ 0.02%, (F¥*%) (ksi) Gage Thickness (in)

In addition, the data submitter should include all information they have readily available for each speci-
men. Additional columns should be added to the right of the standard data Table as needed. Examples of
such information are:

O TestDate O Specimen Size (in)
O Failure Location [0 Cross Sectional Area (in%)
O Failure Mode O Poisson’s Ratio, (v)

[0 stress-Strain Curve

= = For Full Documentation Requirements 7/21/00
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Fatigue Properties Documentation

For fatigue properties, the following information should be provided for each specimen in tabular (spread-
sheet) form as shown on the data Table templates provided by CMH-17 Secretariat:

O Specimen No. O Gmax @Nd G (KSi)

O Fiber Volume % O stress Ratio, Ry (Opmin/Omax)
O Lot I.D. (Plate No.) O .. and e

O Test Temp. (°F) O strain Ratio, R, (£min/Emax)
O control Parameter Rate (¢, , f) O cycles to Failure, N;

0 Modulus Before Test, (E) (Msi) O Gage Length (in)

O Modulus @ Initial Loading, (Ex1) (Msi) O Gage Diameter (in)

0 Modulus @ Half Life, (Exgs) (Msi) O Gage Width (in)

O waveform O Gage Thickness (in)

In addition, the data submitter should include all information they have readily available for each speci-
men. Additional columns should be added to the right of the standard data Table as needed. Examples of
such quantities are:

OO Test Date O Specimen Size (in)
O Failure Location O cross Sectional Area (inz)

O Failure Mode

= = For Full Documentation Requirements 7/21/00
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Corrosion Properties Documentation

For corrosion properties, the following information should be provided for each specimen in tabular
(spreadsheet) form as shown on the data table templates provided by CMH-17 Secretariat:

Specimen No. Cycle Time (min.)

Reinforcement Volume Fraction (%) Material Weight Loss (%)
Lot Identification Test Duration (hrs.)

Test Temperature (F) Test Date

OO00O0oa0ng

Sample Dimensions (in.) Degradation Mode? (pitting, spalling, etc.)

OOO000oa00

Environmental Solution

In addition, the data submitter should include all information they have readily available for each speci-
men. Additional columns should be added to the right of the standard data Table as needed. Examples
include such quantities as:

O volume of Sample
O Surface Area of Sample

=>» = For Full Documentation Requirements 2/28/03
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1.3.3 MATERIALS PEDIGREE

When submitting data to the Handbook, a complete set of pedigree information is required. This is to
establish the validity of a manufacturer’s material system’s physical, chemical, and mechanical property
database. The requirements are necessary to establish justification for the inclusion of data into CMH-17.
Documentation requirements ensure complete traceability and control of the database development pro-
cess from material production through procurement, fabrication, machining, heat treating, gaging, and
testing.

Data submitted must include a completed Data Documentation Checklist (see Section 1.3.2.5). Test
methods used must meet handbook recommendations at the time the tests were performed. All items in
this checklist are desired. Items marked with arrows are required for full approval. All information should
be traceable and available to the Secretariat. The Data Documentation Checklist is based on the infor-
mation necessary for composite level mechanical property testing. The information required for other
tests or material levels is similar.
1.3.3.1 Reinforcement

This section is reserved for future use.
1.3.3.2 Reinforcement sizing

This section is reserved for future use.
1.3.3.3 Reinforcement coatings

This section is reserved for future use.
1.3.3.4 Matrix

This section is reserved for future use.
1.3.3.5 Intermediate forms characterization

This section is reserved for future use.
1.3.3.5.1 Metallized fibers

This section is reserved for future use.
1.3.3.5.2 Monotapes

This section is reserved for future use.
1.3.3.5.3 Lamina other than monotapes

This section is reserved for future use.
1.3.3.5.4 Specialized forms

This section is reserved for future use.

1.3.3.6 Composite materials

This section is reserved for future use.
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1.3.4 CONTINUOUS FIBER REINFORCED MMC CONSTITUENT MATERIAL PROPERTIES

Material property data sets submitted for possible publication are classified by one of the data classes
described below, and are examined to see that material and process, sampling, conditioning, test meth-
ods, and data documentation requirements are met for the properties discussed in Sections 1.3.4.1
through 1.3.4.5. B- basis values are presented in the handbook only for Fully Approved static data. A-basis
values are approved for Fully Approved static data meeting the sampling requirements for either A55 or
A75 as described in Section 1.3.4.1.3. The CMH-17 MMC data classes are presented in the following sec-
tions.

1.3.4.1 Static property data classes

Composite static property testing, including longitudinal and transverse tension, compression, shear
and pin-bearing, are classified by the data classes presented in the following sections. These classes in-
clude Screening, Mean and Fully Approved.

1.3.4.1.1 Screening data

Any submission that does not meet fully approved requirements will be defined as screening data.
Minimum data and documentation requirements will be determined by the Data Review Working Group on
a case-by-case basis. The upper case letter S is used for summary tables.

1.3.4.1.2 Mean data

Mean material properties meet the most stringent handbook level of data documentation and test
method requirements. This data class generally applies to modulus and Poisson’s ratio data and other
properties for which basis values are not typically used. The upper case letter M is used for summary ta-
bles.

1.3.4.1.3 Fully approved data

This section recommends tests for the submission of fully approved data to the Handbook. The test
matrices are for data generation on composites, fiber, and matrix materials. The test matrices were de-
signed to allow a statistical analysis to be performed and to account for the anisotropic nature of these
materials. However, due to the high cost of these materials, the overall number of recommended tests
was kept at a minimum. All testing should follow the testing standards given in the Handbook. Fully Ap-
proved data include the following sub-classes for static property tests (see Table 1.3.4.1.3(a)). Table
1.3.4.1.3(b) presents the test matrix for Fully Approved — B30 data as an example; the number of tests for
other Fully Approved sub-classes can be revised based on the requirements.

e A75— Robust Sampling Data
Statistically-based material properties that meet the most stringent handbook level of population
sampling, data documentation and test method requirements. A- and B-values are presented in
the handbook.

e A55— Reduced Sampling Data
Statistically-based material properties that meet the most stringent handbook level of data docu-
mentation and test method requirements with reduced sampling appropriate for certain applica-
tions A- and B-values are presented in the handbook.

e B30 - Robust Sampling Data
Statistically-based material properties that meet the most stringent handbook level of population
sampling for B-values, data documentation and test method requirements. B-values are present-
ed in the handbook.

e B18 — Reduced Sampling Data
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Statistically-based material properties that meet the most stringent handbook level of data docu-
mentation and test method requirements with reduced sampling appropriate for B-values for cer-
tain applications. The ANOVA statistical analysis will not be used to calculate basis values for da-
tasets with less than five (5) batches. B-values are presented in the handbook.

Table 1.3.4.1.3(a) — Fully Approved Sub-Data Classes

FULLY APPROVED DATA CLASSES MINIMUM REQUIREMENTS
Data Class Description Number of Number of Speci-
Lots mens
A75 A-Basis — Robust Sampling 10 75
A55 A-Basis — Reduced Sampling | 5 55
B30 B-Basis — Robust Sampling 5 30
B18 B-Basis — Reduced Sampling | 3 18

TABLE 1.3.4.1.3(b) Composite static property tests for Fully Approved — B30.

Test Fiber Number of | Samples per | Number of Tests per
Directionality Lots Lot Condition

Tensile L 5 6 30
Tensile T 5 6 30
Compression L 5 6 30
Compression T 5 6 30
Shear (in-plane) L 5 6 30
Shear (in-plane) T 5 6 30
Pin-Bearing Tensile L 5 6 30
Pin-Bearing Tensile T 5 6 30
Creep/Stress Rupture L 3 5

Creep/Stress Rupture T 3 5 2

L is longitudinal and T is transverse.
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1.3.4.2 Composite fatigue properties tests

Fatigue property data submitted to the Handbook have sample and test requirements as indicated in
Table 1.3.4.2.

TABLE 1.3.4.2 Composite fatigue tests.

Test Fiber Number of | Stress Levels | Replicates | Number of

Directionality Lots Tests per

Condition
High-Cycle Fatigue L 3 5 2 30
High-Cycle Fatigue T 3 5 2 30
Low-Cycle Fatigue L 3 5 2 30
Low-Cycle Fatigue T 3 5 2 30
Fatigue Crack Growth Rate L 3 5 2 30
Fatigue Crack Growth Rate T 3 5 2 30

L is longitudinal and T is transverse.

1.3.4.3 Composite thermal mechanical tests

Thermal mechanical test data submitted to the Handbook have sample and test requirements as indi-
cated in Table 1.3.4.3.
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TABLE 1.3.4.3 Composite thermal mechanical tests.

Test Fiber Number of Stress | Replicates | Number of
Directionality Lots Levels Tests per
condition

TMF in-phase (IP) L 2 3 2 12
TMF in-phase (IP) T 2 3 2 12
TMF out-of-phase (OP) L 2 3 2 12
TMF out-of-phase (OP) T 2 3 2 12
Tensile (after thermal cycling) L 5 - 6 30
Tensile (after thermal cycling) T 5 - 6 30

L is longitudinal and T is transverse.

1.3.4.4 Composite physical properties tests

Physical property test data submitted to the Handbook have sample and test requirements as indicat-
ed in Table 1.3.4.4.

TABLE 1.3.4.4 Composite physical properties tests.

Test Number of | Samples Number of Tests
Lots per Lot per condition
Coefficient of Thermal Expansion (a) 5 1 15 min. per dir.
Specific Heat (b) 5 1 5
Thermal Conductivity (a) 5 1 15
Electrical Conductivity (a) 5 1 15
Density (c) 5 1 5
Volume Fraction (c) 5 1 15

(a) Taken in the L (longitudinal), LT (long transverse), and WT (wide transverse)
directions

(b) Property taken parallel to the fiber direction only

(c) Property is independent of fiber orientation

1.3.4.5 Intermediate forms characterization

This section is reserved for future use.
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1.3.4.5.1 Metallized fibers

This section is reserved for future use.

1.3.4.5.2 Monotapes

This section is reserved for future use.

1.3.4.5.3 Lamina other than monotapes

This section is reserved for future use.

1.3.4.5.4 Specialized forms

This section is reserved for future use.

1.3.4.6 Constituent characterization

This section is reserved for future use.

1.3.4.6.1 Fiber properties tests

CMH-17-4B

TABLE 1.3.4.4.1 Fiber property tests.

Test Number of | Samples per | Number of Tests
Lots Lot per condition

Tensile 5 30 150
Microstructure (with magnification) 5 3 15
Chemical Analysis 5 3 15
Axial Thermal Expansion 5 3 15
Diameter (range) 5 10 50
Density 5 1 5

Electrical Conductivity 1 1 1

Thermal Conductivity 1 1 1
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1.3.4.6.2 Matrix

TABLE 1.3.4.4.2 Matrix Property Tests.

Test Number | Samples Number of Tests
of Lots per Lot per condition
Tensile 5 3 15
Fatigue 5 3 15
Creep 5 3 15
Crack Growth 5 3 15
Hardness 5 3 15
Microstructure (with magnification) 5 3 15
Chemical Analysis 5 3 15
Coefficient of Thermal Expansion 5 3 15
Density 5 1 5
Electrical Conductivity 1 1 1
Thermal Conductivity 1 1 1
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1.3.5 DISCONTINUOUS REINFORCED MMC & CONSTITUENT MATERIAL PROPERTIES

1.3.5.1 Screening

Any submission that does not meet fully approved requirements will be defined as screening data.
Minimum data and documentation requirements will be determined by the Data Review Working Group on
a case-by-case basis.
1.3.5.2 Testing requirements for fully approved data

This section recommends tests for the submission of fully approved data to the Handbook. The test
matrices are for data generation on composites, reinforcement, and matrix materials. However, due to the
high cost of these materials, the overall number of recommended tests was kept at a minimum. All testing
should follow the testing standards given in the Handbook.
1.3.5.2.1 Composite static properties tests

This section is reserved for future use.
1.3.5.2.2 Composite fatigue properties tests

This section is reserved for future use.
1.3.5.2.3 Composite thermal mechanical tests

This section is reserved for future use.
1.3.5.2.4 Composite physical properties tests

This section is reserved for future use.

1.3.5.2.5 Composite corrosion properties tests

Test No. of Lots Samples per Lot No. of Tests per
Condition

Static 1 3 3

Cyclic 1 3 3
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1.4 COMPOSITE TESTING AND ANALYTICAL METHODS
1.4.1 INTRODUCTION

Section 1.4 contains test and analytical methods for characterizing metal matrix composites. The
purpose of this section is to provide standardized methods and commonly used techniques to pedigree
the material and to generate material property data. The test methods and techniques are representative
of procedures used in the composite materials industry. Existing standards are cited when they exist and
are applicable. When there are no such standards available, a test method has been proposed. The pro-
posed test methods are ones that are widely used within industry, academia, or government. Most of
these test methods are taken directly from usage on monolithic metals. However, since there are special
concerns regarding the testing of MMCs due to their brittle reinforcement phase and their highly aniso-
tropic nature, special consideration must be given when adapting such methods. Cautionary notes have
been added to many of the monolithic standards in order that they can be applied to MMCs.

1.4.2 CONTINUOUS FIBER REINFORCED MMC MECHANICAL PROPERTY TEST METHODS
1.4.2.1 Tension

General: Tensile testing of MMC laminates should be conducted in accordance with ASTM Test
Method D3552/D3552M Tensile Properties of Fiber Reinforced Metal Matrix Composites (Reference
1.4.2.1). The following additional points should also apply:

1. A failure location within the area of one specimen width away from the grip or the specimen tab
should be considered as an "at grip" failure and these data should be "flagged" as such.

2. When preparing [0] specimens, care must be taken to ensure that the fibers are aligned parallel to
the coupon axis. Likewise, when preparing specimens with off-axis or cross-ply fiber orientations,
good alignment should also be maintained between the coupon axis and the desired orientation.
Large deviations could result in errors in the strength and modulus values. Typically, an alignment
of £0.5° is desired. Larger deviations in alignment should be reported.

1.4.2.2 Compression

This test procedure covers the preferred manner to determine compressive mechanical properties of
MMCs. At the present, there are no standardized methods for such testing however, techniques devel-
oped for metals and polymer composites have been used with success. Various test fixtures have been
designed to introduce compressive loads to the test specimen while minimizing stress concentrations due
to gripping and misalignment. These fixtures include the Modified Celanese Fixture, The lllinois Institute
of Technology Research Institute (IITRI) Fixture, and the Sendeckyj-Rolfes Fixture. To date, the IITRI test
fixture is the most commonly used.

Compression tests on MMC's should be conducted in accordance with ASTM Standard D 3410-87
(the latest version is ASTM D3410/D3410M-95) "Standard Test Method for Compressive Properties of
Unidirectional or Crossply Fiber-Resin Composites" (Reference 1.4.2.2). The following additional points
should also apply:

1. The IITRI compressive test fixture is the preferred test setup for continuous reinforcement metal
matrix composite. However, a desirable specimen dimension may be chosen for straight-sided
coupons. Use of end tabs is not an absolute necessity.

2. Strain gages should be affixed to the specimen using the manufacturer's recommended proce-
dures. Two strain gages (one on each face of the test specimen) should be used to determine the
magnitude of bending taking place during each test. The use of two gages will provide redundan-
cy and will help pinpoint problems that arise during testing. Strain readings that diverge from the
beginning of the test suggest specimen bending caused by test specimen/fixture misalignments.
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A sudden divergence between the two readings suggests the onset of specimen buckling. A
sharp discontinuity in either or both readings suggests a grip/wedge seating anomaly.

3. Fixture alignment is extremely critical when testing MMC's. The maximum allowable percent
bending stress (PBS), as defined below, may not exceed five percent at failure. Tests with per-
cent bending stresses between three and five percent should be flagged as such.

PBS = ABS((G1-G2)/(G1+G2)) x 100 1422
where G1 and G2 are the values from strain gages #1 and #2.

4. Afailure location within the area of one specimen width away from the grip or specimen tab should
be considered an "at grip" failure. These data should be "flagged" as such.

Care should be taken when conducting compression tests on longitudinally reinforced MMCs. For
these tests the required loads are high and often cause movements in the fixturing. This results in a non-
linear, wavy elastic line and creates problems in calculating an accurate modulus and subsequently de-
termining the yield points. Twisting and warpage in flat samples exacerbate these problems. It is recom-
mended that each test be heavily instrumented (at least one strain gage on each face) and that the results
from each test are scrutinized to ensure that proper testing techniques have been followed yielding data
that are both accurate and reproducible.

1.4.2.3 Shear (in-plane)

This test procedure covers the preferred manner to determine the in-plane shear properties of MMC.
Shear tests on MMCs should be conducted in accordance with ASTM Standard D 5379/D5379M "Stand-
ard Test Method for Shear Properties of Composite Materials by the V-Notched Beam Method" (Reference
1.4.2.3). The following additional points should also apply:

1. Strain gages should be affixed to the specimen using the manufacturer's recommended proce-
dures. It is strongly suggested that two strain gages (one on each face of the test specimen) be
used to determine the magnitude of twisting taking place during each test. The use of two gages
will provide redundancy, will allow signal averaging if required, and will help pinpoint problems that
arise during testing. Strain readings that diverge from the beginning of the test suggest specimen
twisting caused by test specimen/fixture misalignments.

1.4.2.4 Fatigue
1.4.2.4.1 Scope

This standard addresses isothermal fatigue testing of metal matrix composites. These tests may be
performed in either load or strain control and at any constant load (or strain) ratio (R, or R;). In general,
the tests should follow ASTM Test Methods E 466 (Reference 1.4.2.4.1(a)) and E 606 (Reference
1.4.2.4.1(b)). The following notes should also apply:

1.4.2.4.2 Specimen design

The specimen design and preparation should follow the recommendations given in Section 1.3.2.4.
1.4.2.4.3 Waveforms

Either a triangular (that is, linear ramp) or sinusoidal waveform may be used for cyclic loading. Any
constant loading/unloading rate may be employed. Slower loading rates will tend to facilitate creep or
stress relaxation of the constituents. Loading rates that are greater than approximately 10 Hz may cause

frictional heating between the fibers and the matrix due to interfacial sliding. These loading rates should
be avoided unless the material application dictates such rates.
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1.4.2.4.4 Control mode

Either load or strain control modes may be used in fatigue testing. When using load control, speci-
men strain will typically ratchet towards the tensile direction. This is particularly true for high positive load
ratios and laminates which do not contain a O-ply.

Strain controlled tests typically show stress relaxation during the test, and in fact can lead to relaxation
into the compressive field. This can lead to buckling of thin plate specimens (see Section 1.4.2.4.5). Also,
the definition of failure under strain control is frequently a problem (see Section 1.4.2.4.6).

1.4.2.4.5 Compressive loading

Testing of thin plate MMCs under compressive loads can lead to unstable buckling of the test speci-
men. This can be caused either by the applied compressive load, or due to the fact that the load has re-
laxed into compression during a strain controlled test. To avoid buckling, two options exist. The first is to
test thicker materials which can withstand compressive loads. This may not be an option due to the high
cost of thick materials or difficulties in manufacturing thick composites. The second option is to employ
buckling guides. These guides minimally constrain the lateral surfaces of the specimen to prevent buck-
ling. They have been used successfully in the fully reversed loading of thin plate TMC specimens (Refer-
ences 1.4.2.4.5(a) and (b)). In addition, specimens tested with these buckling guides have been shown to
have equivalent lives to thick specimens which were tested under identical conditions without buckling
guides.

It should be cautioned that improperly designed buckling guides can either erroneously increase the
fatigue lives by assuming too much of the axial load or erroneously decrease fatigue lives by introducing
frictional wear on the contact surfaces. Therefore, the experimentalist must verify that use of buckling
guides is not affecting specimen fatigue life (see Reference 1.4.2.4.5(c) for guidance).

1.4.2.4.6 Failure

Testing should continue until failure has occurred. The failure criterion which is used to define failure
should be clear.

Note 1: With load controlled tests, the specimens should fail in two pieces if there is a tension load in
the cycle. Therefore, two pieces is often used as a failure criterion. However, other definitions of failure,
particularly for strain controlled tests, can be used (see Reference 1.4.2.4.1(b) for examples).

1.4.2.4.7 Data reporting

1. Stress-strain hysteresis loops should be recorded at periodic times during the test either digitally
and/or with analog recorders.

2. The maximum and minimum loads (or strains, which ever are the non-controlled parameters)
should be plotted for each specimen as a function of cycles.

3. The failure location and failure criterion should be reported as well as the reason for any anoma-
lous crack initiation (for example, thermocouple attachment).

1.4.2.5 Fatigue crack growth rate

General: This standard allows the determination of fatigue crack growth rates in composite materials
using middle-tension, M(T), or single-edge-notch, SE(T) specimens. The results of crack growth rates are
expressed in terms of the cyclic range of the applied stress intensity factor, the crack length, or the cyclic
range of the effective crack tip stress intensity factor using one of the fiber bridging models such as a
shear lag model (References 1.4.2.5(a) through 1.4.2.5(c)), a spring model (References 1.4.2.5(d) and
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(e)) or a fiber pressure model (References 1.4.2.5(e) and (f)), if a bridging zone develops during the fa-
tigue crack growth experiment.

This standard should apply only to composite materials which promote self-similar crack extension
such as [0], [90], or [0/90] fiber lay-ups. In other fiber lay-ups, complex failure modes usually develop near
the machined notch causing a large network of micro-cracks, multiple cracks, delamination, and non self-
similar crack extension.

The fatigue crack growth tests should be conducted in accordance with ASTM Standard E 647 Stand-
ard Test Method for Measurement of Fatigue Crack Growth Rates (Reference 1.4.2.5(g)). The following
notes should also apply:

Specimen Configuration:

1. The thickness of the specimen is controlled by the available composite material, since the available
plate material is generally not machined to a specific thickness. All other dimensions will then be
based upon this available thickness and will be determined by the equations for the specimen dimen-
sions given in ASTM D647.

2. Direct pin-loading of a unidirectional MMC specimen is not recommended due to the likelihood of a
local bearing failure in the vicinity of the machined holes. Therefore, a wedge loading fixture, similar
to those described in ASTM D647, is recommended. The specimen depth in the wedge zone should
be greater than 0.5W for a middle-tension M(T) specimen and W for the single-edge-notch tension
SE(T) specimen. This distance is dictated primarily by frictional effects and the amount of specimen
needed to be clamped by the wedge grips to prevent slippage.

3. Middle-Tension Specimen, M(T):

Standard ASTM D647 M(T) specimens (Figure 1.4.2.5(a)) can be used for specimens which will be
tested in a wedge loaded fixture. A wider and longer gripping area can be accommodated, as long as
the length of the specimen between the grips is greater than or equal to 3W.

4. Single-Edge-Notch Tension Specimen, SE(T):

The SE(T) specimen (Figure 1.4.2.5(b)) is basically a M(T) specimen which has been sliced in half
longitudinally. The length of the specimen between the grips (H) should be greater than 2W. The ap-
plied stress intensity factor range, K,ica, for the SE(T) specimen is very sensitive to the loading
method and special attention should be given to the gripping and data reduction when using the
SE(T).

The pinned load-train transfers load through a clevis-pin arrangement as shown in Figure 1.4.2.5(c). The
grip is free to rotate, creating a uniform stress boundary condition. The applied stress intensity factor
range, K,ppicd, fOr the SE(T) specimen with a pinned load-train is calculated as follows:

AK gpplied = Ao/(7a) e F(a) 1.4.2.5(a)
where Ao is the applied stress range and:

0.752 +2.02(ct) + 0.37(1 - sin(za / 2))°
cos(za /2)

F(a) =/(2/ ma) tan(za /2) ®

1.4.2.5(b)

where o =a/ W ; expression valid within £0.5% for any a (Reference 1.4.2.5(h)).

SE(T) with fixed load-train:
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The SE(T) geometry with a fixed load-train (Figure 1.4.2.5(d)) has different boundary conditions than
the pin loaded configuration. The specimen is constrained from rotation, having a uniform displacement
boundary condition instead of a uniform stress boundary condition. In this configuration, the applied
stress intensity factor, K,,.i.q, IS Very sensitive to the ratio of specimen height, H over specimen width, W,
and only approaches the pinned load-train configuration for very large values of H/W (References
1.4.2.5(h) through 1.4.2.5(k)). The appropriate K,,,i.s @and crack mouth opening solutions for the SE(T)
specimen with a fixed load-train are given in Reference 1.4.2.5(k) for H/W ranging from 2 to 10.

Lgrip 3
H = | L
—
2a
TV
Y
Lgf‘p¢ Y

FIGURE 1.4.2.5(a) Middle tension specimen, M (T).
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FIGURE 1.4.2.5(b) Single-edge tension specimen, SE (T).

Load Cell

[ O« Pin

Boltedor _.|

wedge grips

Specimen

N

FIGURE 1.4.2.5(c) Pin-loaded gripping arrangement.
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FIGURE 1.4.2.5(d) Rigid gripping arrangement.

Compact-Tension Specimen C(T):

The C(T) geometry is not recommended for testing unidirectional composites where the reinforcement

is parallel to the direction of loading. Anisotropy and the presence of large bending stresses may lead to
non-self-similar crack extension (Reference 1.4.2.5(1)). The C(T) geometry can, however, be successfully
used for testing relatively thick unidirectional composites in the transverse (that is, [90]) orientation (Refer-
ence 1.4.2.5(m)). Consideration should be made for the possibility of local bearing failure in the vicinity of
the machined holes as mentioned above.

Notch Configuration:

1.

The machined notch detail is crucial to ensure self-similar crack extension. A narrow sawcut or EDM
slot having a length less than 0.0625W and terminated by a 30 degree taper at the crack tip is rec-
ommended as described in ASTM D647. If a circular notch (hole) is used, multiple cracks will most
probably initiate making the crack opening displacement monitoring more complex.

Crack Length Measurements

1.

The standard method of determining the crack length using a compliance gage is not valid in the
presence of a fiber-bridged crack, since the bridging fibers shield the crack tip. In addition, the direct
current electric potential technique (DCEP) will not yield accurate crack length measurements due to
the influence of unbroken, bridging fibers. Therefore, high resolution optical measurements must be
made during crack growth testing to accurately determine the crack tip location. For automated test-
ing, the direct current electric potential technique (DCEP) may be used to monitor crack growth ac-
cording to ASTM D647 Annex 3; however, post-test correction of the DCEP crack lengths to the opti-
cal measurements is required paying special attention to fiber failures in the crack wake.
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2. When bridging does not occur, errors in the crack length estimated from the compliance reading can
be introduced due to material anisotropy. Therefore, an effective modulus must be used to calculate
the crack length from the isotropic compliance.

Bridging Zone Measurements

Although the length of the bridging zone (if it exists) is a crucial parameter for calculating the effective
crack tip driving force, an expedient method for measuring it in-situ is not yet available. Prior to any fiber
failures, the bridging zone (awiqeq) COrresponds to the difference between the current matrix crack tip (a)
and the machined notch length (ay):

abridged =a-—a 1425(0)

After fibers start failing, the bridged zone decreases suddenly, causing a rapid change in the crack
opening profile. Acoustic emission can be used to detect fiber failure and provide a criteria for interrupting
the test to evaluate the new bridging zone. NDE techniques such as the scanning acoustic microscope
can then be used to determine the length of the bridged zone.

The length of the bridged zone can also be determined during the test using a periodic comparison of
the crack opening profile along the full crack length with those predicted for an unbridged crack. These
measurements require special optical devices due to the small magnitude of the crack displacements in
the bridged region. Differences in the crack opening profiles between the bridged and unbridged crack
provide a qualitative indication of the extent of bridging and can be used in conjunction with available
crack bridging models to deduce the bridged length (Reference 1.4.2.5(n)).

Effective Crack Tip Stress Intensity Factor

When bridging occurs, the crack tip is shielded from the global applied load, since some of the load is
still carried through the bridging fibers. Therefore, the effective crack tip stress intensity factor is given by:
K = Kapplied - Kbridging 1.4.2.5(d)

effective

Kiridging COrresponds to the closure stress intensity factor caused by the effect of the bridging fibers which
act as a closure pressure to the matrix crack tip. If no fiber bridging occurs, then Kyigein, = 0. Otherwise,
Kbridging is given by

Kridging = I:OC(X)°g(X)°dX 1.4.2.5(e)

where C(x) is the closure load of the bridging fibers in the bridging zone, and g(x) is the weight function of
the stress intensity factor for a unit point load applied at a distance x from the crack tip. The function is
geometry dependent and is available in the literature for standard geometries (for example, References
1.4.2.5(h) and (k)).

If the assumed fiber pressure formulation relates the closure load to the crack opening displacement (that
is, C(x) = f(u(x)), where u(x) is the crack opening displacement), an iterative technique is required to solve
for the unknown closure load and crack opening displacement. References 1.4.2.5(a) through (f) and
1.4.2.5(0) provide detailed methodologies to calculate the bridging stress intensity factor for various clo-
sure formulations.

1.4.2.6 Creep/stress rupture

This section is reserved for future use.
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1.4.2.7 Pin bearing tension

This section is reserved for future use.
1.4.2.8 Pin bearing compression

This section is reserved for future use.
1.4.2.9 Filled hole tension

This section is reserved for future use.
1.4.2.10 Open hole tension/notch sensitivity

This section is reserved for future use.
1.4.2.11 Flexure (three-point bend)

This section is reserved for future use.
1.4.2.12 Filled hole compression

This section is reserved for future use.
1.4.2.13 Fiber pushout tests
1.4.2.13.1 Background

Since being introduced by Marshall (Reference 1.4.2.13.1(a)), fiber indentation techniques have
evolved into several variations that have become useful in determining both frictional and bonding contri-
butions to the fiber/matrix interfacial shear strength. For small diameter fibers (<50 um), the thick sample
configuration originally used by Marshall (Reference 1.4.2.13.1(a)) is usually followed. In this fiber push-in
configuration, only the top portion of the total fiber length experiences any debonding and sliding, and the
resultant top-end fiber displacement is related to the compressive strain introduced along the length of
debonded fiber. For large diameter fibers (>50 um), a thin-sample fiber push-out (or push-through) con-
figuration, initially demonstrated by Laughner et al. (References 1.4.2.13.1(b) and (c)) for CMCs and later
applied towards MMCs (References 1.4.2.13.1(d) and (e)) is usually favored. In this thin-specimen con-
figuration, the entire fiber length slides at a critical load. The fiber push-out approach applied to large-
diameter fibers will be the test method described herein.

Several refinements of the fiber push-out test have improved the quality of data as well as conven-
ience of operation. The most important advance was the change from dead-weight loading of fibers to
driving the indenter with a constant-displacement-rate mechanism. This allows acquisition of continuous
load vs. time or load vs. displacement curves. Bright et al. (Reference 1.4.2.13.1(f)) first demonstrated
this approach using an Instron testing machine to control the indenter motion. [n-situ video imaging and
acoustic emission detection to aid identification of fiber debonding and sliding events were additional fea-
tures incorporated into a desktop testing version by Eldridge (Reference 1.4.2.13.1.(g)); this apparatus
used a small motorized vertical translation stage instead of an Instron as the constant-displacement-rate
mechanism. Direct displacement measurements rather than crosshead speed determinations have been
very useful for more reliable interpretation of the portion of the push-out curves before complete fiber
debonding (References 1.4.2.13.1(h) and (i)). In some cases, direct measurements of fiber-end dis-
placements have been made (References 1.4.2.13.1(j) and (k)), eliminating the need for any compliance
corrections to the measured displacements. Another significant improvement in testing large diameter
fibers has been the use of flat-bottomed tapered (Reference 1.4.2.13.1(f)) or cylindrical (Reference
1.4.2.13.1(d)) indenters. The flat-bottomed indenters apply the load more uniformly over the fiber end and
allows higher applied loads without fiber damage compared to the commonly used pointed microhardness
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indenters (for example, Vickers). The cylindrical flat-bottomed indenters allow fiber displacements to
much greater distances than tapered indenters; however, the tapered flat-bottomed indenters can sustain
higher loads.

Additional capabilities such as high-temperature testing (References 1.4.2.13.1(l) through (n)) as well
as SEM-based instruments (Reference 1.4.2.13.1(0)) provide significant benefits but will not be discussed
here.

1.4.2.13.2 General

This method covers the basic requirements and procedures for determining interfacial properties of
composites using the fiber pushout test method. The method described is recommended for composites
reinforced by continuous fibers having a diameter, d;, in the range 50um<d;<200um.

Although this method has been used successfully in a wide variety of MMCs (SiC/Ti, SiC/Al,
AlLO3/NiAl) and CMCs (SiC/SiC, SiC/SiN3), it may not be suitable for all composite systems. The most
important factor limiting the use of this method is the strength of the indenter (punch) with respect to the
strength of the interface. Fiber pushout testing may not be applicable to composite systems with a high
interface strength since the punch may fail prior to interfacial debonding. In such cases, further reducing
the thickness of the composite slice (test specimen) is not recommended as this may result in undesirable
failure modes such as matrix cracking, fiber fragmentation, and matrix deformation.

It is not in the scope of this work to determine the criteria or provide guidelines to assess the applica-
bility of this method for various composite systems. However, Tables A1(a) and A1(b) in Appendix A pro-
vide some useful information on the SCS-6/Ti-24-11 composite system, in addition to giving properties of
tungsten carbide indenters having flute lengths 2-3 times its diameter.

1.4.2.13.3 Description of the method

In the fiber pushout test method an indenter (punch) is used to apply axial compressive loading on a
fiber in order to debond the fiber and force the fiber to slide relative to the matrix. The fiber to be pushed
out is typically situated over a support member with a hole or groove that will accommodate the fiber dis-
placement. This method is shown schematically in Figure 1.4.2.13.3. The load measured at the onset of
displacement of the full fiber length is used to determine the shear strength of the interface.

applied load

\

matrix

punch

\ / test specimen

fiber

groove —___|

«——— support plate

[/

FIGURE 1.4.2.13.3 Schematic of the fiber pushout test method.
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1.4.2.13.4 Significance and use

In general, there are many reasons that make this method attractive for determining interfacial proper-
ties of composites. Preparation of the sample is relatively easy and test specimens are small and can be
taken directly from an already manufactured composite. Test samples can also be taken from specimens
previously tested or subjected to various heat treatments and exposures. This ensures that the residual
stress states and conditions of the interface in the pushout specimen will be very similar to those found in
the composite or tested specimen where they were obtained.

The interfacial shear strength values obtained by this method are particularly useful in the direct com-
parison of interfacial properties and failure modes of various composites. This method is also very useful
in ascertaining the effects of a particular treatment or mechanical loading on the interface properties, how-
ever, the use of the values obtained through this method as an absolute physical property of the interface
is not recommended since the stress state present during the pushout test is not well understood. Fur-
thermore, the stress state may vary among different composite systems.

1.4.2.13.5 Apparatus

A schematic of the apparatus needed to perform a fiber pushout test is shown in Figure 1.4.2.13.5(a).
A stand-alone Table top pushout test frame developed by J. Eldridge and used at NASA-GRC is shown in
Figure 1.4.2.13.5(b). The size and configuration of the pushout testing apparatus is very compact. There-
fore, most commercially available testing frames can be easily and temporarily modified to accommodate
fiber pushout testing.

TV Camera

.
Load Cell

Capacitance
gauge
target ~.

i,

Motorized
- actuator

FIGURE 1.4.2.13.5(a) Typical configuration of the pushout test.
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FIGURE 1.4.2.13.5(b) Tabletop fiber pushout testing system used at NASA Glenn Research Center.
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The fiber pushout test is usually performed using stroke (displacement) control. Displacement rates
are generally in the 60um/min range.

Any commercially available load cell with a load range of 25-50 Ibs in compression is adequate. The
load cell should be calibrated according to ASTM Standard E 4 (Practices for Load Verification of Testing
Machines).

An x-y stage is required for moving and aligning the sample under the punch. A fine x-y movement
(micrometer type) is necessary to facilitate easy alignment of the indenter with the fiber. Any commercially
available precision positioning stage is adequate for this purpose.

1.4.2.13.6 Indenter

A detailed diagram of the indenter (punch) is shown in Figure 1.4.2.13.6. The bottom of the indenter
should be flat and perpendicular to the axis in order to assure a uniform compression loading to the fiber,
and to prevent premature failure of the punch. The diameter of the punch will depend on the diameter of
the fiber tested and should typically be on the order of 0.75-0.80 times the fiber diameter, d;.

The flute length of the punch becomes important only after the debonding event, in which case the
longer the flute length the further the fiber can be pushed out. However, punches with long flute lengths
are inherently weaker than those with shorter flute lengths and, therefore, it is advisable to keep the flute
length to the minimum required for the desired fiber sliding distances.

Punches are usually made from WC (tungsten carbide) or SiC (silicon carbide), however, any suitable
material can be used provided the punch does not plastically deform or buckle during testing. Flat-
bottomed conical diamond indenters are capable of applying much higher loads than cylindrical punches,
but displacements are limited to several microns and the diamond indenters are more likely to damage the
fiber.

shank \ lc|-UB] .0001 |

A\

[a] fl, >

flute length

{B[OJA[ .0002 |

punch diameter

FIGURE 1.4.2.13.6 Typical punch.

1.4.2.13.7 Support plate

A typical support plate is shown in Figure 1.4.2.13.7. The support plate can have any configuration
required to perform the test. A wide variety of grooves or holes can be incorporated on the support plate in
order to accommodate a wide variety of specimen orientations. The width of the grooves will depend on
the composite and test specimen geometry. In general, groove widths should be kept to the minimum re-
quired to perform the test, in order to minimize bending of the test specimen. Typically groove widths
should be on the order of 2-3 d; or approximately the thickness of the test specimen. The depth of the
grooves is arbitrary, however, the depth should accommodate the desired fiber sliding distances or even
the complete removal of the fiber.
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1.4.2.13.8 Acoustic emission sensor

An acoustic emission sensor can be placed on the punch support, specimen support block, or any
other suitable location, in order to record the acoustical emissions associated with the debonding event.
The use of this sensor is optional, however, it can prove to be very useful in determining the loads at the
onset and completion of debonding.

1.4.2.13.9 Displacement sensor

In the fiber pushout test, the relative fiber/matrix displacements are inherently difficult to record. As a
result, the pushout behavior is usually recorded as load vs. time. If displacements are required, load vs.
stroke can be recorded if the test is performed on a commercially available test frame. Otherwise, an ex-
ternally mounted displacement gage, such as a proximity gage, can be employed. It is advisable to mount
two proximity gauges on opposite sides of the indenter (180° apart) in order to average out any errors due
to slight tilting in the load train during the test. These errors tend to be most significant when the direction
of travel is reversed, for example during cyclic testing. It is important to note that the displacements
measured in this manner do not represent the actual fiber/matrix relative displacements, since the meas-
ured displacements still include the compliance from a portion of the load train, such as compression of
the indenter.

countersunk bolt holes for
attaching to x-y stage

N~ .
| test specimens

l groove depth

- <—qu |

groove width

FIGURE 1.4.2.13.7 Typical support plate.
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1.4.2.13.10 Remote viewing using a microscope/camera

Due to the size of the fibers, accurate alignment under the punch usually cannot be accomplished by
the naked eye. In most cases, moderate magnification in the order of 50X is required. Due to the configu-
ration of the loading train, a microscope is usually mounted at an angle with respect to the punch, there-
fore requiring a focal length greater than 1.5" (3.8 cm). A microscope with a mounted camera is preferred
due to the ease of operation and the additional magnification provided by the camera. The use of a cam-
era also makes it possible to obtain a video image record of the test. Alternatively, a two-station configura-
tion can be used. One station is the microscope viewing station where the sample is viewed at normal
incidence, and the fiber to be tested is positioned at the center of the field of view. The second station is
the test station where the fiber is pushed out. The alignment of the two stations is maintained so that the
indenter contacts the specimen at the location corresponding to the center of the field of view observed
through the viewing microscope. This two-station approach allows superior imaging of the specimen sur-
face due to closer proximity of the microscope objective and the normal incident-viewing, but does not
provide viewing during the test. This makes the two-station approach the configuration of choice for
small-diameter (< 25 um) fiber testing.

1.4.2.13.11 Test specimen preparation

A thin composite slice should be obtained from any region of interest from either the bulk composite
material or a test specimen. Since thin slices are generally required for the pushout test, special care
should be taken throughout the specimen preparation process to ensure that interfacial damage is not
introduced. This will depend primarily on the composite system and initial interface condition and may
require various experimenting along the way in order to obtain a proven process.

The test slice should initially be on the order of 0.02-0.05 in. (0.6-1.30 mm) thick (Figure
1.4.2.13.11(a)). The specimen should be sliced such that the fibers are oriented axially within £1°. A larg-
er variation could result in errors in both the debond strength and frictional strength measurements.

fiber matrix
test specimen
thickness
90°

FIGURE 1.4.2.13.11(a) Test specimen.

The initial thickness of the slice will depend on the desired final thickness. When adjusting the posi-
tion of the sample material over the saw blade, the kerf loss due to the blade thickness should be ac-
counted for. In general, the slice should be thick enough to accommodate polishing and the removal of
any damage accrued during the sectioning process. Fine polishing of the test specimen also provides the
contrast required for microscopic alignment during testing and makes post failure analysis of interfacial
failure possible.
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The test specimen should be polished on both surfaces (by any previously approved method) to a
metallographic finish (usually 1um or better). For the usual situation with MMCs where the fibers are
much harder than the matrix, diamond lapping films (polyester films coated with diamond particles) greatly
reduce the surface relief and rounding observed using diamond paste and nappy polishing cloths. The
two surfaces should be polished flat and parallel to within 10mm over the range of interest.

The test specimen thickness should be measured (to 1-2um accuracy) following final polishing. Once
the fibers are pushed out it may be difficult to obtain an accurate, original thickness measurement. The
final thickness should be in the range of 0.01 to 0.02 in. (0.30 to 0.50 mm). This is the thickness range in
which the debonding strength remains constant (Figure A1(a)). At lower thicknesses, different failure
mechanisms are activated and the debonding strength becomes a function of thickness. At thicknesses
greater than 0.5 um, the debond strength is again a function of thickness. This is also the range of thick-
nesses where the pushout loads are high, increasing the likelihood of a punch failure.

The test specimen can now be mounted to the support plate. It is important that the fibers of interest
are properly located over the grooves or holes. Once the fibers of interest are properly aligned, the test
specimen should be secured to the support plate to prevent shifting of the specimen. This can be done
using an adhesive (such as cyanoacrylate), or a clamping device as shown in Figure 1.4.2.13.11(b). If an
adhesive is used, care must be taken to prevent the adhesive from seeping between the test specimen
and the support plate, which could alter the alignment.

At this time, if the test specimen has more than one fiber that requires testing, a low magnification
photograph of the specimen mounted on the support plate should be taken. This photograph will serve as
a Reference for locating the fibers of interest during and after testing.

clamp glue

FIGURE 1.4.2.13.11(b) Typical test specimen mountings on support plate.

1.4.2.13.12 Test procedure

The test procedure described does not apply universally to all composite systems, however, it can
serve as a basic guideline for determining a proper test procedure. The following procedure is also based
on test specimens where many fibers are available and a large fiber population is required.

The order of testing can be very important if more than one fiber per test sample needs to be tested.
Neighboring fibers should be avoided, because in some cases previously tested fibers may influence the
results of adjacent, untested fibers. The fibers to be tested should be chosen at random and at a safe
distance from previously tested fibers. If the effects of previously tested fibers on the adjacent fibers is not
known, and a large fiber population per test sample is required, then a testing sequence should be em-
ployed that reveals the influence of neighboring tests. The testing sequence will be dependent on the test
specimen and fiber arrangement. A simple example of a testing sequence is shown in Figure 1.4.2.13.12.
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This testing order will help determine if there is an effect of neighboring fibers. For example, if the aver-
age of tests 7, 8, and 9, are statistically different from the average of 1, 2, 3, 4, 5, and 6, then previously
tested fibers probably influence adjacent fiber results. Likewise, if the average of tests 1, 2, 3, 4 is statisti-
cally different from the average of tests 5, 6, 10, and 11, an edge effect may be present. It is obvious that
several baseline tests are required to obtain a good understanding of the pushout behavior and the factors
which affect the results.

WRONG CORRECT
a) b)

FIGURE 1.4.2.13.12 Sample testing sequences.

1.4.2.13.13 Effects of environment

Most fiber push-out tests are performed in room (laboratory) air without considering the effects that
moisture or other constituents of air may have on the test results. Recent studies (References
1.4.2.13.1(n) and 1.4.2.13.13) have suggested that the presence of moisture and/or oxygen in the testing
environment can substantially alter fiber sliding behavior in some composite materials. As an example,
Figure 1.4.2.5(e) shows a set of seven push-out curves obtained in laboratory air and seven tests per-
formed in dry nitrogen on the same SCS-6/Ti-24-11 specimen. These curves show that frictional sliding
loads were consistently lower and the decrease in load after debonding much more abrupt in the tests per-
formed in room air compared to tests performed in nitrogen. Such large differences appear to be associ-
ated with interfacial failure in a carbon-rich zone, where fiber sliding would be expected to show similar
environmental sensitivity to sliding graphite surfaces, which need adsorbed moisture to maintain low fric-
tion. These results dictate that an awareness of possible environmental effects is necessary for a reliable
comparison of test results, and, as a minimum, the recording of the humidity level for room air tests is rec-
ommended.

1.4.2.13.14 Analysis of results

An example of a basic data sheet for recording information during testing is given in Figure A1(b) in
Appendix A.

It is not in the scope of this report to distinguish between acceptable and unacceptable data results,
since for the pushout test even unacceptable results can be useful for qualitative comparisons. The fol-
lowing section should serve only as a guideline for interpreting the results.

Figure 1.4.2.13.14 shows typical pushout behaviors as observed in various MMC and CMC systems.

The behaviors shown in Figure 1.4.2.13.14, a through d, are acceptable; behaviors in Figure 1.4.2.13.14,
e and f, are difficult to interpret.
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FIGURE 1.4.2.13.13 Effect of environment on the interfacial properties of SC-6/T-24-11
at room temperature.

In general, the load increases linearly until the debonding occurs, which is usually associated with a
load drop as the fiber is pushed out of the bottom of the specimen. This is often associated with an
acoustic emissions event. The debond load, Pg....q, is defined as the maximum load prior to the load drop.
Following the debonding, the fibers slide out of the matrix, being restricted by the frictional resistance be-
tween the fiber and the matrix. The applied load generally decreases as the fiber displacement increases,
since the contact area between the fiber and matrix, and hence the frictional resistance, is decreasing.
The frictional load, Pgiion, iS Usually taken at the secondary peak (if available) as shown in Figure
1.4.2.13.14, a and b, or directly following the load drop as shown in Figure 1.4.2.13.14, c and d.

Occasionally, the load will again increase after the fiber has debonded, as shown in Figure
1.4.2.13.14, e and f. Pushout behavior such as this is more difficult to interpret, since following the
debonding event the fiber does not slide freely. In such cases, extreme interface roughness or interfacial
debris results in interlocking, which further resists fiber displacement. As a result the load increases and
may even surpass the initial debond load. Therefore, true frictional behavior is not present in these inter-
faces and the frictional load will depend on the extent of interlocking and/or the amount of interfacial debris
present. In these cases, the load at the first peak may still be considered as the debond load, however, it
should be realized that the degree of interlocking may also influence the debonding event. The usefulness
of such results become obvious after a baseline data set has been obtained.

The average interfacial shear stress at complete fiber debonding, T, €an be calculated from the
experimentally obtained debond load using the following equation:

P
Tdebond :%ﬁ?i 1.4.2.13.14

where R; is the fiber radius and t is the specimen thickness.
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FIGURE 1.4.2.13.14 Typical pushout behavior (A.E. represents the acoustic emissions).

This stress is an average over the entire fiber length, and thus, does not reflect actual (local) shear
stresses, which have been shown to vary significantly along the fiber length (References 1.4.2.13.14(a)
and (b)). While useful for comparison between similar thickness specimens, T4..,q do€s not correspond
directly to an easily identifiable interfacial property; it contains contributions from both the interfacial
debond strength (or fracture energy) as well as frictional resistance to fiber sliding (as partial fiber debond-
ing and sliding precedes complete debonding). More sophisticated approaches (References
1.4.2.13.14(c) and (d)) can be used that incorporate residual stresses and fiber roughness; however, care
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must be taken in modeling the interfacial failure sequence because thin-slice push-outs of MMCs often
show interfacial failure initiation at the specimen backface, (References 1.4.2.13.14(a) and (d)), opposite
the indenter, and can also show effects of matrix plasticity (Reference 1.4.2.13.14(e)). The analysis must
then be tailored to allow/predict this sequence of failure (References 1.4.2.13.14(f) and (g)).

The interfacial friction strength, 1400, Can also be obtained using the above equation by substituting
Pfriction and Tfriction for Pdebond and Tdebond-

In contrast to the t4ong Calculation, the 1440, Calculation is @ much better approximation to the actual
shear stresses present, because when the entire fiber is moving, the resistance to fiber movement is
purely frictional and the interfacial shear stress is near uniform along the length of the fiber. It should be
pointed out that 1440, is @ function of fiber sliding distance rather than a single value. For some tests
(Figure 1.4.2.13.14. a through d), 1400 iS fairly constant with continued fiber sliding, but for others (Figure
1.4.2.13.14, e through f), due to severe interfacial wear, 14, changes rapidly with fiber sliding distance.
Therefore, it can sometimes be useful to report 14, at several sliding distances (References 1.4.2.13.13
and 1.4.2.13.14(h)).

1.4.2.14 Microhardness

General: This procedure covers the determination of the microhardness of the in-situ matrix material
of a MMC. Such information may be desired for determining the state of the in-situ matrix. Microhardness
readings may be related to other mechanical properties (for example, strength and modulus), which would
be needed for micromechanical modeling purposes, and therefore hardness may be used as a method to
estimate the in-situ matrix properties. Some reasons for measuring the microhardness are:

1. To see if the hardness has been modified by matrix and/or composite processing and/or subse-
quent heat treatment.

2. To study changes in the reaction zone or the matrix adjacent to the fiber/matrix interface. Fiber
dissolution or intermetallic phase formation may affect these regions.

3. To measure interstitial embrittliement due to interactions with the environment.
4. To measure hardness of individual phases.

Microhardness testing should be conducted in accordance with ASTM Standard E 384, “Standard Test
Method for Microhardness of Materials” (Reference 1.4.2.14). The following notes should also apply:

1. If the hardness indentations are not to be affected by the fibers and interphase, the indentation
should be positioned and sized appropriately. This is done by allowing the distance of approxi-
mately two indentation diagonals between the fiber and the indentations.

2. If information is desired regarding the microhardness of the intragranular regions of the in-situ ma-
trix grains, then the indentation should be placed in the center of the grain. If possible, the inden-
tation should be sized such that there is a distance of two indentation diagonals between the in-
dentation and the grain boundaries. This will ensure that the grain boundary has a minimal influ-
ence on the microhardness readings.

1.4.2.15 Thermomechanical fatigue (TMF) (in-phase/out-of-phase)
1.4.2.15.1 Scope
This standard describes the procedure for conducting TMF tests on MMC coupon specimens. These

tests are performed in load-control and at any constant load-ratio with any constant phasing. This stand-
ard applies to composite materials containing any fiber lay-up.
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The tests should follow, in general, ASTM Standard E466 (Reference 1.4.2.4.1(a)) and ASTM Stand-
ard E2368 (Reference 1.4.2.4.1(c)). The following exceptions and notes should also apply.

1.4.2.15.2 Specimen design
Specimen design and preparation should follow the recommendations given in Section 1.3.2.4.
1.4.2.15.3 Temperature control and measurement

1. Specimen temperature should be measured using thermocouples in contact with the specimen sur-
face, or by means of other non-contacting techniques, for example, optical pyrometry, that have been
calibrated using specimens instrumented with thermocouples.

2. A sufficient number of thermocouples should be used on a dummy specimen of the same material
and geometry which will be used in the tests, to accurately establish the temperature profile along the
uniform gage length of the specimen. Discretion is warranted when deciding on the location and
number of thermocouples on actual test specimens (subsequent to the specimen used for tempera-
ture calibration). Issues of significance include the sensitivity of the test results to surface anomalies
and the ease of thermocouple attachment.

3. For all tests, the maximum allowable axial temperature gradient over the gage section at any given
instant in the cycle should be +0.015 T, , where T, is the nominal maximum test temperature given
in °C and measured under dynamic conditions.

Note 1: The axial temperature gradient over the gage section, /,, should be optimized under dy-
namic conditions and minimized at an appropriate point within the given temperature cycle (de-
noted as T,,). This will likely allow for the gage section temperature gradients to be no greater
than +0.01 T,,, at the time T,,, is experienced in the cycle.

Note 2: It is recommended that the parallel section of the specimen design be a minimum length
of 2/, unless otherwise restricted by specimen buckling concerns. A minimum length of 27, will

allow all of the temperature gradient calibration thermocouples to be located along a constant ge-
ometry section of the specimen, facilitating optimization/minimization of the gage section axial
temperature gradients under dynamic conditions. This condition is particularly advantageous
when the method of heating is direct induction.

The temperature(s) indicated by the control thermocouple(s) should not vary by more than +£3°C from
the initial value(s) at any given instant in time within the cycle, throughout the duration of the test.

The temperature(s) indicated by the non-control thermocouple(s) should not vary from the initial val-
ue(s) at any given instant in time within the cycle by more than the thermocouple's standard limits of error
plus £2°C, throughout the duration of the test. For example, the standard limits of error for K-type Chro-
mel(+) versus Alumel(-) thermocouples are as follows:

Temperature Standard Limits of Error
0 to 326°C +2°C
327 to 1310°C +0.75 % of T (°C)

Therefore, if the temperature indicated by a non-controlled thermocouple at, for example, t =t;5 (that is, 15
seconds into the cycle) is 800°C, (standard limits of error = + 6°C), the temperature measurement at
t=t;5 in all subsequent cycles should not exceed the range of 792 to 808°C.

1.4.2.15.4 Waveforms

1. The preferred control waveform for both the temperature and load should be a triangular waveform
(that is, linear ramp). This provides for constant loading rates for both the temperature and load
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throughout the cycle. The use of a sine waveform is not recommended, as both the temperature and
loading rates vary continuously throughout the cycle, making rate-related analyses of the data difficult.

Both the temperature and the load command waveforms should be of the same type (for example,
sine, triangular).

The temperature response waveform should be measured at the center of the gage section. This
may, or may not be the location of the closed-loop temperature control. This measurement should be
used for the purpose of quantifying the accuracy of the temperature range (maximum and minimum
limits) and load-temperature phasing.

1.4.2.156.5 Phasing

1.

Out-of-phase (OP) tests should be conducted such that the load and temperature response wave-
forms are 180-degrees out of synchronization.

In-phase (IP) tests should be conducted such that the load and temperature waveforms are in syn-
chronization with one another.

Any other constant phase shift between temperature and load may be used as long as it is clearly de-
scribed and the other guidelines in this standard are followed.

Phase-shift error: The two response waveforms should be within a 2-degree phase shift of the pre-
scribed command. For example, for a prescribed 180-degree OP test, the response phase-shift
should be between 178 and 182 degrees. Phasing accuracy should be determined based on the re-
sponse waveforms, not the command waveforms.

1.4.2.15.6 Pre-test measurements

1.

Record the modulus, E, of the specimen as a function of temperature, T, over the range of the tem-
perature which will be applied in the actual test (see ASTM D3039/D3039M Standard Test Method for
Tensile Properties of Polymer Matrix Composite Materials (Reference 1.4.2.15.6(a)) for definition of
E). This should be done at temperature intervals no greater than 100°C. Smaller intervals are sug-
gested if they are needed to accurately define the curve, E vs. T. These data may later be used for
calculating the inelastic strains, g;,, from the total mechanical strain, &, as given by:

Ein = Emech —0/ E(T) 1.4.2.15.6(a)

where o is the instantaneous applied stress.

Note 1: The temperature and test system must reach equilibrium at each temperature before the
modulus should be measured. If this is not done, then the modulus values can be in error.

Note 2: For the purposes of TMF testing, standard high temperature extensometers should be
actively cooled to ensure thermal equilibrium of the extensometer during thermal cycling of the
specimen.

Note 3: The variation in modulus for a batch of specimens seeing the same processing may be
small. If this can be demonstrated, then the modulus vs. temperature curve for only one speci-
men needs to be performed. The pre-test modulus for all other specimens can be restricted to
measurements taken only at the minimum and maximum temperature of the cycle.

2. The thermal expansion strain from R.T. to the test initiation temperature, T;,;, should be measured for

the purpose of adjusting the initial gage length, 1,, existing at T;,;, that is:
I,(T)=1,(RT.)+ Al 1.4.2.15.6(b)
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where Aly, is the change in the gage length due to thermal expansion from RT to Tj;.

Note 1: The difference in gage length will be at most 2%. If the actual change is smaller and is
not believed to affect the results, then the process of adjusting the gage length can be eliminated.

Note 2: Subsequent to this initial calculation of 1, at T;,;, it is not required to continually adjust 1, as
a function of temperature throughout the temperature cycle for the purpose of calculating real-time
strain. That is, it is sufficient to assume that I, remains constant at its T,,; value.

3. Thermal cycling should be performed under zero load over the range of temperatures that will be used
in the actual test. Several thermal cycles should be performed to ensure thermal equilibrium of the
test set-up and stabilization of the thermal strain, g; as a function of T. Having established this state
of equilibrium, the thermal strain, g4, should be measured as a function of the temperature for both
heating and cooling portions of the cycle. This allows the calculation of mechanical strain, g, during
the post-test data analysis, where:

€mech = €total ~ €th 1.4.2.15.6(c)

where ¢, is a function of temperature. The point of this cycling is not to document the material proper-
ty (CTE), but rather to enable accurate data reduction by confidently measuring the thermal strains in
each specimen over the temperature range.

Note 1: This data reduction step is a simplifying assumption that assumes the thermal expansion
behavior of the composite, as measured before the test, remains constant throughout the test
(that is, the CTE of the composite material does not change during the test). This assumption has
been shown to be in error; the degree of which is dependent upon specific loading conditions,
laminate orientation, and damage mechanisms present (Reference 1.4.2.15.6(b)). Ideally, one
would record the CTE as a function of cycles and account for the changes accordingly in the data
analysis.

Note 2: An attempt should be made to ensure that the number of thermal cycles is kept to the
minimum required to obtain a stable gy, response. Excessive/prolonged thermal cycling may pro-
mote internal damage and/or an undesirable state of initial material oxidation (Reference
1.4.2.15.6(c)).

1.4.2.15.7 Starting the test

1. Subsequent to the measurement of the thermal compensation, thermal cycling should continue, and
the load waveform should be started at the point in the thermal cycle that corresponds to zero load.

Note 1: In a test in which the load does not go through zero (for example, a tension-tension or
compression-compression load cycle), subsequent to establishing the thermal dynamic equilibri-
um, the load should be ramped to the minimum load desired in the test in time to properly syn-
chronize the load and temperature cycles within the required phase-shift error.

2. The test should run until failure has occurred. The failure definition that is used should be clearly de-
fined.

Note 1: With load-controlled tests, the specimens should fail in two pieces if there is a tension
load in the cycle. Therefore, two pieces is often used as a failure criterion. However, other defini-
tions of failure can be used such as, a percentage change in the original maximum strain or strain
range, a percentage change in the modulus at some specified temperature, or buckling of the
specimen.
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1.4.2.15.8 Data reporting

1. Stress-strain hysteresis loops should be recorded at periodic times during the test either digitally
and/or with analog recorders.

2. The maximum and minimum mechanical strain should be plotted for each specimen as a function of
cycles.

3. The mechanical strain range and the total strain range (A€ = Aemeen + Agy) should be plotted as a
function of cycles.

4. The failure location and failure criterion should be reported as well as the reason for any anomalous
crack initiation (for example, thermocouple attachment).

1.4.2.16 Residual strength and stiffness

The life of a composite component depends on its ability to withstand damage. Damage can assume
many forms in the complicated structure of the composite. Some examples of damage are fiber cracks,
matrix cracks, interfacial debonding, interface growth, and oxidation of one or more of the constituents.
The designer must be aware of how and to what severity each form of damage affects the composite
structure. This is particularly important since composites are often highly anisotropic and damage may
only manifest itself in one particular direction. In an attempt to define how much damage has been ac-
crued due to some prior loading scheme, residual strength and stiffness tests are often performed. These
tests involve subjecting the composite test coupon to some loading sequence such as fatigue loading to
various life fractions (that is, N/N; < 1), or thermal cycling to address damage from the CTE mismatch be-
tween the fiber and the matrix. Subsequently, a tensile test is conducted and the stiffness and ultimate
strength are measured. The tensile test should be conducted per the instructions found in Section 1.4.2.1
and can be performed at any temperature and strain rate which befits the service conditions. Residual
strength and stiffness are then defined as the ratios between those properties in the damaged composite
and those in the initial, undamaged state. To completely characterize damage, tensile tests should be run
in several directions with respect to the fiber lay-up to account for any anisotropy in the damage state.

1.4.2.17 Bearing fatigue

This section is reserved for future use.
1.4.2.18 Open hole fatigue

This section is reserved for future use.
1.4.2.19 Filled hole fatigue

This section is reserved for future use.
1.4.2.20 Corrosion fatigue

This section is reserved for future use.
1.4.2.21 Stress corrosion cracking

This section is reserved for future use.
1.4.2.22 Wear

This section is reserved for future use.
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1.4.2.23 Impact

This section is reserved for future use.
1.4.2.24 Damping

This section is reserved for future use.
1.4.3 DISCONTINUOUS REINFORCED MMC MECHANICAL PROPERTY TEST METHODS
1.4.3.1 Tension

This section is reserved for future use.
1.4.3.2 Compression

This section is reserved for future use.
1.4.3.3 Shear (in-plane)

This section is reserved for future use.
1.4.3.4 Fracture toughness

This section is reserved for future use.
1.4.3.5 Fatigue

This section is reserved for future use.
1.4.3.6 Fatigue crack growth

This section is reserved for future use.
1.4.3.7 Creep/stress rupture

This section is reserved for future use.
1.4.3.8 Corrosion fatigue

This section is reserved for future use.
1.4.3.9 Stress corrosion cracking

This section is reserved for future use.
1.4.3.10 Wear

This section is reserved for future use.
1.4.3.11 Impact

This section is reserved for future use.
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1.4.3.12 Damping

This section is reserved for future use.
1.4.4 PHYSICAL PROPERTY TEST METHODS
1.4.4.1 Density

Density of the composite should be measured using the Archimedes method described in ASTM
D792, “Standard Test Method for Density and Specific Gravity (Relative Density) of Plastics by Displace-
ment” (Reference 1.4.4.1).

1.4.4.2 Fiber volume fraction

The fiber volume fraction of composites may be obtained by one of two methods. The first is by
metallographic analysis by which the total fiber area is divided by the total specimen area examined (see
Section 1.4.5.1 for details). This method requires a well-polished metallographic sample which has been
cut and polished at a right angle to the fiber axis. This method can be simplified by using commercially
available image analysis equipment.

The second method consists of dissolving the matrix and weighing the remaining, clean fibers. This
method can be found in ASTM D3553, “Standard Test Method for Fiber Content by Digestion of Rein-
forced Metal Matrix Composites” (Reference 1.4.4.2).

1.4.5 MICROSTRUCTURAL ANALYSIS TECHNIQUES
1.4.5.1 Titanium matrix composites

Microstructural details provide important information in characterizing the composite material. Infor-
mation such as grain size, phase analysis and distribution, fiber distribution and volume fraction, the status
of the fiber/matrix interface, is necessary to pedigree the composite. This section provides methods of
performing microstructural analysis for continuous reinforced titanium alloys. Some general metallograph-
ic practices can be found in References 1.4.5.1(a) through (c).

Metallographic preparation of the composite is much more difficult than preparation of monolithic met-
als. This is due to the fact that the reinforcement is usually a ceramic, which polishes at a different rate
from the matrix. This can lead to rounding of the fiber/matrix interface during polishing, obscuring im-
portant details of this area. Additionally, parts of the fiber can break-off, scratching the surrounding, soft
matrix material. Damage, such as fiber and interface cracking, can also be induced during metallographic
preparation. Therefore, great care must be taken when preparing composite samples to get optically flat,
damage-free surfaces.

SiC reinforced titanium alloys are best prepared using a fixed grit abrasive, followed by a rolling dia-
mond abrasive to remove material. The rolling abrasive is accomplished with a ridged lapping disc to pro-
duce the rolling abrasive action for high material removal rates with limited grinding-induced deformation.
A common practice method is given below:

1. Diamond grind using successive 181, 68 and 20 um fixed diamond grits.

2. Grind using successive 6 and 3 um polycrystalline diamond suspensions using the rolling abra-
sive technique.

3. Polish using successive 3 and 1 um polycrystalline diamond suspensions applied to a hard syn-
thetic silk polishing cloth.
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4. Polish using the above mentioned attack polishing procedure to remove deformation induced from
the diamond polishing steps.

5. Final polish using a vibratory polisher with 0.5 um diamond with a synthetic high nap polishing
cloth.

Etching of most titanium alloys both in the fiberless forms and in the composite can generally be accom-
plished by immersion in Kroll's reagent:

1-3 ml hydrofluoric acid
3-6 ml nitric acid
100 ml water

Gamma TiAl requires a swab etchant referred to as 30-15-5:

30 ml lactic acid
15 ml nitric acid
5 ml water

Microstructural details of the fiber are sometimes desired and are easily acquired from polished sec-
tions of the composite. To best reveal fiber microstructure in the composite, two methods may be used.
The first is an interference layering technique. In this technique, a thin layer of PtO, or PbO, is deposited
on the polished sample by sputter-coating. The oxide layer changes the samples reflection coefficient.
Since each phase has a different reflection coefficient, this gives rise to various colors and enhanced con-
trast. More details on this process can be found in (References 1.4.5.1(d) and (e)).

The second technique is plasma etching, in which a reactive gas is used as an etchant. This tech-
nique has the advantage over more aggressive techniques in that the sample remains cool during the pro-
cess. This technique is especially useful for etching SiC (Reference 1.4.5.1(f)). More details on this
method can be found in (References 1.4.5.1(g) and (h)).

The distribution of the fibers in the composite is of interest to monitor the quality of the manufacturing
process. Excessive fiber swimming and touching fibers can be detrimental to the composite properties.
Fiber distribution also affects the mechanical properties as is described in Reference 1.4.5.1(i) and fiber
distribution should therefore be controlled (when possible) and documented.

Fiber distribution can be documented by standard metallographic techniques. Measurements such as
center-to-center distance, distance between fibers and plies, and fiber packing array (for example, square,
rectangular, and hexagonal) are some of the commonly used measurements. An automated image analy-
sis system (References 1.4.5.1(j) and (k)) can aid in the determination of these values.

Image analysis systems can also be invaluable in determining fiber volume fraction of the material. In
continuously reinforced materials, fiber volume fraction, Vy, can be calculated by measuring the area frac-
tion of fibers on a metallographic section taken perpendicular to the long axis of the fibers. Fiber volume
fraction is then given by:

V; = (cross-sectional area of fiber) x (number of fibers) / (cross-sectional area of the composite)

Although this is a seemingly simple calculation, various values of fiber volume fraction can be calcu-
lated depending upon whether or not the outer-most layer of matrix (that is, the face sheets) are included
in the cross-sectional area of the composite. This is especially true if the composite material has a clad-
ding of matrix material on the outside of the composite. Composite structures often employ a composite
core imbedded in a matrix component. In this case, there is the question whether the cross-sectional area
is that of the entire part, or only the section which contains fibers. Depending on which cross-sectional
area is use, different fiber volume fractions will result. An accurate stress or fatigue life analysis depends
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on a clear understanding of the fiber volume fraction and therefore, the method of calculating fiber volume
fraction should be clearly described.

Another source of error in fiber volume fraction measurements occurs when portions of fibers and/or
missing fibers exist on the cut edges of the composite sample. Typically, these errors are small and can
generally be ignored, as long as the method of calculating the fiber volume fraction has been thoroughly
described.

The interface is the region between the fiber and the matrix. This region often consists of any coating
or sizing which remains on the fiber after consolidation, as well as any reaction zone which may form as a
result of the chemical interaction between the matrix and either the fiber or its coating. The interface is
important in determining the properties of the composite. This is especially true if off-axis loads are ap-
plied to the material, because the interface is critical to the transfer of loads from the matrix to the fiber.

The interface is generally very small (for example, <10um thick) and composite mechanical properties
typically decline with increasing thickness of the interface region’. The thickness of the interface can be
increased during consolidation if the temperature is too high or the time during consolidation is too long.
Additionally, if the composite material is used at elevated temperatures, the interface can grow with time
by stress-assisted diffusion mechanisms, thus degrading the composite properties. Therefore, monitoring
the thickness of this region is important.

If a sample of the composite is properly prepared by, for instance, the metallographic techniques men-
tioned above, the thickness of the interface can be measured on an optical micrograph. Likewise, on a
well-polished sample, the interface can be inspected for cracking, debonding, oxidation, or change in grain
morphology or grain size. Due to the small size of the interface, examination of the polished samples
within an SEM is often required due to the enhanced resolution capabilities of the SEM. Detailed chemical
information within the interface can sometimes be obtained from an electron microprobe or a chemical
analysis in the SEM. However, if an accurate analysis is required, TEM must be used to definitively identi-
fy chemistry, phases, and phase morphology in the interface.

1.4.6 CHEMICAL ANALYSIS TECHNIQUES
1.4.6.1 Analysis of carbon and sulfur

Test method ASTM D1587 analyzes interstitial carbon and sulfur in composite materials as well and its
constituents (Reference 1.4.6.1). To perform this test, a small amount of the subject material is abraded
to remove any surface contamination, cut into small pieces (if it is not already in powdered form), de-
greased in ether, and placed in an alundum crucible. Accelerators are added to the crucible to ensure and
speed up combustion. Runs are then made of the empty alundum crucible, followed by NIST or Leco
standards to generate a linear calibration curve.

The sample is combusted in a stream of oxygen at temperatures exceeding 2700°F (1500°C) in an
induction furnace. Carbon and sulfur in the sample are released and converted to carbon dioxide and sul-
fur dioxide, respectively. The sample gases are carried by the oxygen through two infrared detection cells
where they absorb energy and produce a spectrum. The energy then passes through a wavelength filter
that inhibits all wavelengths except CO, or SO,, respectively. The detector responds to changes in energy
between the carrier gas (oxygen) and the measured gases to determine the concentration of CO, and
SO,. Detector output is converted from an analog to a digital signal which is corrected and adjusted for
calibration, specimen container, and weight compensation. Carbon and sulfur values are then displayed
and printed out in weight percent.

"The exception to this rule is where an interfacial layer is "engineered" to compensate for the mismatch in properties, for example,
thermal expansion, between the fiber and the matrix. A compensating or compliant layer may be designed to be thick to better
alleviate the high stresses created at the interface, thus improving the overall properties of the composite. The effects of compen-
sating layers are described in detail in References 1.4.5.1(l) through (n).
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Qualitatively, this combustion method can be used to identify the presence of carbon and sulfur. It
cannot, however, distinguish between the various forms of carbon or sulfur. It is useful for samples con-
taining either high or low levels of carbon and/or sulfur, since the instrument contains dual-range cells for
both elements. The versatility of the dual-range cells enables the accurate measurement of very low lev-
els of sulfur and carbon.

Quantitatively, the detection range of the instrument for a one gram sample is 0.6 parts per million
(ppm) to 5 weight percent (wt%) carbon, and 0.3 ppm to 0.35 wt% sulfur. By reducing the sample weight,
the maximum amount of each element that can be detected increases. For more accurate readings at
lower concentrations, a larger sample size can be used.

This method is useful for all metals, alloys, ceramics, and composites. It can also be used for the
analysis of sand and for graphite fibers.

1.4.6.2 Analysis for oxygen and nitrogen by inert gas fusion

This method is for analyzing interstitial nitrogen and oxygen in composite materials. It can also be
used for the neat matrix or reinforcement material (Reference 1.4.2.4.5(a)). To perform this test, a small
amount of the subject material is abraded to remove any surface contamination, cut into small pieces (if it
is not already in powdered form), and degreased in ether. Samples are then placed into nickel baskets.
Powdered samples are first placed in tin capsules and tightly crimped to exclude air before placing them in
nickel baskets. The instrument is calibrated with NIST or Leco standards to generate a linear calibration
curve. Runs are then made with only the nickel basket (or time capsule and nickel basket) to eliminate
elements coming from the containers themselves.

The sample is analyzed by sealing a graphite crucible between two electrodes in a furnace and purg-
ing it of atmospheric gases. A high current is passed through the crucible to outgas it (remove gases
trapped in the graphite). Helium is used as the carrier gas. The sample is then dropped into the crucible
and a slightly lower current is passed through the crucible to drive off the sample gases. The oxygen re-
leased from the sample combines with the carbon from the crucible to form carbon monoxide. The car-
bon monoxide passes through a heated copper oxide and is converted to carbon dioxide. Sample gases
then move through an infrared cell where they absorb energy and pass through a wavelength filter that
inhibits all wavelengths but CO,. The detector responds to changes in energy between the carrier gas
(helium) and the measured gases to determine the concentration of CO,. The detector output is convert-
ed from an analog to a digital signal which is corrected and adjusted for calibration, specimen container,
and weight compensation. The oxygen value is then displayed and printed out in weight percent.

The remaining gases move on to the thermal conductivity cell which consists of a Wheatstone bridge
that detects nitrogen by becoming unbalanced due to the difference in thermal conductivity of nitrogen
compared to that of helium. The output is converted, integrated, adjusted, and the weight percent nitrogen
is displayed and printed out.

Qualitatively, this fusion method can be used to identify the presence of nitrogen and oxygen. In cer-
tain sample types, it can differentiate between different forms of oxygen and nitrogen by temperature
ramping. It is useful for either high or low levels of nitrogen, since the instrument contains dual-range cells
for nitrogen. The low range nitrogen cell enables the accurate measurement of very low levels of nitrogen.

Quantitatively, the detection range of the instrument for a one gram sample is 0.1 ppm to 0.1 weight
percent (wt%) oxygen, and 0.1 ppm to 0.5 wt% nitrogen. By reducing the sample weight, the maximum
amount of each element that can be detected increases. For more accurate readings at lower concentra-
tions, a larger sample size can be used.

This method is useful for all metals, alloys, ceramics, and composites, except those containing Al,O3

fibers. It can also be used to determine high amounts of oxygen (up to approximately 10 wt%) in samples
such as Si3Ny.
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1.4.7 NONDESTRUCTIVE EVALUATION TEST METHODS

A variety of nondestructive testing (NDT) techniques are available for detecting both surface and inte-
rior flaws in composites. Visual inspection and liquid penetrant methods can be used for identifying sur-
face defects, while more sophisticated techniques are required for detecting internal flaws (that is, voids,
inclusions, debonds, fiber non-uniformity). These techniques include ultrasonics, radiography, thermogra-
phy, acoustic emission, X-ray, and eddy-current testing. The basic principles and procedures for these
methods are covered in the MIL-HDBK-728 series, while more specific information on the theory and in-
terpretation of data can be found in the following:

MIL-HDBK-731 Thermography
MIL-HDBK-732 Acoustic Emission
MIL-HDBK-733 Radiography
MIL-HDBK-787 Ultrasonic

These documents do not discuss the recent advances in NDT techniques, which are currently an ac-
tive field of research and development.

1.4.8 ENVIRONMENTAL EFFECTS TEST METHODS
1.4.8.1 Corrosion and corrosion test methods

MMCs include a metal matrix continuum, and, as do monolithic metals, have a tendency to corrode.
However, MMC corrosion rates are typically higher than their counterpart monolithic matrix metals. This
enhanced corrosion behavior results from chemical interactions between the matrix and reinforcements;
that may include galvanic effects.

Corrosion reactions are electrochemical in nature, and they take place by two distinctly separate but
coupled half-cell reactions. One half-cell reaction is an oxidation reaction that takes place at an anode.
The other is a reduction reaction that takes place at the cathode. Oxidation is defined as a reaction in
which electrons are lost by a metal. Reduction is defined as a reaction in which electrons are gained by a
metal. Galvanic coupling of the anode and cathode requires direct contact of the dissimilar metals, in addi-
tion to an external circuit. This external link is usually accomplished by an electrolytic path. Removing this
electrolytic path from the circuit is one of the ways to control corrosion in both monolithic metals and
MMCs. This can be done by coating the metal and/or by using a reinforcement that is an electrically insu-
lating material.

All corrosion reactions are electrolytic. If no electrolyte is involved, the reaction is more accurately
termed an oxidation reaction. Although corrosion reactions can take many forms in various systems of
metals and their environments, most corrosion reactions can be categorized by relatively few chemical
reactions. The following reactions can be used for essentially all corrosion reactions:

The oxidation reaction gives up electrons, thereby ionizing a metal, e.g.:

M =>M" +ne (where M is a metal and n is the chemical valence state). A common ex-
ample of an oxidation reaction is: Fe =>Fe"™ + 3¢

Reduction reactions are characterized by the acceptance of electrons, e.g.:
2H' + 2¢" => H, (hydrogen evolution),
0, +4H" + 4¢” => 2H,0 (oxygen reduction in acidic solution) and,
0, +2H,0 + 4¢ =>40H (oxygen reduction in neutral to basic solutions).
One of the four equations above can be used to describe essentially any corrosion reaction. In addi-

tion to the three reduction reactions shown above, metal ions in an oxidation state can be reduced, e.g.,
depositing metal on a substrate. However, such reactions are not as common. A natural constraint im-
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posed upon corrosion reactions is that the oxidation and reduction reactions take place at the same rate.
If this were not the case, a charge build-up would occur, ultimately leading to a non-equilibrium condition
that would tend to stop the corrosion reaction.

Galvanic corrosion is typically the controlling mechanism in MMC corrosion. In galvanic reactions a
potential is spontaneously generated between the two dissimilar materials. The magnitude of the voltage
generated between the materials depends upon where they lie, relative to each other, in the electrochemi-
cal series. The farther apart, the greater the potential generated, and the higher the propensity for corro-
sion of the less-noble metal.

The electrochemical series represents a list of metals ranked in order of the ease with which they can
be ionized. lonization of metals consists of stripping electrons from their outer shells, creating positive
ions. How easily a metal is ionized is related to how tightly its outer electrons are bound. The ions created
in corrosion processes typically go into solution in an electrolyte. The outer electrons of atoms are also
the electrons that govern all chemical reactions, not only corrosion.

A metal’s propensity to lose electrons also indicates how easily it will corrode. If a metal's atoms lose
electrons easily, its corrosion resistance will be low. The higher the positive potential of a metal, the more
difficult it is to strip electrons from the metal atoms, and consequently, the greater its corrosion resistance.
On the other hand, the lower the positive potential, the easier it is to strip electrons from the metal atoms,
and consequently, the lower its corrosion resistance. The resultant electron flow represents a current flow
in a galvanic circuit that is representative of the corrosion reactions.

It follows that since current must flow through a galvanic cell in the corrosion process, MMCs will be
more corrosion-prone if they contain a conducting reinforcement rather than a non-conducting reinforce-
ment. This is the reason that galvanic corrosion is not usually a problem in aluminum MMCs reinforced
with insulators like Al,O3; (alumina). Corrosion is somewhat of a problem in aluminum MMCs reinforced
with semiconductors such as SiC (silicon carbide), and is a severe problem with aluminum MMCs rein-
forced with good conductors such as C (graphite).

This concept is observed in the silicon carbide-reinforced aluminum MMC system (mild to moderate
pitting has been observed) and the corrosion is slightly accelerated (compared to monolithic aluminum).
The alumina-reinforced aluminum MMC system, on the other hand, exhibits no serious corrosion in chlo-
ride environments, and the graphite-reinforced aluminum system typically exhibits severe corrosion in
chloride environments. It is important to emphasize, however, that exposure to seawater accelerates the
corrosion rate of aluminum MMCs containing any of the reinforcements mentioned above.

The rate of corrosion can be influenced, or limited, by physical as well as chemical factors. This phys-
ical effect is termed polarization. Polarization is a tendency to inhibit corrosion in a discontinuous manner
as oxidizing power is increased. This is true for both monolithic metals and MMCs. There are essentially
two types of polarization associated with corrosion. Activation polarization is controlled at the metal-
electrolyte interface. For example, when a passive film forms at this interface, the corrosion rate decreas-
es or stops. The other type of polarization is called concentration polarization, and is a function of the rate
of ion diffusivity in the electrolyte to the active interface. For example, the overall corrosion rate of a metal
can be controlled by the diffusion rate of hydrogen ions to the active metal surface. It should be empha-
sized that either the oxidation or reduction rates at the anode and cathode, respectively, can be the rate-
controlling step for corrosion since these reactions are mutually dependent. In other words, the corrosion
rate will be limited by the slower of the two reactions, oxidation or reduction.

Finally, the corrosion performance of an MMC material is often influenced by the manufacturing pro-
cess involved. The direct effect of manufacturing on MMC materials varies with respect to constituent
materials and specific processing techniques. An overview of the impacts of production methods on cor-
rosion performance is delineated elsewhere in this Volume.
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1.4.8.1.1 Neutral salt spray (fog)

The ASTM B117 method describes the procedure and conditions required to create and maintain the
neutral salt spray (fog) test environment for corrosion testing of bare and coated specimens. Coated
specimens should be examined with respect to blistering, chalking, loss of adhesion at a scribe mark, and
other types of film failures.

It must be noted that prediction of corrosion performance in natural environments does not usually
correlate well with neutral salt spray results, and these results should, therefore, not be used as stand-
alone data. Further, significant variability has been observed when similar specimens are tested in differ-
ent fog chambers, even though the testing conditions are nominally similar and within the ranges specified
by this method. Significant variability from specimen to specimen in corrosion testing is not uncommon. It
is, therefore, recommended that a statistically significant specimen population be employed with neutral
salt spray testing. While cost and other considerations may limit the number of MMC specimens available
for testing, it is suggested that at least three specimens for each set of material conditions should be em-
ployed during testing. Guidance on recommended specimen population for these data sets can be found
elsewhere in this Volume.

For bare “MMC” samples, clean in accordance with ASTM G-1 and weigh the specimens to the near-
est milligram.

For coated specimens, apply the appropriate coating system layers to the metal substrate and allow
them to cure in accordance with the manufacturer’s recommendations. Scribe a single diagonal line
through the coating, making sure that the scribed line penetrates the entire thickness of the coating to the
substrate.

The neutral salt spray (fog) test should be conducted in accordance with the latest version of ASTM
B-117. The chamber should be operated continuously. For initial (Screening) tests, a duration of 500
hours should be used; for more thorough (Performance) tests, 2000 hours should be used.

At the conclusion of the exposure period, remove the specimens and clean them by gently flushing
with running tap water and drying them with a stream of clean, dry compressed air. Allow the specimens
to recover for twenty-four (24) hours. For bare metal specimens, clean in accordance with ASTM G-1,
weigh to the nearest milligram, and evaluate the corrosive attack via mass loss. For coated specimens,
scrape the panels side-to-side with the putty knife at 30-degree contact angle and evaluate the corrosion
resistance and creepage of test coupons in accordance with the latest version of ASTM D1654, “Standard
Test Method for Evaluation of Painted or Coated Specimens Subjected to Corrosive Environments.” Rate
the degree of corrosion, or loss of coating extending back from the scribe mark and examine the un-
scribed areas for corrosion spots, blisters, and other types of attack that may have occurred. Use the rat-
ing system in ASTM D1654 for scribed areas, and D 714 for unscribed areas. Document the surface con-
dition of each of the test coupons using an imaging system.

Report all information required in ASTM B-117, D 714, and D 1654. Also, include the images taken to
document the surface condition.

In some cases, it is noted that the specimen mass loss decreased over time. This tendency is usually
indicative of a higher corrosion rate at first, where the formation of a protective film of corrosion products
slows the apparent corrosion rate over the remaining time. This class of MMC materials may be consid-
ered for applications where this is a desirable feature.

Other MMC specimens demonstrated increasing rates over time. In real world conditions, this trend
may result from a variable external environment. However, in controlled laboratory testing, this trend may
be indicative of the failure of a durable protective corrosion layer to form, and/or changing surface condi-
tions. This accelerating weight loss has also been observed in monolithic materials. For example,
trapped moisture and corrosive chemical species in the spongy rust of corroding cast iron may form a
more aggressive corrosive environment than the external conditions would suggest.
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Still other specimens exhibited a small degree of weight gain, due to the presence of corrosion prod-
ucts, during a portion of the test period and/or over the test period overall (weight gain is exemplified by a
negative mass loss data point) using ASTM G-1 cleaning procedures. This usually occurs when the
cleaning process is unable to remove all corrosion products and illustrates the potential for error in the
results of the ASTM G-1 cleaning procedure. Strict adherence to the ASTM G-1 cleaning procedure and
use of a sufficiently large sample set should reduce the error in the weight loss results.

1.4.8.1.2 Corrosion testing, cyclic

This method describes a laboratory corrosion test procedure that exposes the specimens to a cyclical
combination of conditions (salt spray and solution; various temperatures, humidity, and ambient environ-
ment) in order to accelerate the corrosion process.

While there are many cyclic corrosion test methods available, one of the most reliable and proven
methods is the General Motors test, GM9540P", “Accelerated Corrosion Test.” The following procedure
describes performance testing in accordance with this standard.

For bare “MMC” samples, clean in accordance with ASTM G-1 and weigh to the nearest milligram.

For coated specimens, apply the appropriate coating system layers to the metal substrate and allow
them to cure in accordance with the manufacturer's recommendations. Scribe a single diagonal line
through the coating making sure that the scribed line penetrates the entire thickness of the coating to the
substrate.

Place the test coupons in the chambers, leaning at an angle of 15 and 30 degrees from the vertical. If
there is a scribed surface it should face upwards.

Prepare the salt solution per Table 3 of GM9540P such that the solution is in the 6 to 9 pH range.

If needed, clean the corrosion coupons (bare steel) thoroughly with a cleaning solution and degreaser,
prior to placing them in the exposure chamber. Each coupon should be permanently identified by stamp-
ing numbers onto the surface. The number of corrosion coupons used depends on the number of cycles
required. For 40, 80, and 120 cycles, use 10, 20, and 30 corrosion coupons, respectively; for 24 cycles,
use 6 coupons.

Initial (Screening) tests should be conducted with 102 x 152 mm (4" x 6") coupons; actual or sectioned
parts should be used for more thorough (Performance) tests. Each test specimen coupon should contain
a clear identification mark. The number of test specimens depends upon the frequency of interim evalua-
tions selected. The total number of test specimens for each sample should be equal to the number of in-
terim evaluations plus one.

Conduct the test in accordance with GM9540P. Follow Table 4 of GM9540P for the steps comprising
the complete cycle. Follow GM9540P for the test monitoring process and mass-loss calculations.

At the conclusion of the exposure period (or any interim period), remove the test specimens or corro-
sion coupons from the chamber and clean per the cleaning procedure described in GM9540P. Evaluate
the mass loss of the corrosion coupons per GM9540P. For uncoated panels, clean in accordance with
ASTM G-1, weigh to the nearest milligram, and evaluate the corrosive attack via mass loss. For coated
specimens, scrape the specimens side-to-side with the putty knife at 30 degree contact angle and evalu-
ate the corrosion resistance and creepage of the test specimens per the latest version of ASTM D1654,
“Standard Test Method for Evaluation of Painted or Coated Specimens Subjected to Corrosive Environ-
ments.” Rate the degree of corrosion or loss of coating extending from the scribe mark and examine the
unscribed areas for corrosion spots, blisters, and other types of attack that may have occurred. Use the

! This standard can be obtained from global.ihs.com.
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rating system in ASTM D1654 for the scribed areas and D 714 for the unscribed areas. Document each of
the test specimens and the corrosion coupons using an imaging system, such as a VIEEW digital imaging
system.

Report all information required in GM9540P, ASTM D714, and ASTM D1654. Also, include the images
taken to document the surface condition.

In some cases, it is noted that the specimen mass loss decreased over time. This tendency is usually
indicative of a higher corrosion rate at first, where the formation of a protective film of corrosion products
slows the apparent corrosion rate over the remaining time. This class of MMC materials may be consid-
ered for applications where this is a desirable feature.

Other MMC specimens demonstrated increasing mass loss rates over time. In real world conditions,
this trend may result from a variable external environment. However, in controlled laboratory testing, this
trend may be indicative of the failure of a durable protective corrosion layer to form, and/or changing sur-
face conditions. Again, it is noted that this accelerating weight loss has also been observed in monolithic
materials.

Still other specimens exhibited a small degree of weight gain, due to the presence of corrosion prod-
uct, during a portion of the test period and/or over the test period overall (weight gain is exemplified by a
negative mass loss data point). This usually occurs when the cleaning process is unable to remove all
corrosion products, and once again illustrates the potential for error in the results of the ASTM G-1 clean-
ing procedure. Strict adherence to the ASTM G-1 cleaning procedure and use of a sufficiently large sam-
ple set should reduce the error in the weight loss results.

1.4.9 INTERPHASES AND INTERFACES TEST METHODS

This section is reserved for future use.
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1.5 INTERMEDIATE FORMS TESTING AND ANALYTICAL METHODS
1.5.1 INTRODUCTION
This section is reserved for future use.
1.5.2 MECHANICAL PROPERTY TEST METHODS
This section is reserved for future use.
1.5.3 PHYSICAL PROPERTY TEST METHODS
This section is reserved for future use.
1.5.4 MICROSTRUCTURAL ANALYSIS TECHNIQUES
This section is reserved for future use.
1.5.5 CHEMICAL ANALYSIS TECHNIQUES
This section is reserved for future use.
1.5.6 NONDESTRUCTIVE EVALUATION TEST METHODS

This section is reserved for future use.
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1.6 FIBER TESTING AND ANALYTICAL METHODS
1.6.1 INTRODUCTION

Composites require strong, stiff fibers with adequate high temperature properties. At many of the pro-
jected use temperatures, the matrix material is overextended and is used at temperatures higher than the
matrix would normally be used in its monolithic state. Therefore, the fibers must be able to handle the
added loads and provide strength in the material. Consequently, fiber development is a crucial part of
continued composite improvement. Test methods must be available to determine the properties of the
fibers, not only to provide relative properties for fiber development, but also to provide data for microme-
chanical composite analyses.

Testing fibers is a difficult task since the fibers are very fine (< 150 ym diameter) with some as small
as a few microns in diameter. They are consequently difficult to handle and grip in any test rig. Additional-
ly, the fibers are generally ceramic and their fracture strength is dependent upon surface and volumetric
flaws. Hence, the fiber strength becomes dependent upon the amount of material tested (that is, the
length of the gage is important). Such brittle behavior lends a probabilistic nature to fiber fracture and da-
ta from many tests have to be statistically analyzed. The test methods in this section describe the proper
procedures for dealing with the reinforcing fibers.

1.6.2 MECHANICAL PROPERTY TEST METHODS
1.6.2.1 Tensile tests

Basic guidelines for testing monofilaments in tension are given in the ASTM standard D 3379 (Refer-
ence 1.6.2.1). This standard was written under the auspices of the ASTM Committee D30 on High Modu-
lus Fibers and Their Composites and was geared toward testing of the large diameter fibers used in
MMCs. However, this standard was not suitable for the smaller diameter fibers used in CMCs. Hence,
ownership of this standard was transferred to Committee C28 on Advanced Ceramics, and later with-
drawn. A revised standard, which is more suitable for the testing of reinforcements used in CMCs, is cur-
rently being reviewed.

Either of these standards can be used for guidance in testing fibers of large diameter (> 100 um) that
are commonly used in MMCs. Additionally, the following notes apply to the testing of reinforcing fibers in
MMCs.

1) The fiber diameter appears in the formula for the cross-sectional area and is used for calculating
the applied fiber stress. The effect of the variation in fiber diameter, an important issue in CMC
reinforcements, is negligible with large diameter fibers, since the variations are such a small per-
centage of the overall fiber diameter. Therefore, this issue can be ignored for MMC reinforce-
ments. However, the diameter of a random sampling of tested fibers taken from a spool should
be averaged and recorded.

2) Typical fiber fractures should be recorded to document the location and morphology of fracture.

3) Tows or woven mats are not used in MMCs. Therefore, the issues associated with the testing of
these forms can be ignored.

4) Fiber pedigree information should be recorded with the test results. This may include the: fiber
manufacturer, date of manufacture, manufacturing parameters (where available), chemical com-
position, and spool ID.

5) The fiber strength is often degraded and the strength distribution is altered when the fibers under-

go consolidation in the composite. Therefore, testing of fibers, which have been removed from
the composite (by dissolving the matrix, see Reference 1.6.2.2(a)), is recommended.
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6) Extreme care should be taken when handling fibers. Their strength is highly dependent on sur-
face flaws. Fiber strength has been degraded in even the best of labs by using mediocre testing
procedures. Handling damage often leads to binomial fiber strength distributions, whereas the
lower strength fibers have a very low Weibull modulus.

1.6.2.2 Creep and creep rupture

Since the properties of high temperature composites are strongly influenced by the properties of the
reinforcing fibers, the fibers must contain adequate strength at elevated temperatures. Additionally, long
term applications require the fibers to have good creep resistance. For the development of high tempera-
ture composites and the prediction of long term properties using micromechanics analyses, the creep
properties of the fiber must be well-documented.

For the evaluation of the creep and creep rupture strength of the fibers, the conventional test proce-
dure is to apply a constant tensile load to the fiber at a constant temperature (References 1.6.2.2(a) and
(b)). This is typically performed in a dead weight test set-up as described in Reference 1.6.2.2(c). A
length of fiber is gripped vertically in cold grips to avoid the possibility of interaction between the grips, fi-
ber, and environment if hot grips were employed. A resistance furnace is used to maintain a constant
temperature over a specified gage length (typically 1 inch or 25 mm). Elongation and fracture strain are
measured using any one of a variety of non-contacting displacement devices. The creep tests can be run
in air or in a protective environment by using a suitable chamber surrounding the fiber and heating ele-
ments.

The creep rupture strength, time, and strain to failure will display a large amount of scatter. This is
because fracture of the brittle fiber is probabilistic in nature and the flaw size and distribution can increase
with time at load and temperature. For these reasons, many fibers have to be tested and statistically ana-
lyzed to gain a good understanding of the rupture properties.

1.6.2.3 Bend stress relaxation

This procedure provides a simple method to measure the creep and specifically the stress relaxation
behavior of fibers. The bend stress relaxation (BSR) method consists of tying the fiber into a loop and
then subjecting it in a furnace to a specific time at temperature. After exposure, the fiber loop is returned
to room temperature and the diameter is measured. The applied strain is then removed by breaking the
loop at one point and any effects due to the exposure are measured in terms of residual loop radius. De-
tails of the test method and data on selected fibers are given in References 1.6.2.3(a) and (b).

The BSR method has many advantages over the typical tensile creep tests (Section 1.6.2.2), which
include the ability to simultaneously study many fibers of small diameter and short length under the same
set of conditions (time, temperature, atmosphere). Also, the BSR test gives insight into the ability of the
fibers to be creep-formed into woven structures or tight radii.

1.6.3 PHYSICAL PROPERTY TEST METHODS
1.6.3.1 Density

The density of a fiber should be measured using one of three techniques found in ASTM D3800,
“Standard Test Method for Density of High-Modulus Fibers” (Reference 1.6.3.1).

1.6.4 MICROSTRUCTURAL ANALYSIS TECHNIQUES
This section is reserved for future use.
1.6.5 CHEMICAL ANALYSIS TECHNIQUES

This section is reserved for future use.
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1.6.6 ENVIRONMENTAL EFFECTS TEST METHODS

This section is reserved for future use.
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1.7 FIBER SIZING TESTING AND ANALYTICAL METHODS
1.7.1 INTRODUCTION

This section is reserved for future use.
1.7.2 PHYSICAL PROPERTY TEST METHODS

This section is reserved for future use.
1.7.3 CHEMICAL ANALYSIS TECHNIQUES

This section is reserved for future use.

117



CMH-17-4B
Volume 4, Section 1 Guidelines

1.8 FIBER COATINGS, INTERFACES AND INTERPHASES TESTING AND
ANALYTICAL METHODS

1.8.1 INTRODUCTION
This section is reserved for future use.

1.8.2 MECHANICAL PROPERTY TEST METHODS
This section is reserved for future use.

1.8.3 PHYSICAL PROPERTY TEST METHODS
This section is reserved for future use.

1.8.4 MICROSTRUCTURAL ANALYSIS TECHNIQUES
This section is reserved for future use.

1.8.5 CHEMICAL ANALYSIS TECHNIQUES

This section is reserved for future use.
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1.9 MATRIX TESTING AND ANALYTICAL METHODS
1.9.1 INTRODUCTION

The matrix is the major constituent in the MMC. lts job is to bind the fibers in place and protect them
from mechanical and environmental damage. The matrix also acts to transfer load to the fibers. In addi-
tion, it imparts its own properties to the composite, which are characteristic to metals, such as ductility,
electrical and thermal conductivity.

As the major constituent, the properties of the matrix are influential in dictating the behavior of the
composite. Therefore, the matrix should be thoroughly understood and characterized. The following sec-
tions give testing techniques for the documentation of matrix properties. This knowledge can be used in
both quality control, as well as micromechanics analyses.

In general, the testing techniques for the matrix are similar to those used with conventional monolithic
materials. However, there are a few additional notes added to account for the idiosyncrasies associated
with the non-conventional manufacturing forms of these materials.

1.9.2 MECHANICAL TEST METHODS

This section gives test methods for characterizing the mechanical properties of the neat matrix.
These properties may be used for input into micromechanics models when analyzing the behavior of the
composite. This is particularly useful when no composite data exist and some idea of how the composite
will behave is necessary.

The matrix materials analyzed under this section are manufactured in a method which is similar to the
processing of the composite, including both consolidation and heat treatment. This ensures that the prop-
erties of the neat matrix are truly representative of those in the composite.

1.9.2.1 Tension

Tensile testing of metallic matrices should be conducted in accordance with ASTM Test Method E8
(Reference 1.9.2.1(a)) for room temperature tests and E 21 (Reference 1.9.2.1(b)) for tests at elevated
temperatures.

Note: Due to the non-conventional processing of these matrix materials, they may be anisotropic.
Therefore, if a detailed characterization of these materials is desired, specimens should be taken from
various directions with respect to the geometry of the supplied material. Additionally, transverse strain
should be measured on selected tensile specimens.

1.9.2.2 Creep

Creep testing of the matrix material should be conducted in accordance with ASTM Test Method E139
(Reference 1.9.2.2).

1.9.2.3 Stress relaxation

Stress relaxation is similar to creep testing with the exception that at the maximum load, the strain is
held constant and the stress is allowed to relax until a saturation point is finally reached, at which time the
test can be terminated. With this exception, all other testing conditions should be conducted in accord-
ance with ASTM Test Method E139 (Reference 1.9.2.2). In addition, the relaxation stress versus time data
should be reported.
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1.9.2.4 Fatigue

Fatigue testing may be done on the neat matrix in order to predict the fatigue life of the composite us-
ing some micromechanical approach. Dependent upon the ultimate goals of the testing and the model
used, either load or strain controlled tests can be conducted. This should be done in accordance with
ASTM Test Method E466 (Reference 1.9.2.4(a)) for load controlled and E606 (Reference 1.9.2.4(b)) for
strain controlled tests.

1.9.2.5 Fatigue crack growth

Fatigue crack growth testing of the neat matrix may be conducted to establish a baseline for compari-
son to the corresponding composite behavior. Such testing should be conducted in accordance with
ASTM Test Method E647 (Reference 1.9.2.5). It should be noted that comparison of neat and composite
crack growth data must incorporate a stiffness accommodation in the neat data reduction. More details
are given in Section 3.8.2.3.3.
1.9.3 PHYSICAL TEST METHOD
1.9.3.1 Density

The density of the matrix should be measured using the Archimedes method found in ASTM D792,

“Standard Test Method for Density and Specific Gravity (Relative Density) of Plastics by Displacement”
(Reference 1.9.3.1).

1.9.4 MICROSTRUCTURAL ANALYSIS TECHNIQUES

Metallography on the matrix material is performed using standard methods as have been applied to
metallic monolithic materials. Some typical procedures can be found in References 1.9.4(a) through (c).

1.9.4.1 Microstructural analysis techniques titanium

Below is a common practice for metallographically preparing titanium alloys:

Monolithic titanium is relatively easy to prepare with semi-automatic polishing equipment and using
150 rpm and a pressure of 5 pounds per sample. Grinding is performed on successive SiC papers of 320,
400, 600, 800, and 1200 grit sizes.

Final preparation is best accomplished by the use of attack polishing during the final polishing step.
This process removes material by chemical and mechanical action to produce scratch- and deformation-
free microstructures. Typically, a chemotextile polishing cloth is used with a 50 nm colloidal silica suspen-
sion as follows:

150 ml water
150 ml 50 nm colloidal silica
30 ml hydrogen peroxide
1 ml nitric acid
1 ml hydrofluoric acid
1.9.4.2 Microstructural analysis techniques aluminum
This section is reserved for future use.

1.9.5 CHEMICAL ANALYSIS TECHNIQUES

This section is reserved for future use.
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1.9.6 ENVIRONMENTAL EFFECTS TEST METHODS

This section is reserved for future use.
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1.10 STRUCTURE SENSITIVE PROPERTIES CHARACTERIZATION
1.10.1 INTRODUCTION
This section is reserved for future use.
1.10.2 MECHANICALLY-FASTENED JOINTS
This section is reserved for future use.
1.10.3 BONDED, BRAZED, AND WELDED JOINTS
This section is reserved for future use.
1.10.4 CURVED SHAPES
This section is reserved for future use.
1.10.5 STRUCTURAL DESIGN DETAILS
This section is reserved for future use.
1.10.6 TRANSITION AND OTHER SPECIAL REGIONS
This section is reserved for future use.
1.10.7 SIZE EFFECTS
This section is reserved for future use.
1.10.8 OTHER TOPICS

This section is reserved for future use.
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1.11 ANALYSIS OF DATA
1.11.1 GENERAL

Detailed statistical analysis procedures used in calculating properties in this volume are presented in
Volume 1, Chapter 8.

1.11.2 PROCEDURES OF CALCULATION OF STATISTICALLY-BASED MATERIAL PROPERTIES
This section is reserved for future use.

1.11.3 SAMPLES OF COMPUTATIONAL PROCEDURES
This section is reserved for future use.

1.11.4 STATISTICAL TABLES

This section is reserved for future use.
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2. DESIGN GUIDELINES FOR METAL MATRIX MATERIALS
2.1 GENERAL INFORMATION

2.1.1 INTRODUCTION
This section is reserved for future use.
2.1.2 PURPOSE, SCOPE, AND ORGANIZATION OF SECTION 2

This section is reserved for future use.

2.2 USE OF DATA

This section is reserved for future use.

2.3 STRUCTURAL DESIGN AND ANALYSIS
2.3.1 Introduction

The concept of designing a material to provide a desired set of properties has received impetus from
the growing acceptance of composite materials. Inclusion of material design in the structural design pro-
cess has had a significant effect on that process, particularly upon the preliminary design phase. In this
preliminary design, a number of materials will be considered, including materials for which experimental
material property data are not available. Thus, preliminary material selection may have to be based on
analytically predicted properties. The analytical methods are the result of studies of micromechanics, that
is, the study of the relationship between effective properties of composites and the properties of the con-
stituents of the composite. The inhomogeneous composite is represented by a homogeneous material,
which is often anisotropic, with the effective properties of the composite.

The purpose of this chapter is to provide an overview of techniques for analysis in the design of com-
posite materials. Starting with the micromechanics of the reinforcement (fibers or particles) and matrix
phases in a lamina, analyses including simple geometric constructions to obtain laminates are considered.

The subject of Section 2.3 is primarily unidirectional fiber composites and symmetric laminates, but
discontinuous reinforcement composites are also discussed. It begins with a description of the microme-
chanics of basic lamina properties and leads into classical laminate analysis theory in an arbitrary coordi-
nate system. It discusses methods that account for the various damage and failure mechanisms in design
and analysis. It highlights considerations of translating individual lamina results into predicted laminate
behavior. Furthermore, it covers multiaxial loading situations and structural responses such as damage
initiation and evolution, creep, relaxation, fatigue, buckling, durability, and vibration. The response of lami-
nate structures to more complex loads is also discussed.

The strength of any given laminate under a prescribed set of loads is probably best determined by
conducting a test. However, when many candidate laminates and different loading conditions are being
considered, as in a preliminary design study, analysis methods for estimation of laminate strength become
desirable. Because the stress distribution throughout the constituents in each ply of a laminate is quite
complex, exact analysis methods are not available. However, reasonable methods do exist which can be
used to guide the preliminary design process.
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2.3.1.1 Analysis methodology classifications

Analysis methods may be grouped into different classes, depending upon the degree of detail of the
stresses utilized. The following classes are of practical interest:

Laminate level. Average values of the stress components in a laminate coordinate system are utilized.
Ply, or lamina, level. Average values of the stress components within each ply are utilized.

Constituent level. Average values of the stress components within each phase (reinforcement or ma-
trix) of each ply are utilized.

Micro-level. Local stresses at each point within each phase are utilized.

Micro-level stresses, used in appropriate failure criteria for each constituent, determine the external
loads at which local failure initiates. For metal matrix composites, an accurate representation of the micro-
level stresses is needed to realistically predict strength. However, the uncertainties due to departures from
the assumed regular local geometry and the statistical variability of local strength sometimes make such a
process impractical.

At the other extreme, laminate level stresses can be useful for translating measured strengths under
single stress component tests into anticipated strength estimates for combined stress cases. However,
this procedure does not help in the evaluation of alternate laminates for which test data do not exist.

Ply level stresses, as predicted from a micro-level analysis, provide a commonly used approach to
laminate strength. The average stresses in a given ply are used to calculate first ply failure and then sub-
sequent ply failure leading to laminate failure. The analysis of laminates by the use of a ply-by-ply model is
presented in Section 2.3.3.

Constituent level, or phase average stresses, can also be predicted by a micro-level analysis. In some
instances, they represent a useful approach to the strength of a unidirectional composite or ply.

The most common approach for accurately analyzing metal matrix composites is known as the local-
global method. In this method, loads are applied incrementally and resolved to the micro-level. A micro-
mechanics analysis is then performed to determine if and where damage or plasticity occurs. The global
material response is then determined by homogenization of the micro-level stress and strain fields and the
next increment of load applied. Micromechanics is the study of the relations between the properties of the
constituents of a composite and the effective properties of the composite. Starting with the basic constitu-
ent properties, Section 2.3.2 develops the micromechanical analysis of a fiber-reinforced lamina. The as-
sociated ply-by-ply analysis of a laminate is developed in Section 2.3.3.

2.3.1.2 Basic concepts

The methodology employed in a specific application is dictated by several basic concepts, defined
below, which characterize the response of the composite.

Material homogeneity. Composites, by definition, are heterogeneous materials. Mechanical analysis
proceeds on the assumption that the material is homogeneous. This apparent conflict is resolved by con-
sidering homogeneity on microscopic and macroscopic scales. Microscopically, composite materials are
certainly heterogeneous. However, on the macroscopic scale, they appear homogeneous and respond
homogeneously when tested. The analysis of composite materials uses effective properties and homoge-
nized stress and strain fields, which are based on the local stress and strain fields.

Material anisotropy. Anisotropy is the condition where material properties exhibit a directional de-
pendency. An anisotropic material has different properties in each different direction and is characterized
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by 21 independent constants. Fortunately, most materials exhibit one or more planes of symmetry. The
most common special cases follow.

A monoclinic material (for example, a lamina having off-axis fibers) has one plane of material
symmetry and is characterized by 13 constants.

An orthotropic material (for example, a lamina having a periodic rectangular array of fibers) has
three mutually perpendicular planes of material symmetry and is characterized by nine inde-
pendent constants.

A transversely isotropic material is a special case of an orthotropic material that has one plane
where the properties are independent of direction. For example, a lamina having a large number
of very small diameter fibers that are aligned but more or less randomly distributed. A trans-
versely isotropic material is characterized by five independent constants.

An isotropic material has the same properties in all directions and is characterized by two inde-
pendent constants. For example, a matrix reinforced by a random dispersion of spherical parti-
cles is usually considered to be isotropic.

Material constituent response. The relationship between stresses and strains describes the response
of materials. The overwhelming majority of all mechanics of materials analyses assume a linear elastic
material response; that is, one where the state of strain depends only on the current stress (for a given
temperature), and the dependence is linear. In general, the state of strain in a metallic material also de-
pends on the previous load history and time. The response of the metal matrix can usually be classified
as: elastic, elastic-plastic, or elastic-viscoplastic depending on the loading history and environment. The
term elastic-plastic refers to a material that has an initial (linear) elastic region followed by plastic defor-
mation that is independent of time and exhibits permanent set after removal of the loads. The elastic-
viscoplastic classification is more general in that the plastic deformation is time-dependent. Plastic de-
formation in metals is associated with the motion of dislocations through the microstructure. It should be
kept in mind that all plastic deformation takes time to develop, but in some instances the applied loading is
slow enough such that the plastic deformation has time to fully develop and the response can be consid-
ered to be rate-independent. This is often the case for metals at room temperature.

Residual stresses. One consequence of the microscopic heterogeneity of a composite material is the
thermal expansion mismatch between the reinforcement and the matrix. In composites processed at high
temperature, this mismatch causes residual strains, and therefore stresses, in the material after fabrica-
tion. The magnitude of the residual stresses depends largely on the coefficient of thermal expansion mis-
match between the constituents. However, in some material systems the residual stresses are sufficient to
cause permanent deformation during cool-down.

Internal Damage. A number of internal damage mechanisms are possible in metal matrix composites;
cracking can occur in the matrix, the reinforcement, or at the reinforcement-matrix interface. Additionally,
voids can grow in the matrix, and environmental damage such as oxidation near the reinforcement-matrix
interface is possible. Depending on the application, one or more of these may need to be considered in
design.

Physical properties. A unidirectional fiber composite (UDC) consists of aligned continuous fibers,
which are embedded in a matrix. The UDC physical properties are functions of the in-situ fiber and matrix
physical properties, of their volume fractions, and also of the fiber distribution. The fibers have, in general,
circular cross-sections with little variability in diameter. A UDC is clearly anisotropic since properties in the
fiber direction are very different from properties transverse to the fibers. Discontinuously reinforced com-
posites (DRCs) may be fairly uniform dispersions of particles or aligned chopped fibers in a matrix. As
such, a DRC may be isotropic or anisotropic. In either event, the DRC physical properties are functions of
the in-situ reinforcement and matrix physical properties, of their volume fractions, and perhaps of the sta-
tistical variation in the reinforcement distribution.
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Properties of interest for evaluating stresses and strains are: elastic engineering properties, coeffi-
cients of thermal expansion, yield strength and hardening parameters, reinforcement-matrix bond
strength, material damping, and thermal conductivity.

2.3.2 GENERAL DESIGN GUIDELINES

Designing with composite materials can provide a significant advantage over monolithic materials in
that the properties of the material can be tailored to reach certain design goals. Although a large number
of possibilities may exist to reach design solutions, practicality in terms of material design, cost and manu-
facturability of the structural part dictates the selection of the appropriate material system. In the prelimi-
nary design phase, available materials and their properties are considered to check if the design require-
ments for the structural part can be met.

In preliminary design, materials selection becomes an exercise in itself. Any existing material data-
base is considered and at the same time, without any restraint on material cost or availability, another par-
allel activity that can be initiated is to check if a desirable material system can be designed to meet the
design objectives. This exercise helps the designer to seek innovative solutions that are not readily avail-
able with monolithics, e.g., a designer may conceive of a hybrid material system, which involves a combi-
nation of monolithic and composite materials to meet a design goal in terms of stiffness, strength or frac-
ture characteristics.

In designing with MMCs, the micromechanics estimation approaches in this section can be utilized to
assess the overall composite properties based on the matrix material, reinforcement type and fiber vol-
ume fraction. Micromechanics approaches are useful where current data on composite systems are lim-
ited. These approaches are also useful for extrapolating uniaxial, isothermal test data to service condi-
tions where the mechanical and thermal loads are more complex.

Obtaining accurate and reliable material property values is one of the most important steps toward
achieving a functional design. However, predicted properties using the calculation procedures shown in
this section will allow selecting the appropriate material systems and to point out the weakness of availa-
ble materials.

The following material design considerations can be helpful in preliminary design:

1. Use MMCs where the load is highly directional and ensure that fiber alignment is in the principal
stress direction.

2. Ensure compressive stability, which is influenced strongly by shear effects.

3. Recognize that in-plane and out-of-plane failures are often common at notches and free edges.

4. Anticipate progression of damage from existing manufacturing flaws.

5. Assess environmental effects, which can degrade and reduce properties of MMC e.g., in oxidizing
environment.

6. For components experiencing temperature excursions, consider the CTE mismatch between the

matrix and the reinforcement and the resulting thermal strains.
Important strength and stiffness parameters that need to be considered are :

Longitudinal tension
Longitudinal compression
Transverse tension
Transverse compression
Shear

oRrwWN -~

Continuous fiber MMCs exhibit high compression strength and adequate shear strength, which pro-
vide a good window for design. One weakness of currently available MMCs is that their transverse strain
to failure is typically low (fibers may debond relatively easily within a strain range of 0.2-0.4%), making any
plies oriented at an angle to the loading essentially a burden for the laminate. This is particularly severe
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where the load is applied perpendicular to the loading direction, i.e., 90 degree plies. However, 90 degree
or off-axis plies are essential in laminates or structures where multiaxial or bi-directional loads are applied.

In MMCs, delamination is not a major failure mode as in polymeric composite systems and, therefore,
interlaminar stresses are not considered to be critical except in the cases of initiation of damage at edges,
holes or cutouts. Delamination growth is not a consideration in MMCs and properties and models in this
area are scant as designing with MMCs does not require “delamination” growth considerations. On the
other hand, fracture properties are considered important and fatigue crack-growth issues can be consid-
ered in design solutions. These involve crack growth considerations in the plane of the laminate and in
the through-thickness direction. One benefit of continuous reinforced MMCs is that the fibers can act to
bridge cracks or deflect cracks, thus retarding or stopping crack growth.

The anisotropic properties in composite structures are the key to developing highly efficient structures.
The designer must be experienced with basic mechanics formulations, computerized modeling tech-
niques, such as FEA or specialized programs such as “classical lamination theory”, plate analysis, buck-
ling analysis and post-buckling response modeling for various geometric structures to predict the perfor-
mance of anisotropic composite structures. In addition, the designer needs a thorough knowledge of the
manufacturing techniques and their limitations so that optimized and cost effective material solutions can
be implemented in designing with MMCs.

2.3.3 ANALYSIS APPROACHES (CONTINUOUS FIBER MMC)

Continuous fiber composites fail most often due to events that occur at the micro-level. Micromechan-
ics provides the link between the ply-level response and the micro-level response.

2.3.3.1 Micromechanics

The backbone of a micromechanics analysis is the appropriate choice of a representative volume el-
ement (RVE), that is, a subdomain of the composite that is entirely representative of the composite as a
whole. From a practical standpoint, the simpler the RVE, the more tractable the analysis will be. An RVE
is necessary because it is not feasible to model each individual fiber in the composite. The micromechan-
ics analysis homogenizes the local stress and strain fields in the constituents to obtain overall fields that
represent the response of a lamina. In so doing, the average response of each constituent can also be
determined. Since the stress and strain tensors that describe the local and overall fields are symmetric,
they will be contracted to 6x1 column vectors in the following section. Additionally, the elastic stiffness
tensor is also symmetric and will be contracted to a 6x6 matrix. MMCs can exhibit nonlinear response
due to matrix inelasticity as well as various forms of internal damage. In many applications it is very im-
portant to model these nonlinear phenomenon as well as the thermal residual stresses associated with the
fabrication of many MMCs . Section 2.3.3.1.1 provides a general framework for doing this.

2.3.3.1.1 General relationships

Start with strain and stress vectors that have the form

en o1
€22 022
& (oX
g=1_ P Le={ 7L 2.3.3.1.1(a)
2e10 =712 o1
2603 =723 023
2831 =731 031

The essence of micromechanics is the determination of the elastic strain and stress concentration matri-
ces (contracted tensors), A and B respectively, for a given RVE. These are defined by,
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¢! (x)= A(X)Eel

2.3.3.1.1(b)
c(x) = B(X)E,

where the spatial dependence of local quantities is shown explicitly and an overbar denotes a homoge-
nized or ply-level quantity. Fortunately, the strain and stress concentration tensors are related through
B(x) = C(X)A(X)S*

A(x)=S(x)B(x)C*. 2.3.3.1.1(c)

where C(x) and S(x) are the pointwise stiffness and compliance matrices and C* and S* are the overall
composite stiffness and compliance matrices, respectively. The total overall strain can be decomposed
into its elastic, thermal, plastic, and internal damage associated parts;

h da

+ehygPly g

2.3.3.1.1(d)

where

8% = 2 \dS.

The surface integral S is evaluated over the length of all cracks. The overall stress-strain law is

g=C*g" 2.3.3.1.1(e)

where the overall composite stiffness can be written as
C*=%jVAT (x)C(x)dV . 2.3.3.1.1(f)
Finally, volume average equations apply,
el = %[Va(x)dv

2.3.3.1.1(9)
o= %JVG(X)dV.
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2.3.3.1.2 Effective elastic properties

The elastic properties of a material are a measure of its stiffness. This information is necessary to de-
termine the elastic part of deformations produced by applied loads. In this section, a transversely isotropic
UDC or ply is considered. For engineering purposes, it is necessary to determine such properties as
Young's modulus in the fiber direction, Young's modulus transverse to the fibers, shear modulus along the
fibers and shear modulus in the plane transverse to the fibers, as well as various Poisson's ratios. These
properties can be determined in terms of simple analytical expressions. The overall stress-strain relations
can be written,

G =n& +l 9+ 8
& =5 (K +G3 )25 + (k" -G )35 2.3.3.1.2(a)
&y = 1" +(K - G3 )@y + (k" + G2 )5S
&1y =2G 55
G2y =2G123; 2.3.3.1.2(b)
&31 =2G) 23]

and the inverse of Equation 2.3.3.1.2(a) is

* *
_ 1 L L
el _ — 12 = 12 =
€11 = %011~ —% 022 ——x 033
E; E; E;
* 1 *
—el Uy — — U3 —
822 = O'“ + ¥ 0'22 ——*033 23312(0)
1 E, E,
* * 1
—el Uy — U3 — —
&3 =" 011 % 00t 033
1 E, E,

where an asterisk (*) denotes effective values and the requirement that C* be symmetric gives

* *

Via _ Va1
* * "

E; Ep

Figure 2.3.3.1.2(a) illustrates the loadings that are associated with these properties.

The effective modulus k* is obtained by subjecting a specimen to the average state of strain,

Ezeé = 53631, with all other strains vanishing; in which case it follows from Equation 2.3.3.1.2(a) that

(G2 +533) =2k*(52"5 +E3%1) 2.3.3.1.2(d)

Unlike the other properties listed above, k* is of little engineering significance but is of considerable analyt-
ical importance.
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FIGURE 2.3.3.1.2(a) Basic loading to define effective elastic properties.

Only five of the properties in Equations 2.3.3.1.2(a-c) are independent. The most useful interrelations
of properties are:

* * k% 2
n =E1 +4k %) 23312(9)
0" =2k"v), 2.3.3.1.2(f)
41
=t 2.3.3.1.2(g)
E, Gy E
2* =1+ k 2.3.3.1.2(h)
1—1)23 * 2

Gy=——2—— 2.3.3.1.2(i)

Computation of effective elastic moduli is a very difficult problem in elasticity theory and only a few
simple models permit accurate analysis. One such type of model assumes that the fibers are distributed in
a periodic array. A unit cell is chosen as the RVE and discretized for computational analysis, typically
based on finite elements. Figure 2.3.3.1.2(b) shows a few periodic microstructures. Note that this type of
RVE does not, in general, represent a transversely isotropic material. However, there is no need to force
the RVE to represent a transversely isotropic material if the material is not transversely isotropic.
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FIGURE 2.3.3.1.2(b) Repeating unit cell representative volume elements.

The composite cylinder assemblage (CCA) permits exact analytical determination of four effective
elastic moduli based on the RVE shown in Figure 2.3.3.1.2(c) (Reference 2.3.3.1.2(a)). Consider a collec-
tion of composite cylinders, each with a circular fiber core and a concentric matrix cylinder. The size of the
cylinders may vary but the ratio of core radius to shell radius is held constant. Therefore, the matrix and
fiber volume fractions are the same in each composite cylinder. One strength of this model is the ran-
domness of the fiber placement, while an undesirable feature is the large variation of fiber sizes. It can be
shown that the latter is not a serious concern.

FIGURE 2.3.3.1.2(c) Composite Cylinder Assemblage model representative volume element
(Reference 2.3.3.1.2(e)).

The analysis of the CCA RVE gives closed form results for the effective elastic properties, k*, E*,
v*, and G;* and bounds for E,*, v,3*, and G,*. Such results will now be listed for isotropic fibers. The
necessary modifications for transversely isotropic fibers can be found in References 2.3.3.1.2(b) and
2.3.3.1.2(c).
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k* _ km (kf +Gm)Vm +kf (km +Gm)Vf
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*
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Since the third term on the right hand side of the first of Equation 2.3.3.1.2(k) is small, the rule of mixtures
gives an excellent approximation for the axial Young’s modulus of all UDC.

(vf —Un) 11 VinV £
Kk, k

= m 2.3.3.1.2(l
U1y = UV +VsVs + Vo, i, L (1)
kf km Gm
% Gme+Gf(1+Vf)
Gl =Ym
Gm (1 + Vf)+ GfVm
2.3.3.1.2(m)
=G, + s
1 Vi

(Gt -Gm) " 2Gy,

As indicated earlier, the CCA analysis for G,* does not result in an exact solution, but only upper and
lower bounds, which are in general quite close. A preferred alternative is to use the Generalized Self Con-
sistent Scheme (GSCS). According to this method, the transverse shear modulus is obtained by embed-
ding a composite cylinder into an infinite media having the overall properties of the composite. The volume
fractions of fiber and matrix in the composite cylinder are those of the composite. Such an analysis has
been given in Reference 2.3.3.1.2(d) and results in a quadratic equation for G,*. Thus,

m m

* 2 *
A(ﬁj +zB(ﬁ]+czo 2.3.3.1.2(n)
G G

where

A:3va? &—1 &“an
" Gm Gm

2.3.3.1.2(0)
Gy Gy 3 Gy Gy
+| =Lp + - =L, - —L 1] =g, +1
|:Gm Mm T T (Gm Mm nf]vf :H:Vfﬂm (Gm Gm Tm
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To compute the associated E,* and vy*, use Equations 2.3.3.1.2(g-h). It is of interest to note that when
the GSCS model is applied to those properties for which CCA results are available (see above Equations
2.3.3.1.2(j- m)), the CCA results are obtained.

For transversely isotropic fibers, the following modifications are necessary (References 2.3.3.1.2(c)
and 2.3.3.1.2(d)):

For k* ks is the fiber transverse bulk modulus

For El*, Ulz* Ef:Elf
Uf = Viof
k¢ is the fiber transverse bulk modulus

For Gl* Gf: Glf

For G,* Gi= Gy
Ne = 1+ 2G2f/kf .

Numerical analysis of the effective elastic properties of the hexagonal array model reveals that the
values are extremely close to those predicted by the CCA/GSCS models as given by the above equations.
The results are generally in good to excellent agreement with experimental data.

The simple analytical results given here predict effective elastic properties with sufficient engineering
accuracy. They are of considerable practical importance for two reasons. First, they permit easy determi-
nation of effective properties for a variety of matrix properties, fiber properties, volume fractions, and envi-
ronmental conditions. Secondly, they provide an approach for evaluating the properties of fibers.

2.3.3.1.3 Residual stresses

Residual stresses are present in all unidirectional and laminate composite systems in which the con-
stituents have distinct and different thermal and/or mechanical properties. These residual stresses play a
significant role in the deformation and failure of composite systems and consequently can not be neglect-
ed in the analysis of these systems, if accurate predictions are to be expected. This is particularly true in
the case of metal matrix composite (MMC) systems wherein inelastic deformation is possible and use
temperatures differ significantly from the manufacturing/consolidation temperature. Although as one in-
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creases the application temperature closer and closer to the consolidation or annealing temperature, re-
sidual stresses (typically resulting from the mismatch in thermal expansion coefficients) are minimized.
For ductile matrices (e.g., with higher CTEs) reinforced by brittle fibers or particles (e.g., with lower CTEs),
the resulting MMC typically possess compressive radial and tensile hoop and axial stresses in the matrix
while all components of stress in the reinforcement are compressive. Obviously, if the mismatch between
constituents are reversed so too will the sign of the corresponding stress components. Note, the tensile
hoop stress has been known to be large enough to cause radial cracks to initiate at the fiber-matrix inter-
face, provided the matrix is embrittled and/or the fiber spacing is sufficiently low (Arnold, Arya, et al., Ref-
erence 2.3.3.1.3(a)).

The effects of residual stresses have been shown to be quite significant with respect to capturing the
onset of nonlinearity in the stress-strain curve (the "knee" in the curve) as well as the ultimate longitudinal
strain to failure of the composite system (Reference 2.3.3.1.3(b)). As an example, Figures 2.3.3.1.3(a)
and (b) illustrate simulated and experimental longitudinal tensile stress-strain results at elevated and room
temperatures, respectively. In both figures, predictions (Goldberg and Arnold, Reference 2.3.3.1.3(b) and
Arnold, Bednarcyk, et al., Reference 2.3.3.1.3(c)) made with and without the incorporation of residual
stresses (resulting from cool down from the heat treatment temperature) are compared to experimental
results obtained by Castelli (Reference 2.3.3.1.3(d) [21]). Furthermore, in both figures the yield stress
(cy), defined as the deviation from proportionality, is indicated in order to point out graphically the approx-

imate point at which the curves become nonlinear. At elevated temperatures, the inclusion of residual
stresses had a negligible effect (as expected) on the computed results since it is near the heat treatment
temperature. Alternatively, at room temperature, residual stresses had a significant impact on the ‘yield
stress” or onset of nonlinearity (the “knee” in the curve) in the predicted stress-strain response. In Figure

2.3.3.1.3(b), c§ represents qualitatively the yield stress when residual stresses were incorporated into the

NR
y

into the simulation. Clearly, at room temperature, incorporating residual stresses into the simulation signif-
icantly lowered the yield stress in the tensile stress-strain curve and provided a more favorable match with
the experimental results.

simulation, and o, represents qualitatively the yield stress when residual stresses were not incorporated
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FIGURE 2.3.3.1.3(a) Micromechanics prediction of stress-strain response of SCS-6/
Timetal 21S at 1200°F (650°C).

In Figure 2.3.3.1.3(c), constituent fiber stress versus the total composite strain are superimposed on
the overall stress-strain response, so as to illustrate the influence of residual stresses on failure, that is
fiber breakage and consequently the attainment of the longitudinal composite ultimate strength, since fail-
ure is dictated by the ultimate tensile strength of the SCS-6 fiber. Again, results are shown for cases with
and without the incorporation of residual stresses. As the statistically significant ultimate tensile strength
of the SCS-6 fiber reinforcement (Reference 2.3.3.1.3(e) [23]) varies substantially, Figure 2.3.3.1.3(c) indi-
cates potential fiber breakage levels (i.e., points A, B, and C) starting at 0.50 Msi (3450 MPa) and increas-
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ing at 0.05 Msi (350 MPa) increments. Clearly the overall strain level (i.e., 0.86% to 1.30%) at which these
fiber stress levels occur is relatively close to the strain level at which the overall composite fails, with 0.53
Msi (3622 MPa) being an accurate calibration estimate of the effective fiber strength, for both room and
elevated temperature (not shown) calculations. Also an important observation relative to the inclusion of
residual stresses due to processing can be gleaned from Figure 2.3.3.1.3(c) in that when residual stresses
are ignored, the composite strain level at which potential fiber breakage can occur (i.e., A, B’, and C’) is
significantly lower than the corresponding case with residual stresses. These results indicate that if resid-
ual stresses are not applied, the failure stress and strain of the overall composite could be significantly
under predicted in an analysis. As the results presented above suggest, the inclusion or exclusion of re-
sidual stresses can have a significant effect on one’s ability to accurately predict both a material’s defor-
mation behavior and ultimate tensile strength (or failure).
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FIGURE 2.3.3.1.3(b) Micromechanics prediction of stress-strain response of SCS-6T/Timetal 218S.
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FIGURE 2.3.3.1.3(c) Micromechanics prediction of stress-strain response of SCS-6/Timetal 21S at
73°F (23°C), with fiber response and fiber failure stresses included.

Finally, as stated in Section 2.3.3.1.4 the fiber-matrix bond strength and, therefore, the transverse ten-
sile response is highly influenced by the presence of residual stresses (predominate at room temperature)
since large compressive (clamping) stresses are generated as the composite is cooled down from its con-
solidation, annealed, or heat treatment temperatures. As in the case of longitudinal response, it is impera-
tive that prior history and inelasticity be accounted for in all MMC analyses in order to enable inclusion of
significant internal residual stress and strain states within the MMCs.
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2.3.3.1.4 Fiber-matrix bond strength

The strength of the bond between the fibers and the matrix is of primary importance to composite
plies that support load transverse to the fiber direction. It is this bond that transfers the load from the ma-
trix to the fibers, and vise versa, in the transverse direction, and when the bond is much weaker than the
matrix or fiber, the ply failure behavior will be dominated by the interfacial debonding behavior.

In general, the fiber-matrix bonding in PMCs is thought of as strong because it is on the same order
as the strength of the polymer matrix. Thus, debonding in PMCs, is usually limited to the near-failure re-
gime. CMCs, on the other hand, are usually given a weak bond on purpose such that a matrix crack does
not propagate across the interface into the fibers. Rather, matrix cracks are deflected by the fibers, and
when they do link up, lengths of the fibers must be pulled out in order for the cracks to open. This then
represents a toughening mechanism for otherwise brittle ceramic materials. MMCs can exhibit either
strong or weak interfacial bonding. When the bond between the fiber and the matrix is weak, the result
can be an extremely compliant constitutive response transverse to the fiber direction, coupled with a low
transverse ultimate strength. Well-bonded and poorly bonded MMC plies subjected to transverse loading
are shown schematically in Figure 2.3.3.1.4(a). Typical room-temperature transverse stress-strain curve
for a unidirectional SiC/Ti MMC ply is shown in Figure 2.3.3.1.4(b). The obvious knees in the stress-strain
curves of Figure 2.3.3.1.4(b) are due to the onset of fiber-matrix debonding within the MMC, which can
clearly be classified as having weak bonding. From a design standpoint, fiber-matrix debonding repre-
sents a detrimental damage mechanism that, in most cases should be avoided. As such, one option is to
treat the debonding knee as a design-to yield stress, which varies based on fiber volume fraction, temper-
ature, and processing technique for a given ply.
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FIGURE 2.3.3.1.4(a) A well-bonded (upper) and weakly bonded (lower) interface in composites
subjected to transverse loading.

There are two major mechanisms that affect the strength of the fiber-matrix bond in MMCs: chemical
bonding and mechanical clamping from residual stresses. Chemical bonding is due to a chemical reac-
tion between the fiber and the matrix, usually occurring during fabrication. The result is often at least one
additional interfacial phase as a product of the chemical reaction. Chemical bonding is usually very strong
and can significantly improve the transverse behavior of an MMC ply, but it can also be detrimental to the
behavior along fiber direction due to the introduction of surface flaws on the fibers. These flaws then
serve as initiation points for fiber fracture, ultimately decreasing the longitudinal strength of the MMC ply.
Mechanical clamping at the interface arises during the cooldown of the MMC from fabrication temperature.
Typically, the coefficient of thermal expansion of the metal matrix is significantly greater than that of the
fiber (in the transverse or radial direction). Thus, the matrix tends to contract to a greater degree than
does the fiber during the cooldown, leading to compression at the interface. The degree of both chemical
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and mechanical bonding at the fiber-matrix interface depends on a wide array of factors including the con-
stituent properties, matrix chemistry, fiber coating, and composite fabrication/processing history. Most
MMCs tend to exhibit only a small degree of chemical bonding, deriving most of their bond strength from
mechanical clamping.

Transverse Stress (MPa)
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FIGURE 2.3.3.1.4(b) Stress-strain curves for a unidirectional composite loaded in the transverse
direction.

One way to gain insight into the degree of chemical bonding vs. mechanical clamping in MMC plies is
to compare room temperature and elevated temperature transverse stress-strain curves. When the MMC
is heated, the mechanical clamping residual stresses tend to be relieved, and a larger percentage of the
bond strength will then come from chemical bonding when the MMC is evaluated at elevated temperature.
Such a comparison is shown for a SiC/Ti MMC in Figure 2.3.3.1.4(c). As the figure shows, the debonding
knee is shifted from approximately 0.036 Msi (250 MPa) at room temperature to approximately 0.013 Msi
(90 MPa) at elevated temperature. This shift is due in large part to the relief of the mechanical clamping
residual stresses at the interface, but also in part to the difference in material properties between room
and elevated temperature. It should be noted that the transverse stress plotted in Figure 2.3.3.1.4(c) is
not the interfacial stress, but rather the transverse stress on the unidirectional MMC as a whole. Extract-
ing the stress at the fiber-matrix interface requires the use of a micromechanics model.

Modeling interfacial debonding has been the subject of a great deal of research over the past two
decades. This is particularly true for SiC/Ti MMCs, which have shown such promise for aerospace appli-
cations, but are plagued by a weak interface. Modeling the debonding phenomenon in MMCs typically
involves a micromechanics model for the overall unidirectional composite response capable of predicting
the stress state at the fiber matrix interface. Then, given this interfacial stress, an interfacial failure criteri-
on can be applied and the model altered in some way to simulate the onset and progression of debonding.
Because the interfacial residual stresses and the degree of interfacial chemical bonding have a primary
effect on the debonding phenomenon and are difficult to quantify, most approaches are semi-empirical,
requiring some experimental data to calibrate the model. In addition, since the debonding in MMCs is
usually coupled with inelastic deformation of the metallic matrix, in order to capture the realistic response
of the MMC as a whole, the inelastic matrix behavior must be modeled as well.
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FIGURE 2.3.3.1.4(c) Comparison of tensile behavior of a unidirectional composite loaded in the
transverse direction at either 73 or 1200°F (23 or 650°C).

One way in which a micromechanics model can be altered upon the onset of debonding is through
inclusion of an interfacial constitutive model. Such a model allows the interface to behave in some imper-
fect way, which then affects the predicted overall composite response. Figure 2.3.3.1.4(d) compares four
such interfacial constitutive models that allow the interfacial stress to unload after debonding occurs. The
first is the Needleman (Reference 2.3.3.1.4(a)) interfacial (NI) model which does not include an interfacial
failure criterion, but allows the interfacial to behave in a stiff manner, then peak, and finally unload its
stress. This model was employed for MMC interfacial debonding modeling by Tvergaard (Reference
2.3.3.1.4(b)), Eggleston (Reference 2.3.3.1.4(c)), and Lissenden and Herakovich (Reference 2.3.3.1.4(d)).
The statistical interfacial failure (SIF) model of Robertson and Mall (Reference 2.3.3.1.4(e)) assumes a
Gaussian distribution of interfacial stresses and specifies a single deterministic interfacial failure strength.
Once the interfacial stress reaches this failure strength, the interface is modeled as compliant, and the
interfacial stress is permitted to rise, peak, and then unload. A linear approximation of the statistical inter-
facial failure was actually employed by Robertson and Mall (Reference 2.3.3.1.4(e)) within a microme-
chanics model due to the nonlinear nature of the statistical interfacial failure model functional form. The
evolving compliant interface (ECI) model of Bednarcyk and Arnold (Reference 2.3.3.1.4(f)) also provides
the interface with a finite strength and allows unloading of interfacial stress after debonding, but is more
easily incorporated within micromechanics in its full form. The ECI model is publicly available in the U.S.,
along with the micromechanics model into which it has been incorporated by Bednarcyk and Arnold (Ref-
erence 2.3.3.1.4(f)) (the generalized method of cells, Paley and Aboudi, Reference 2.3.3.1.4(g)) from
NASA Glenn Research Center (Bednarcyk and Arnold, Reference 2.3.3.1.4(h)).

Figure 2.3.3.1.4(e) compares predictions for the 1200°F (650°C) transverse tensile response of a uni-
directional 20% SiC/Ti composite using the generalized method of cells with the interface treated in three
different ways. First, if the interface is treated as perfectly bonded, the model significantly over predicts
the transverse stress-strain curve. Next, utilizing an interfacial constitutive model that does account for
debonding, but does not allow the interfacial stress to unload, the prediction is much closer to experiment.
Finally, utilizing the evolving compliant interface model, which allows the interfacial stress to unload after
debonding, a good approximation of the experimental stress-strain response is achieved.
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FIGURE 2.3.3.1.4(d) Four approaches for modeling interface debonding.
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FIGURE 2.3.3.1.4(e) Effect of interface strength on the transverse tensile behavior.
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2.3.3.1.5 Overall inelastic strain

As in most fields of mechanics one usually begins with the assumption of linear elastic material be-
havior thereby enabling reasonable accuracy and solution efficiency. The field of composite mechanics is
no exception, as traditionally composite mechanics analyses (e.g., the establishment of effective proper-
ties) has been based on the assumption of linear elastic behavior of the various constituents (both fiber
and matrix). Classical examples being the rules-of-mixtures approximation, CCA and GSCS to name a
few, see Section 2.3.3.1. Early on these methods were shown to provide reasonably accurate estimations
of both effective properties and local stress and strain fields within composites in general; however, with
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utilization of advanced composites (PMC, CMC, and in particular MMCs) at elevated temperatures
and/or higher fiber volume fractions, the need to account for inelasticity, predominately within the matrix
constituent phase, became increasingly important and necessary to capture the experimentally observed
behavior, as documented extensively in the literature throughout the 1990s (see for example: Dvorak;
Majumdar; Suresh; Voyiadjis; Johnson; or Mall (References 2.3.3.1.5(a) through 2.3.3.1.5(f)).

For example, it has been shown that residual stresses resulting from manufacturing as well as subse-
quent longitudinal and transverse load response are greatly influenced by the extent of inelastic flow of the
matrix which can be either enhanced or constrained depending upon fiber array geometry [shape and fiber
architecture (e.g. square pack, rectangular, hexagonal, square-diagonal periodic arrays as well as ran-
dom)] and/or fiber volume fraction (see Figure 2.3.3.1.5(a)) as well as rate of loading (see Figure
2.3.3.1.5(b)), albeit stress or strain, (see Arnold (Reference 2.3.3.1.5(g)) for an extensive literature re-
view). This sensitivity to loading rate (be it mechanical, thermal, or thermomechanical) has been largely
overlooked in the literature because until recently time-independent plasticity and/or steady-state creep
constitutive models have been almost exclusively used; thus immediately negating the ability to account
for rate dependency in the loading profile. The inclusion of this effect can be very important particularly
when dealing with titanium matrix composites (TMCs) wherein the matrix can exhibit significant strain rate
dependence, as in the case of TIMETAL 21S where the tensile saturation stress can double given a hun-
dred fold increase in total strain rate. Longitudinal creep response (see Figure 2.3.3.1.5(c)) is a further
illustration of the complex interaction of matrix inelasticity and elastic fiber on the microscale, in that alt-
hough the macrolevel loading is one of creep, the in-situ matrix response is that of relaxation as the elastic
fiber constrains the longitudinal straining of the composite, see Figure 2.3.3.1.5(d). This vividly points out
the necessity for the matrix constitutive model to accurately represent both creep (active when loading is
transverse) and relaxation (active when loaded longitudinally).

Another vivid example of the importance of accounting for inelastic strains can be easily observed by
examining the thermal expansion of an MMC, see Figure 2.3.3.1.5(¢e), taken from Aikin, et al., (Reference
2.3.3.1.5(h)), wherein the low temperature instantaneous CTE response agrees with ROM while the ele-
vated temperature response is that of the Al,O; fiber. This can be qualitatively explained by examining the
ROM expression for the longitudinal CTE, i.e.,

Emvm
" Epvp

1+7Emvm
Epvg
Thus when the matrix yields and becomes perfectly plastic at elevated temperature E,, will become zero
thus suggesting that o, = ar. The underlying micro (constituent) level cause was examined more closely
by Urquhart, et al, (Reference 2.3.3.1.5(i)) and illustrates the need to keep in mind that composites are

really better viewed as structures and thus many “effective properties” are greatly influenced by the inter-
nal residual stress, inelasticity, and damage states of the constituents.

+QF

oy = 2.3.3.1.5(a)

Similarly, one must remember that the local (micro) in-situ stress and strain field within a composite is
multiaxial in nature and typically non-proportional (depending upon the imposed macro load history) thus
demanding a highly accurate, multiaxial, constitutive model for the inelastic constituent phases within the
composite. Inelastic behaviors of metals are known to be driven by divatoric stress and be independent of
applied hydrostatic stress states. However, due to the resulting multiaxial nature of the local stress field
within an MMC, given a macro applied hydrostatic load, this assumed independence of inelastic straining
within the metal matrix is not true as local shear will be induced in the matrix, see Dvorak, Rao, et al.,
(Reference 2.3.3.1.5(j)). Also, it should be remembered that local inelasticity can be quite significant (up
to 6 times as large as that measured at the macrolevel depending upon imposed loading, see Lissenden
(Reference 2.3.3.1.5(k)) even though macroscopically the stress-strain response appears to be linear.
Again this suggests the importance of including the ability to account for inelastic strains in any analysis
method for predicting the behavior of MMCs particularly when using them at elevated temperature and
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illustrate that although macromechanical models can be used to represent MMCs, they do not have the
versatility of micromechanics based methods.
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FIGURE 2.3.3.1.5(a) Influence of packing arrangement on transverse tensile response of 35%
fiber volume fraction SCS-6/TIMETAL 21S system.
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FIGURE 2.3.3.1.5(b) Influence of strain rate, volume fraction and packing on the longitudinal
tensile response of SCS-6/TIMETAL 21S system.
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FIGURE 2.3.3.1.5(c)  Influence of volume fraction and fiber packing architecture on the longitudinal
creep response of SCS-6/TIMETAL 21S system.
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FIGURE 2.3.3.1.5(d) /llustrates longitudinal stress redistribution as function of time in the fiber,
composite and matrix during the simulation of a longitudinal creep test.
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FIGURE 2.3.3.1.5(e) lllustrates the change in Instantaneous CTE as a function of temperature for
a 32% volume fraction Al,O3/FeCrAlY system.

2.3.3.2 Viscoplastic constitutive relations
This section is reserved for future use.
2.3.3.2.1 Axial tensile response
This section is reserved for future use.
2.3.3.2.2 Axial compressive response
This section is reserved for future use.
2.3.3.2.3 Transverse tensile response
This section is reserved for future use.
2.3.3.2.4 Transverse compressive response
This section is reserved for future use.
2.3.3.3 Macromechanics
2.3.3.3.1 Effective elastic properties
When two or more unidirectional composite plies are bonded together, they form a laminate. The ori-
entation of the fibers in each ply can be arbitrary, giving rise to significantly more complex laminate behav-
ior compared to the individual plies. The classical text regarding composite laminate mechanics is Jones

(Reference 2.3.3.3.1(a)). More recently the text by Herakovich (Reference 2.3.3.3.1(b)) also addresses
traditional composite laminates, in addition to laminated composite tubes and interlaminar stresses.
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The classical treatment of composite laminate employs a plane stress formulation and is commonly
referred to as lamination theory. Beginning with the elastic constitutive response of an orthotropic ply in its
principal material (1-2) coordinate system (Figure 2.3.3.3.1(a)),

11 Chi G Gz 0 0 ||g
6| |G Cpn Cxp 0 0 |lexn
o33 |_|Ci3 Caz Cas 0 0 Jles 2333.1(a)
023 0 0 0 Cu 0 0 vy

o3 00 0 0 GCs 0 |
(512 0 0 0 0 0 C66__V12_

where o;; are the stress components, C;; are the ply stiffness coefficients, ¢;; are the normal strain com-

ponents, and y;; are the engineering shear strain components, the plane stress assumption is applied
such that o33 =0y3 =073 =0 in Equation 2.3.3.3.1(a). Clearly, for the orthotropic ply described by Equa-
tion 2.3.3.3.1(a), 7,3 =713 =0, and &35 can be solved for in terms of ;; and o,,. Then, substituting the
expression for 33 back into Equation 2.3.3.3.1(a) and taking advantage of zeroed terms, we arrive at the
reduced (plane stress) constitutive equation for a ply,

11 Qu Q2 0 |lgy
622 = le Q22 O 822 23331(b)
Ci2 0 0 Qs || 112

where the reduced stiffness components, Q;;, are given by,

E vi,E v-1E E
Q=—-—"1— Qp=—:2-2_ =221 Qp=—-—>2— Qe =G 2.3.3.3.1(c)
1=viavy I=viovyr  I=vypvy 1=vipvyy

where, E;, E,, vj;, vp,and G, are the ply longitudinal elastic modulus, transverse elastic modulus,
Poisson ratios, and axial shear modulus, respectively, and v, /E; =v,;/E, . The ply reduced constitutive

equation is then rotated from the local ply (1-2) coordinate system to the global laminate (x-y) coordinate
system (Figure 2.3.3.3.1(a)) via coordinate transformations to arrive at,
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and 0 defined as the angle from the x-axis to the 1-axis (Figure 2.3.3.3.1(a)). Care should be exercised
when performing coordinate transformations in lamination theory as it involves application of the second
order tensor transformation to plane stresses and strains that are written as vectors rather than second
order tensors (Equations 2.3.3.3.1 (e) and (f)).

To now assemble the reduced and rotated constitutive response of each ply into a constitutive equa-
tion for the overall laminate response, the Kirchhoff hypothesis is employed, which requires lines perpen-
dicular to the laminate midplane to remain perpendicular during laminate deformation. As such, denoting
the x-, y-, and z-displacement components of the laminate middle surface by u,, v, wq, respectively, the

rotation (slope) of the laminate middle surface in the x and y directions, B, and By are given by,

_ 0wy
ox

_ 0wy

Bx oy

, By 2.3.3.3.1(h)

and the x- and y-displacement components, u and v, of any point (z) through the laminate thickness (see
Figure 2.3.3.3.1(b)) are given by,

aWO aWO
V=vy—z
0x oy

2.3.3.3.1(i)

u=uy-z
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FIGURE 2.3.3.3.1(b) Description of composite thickness.

Using the standard small strain kinematics equations,

T
XX x yy ﬁy Xy

=@+ﬁ 2.3.3.3.1(j)
dy Ox

the laminate strains at any point (z) through the laminate thickness are given by,

2 2 2
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€ 5 € 5
X Tk ol Wy o2 Ty Ty T ek axay

Defining the laminate middle surface strains and middle surface curvatures, respectively, as,

B 8u0 ] aZWO
]| ox*
XX oy Kxx 62
el | = EO , Kyy [=- VZO 2.3.3.3.1())
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0 K
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the laminate strains at any point (z) through the laminate thickness can be written in terms of the middle
surface quantities as,

Exx €xx Kxx
_ 1.0
Eyy | = Eyy | 2| Kyy 2.3.3.3.1(m)
0 K
Txy Txy Xy

Now, substituting Equation 2.3.3.3.1(m) into Equation 2.3.3.3.1(d), we arrive at the laminate stresses at
any point (z) through the laminate thickness,
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where k denotes the ply at the given z position (see Figure 2.3.3.3.1(b)).

The force and moment resultants for a laminate are defined, respectively, as,

H H
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where H is the total thickness of the laminate, and z is defined in Figure 2.3.3.3.1(b). Substituting Equa-
tion 2.3.3.3.1(n) into 2.3.3.3.1(0), we have,
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and because 88 and Kk;; are middle surface quantities independent of z, the integrals in Equation

2.3.3.3.1(p) can be evaluated to arrive at,
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where,

EMz
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(Qlj) (Zk —Zk_1 ), B; —%
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(QU)( zﬁ,l), Dij—é (Qu) (zk zil) 2.3.3.3.1(r)

are known as the extensional, coupling, and bending stiffnesses of the laminate, respectively, and form
what is commonly referred to as the laminate ABD matrix.

Equations 2.3.3.3.1(c), 2.3.3.3.1(g), and 2.3.3.3.1(r) allow the determination of the laminate ABD ma-
trix from the material properties of each orthotropic ply, the ply lay-up order, and the ply thicknesses.
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Then, given an admissible state of force/moment resultants and middle surface strains/curvatures, all un-
known force/moment resultants and middle surface strains/curvatures can be determined from Equation
2.3.3.3.1(q). Further, the stress and strain state at any point (z) through the laminate thickness can be
determined from Equations 2.3.3.3.1(m) and 2.3.3.3.1(n) in global laminate (x-y) coordinates. Then via
the rotation equations, Equations 2.3.3.3.1(e) and (f), the point-wise stress and strain fields can be trans-
formed into the local principal material (1-2) coordinates for each ply, at which point ply-level failure criteria
may be applied. Hence, through these classical lamination theory equations, the full local-global stress
and strain solution throughout the laminate can be determined.

2.3.3.3.1.1 Types of laminates
2.3.3.3.1.1.1 Symmetric laminates
Laminates whose lay-up is symmetric with respect to the middle surface are referred to as symmetric

laminates. Such laminates have identical plies (properties and thickness) at identical z-positions above
and below the middle surface, and from Equation 2.3.3.3.1(r) it is clear that B;; =0. Symmetric laminates

thus exhibit no coupling between extension and bending, and the uncoupled laminate constitutive equa-
tions reduce to,

)
A A Agg || Oxx

Nxx Mxx Dll D12 Dl6 Kxx

0
Nyy = A12 A22 A26 Syy Myy = D12 D22 D26 Kyy 2.3.3.3.1.1.1
Ny | LA1s Az Acs Yoy M,y | LP1s Dz Des || xyy

2.3.3.3.1.1.2 Specially orthotropic laminates

Specially orthotropic laminates are those that do not exhibit coupling between their shear and normal
extensional response, that is, A;; =A,s =0. The shear and normal bending response may still be cou-

pled, thatis, D;4 # 0, Dyg #0. Cross-ply and angle-ply laminates are specially orthotropic.

2.3.3.3.1.1.3 Cross-ply laminates

Laminates with all plies oriented at 0° or 90° with respect to the global (x-y) coordinate system (Figure
2.3.3.3.1(a)) are called cross-ply laminates. From Equation 2.3.3.3.1(g) it is clear that with all 0° or 90°

plies, Q¢ = Qa6 =0, and thus, from Equation 2.3.3.3.1(r), Ajg = Ay =D; = Dy =0 . Cross-ply laminates
need not be symmetric, but they often are.

2.3.3.3.1.1.4 Angle-ply laminates

Angle-ply laminates are those in which an equal number of plies are oriented at +a and —a (and no
other orientations are present) and in which each +a ply has an identical thickness —a ply. In such a
case, the contributions to A4 and A,s from each +a ply add to zero with the corresponding —a ply,
resulting in A;¢ = A, =0. For the case in which all layers in the angle-ply laminate have identical thick-
nesses, the laminate extensional stiffness matrix reduces to,

Qi(a) Qi) 0
A=H|Qp(a) Qp(a) 0 2.3.3.3.1.1.4

0 0 Q66 ((X,)
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2.3.3.3.1.1.5 Balanced laminates

Balanced laminates are composed of a number of paired, equal thickness, +o plies. Angle-ply lami-
nates are thus a special case of balanced laminates. As with angle-ply laminates, the equal thickness ta
plies in balanced laminates provide A;, and A, that add to zero, and thus balanced laminates are spe-

cially orthotropic with A;g = Ays =0.

2.3.3.3.1.1.6 Other specially orthotropic laminates

Laminates that are formed by a combination of plies that could be rearranged to form cross-ply and
angle-ply laminates are also specially orthotropic. That is, a laminate that contains only plies oriented at
0° or 90° and paired, equal thickness, *a plies also have A =A,¢ =0.

2.3.3.3.1.1.7 Quasi-isotropic laminates

Quasi-isotropic laminates are so-named because their in-plane elastic response is isotropic. That is,
Ajp=Ay and A=Ay =0. This common type of symmetric laminate (B;; =0) consists of 2N plies
(with N >3) with equal thickness and equal angles between the ply fiber orientations. The angle between
the fiber orientations of the plies is then given by A8 =r/N. Examples of quasi-isotropic laminates in-
clude, [0°/260°];, [0°/+45°/90°]s, and [0°/£30°/£60°/90°], where these laminates are quasi-isotropic regard-
less of their ply stacking sequences. The components of the extensional stiffness matrix (Aij ) are identi-
cal for all quasi-isotropic laminates composed of a given ply material and a given thickness. Finally, it

should be noted that the bending response of quasi-isotropic laminates, in general, do not exhibit isotropic
characteristics.

2.3.3.3.1.1.8 Laminate effective elastic properties

Strictly speaking, effective elastic properties are only applicable to symmetric laminates in which the
extensional-bending behavior is decoupled (i.e., B;; =0). Otherwise, the required one-to-one relationship

between force resultants and middle surface strains, embodied by Equation 2.3.3.3.1.1.1, is lacking. The
effective elastic properties of symmetric laminates are determined by first recognizing the effective (aver-
age) stress components for the laminate are simply the force resultants divided by the laminate thickness
(H). Thatis,

o | 2.3.3.3.1.1.8(a)

Then, substituting into the first of Equation 2.3.3.3.1.1.1 and inverting the extensional stiffness matrix,

0 -1 -1 — =
Exx A A A | | Nk A A A Ho, a3y 36 || Oxx
0 _
ey |=| A2 Ay Ay Ny [=| A Apn Ay Ho,, |=H|aj, ay ay || Oy 2.3.3.3.1.1.8(b)
A A A A A A S S
Y?(y 16 26 66 N,y 16 26 66 Ho,, 416 826 B66| Oy

where a;; are the components of the inverse of the extensional stiffness matrix. The effective laminate

elastic properties are readily identified from Equation 2.3.3.3.1.1.8(b) where, for example, if G,, were ap-
plied with all other effective stress components kept at zero, we have,
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where E, and v,

are the laminate effective axial elastic modulus and Poisson ratio, respectively, and

Tf;y,x is the so-called laminate effective “coefficient of mutual influence”, which, as shown in Equation

2.3.3.3.1.1.8(c) is a Poisson ratio-like quantity relating the induced shear strain to the axial strain in the
loading direction. Similarly, for the remaining laminate effective elastic properties, we have,

1 a a
* * 12 * 26
Ey= ) Vyx =7 Nxy,y =
Ha a a
22 22 22 2.3.3.3.1.1.8(d
...... (d)
« 1 « A « A
xy = ] XXy — y.Xy
Hagg a6 a6

2.3.3.3.2 Effective strength

Strength predictions for laminates can be made on the level of the entire laminate (macro scale), the
level of the ply (meso scale), or the level of the fiber and matrix constituents (micro scale). The macro
scale approach has the advantage of not requiring any localization via the lamination theory equations, but
rather utilizes laminate level force and moment resultants or midplane strains and curvatures in a multi-
axial failure criterion. The obvious drawback of this approach is that it requires a great deal of testing for
every different laminate to characterize the strength as a function of multi-axial extension and bending. As
such, this approach is used only sparingly. Conversely, the micro scale approach requires strength char-
acterization of only the constituent materials, which are often isotropic, and thus is very economical in
terms of testing. However, because this approach requires a micromechanics model in addition to the
equations of lamination theory (coupled with the fact that micromechanics models’ failure prediction capa-
bilities are generally spotty), it is also infrequently used.

The most commonly used approach to the laminate effective strength problem is far and away the
meso scale approach. In this approach, the plane stress lamination theory equations are employed to
localize to the level of the ply. Then, the ply level stresses or strains are employed within a failure criterion
(a.k.a. failure theory) to predict failure of the ply. Laminate failure can then be considered to occur at the
failure of the first ply (i.e., first ply failure), or the properties of failed plies can be reduced in some way, and
loading on the laminate allowed to continue until enough plies fail such that entire laminate reaches some
critical condition that is considered to constitute failure (i.e., progressive ply failure). The meso scale ap-
proach, then, requires multi-axial strength characterization of each ply in its principal material coordinates,
along with a multi-axial failure criterion. In the context of lamination theory, the multi-axiality is limited by
the plane stress assumption. The strength model for a given ply (with any thickness, location in the stack-
ing sequence, and fiber orientation) can then be used in any laminate. This meso scale approach is thus
far less cumbersome than the macro scale approach, which would require the characterization of the mul-
ti-axial extensional and bending strength of every different laminate.

In utilizing the meso scale approach to predicting laminate strength, the question then becomes one of
selecting an appropriate ply level failure criterion. In recent years there has been renewed interest in ply
level failure criteria, particularly for polymer matrix composites (PMCs). A coordinated study, known as the
World-Wide Failure Exercise (WWFE), was organized by Soden, et al., (Reference 2.3.3.3.2(a)) and Hin-
ton, et al., (Reference 2.3.3.3.2(b)) in which extensive experimental ply level E-glass/epoxy and graph-
ite/epoxy deformation and failure data were provided to the originators of 12 of the leading failure criteria.
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Then, using their own criteria, the participants were asked to predict the strength of several E-glass/epoxy
and graphite/epoxy laminates under an array of biaxial loading conditions. The failure theory predictions
were then compared with each other and experimental results in order to assess the effectiveness, accu-
racy, and reliability of each theory. Due to the well defined nature of the WWFE and the wide participation
of many of the experts in the field of composite failure, its data and findings will no doubt serve as a
benchmark for all new failure theories (and modifications to existing theories) for years to come. Further,
the influence of the WWFE is already being felt as structural engineers are adopting the failure criteria that
performed well in the exercise.

The simplest failure criteria (maximum stress and maximum strain) provide no interaction among the
stress and strain components and require only the characterization of the uniaxial strengths (or failure
strains) of the ply in the fiber direction, transverse to the fiber direction, and in shear. The Tsai-Hill criteri-
on includes interaction effects of the stress components and does not require additional characterization,
but can be cumbersome to include distinct tensile and compressive strengths. The Tsai-Wu criterion also
includes interaction effects of the stress components, but (strictly speaking) requires an additional interac-
tion parameter to be characterized. The Tsai-Wu theory, however, includes distinct tensile and compres-
sive strengths for a ply in a consistent manner. Phenomenological failure theories, such as Hashin, Puck,
and LaRCO03, associate different failure criteria with different failure modes. These theories can become
quite complex and difficult to characterize, but they have been shown to yield the best predictions.

The procedure for meso scale (ply level) strength analysis of laminates begins with Equation
2.3.3.3.1(q). Given the known state of loading on the laminate, the unknown laminate level quantities are
determined from Equation 2.3.3.3.1(q). Then, using Equation 2.3.3.3.1(m), the middle surface strains and
curvatures can be localized to the level of the ply. Note that, in the presence of curvatures, the ply level
strains (and stresses) will vary in each ply (see Equation 2.3.3.3.1(m)), and thus utilizing only a single set
of stresses and strains for each ply will not be as accurate. In such a case, the top and bottom points in
each ply can be considered, in addition to the midpoint. The ply level (or point-wise) strains, determined
from Equation 2.3.3.3.1(m) are then transformed to local (1-2) coordinates for each ply (or point in each
ply) via (inverted) Equation 2.3.3.3.1(f). Then, the three plane stress components for each ply (or point in
each ply) can be determined via Equation 2.3.3.3.1(b). At this point, the ply level (or point-wise) stress and
strain components are known, and can be employed to predict ply failure using one of the failure criteria
given below. Note that, for use in the maximum strain criterion, an additional strain component, the
through-thickness strain, ¢35, can be backed out from Equation 2.3.3.3.1(a). Doing so is, however, tech-

nically an inconsistency as the through-thickness strain is assumed to be zero in accordance with the
Kirchhoff hypothesis.

2.3.3.3.2.1 Maximum stress criterion

The maximum stress criterion indicates failure when any stress component exceeds its uniaxial
strength, with no interaction of the components. That is, failure occurs when,

o1 ZXt, 099 ZYt, |012|ZS, O11 gXC’ [S5)) SYC, 233321(3)

where, X, Y,, X,, Y., and S, are, respectively, the ply tensile strength in the fiber direction, the ply tensile
strength in the transverse direction, the ply compressive strength in the fiber direction, the ply compressive
strength in the transverse direction, and the ply in-plane (1-2) shear strength. Note that the compressive
strengths (X. and Y.) take on negative values. The normal stress failure envelope represented by the
maximum stress criterion is shown in Figure 2.3.3.3.2.1. A similar plot could be constructed with one nor-
mal component and the shear component.
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FIGURE 2.3.3.3.2.1 Failure envelope for the maximum stress criterion.

For a given ply (or point in a ply) the margin of safety (which measures how close the ply or point is to
failure based on the load level) based on the maximum stress criterion is then given by,

Xt
_— 011 >0
O11
MOS gy, =1 o 2.3.3.3.2.1(b)
¢ -1 Gll <0
O11
Yt
—_— Goo >0
MOS0 6, = (;22 2.3.3.3.2.1(c)
¢ -1 Gy <0
G22
S
Mosmax o :m_l 233321(d)
12

and the margin of safety for the ply or (or point in the ply) based on the maximum stress criterion is the
minimum of the three margins-of-safety given above.

A major advantage of the maximum stress criterion is its simplicity. It is also based solely on uniaxial
ply level test data, so it is easy to characterize for a given ply. A major disadvantage of the maximum
stress criterion involves its lack of interaction among the stress components. For example, it predicts fail-
ure of a ply (or point in a ply) at the same stress in the fiber direction (X,) regardless of whether a sizeable
transverse stress (c,,) and shear stress (c,) are also present. Obviously, this is incorrect as it is well
documented that in many cases strong stress component interactions affect failure of many types of mate-
rials. As such, the maximum stress criterion is often inaccurate, particularly under highly multiaxial stress
fields. In addition, the corners present in the failure envelope (Figure 2.3.3.3.2.1) are not typically ob-
served experimentally.
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2.3.3.3.2.2 Maximum strain criterion

The maximum strain criterion is identical in form to the maximum stress criterion, but employs the
strain components rather than stress components. That is, failure is predicted when,

11 2 Xg, e =Yy,  |12]2S.. & <X gy <Y,

eCc?

o> 2.3.3.3.2.2(a)

where X, Y., X, Yeo, and S, are, respectively, the ply tensile failure strain in the fiber direction, the
ply tensile failure strain in the transverse direction, the ply compressive failure strain in the fiber direction,
the ply compressive failure strain in the transverse direction, and the ply in-plane (1-2) engineering shear
strength. Note that the compressive failure strains (X,.and Y, ) take on negative values. A normal

strain failure envelope (in strain space) would appear identical to the rectangle shown in Figure
2.3.3.3.2.1. If an orthotropic linearly elastic constitutive relationship is assumed,

1 1 (712
Epy Ex» Gy
and
X Y, X Y,
Xy =L,y -t 5 - x -—2c oy -t 2.3.3.3.2.2(c)
Eyy Ex» Gpp Ey Ey»

the maximum strain criterion can be expressed in terms of stresses as,

611 - V1262 2 X, Oy —Vyi011 2 Yy, [012]28, o)1 -V <Xe, 0y —Vaoy <Y,
2.3.3.3.2.2(d)

which results in a quadrilateral failure envelope in normal stress space, as shown in Figure 2.3.3.3.2.2.

O22
=——Maximum Stress Criterion Failure Envelope
= = Maximum Strain Criterion Failure Envelope
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FIGURE 2.3.3.3.2.2 Comparison of the maximum stress and strain failure envelopes.
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The margins-of-safety associated with the maximum strain criterion are given by,
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and the margin of safety for the ply (or point in the ply) based on the maximum strain criterion is the mini-
mum of the three margins-of-safety given above. Assuming an orthotropic linearly elastic constitutive rela-
tionship, these margins-of-safety can be expressed in terms of stress components by substitution using
Equations 2.3.3.3.2.2(b) and (c).

The advantages and disadvantages of the maximum strain criterion are generally similar to those of
the maximum stress criterion. Which of these two criteria is more accurate and more conservative is de-
pendent on the composite material under consideration. Care should be used when employing the maxi-
mum strain criterion with a highly ductile, nonlinear composite material (e.g., some metal matrix compo-
sites in the direction transverse to the fibers). In such an instance, where the stress-strain response be-
comes nearly flat (i.e., perfectly plastic) prior to failure, while the failure stress may be well known and
quite repeatable, the failure strain may vary by 50% or more between tests. The failure strain is then a
poor measure of failure due to its large variability. Obviously, in such a case, the elastic relations embod-
ied by Equations 2.3.3.3.2.2(b) and (c) are not applicable, nor is Equation 2.3.3.3.2.2(d).

2.3.3.3.2.3 Tsai-Hill criterion

The Tsai-Hill criterion is based on an anisotropic extension of the von Mises yield criterion proposed
by Hill (Reference 2.3.3.3.2.3(a)) and applied to ply level failure by Tsai (Reference 2.3.3.3.2.3(b)). Unlike
the maximum stress and maximum strain criteria, it involves a single relationship that includes all plane
stress components acting on the ply, so the components are able to interact. Under plane stress condi-
tions, for a unidirectional ply, the Tsai-Hill criterion predicts failure when,

2 2 2
0_121_@+0L22+0_12221 2.3.3.3.2.3(a)
X X Y S

where X, Y, and S are, respectively, the ply strength in the fiber direction, the ply strength in the transverse
direction, and the ply in-plane (1-2) shear strength. Under uniaxial loading conditions (i.e., only one of
611, Oy, OF oy, applied), the Tsai-Hill criterion simplifies to the maximum stress criterion. However, in
the presence of a multi-axial stress field, all three in-plane stress components affect the failure of the ply.
The normal stress failure envelope represented by the Tsai-Hill criterion is shown in Figure 2.3.3.3.2.3(a).
Like a von Mises yield surface, the Tsai-Hill failure envelope is elliptical, however, the effects of anisotropy
are obvious. Note that, in the presence of a superimposed in-plane shear stress (o, >S ), the Tsai-Hill

normal failure envelope shrinks.
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FIGURE 2.3.3.3.2.3(a) Normal stress failure envelope.

The basic form of the Tsai-Hill criterion given in Equation 2.3.3.3.2.3(a) does not distinguish between
tension and compression. However, by employing X, or X, and Y, or Y. based on the signs of o;; and
oy, it is possible to include the effects of tension vs. compression in the Tsai-Hill criterion. This basically

amounts to utilizing a different elliptical failure criterion in each of the four coordinates of the normal com-
ponent stress space. Such a Tsai-Hill failure envelope is depicted in Figure 2.3.3.3.2.3(b). Of course, this
presupposes that the signs of the in-plane normal stress components are known a priori.
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FIGURE 2.3.3.3.2.3(b) Tsai-Hill failure envelope.
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The Tsai-Hill criterion margin of safety of a ply (or a point in a ply) is given by,

MOSg,inin = ! -1 2.3.3.3.2.3(b)

2 2
\/011_011522+022+G12
x> x*  y? g

For details on the derivation of the margin of safety for various failure criteria, see Zhang and Collier
(Reference 2.3.3.3.2.3(c)). The negative term appearing in the square root in the denominator of Equa-
tion 2.3.3.3.2.3(b) implies that it is possible for the Tsai-Hill criterion to provide an infinite or undefined (i.e.,
a complex number) margin of safety. However, this only becomes a possibility when Y >2X, and re-
calling that X is the strength in the fiber direction, and Y is the strength transverse to the fiber direction, it
is not ordinarily possible for this to occur. Mathematically, however, the result of Y >2X would be an open
yield surface in the in-plane normal stress space.

A significant advantage of the Tsai-Hill criterion, compared to the simpler maximum stress and strain
criteria, is its improved accuracy (see Tsai (Reference 2.3.3.3.2.3(b)). The interaction of the stress com-
ponents allows the Tsai-Hill criterion to correlate significantly better with experimental composite ply level
failure data. In addition, the fact that the failure envelope is smooth is more realistic, and the fact that it
entails one equation rather than three (in the case of identical tensile and compressive normal strengths)
is also advantageous. These advantage come while the Tsai-Hill criterion is no more difficult to character-
ize than the maximum stress criterion (only the uniaxial composite strengths are required). A disad-
vantage is that it is more difficult to include distinct tensile and compressive normal strengths within the
Tsai-Hill theory compared to the maximum stress and strain criteria. However, as discussed above, it can
be done.

2.3.3.3.2.4 Tsai-Wu criterion

The Tsai-Wu (Reference 2.3.3.3.2.4(a)) criterion, like the Tsai-Hill criterion, is based on a single rela-
tionship. However, the Tsai-Wu criterion inherently includes distinct normal tensile and compressive
strengths, clearly an advantage over the ad hoc methodology required to include this feature within the
Tsai-Hill criterion. Under plane stress conditions, for a unidirectional ply, and accounting for the fact that
the shear strength (S) is independent of the sign of the shear stress (o}, ) the Tsai-Wu criterion predicts

failure when,

2 2 2

1 1 1 1

—t+— O11 +| —+— O9) ——611 ——622 _,’__612 +2F12 011022 >1 233324(8)
X, X, Y, Y XX, Y Y, §?

C
where a new interaction term involving o;; and o,, and an accompanying interaction coefficient, F,, are

present. Thus, in addition to the five uniaxial ply level composite strengths (X, Y, X., Y., and S) present in
the maximum stress (and Tsai-Hill) criterion, the Tsai-Wu criterion has introduced an additional coefficient
that must be determined (or possibly discarded). Unfortunately, the F, coefficient cannot be determined

via a uniaxial ply level test, rather, a biaxial test is required. For example, if an in-plane biaxial test is per-
formed on a ply such that o, = o, until failure at a stress level of o|; =0,, =0, then the F, coefficient

is related to the biaxial strength, o, by,

F12: l_ 1-— L+L+L+L o+ L+; 62 233324(b)
267 Xy X Y Y. XeXe Y Ye

Because of the difficulty of experimentally determining the F, coefficient coupled with the fact that it typi-
cally has only a minor effect on the criterion’s predictions, it is often simply set to zero. Alternatively, F,

may be selected to allow better correlation of the Tsai-Wu theory with available experimental failure data.

158



CMH-17-4B
Volume 4, Section 2 Design Guidelines for Metal Matrix Materials

The normal stress failure envelope represented by the Tsai-Wu criterion is shown in Figure
2.3.3.3.2.4, where the F, coefficient has been set to zero. Like the Tsai-Hill failure envelope, the Tsai-Hill

failure envelope is elliptical, and the effects of anisotropy are obvious. Also, in the presence of a superim-
posed in-plane shear stress (o, > S ), the Tsai-Wu normal failure envelope shrinks.

The margin of safety of a ply (or a point in a ply), excluding the interaction term involving o;; and o,,,
is given by,

2
MOStgi-wu = -1

2
11 o1 11 11 ol o3  Oh
—_—t — 0114‘7"1‘7 022+ _—t — 011+7+7 022 +4 —7—7-‘,-72
Xy X Yy Y Xy X Yo Y XiXe Y Y. S

2.3.3.3.2.4(c)

For details on the derivation of the margin of safety for various failure criteria (and how the additional
interaction term may be included), see Zhang and Collier (Reference 2.3.3.3.2.3(c)). Note that the term
within the square root of the denominator in Equation 2.3.3.3.2.4(c) will always be positive as the normal
tensile strengths (X, and Y,) are always positive and the normal compressive strengths (X. and Y.) are
always negative. Further, while the terms in the denominator outside the square root may be negative,
they will always sum to a smaller magnitude than the evaluated square root in the denominator. As such,
the Tsai-Wu margin of safety will always be finite and real.

O22

XS~—___ | % On

FIGURE 2.3.3.3.2.4 Tsai-Wu failure envelope.

In addition to the advantage of included distinct tensile and compressive normal strengths, the Tsai-
Wu criterion has the advantage over the Tsai-Hill criterion of being more mathematically consistent (see
Jones (Reference 2.3.3.3.1(a) for details). While it is somewhat more complex than the Tsai-Hill criterion,
the Tsai-Wu criterion is generally considered to be more accurate than the Tsai-Hill criterion. In many
cases, however, the failure predictions of these two theories are quite similar.
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A modification to the Tsai-Wu theory was proposed by Tsai and Hahn (Reference 2.3.3.3.2.4(b)),
which amounts to estimating the F, coefficient as,

P — 2.3.3.3.2.4(d)

The Tsai-Wu criterion in which the F, coefficient is calculated based on Equation 2.3.3.3.2.4(d) is some-
times referred to as the Tsai-Hahn criterion.

2.3.3.3.2.5 Hashin criterion

The Hashin (Reference 2.3.3.3.2.5(a)) criterion, unlike the criteria discussed above, is based on phe-
nomenological considerations, in particular, the mechanisms that bring about failure in the composite ply.
Four failure modes are considered: tensile fiber failure, compressive fiber failure, tensile matrix failure,
and compressive matrix failure. A separate criterion is employed for each mode, and failure is predicted
when any of the four criteria are satisfied. The plane stress Hashin theory can be expressed as,

1) Tensile fiber failure mode:

2 2
[EJ +("£j >1, Gy >0 2.3.3.3.2.5(a)
Xt S
2) Compressive fiber failure mode:
O11 < XC , O11 <0 233325(b)
3) Tensile matrix failure mode:
2 2
°n +("£j >1, Gy >0 2.3.3.3.2.5(c)
Yr S
4) Compressive matrix failure mode:
2 | 2 2
O | | Yo | j|%2 (%] 5, Gy <0 2.3.3.3.2.5(d)
2St 2St Yc S

where an additional coefficient, Sy, the transverse shear strength, has been included. Recall that S is the
axial shear strength and is associated with the oy, shear stress component. Conversely, the transverse
shear strength is associated with the o,; shear stress component (which is zero under the lamination

theory plane stress assumption). Clearly, the Hashin criterion can be viewed as a combination of features
from the maximum stress and Tsai-Hill criteria. Like the maximum stress criterion, the Hashin criterion
actually includes a number of sub-criteria, the satisfaction of any of which results in predicted failure. In
fact, the Hashin compressive fiber failure mode criterion is identical to the maximum stress criterion for
o711 <0. However, like the Tsai-Hill criterion, the remaining three sub-criteria that embody the Hashin the-

ory involve interaction of the in-plane stress components. Also, the interactions in the Hashin sub-criteria
involves only one normal stress component and the shear stress component, c;,. The in-plane normal

stress components, o;; and o,,, do not appear together in any of the sub-criteria. Thus, the normal

stress failure envelope for the Hashin criterion is identical to the rectangular maximum stress criterion
normal stress failure envelope (see Figure 2.3.3.3.2.1) (note that o5, =Y., o1, =0 lies on the envelope

given by the Hashin sub-criterion 4). The Hashin failure envelopes plotted in o;;-oc;, stress space or
0,3, - 01, stress space, on the other hand, resemble their Tsai-Hill counterparts (and are elliptical).

As with the maximum stress criterion, the Hashin criterion results in separate margins-of-safety for
each of the sub-criteria associated with the failure modes. The Hashin margin of safety for the ply (or
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point in the ply) is then the minimum of these four margins-of-safety. The Hashin margins-of-safety are
given by,

1) Tensile fiber failure mode:

MOSHashin Ft = B > -1 ’ G > 0 233325(6)
ou | (o2
Xt S
2) Compressive fiber failure mode:
X
MOSHashinFC :G_c_l ’ o171 < 0 233325(f)
11
3) Tensile matrix failure mode:
1
MOSyashin mt = > - -1, Gy >0 2.3.3.3.2.5(g)
OS2 | 4| %12
Yr S
4) Compressive matrix failure mode:
2
MOSHashin Mc = -1, Gy <0

2 2 2 P 2 2
52| _ Yc + || 522 Yc 1| +4| 822 | 414|512
Yc 28t Yc 2St Yc S

For details on the derivation of the margins-of-safety for various failure criteria, see Zhang and Collier
(Reference 2.3.3.3.2.3(c)). Note that the terms within the square roots in the denominators of the Hashin
margin of safety equations will always be positive, yielding a real result in all cases. Further, the whole
denominator in Equation 2.3.3.3.2.5(h) will always be positive, resulting in a finite Hashin compressive ma-
trix failure mode margin of safety.

2.3.3.3.2.5(h)

The main advantage of the Hashin failure theory is its mechanistic basis. Unlike the Tsai-Hill and Tsai-
Wu criteria, it not only predicts ply failure, but also the mode responsible for the ply failure. This infor-
mation can be of use to designers seeking to make changes to a particular laminate configuration to in-
crease the strength by avoiding or delaying a particular failure mode. As discussed above, while the
Hashin theory does include significant interaction effects, the interaction involves only one in-plane normal
stress component and the in-plane shear stress. Thus, the interaction effect is less involved than that rep-
resented by the Tsai-Hill and Tsai-Wu criteria. Like the Tsai-Wu criterion, the Hashin theory introduces a
new parameter that requires characterization, namely, the transverse shear strength, S;. This parameter,

associated with the ply x,- and x;-directions (and the shear stress component c,5 ) can be somewhat diffi-

cult to obtain. In addition, testing has shown that the Hashin compressive failure mode sub-criteria are not
always accurate (Davila and Comanho (Reference 2.3.3.3.2.5(b)). Modifications to the Hashin theory that
improve its accuracy have recently been proposed by Sun, et al., (Reference 2.3.3.3.2.5(c)).

2.3.3.3.2.6 Puck and LaRCO3 criteria

As discussed above, a renewed interest in ply level failure criteria has arisen in recent years, due in
part due to the World Wide Failure Exercise (WWFE) (Soden, et al., (Reference 2.3.3.3.2(a)), Hinton, et
al., (Reference 2.3.3.3.2(b)). Two more recently developed failure theories that have been shown to pro-
vide accurate predictions are the Puck (Puck and Schurmann, (Reference 2.3.3.3.2.6)) and LaRCO03
(Davila and Comanho (Reference 2.3.3.3.2.5(b)) criteria. The WWFE identified the Puck failure theory as
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one of the best currently available, and this theory is currently being widely adopted by the European air-
craft industry. The Puck failure theory, like the Hashin criterion, is based on a number of different sub-
criteria associated with different failure modes. A key ingredient of the Puck theory involves determination
of a fracture plane parallel to the fiber direction (see Figure 2.3.3.3.2.6(a)) based on the stresses acting on
each plane and the resistance to failure associated with each plane. Based on the angle (o, see Figure
2.3.3.3.2.6(a)) of the fracture plane, different failure mechanisms and failure criteria are activated. The
Puck criterion has been shown to correlate well with experimental data, especially when nonlinear defor-
mation prior to failure is not pronounced. Unfortunately, the Puck criterion is quite complex and involves
several material parameters that are difficult to characterize and not completely physical.

A new failure theory recently developed by Davila and Comanho (Reference 2.3.3.3.2.5(b)), the
LaRCO03 criterion (named after the NASA Langley Research Center), employ’s Puck’s fracture plane con-
cept, but does so in a simplified manner, without the need for an extensive number of non-standard mate-
rial parameters. In addition to the standard uniaxial ply strengths (X, Y, X., Y., and S) and in-plane elas-
tic properties (E;;,E,,,viy, and Gy, ), only two additional material parameters are required. These are

the axial mode | and mode |l fracture toughnesses, Gy, and Gy, associated with a crack growth in the

ply along the fiber direction. Two additional optional material parameters can be determined experimental-
ly or approximated via physical relationships.

Fiber Oriew

Fracture Plane

FIGURE 2.3.3.3.2.6(a) Fracture plane identified by the Puck theory.

The LaRCO03 failure theory, like the Hashin theory, involves sub-criteria for fiber tension, fiber com-
pression, matrix tension, and matrix compression. In addition, within both fiber compression and matrix
compression, there are two sub-criteria rather than one. In the case of matrix compression, the active
sub-criterion is chosen based on the magnitude of the compressive stress in the transverse direction. In
the case of fiber compression, the active sub-criterion is chosen based on the sign (i.e., tension or com-
pression) of a misalignment stress associated with fiber waviness. While the LaRCO03 equations are not
given here, they are summarized on a single page by Davila and Comanho (Reference 2.3.3.3.2.5(b)).

A sample LaRCO03 normal stress failure envelope is shown in Figure 2.3.3.3.2.6(b). As shown, the
envelope is qualitatively similar to those associated with the maximum stress, maximum strain, and Hash-
in criteria when the ply is in tension in the fiber direction. For compression in the fiber direction, the enve-
lope exhibits a good deal of nonlinearity associated with stress component interaction effects. The
LaRCO03 failure envelope in the o,, -0, stress space is also highly nonlinear.
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FIGURE 2.3.3.3.2.6(b) LaRCO03 failure envelope.

2.3.3.3.3 Creep

Thermal and inelastic effects can be incorporated within lamination theory by first including them in the
local ply constitutive equation,

-1 ey — o AT =& |
11 Chi G C3 0 e 1
Sy Chr Cpn Cy O

o33 | |Gz Cy3 Gz O

in
€y —0AT —g3)

S O O

_ AT — in
833 a33 833 23333(3)

S O o O

623 0 0 0 Cyu O Y23 15
O3 0 0 0 0 C55 0 in
Y13 = Y13

G2 0 0 0 0 0 Cg .
L - L - mn
Y12 = V12

where o;; are the ply coefficients of thermal expansion, AT is a temperature change from reference, and
in
ij
rotated to laminate (x-y) coordinates, Equation 2.3.3.3.3(a) becomes,

g: and y}Jn are the ply inelastic (creep or plastic) strains. Reduced to the plane stress configuration and

Oxx Qi1 Qp 616 Bxx ~ U AT —8xx
ny = 912 922 926 Syy —OtyyAT—Sl}I,ly 23333(b)
G Qi Q26 Qe

Xy Txy _axyAT_ygly

where it is noted that, for an orthotropic ply in global (x-y) coordinates, an engineering shear coefficient of
thermal expansion (axy) is present. Considering the additional thermal and inelastic terms throughout the

lamination theory derivation results in a laminate thermo-elasto-plastic constitutive equation of the form,
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where this equation is identical to Equation 2.3.3.3.1(a) with addition of thermal (NU,

Mg) and inelastic

(Ng‘, M:J“) force and moment resultants, which are given by,

N;Ex Olyx MIX Olxx
1o 1815 22

NT, =k§1[Q]k oy | AT (2 ~71), MY :Eka[Q]k oy | AT (zk—zk_l) 2.3.3.3.3(d)
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_Ngly_ Y;?y (2) M;?y leny (2)

The ABD matrix in Equation 2.3.3.3.3(c) is identical to that of the purely elastic case (Equation
2.3.3.3.1(a)). Effective coefficients of thermal expansion for symmetric (Bij =0) laminates can then be

determined by examining the pure thermo-elastic case (N;; = Mj; = Ng‘ = M}J“ =0) in which,

8XX G’XX
g9y | =| oy [AT 2.3.3.3.3(f)
0 *
ny axy
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From Equations 2.3.3.3.3(a) to 2.3.3.3.3(e), it is clear that, while effects due to thermal expansion are
relatively easily incorporated within lamination theory, there are some complexities associated with incor-
porating inelastic material response such as creep. First, while the thermal terms in Equation 2.3.3.3.3(a)
are easily calculated using the coefficients of thermal expansion, no such simple relationships are availa-
ble for the inelastic response of an orthotropic ply. Most rigorous plastic and viscoplastic theories are ap-
plicable to isotropic materials, which would necessitate utilization of an inelastic micromechanics model to
obtain the orthotropic ply-level inelastic strains required in Equation 2.3.3.3.3(a). Further, as indicated in
Equation 2.3.3.3.3(e), since closed-form expressions for the ply-level inelastic strains (now rotated to x-y
coordinates) are generally unavailable, the through-thickness integrals appearing in the inelastic force and
moment resultant equations cannot be evaluated in closed form (as can, for instance, the integrals in the
thermal force and moment resultant equations). Finally, because a laminate can experience bending, the
inelastic strains will generally vary within each ply through the laminate’s thickness, requiring additional
care to be taken in determining the inelastic force and moment resultant terms.

One of the simplest and most approximate inelastic constitutive models that can be incorporated into
lamination theory is uncoupled power-law creep. This version of the power law creep model is uncoupled
in that, it is assumed that each component of the inelastic strain is independent. As such, in-plane stress
and principal material (1-2) coordinates of a ply we have,

& = Ay (o)™ &% =Ap (02)"™ 15 = A (01,)™ 2.3.3.3.3(i)

where &[], &5, and ¢}, are the creep rate components, A,;, A,,, andA,, are the creep coefficients
andn;, ny,, andn;, are the creep exponents. For a given orthotropic ply, the creep coefficients and ex-

ponents are material parameters that could be characterized via creep tests on the unidirectional ply mate-
rial. Then, Equation 2.3.3.3.3(i) can be used on the level of the ply to determine an increment in the ine-
lastic strains based on an increment of time and increments of the local ply (1-2) stresses. Then, through
rotation and integration, all global quantities in Equation 2.3.3.3.3(c) could be evaluated. This procedure
obviously requires incremental application of laminate level loading, and localization to the level of ply
stresses for each loading increment. That is, the algorithm to analyze the laminate creep behavior would
be:

Begin assuming known laminate ABD matrix and zero inelastic strains.

Apply small increment in time and laminate-level loading.

Knowing all laminate-level quantities from Equation 2.3.3.3.3(c), localize to obtain ply-level stresses and
strains (Equations 2.3.3.3.1(m), 2.3.3.3.1(f), and 2.3.3.3.1(b)).

Knowing the local ply-level (1-2) stresses, use Equation 2.3.3.3.3(i) to determine an increment in inelastic
strains and add them to the previous local inelastic strains to obtain new local inelastic strains.

Rotate new local inelastic strains to laminate (x-y) coordinates and determine the laminate force and mo-
ment resultants via Equation 2.3.3.3.3(e).

Apply next increment in time and loading and, based on current values of the inelastic force and moment
resultants, determine remaining laminate level quantities from Equation 2.3.3.3.3(b).

Go to step (3).

Utilizing this algorithm, the time/loading profile on the creeping laminate can be stepped through to
reach the final desired time/load level. It should be noted once again that, the decoupled power-law creep
equations given Equation 2.3.3.3.3(i) are approximate in nature and account only for steady-state creep.
Further, the equations are only truly valid for monotonically increasing or sustained loading. A much more
rigorous and realistic inelastic analysis involves further localizing to the level of the individual fiber and ma-
trix material in each ply (via micromechanics) and employing a viscoplastic model that accurately accounts
for creep and plastic strains. The MAC/GMC software package (Bednarcyk and Arnold Reference
2.3.3.3)), available to U.S. Citizens from NASA Glenn Research Center, does just this and also allows us-
er-defined local inelastic models.
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2.3.3.3.4 Multiaxial effects

This section is reserved for future use.
2.3.3.4 Damage tolerance

This section is reserved for future use.
2.3.3.5 Durability

This section is reserved for future use.
2.3.3.6 Life prediction

This section is reserved for future use.
2.3.4 DESIGN GUIDELINES (DISCONTINUOUS FIBER REINFORCED MMC)
2.3.4.1 Micromechanics

This section is reserved for future use.
2.3.4.1.1 General relationships

This section is reserved for future use.
2.3.4.1.2 Effective elastic properties

This section is reserved for future use.
2.3.4.1.3 Fiber-matrix bond strength

This section is reserved for future use.
2.3.4.1.4 Inelastic mechanisms and damage

This section is reserved for future use.
2.3.4.2 Viscoplastic constitutive relations

This section is reserved for future use.
2.3.4.2.1 Tensile response

This section is reserved for future use.
2.3.4.2.2 Compressive response

This section is reserved for future use.
2.3.4.2.3 Shear response

This section is reserved for future use.
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2.3.4.3 Crack growth behavior

This section is reserved for future use.
2.3.4.4 Durability

This section is reserved for future use.
2.3.4.5 Life prediction

This section is reserved for future use.

167



CMH-17-4B

Volume 4, Section 2 Design Guidelines for Metal Matrix Materials

2.3.3.1.2(a)

2.3.3.1.2(b)
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2.4 APPLICATIONS AND CASE STUDIES
2.41 COMPONENTS FOR STRUCTURAL APPLICATIONS
This section is reserved for future use.
2.4.2 COMPONENTS FOR TRIBOLOGICAL APPLICATIONS
This section is reserved for future use.
2.4.3 COMPONENTS FOR THERMAL MANAGEMENT APPLICATIONS
This section is reserved for future use.
2.4.4 COMPONENTS FOR THERMAL EXPANSION CONTROL
This section is reserved for future use.
2.4.5 OTHER MISCELLANEOUS APPLICATIONS

This section is reserved for future use.
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3. MATERIALS PROPERTIES DATA

3.1 GENERAL INFORMATION
3.1.1 INTRODUCTION
This section is reserved for future use.
3.1.2 PURPOSE, SCOPE, AND ORGANIZATION OF SECTION
This section is reserved for future use.
3.1.3 PRESENTATION OF DATA
This section describes how the data are presented and organized in this Volume (CMH-17-4).
3.1.3.1 Properties and definitions
The properties and their definitions are found in the appropriate chapters of Volume 4. Reinforcement
properties and methods for obtaining them are discussed in Section 1.6. Matrix properties are presented
in Section 1.9. Methods for characterizing metal matrix composite materials are discussed in Section 1.4.
Properties and definitions for laminae and laminates are presented in Section 1.3. The statistical methods
used in determining these properties are discussed in Volume 1, Chapter 8. Material system codes and
laminate orientation codes are defined in Section 1.1.6.2
3.1.3.1.1 Sign convention
All compressive values, represented by a superscript c, are reported as positive numbers. Thus, a
positive compression strength indicates failure due to a load applied in the opposite direction of a positive
tensile failure.
3.1.3.2 Table formats
The Table formats for mechanical property data presentation are given in Tables 3.1.3.2 (a) and
3.1.3.2(c). Table 3.1.3.2(a) shows the summary pages giving information about the material system and
the properties for which data are available. The following notes apply to this Table:
o Handbook section title and number. Sections are titles using the following information:
{Fiber} {Filament-Count}/{Matrix} {Process Sequence Description}
The process sequence description includes foil/fiber/foil and any other consolidation process se-
quence. If a warning regarding data documentation is included for the data set, an asterisk follows
the section title.
®  The first set of information in a data section is a summary Table containing information on the ma-

terials, processing, etc. The box with a heavy border in the upper right-hand corner identifies the
first summary Table.
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{Fiber Class}/{Matrix Class} {Process Sequence Description}
{Fiber}/{Matrix}

Summary

This box contains the fiber/matrix class of the material, such as silicon carbide/titanium, identified
as SiC/Ti using the material system codes in Section 1.1.6.2 The material identification is summa-
rized by the fiber and matrix names.

Material information is presented for the composite, the fiber, and the matrix. Composite material
identification is presented as:

{Fiber} {Filament-Count}/{Matrix} {Process Sequence Description}

Fiber identification includes {Manufacturer} {Commercial Name} {Continuous/Discontinuous} {Di-
ameter}. Matrix identification is presented as {Commercial Name}. The consolidation process
manufacturer is listed here as well.

Basic processing information is presented. This includes the type of processing sequence, tem-
perature, pressure, duration, and any other critical parameters for one or more processing steps.
The data source is identified here as well.

Any warning for limited data documentation is presented on each page of data presentation. On
the first page of a data section, a warning is shown below the material identification block.

The block below the material identification block presents various dates relevant to the fabrication
and testing of the material. The date of data submittal determines the data documentation re-
quirements that were used for the data set and the date of analysis determines the statistical
analysis that was used. Ranges of dates are presented where appropriate, such as a testing pro-
gram which lasted several months.

Lamina properties are summarized with the class of data provided for each property. The col-
umns of the lamina property summary Table define the environmental conditions and fiber vol-
umes. The first column contains room temperature data in an air environment. The remaining
columns are ordered from lowest to highest temperature. For each temperature, the columns are
ordered from lowest to highest fiber volume. If there is enough space, a blank column separates
the room temperature column from the other columns.

The rows of the lamina summary Table identify the type test and direction. For each test type and
direction, the class of data for the strength, modulus, Poisson's ratio, strain-to-failure, proportional
limit, 0.02-offset-strength, and 0.2-offset-strength are provided, in that order. For example, if the
entry under RT-air-35 and Tension, 1-axis is FF-S---. There is room temperature data tested in
an air environment for longitudinal tension strength, modulus, and strain-to-failure, but not Pois-
son's ratio, proportional limit, 0.02-offset-strength, or 0.2-offset-strength. The strength and modu-
lus data are fully approved, and the strain-to-failure data are screening. The classes of data ap-
proval are defined in Section 1.3.1.2. Fully approved data requires a minimum number of tests as
defined in Sections 1.3.4.2 and 1.3.5.2. Screening data represents a smaller number of tests.

Continuing on the second page of summary information (Table 3.1.3.2(a)):

O]

Any warning is placed at the top of this page.
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@

The box at the top of the second page of summary information presents basic physical parame-
ters for the data set. The first data column contains nominal values, typically specification infor-
mation.

The second data column presents the range of values for the data set submitted.

The last column presents the test method used to obtain these data.

Laminate property data are summarized in the lower box in the same way as lamina property data
are summarized on the previous page. Families of laminates are provided with properties listed
below each laminate family. Specific lay-up information is provided in the detailed Tables which

follow. The type of test and direction are included only if data are available and are based on Ta-
ble 3.1.3.2(b).
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TABLE 3.1.3.2(a) Summary Table format, continued on next page.

X.X.X {Fiber} {Filament-Count}/{Matrix} {Process Sequence Description}* @

MATERIAL: {Fiber} {Filament-Count}/{Matrix} {Process Sequence Description} © (2]
FIBER: {Commercial Name} {Continu- MATRIX: {Commercial Name}

ous/Discontinuous}

{Diameter}
MANUFACTURER: {Consolidation Process Manufacturer}
PROCESS SEQUENCE: {Process} (4]
PROCESSING: {Type of Process}. {Temperature}, Source: {Data source}

{Duration}, {Pressure}

*Warning} ©
Date of fiber manufacture MM/YY | Date of testing MM/YY
Date of matrix manufacture MM/YY | Date of data submittal MM/YY
Date of composite manufacture MM/YY | Date of analysis (o] MM/YY

LAMINA PROPERTY SUMMARY @

Temperature {RT} {coldest to hottest}

Environment

Fiber v/o {lowest to highest}

Tension, 1-axis
Tension, 2-axis
Tension, 3-axis

Compression, 1-axis

Compression, 2-axis Classes of approval are noted for
each type test/direction/environmental
Compression, 3-axis condition/fiber volume combination

Shear, 12-plane
Shear, 23-plane
Shear, 31-plane

{Additional type
test/direction}

Classes of data: F - Fully approved, S - Screening in order: Strength/Modulus/Poisson’s Ratio/Strain-to-failure/Proportional

Limit/0.02-offset-strength/0.2-offset-strength.
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TABLE 3.1.3.2(a) Summary Table format, concluded.

Warning ©

Nominal @ As Submitted ® Test Method @
Fiber Density (g/cm®) XXX {Minimum} - {Maximum} {Method}
Foil Matrix Density (g/cm®) XXX {Minimum} - {Maximum} {Method}
Composite Density (g/cm®) XXX {Minimum} - {Maximum} {Method}
Ply Thickness* (in 0.0XXX {Minimum} - {Maximum} {Method}

* Fiber center to fiber center

LAMINATE PROPERTY SUMMARY ®

Temperature {RT} {coldest to hottest}

Environment

Fiber v/o {lowest to highest}

{Laminate Family}

{Type test/direction}

Classes of approval are noted for
each type test/direction/environmental
condition/fiber volume combination

Classes of data: F - Fully approved, S - Screening in order: Strength/Modulus/Poisson’s Ratio/Strain-to-failure/Proportional
Limit/0.02-offset-strength/0.2-offset-strength.
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TABLE 3.1.3.2(b) Laminate type test and directions

Type Test Direction
Tension Compression After Impact X-axis xy-plane
Compression Bearing y-axis yz-plane
Shear CTE z-axis zx-plane
Open Hole Tension
Open Hole Compression

Unless otherwise noted, the x-axis corresponds to the 0 direction of the laminate lay-up. Data in-
cluded for this material are indicated by the class of approval, identified in the footnote.

The format for a data Table containing as-measured material property information is shown in Table

3.1.3.2(c).
® Warnings are shown on each page for data sets which do not meet the data documentation re-
quirements.
® At the top right corner of each page is a box with a heavy border. This box contains information
which identifies the data set, the type of test for which results are shown, specimen orientation, test
conditions, and the classes of data.
{Table Number}
{Fiber Class}/{Matrix Class} {Form}
{Fiber Name}/{Matrix Name}
{Test Type}, {Direction}
{Lay-up}
{Test Temperature, Environment}
{Classes of Data Approval}
®  Material identification is provided for the composite material as
{Fiber} {Filament-Count}/{Matrix} {Process Sequence Description}
The range of physical parameters, machining method, fiber volume, fiber spacing, specimen ge-
ometry, gage thickness, gage width, and composite density are presented for the data on this par-
ticular page.
®  The test method is identified with the section number in Volume 4 where that test method is de-
scribed.
®  The method of calculating the modulus is presented for mechanical property data. This includes
the calculation method, and the location or range of measurements used for the calculation.
®  Pre-test exposure is identified here as {Method} {Temperature} {Time} {Other critical parameters}.
Surface condition is also presented here
®  The normalization method is presented for data that have been normalized. The source is identi-

fied here as well.
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©® At the top of each data column are the test conditions. Temperature (°F), environment (air, helium,
etc.), fiber volume (%), and strain rate (1/s) are shown for each column.

©®  Strength data and strain-to-failure data are presented in the handbook with a full set of statistical
parameters. The class of data approval is indicated for each property/condition combination. B-
values are presented only for fully approved data. A-basis values are presented for fully approved
data which meet the batch and specimen number requirements for A-basis values. The distribu-
tion method of analysis is presented. The constants, C; and C,, correspond to the distribution.
These are as follows:

C4 &
Weibull scale parameter shape parameter
Normal mean standard deviation
Lognormal mean of the natural log of the | standard deviation of the natural
data log of the data
Nonparametric | rank Hanson-Koopmans coefficient
ANOVA tolerance limit factor population standard deviation

® Modulus data are presented with only mean, minimum, maximum, coefficient of variation, lot size,
and sample size. Values are presented for both normalized and as-measured data. Where avail-
able, Poisson's ratio data are presented with batch size and sample size information.

Information frequently presented in footnotes include conditioning parameters, reasons for not pre-
senting B-values, and deviations from standard test methods.

Symbols for properties are presented with property directions as subscripts and property type, for exam-
ple, tension (t), as superscripts. The example Table shows symbols for lamina tension in the fiber direc-
tion.
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TABLE 3.1.3.2(c) Table format for measured data.

{Warning} @
MATERIAL: {Fiber} {Filament count}/{Matrix} {Tape/weave type} ©
MACHINING: {machining method} = FIBER VOLUME: XX - XX vol %
FIBER SPACING: (2]
SPECIMEN GEOMETRY:
GAGE THICKNESS: 0.0XXX - 0.0XXXin. MODULUS ©
GAGE WIDTH: (4] 0.0XXX - 0.0XXXin.  CALCULATION: {Method}, XXXX - XXXX pe

TEST METHOD: {Section Number}

PRE-TEST EXPOSURE:  {Method} {Temp.} {Time} {Other critical parameters}® SURFACE COND:
NORMALIZED BY: {Method} to XX % @ SOURCE: {Data source}

Temperature (°F)
Environment

Fiber Volume (%) (8]
Strain Rate (1/s)

Mean

Minimum
Maximum
C.V.(%) 9]

B-value
Flm Distribution

(ksi)  C
C2

No. Specimens
No. Lots
Approval Class

Mean

Minimum

Maximum
E{ C.V.(%) (10]

(Msi) No. Specimens
No. Lots
Approval Class

Mean
No. Specimens

t
v, No. Lots (10]

Approval Class

Mean

Minimum
Maximum
C.V.(%) 9]

B-value
g}u Distribution
(%) G

Cz

No. Specimens
No. Lots
Approval Class
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The format for a data Table containing shear material property information is shown in Table 3.1.3.2(d).

o

(2]

Warnings are shown on each page for data sets which do not meet the data documentation re-
quirements.

At the top right corner of each page is a box with a heavy border. This box contains information
which identifies the data set, the type of test for which results are shown, specimen orientation, test
conditions, and the classes of data.

{Table Number}
{Fiber Class}/{Matrix Class} {Form}
{Fiber Name}/{Matrix Name}

{Test Type}, {Direction}
{Lay-up}
{Test Temperature, Environment}
{Classes of Data Approval}

Material identification is provided for the composite material as
{Fiber} {Filament-Count}/{Matrix} {Process Sequence Description}

The range of physical parameters, machining method, fiber volume, fiber spacing, specimen ge-
ometry, gage thickness, gage width, and composite density are presented for the data on this par-
ticular page.

The test method is identified with the section number in Volume 4 where that test method is de-
scribed.

The method of calculating the modulus is presented for mechanical property data. This includes
the calculation method, and the location or range of measurements used for the calculation.

Pre-test exposure is identified here as {Method} {Temperature} {Time} {Other critical parameters}.
Surface condition is also presented here

At the top of each data column are the test conditions. Temperature (°F), environment (air, helium,
etc.), fiber volume (%), and strain rate (1/s) are shown for each column.

Strength data and strain-to-failure data are presented in the handbook with a full set of statistical
parameters. The class of data approval is indicated for each property/condition combination. B-
values are presented only for fully approved data. A-basis values are presented for fully approved
data which meet the batch and specimen number requirements for A-basis values. The distribu-
tion method of analysis is presented. The constants, C; and C,, correspond to the distribution.
These are as follows:

C4 C,
Weibull scale parameter shape parameter
Normal mean standard deviation
Lognormal mean of the natural log of the | standard deviation of the natural
data log of the data
Nonparametric | rank Hanson-Koopmans coefficient
ANOVA tolerance limit factor population standard deviation
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1] Modulus data are presented with only mean, minimum, maximum, coefficient of variation, lot size,
and sample size. Values are presented for both normalized and as-measured data. Where avail-
able, Poisson's ratio data are presented with batch size and sample size information.

* Information frequently presented in footnotes include conditioning parameters, reasons for not pre-
senting B-values, and deviations from standard test methods.

Symbols for properties are presented with property directions as subscripts and property type, for exam-

ple, tension (t), as superscripts. The example Table shows symbols for lamina tension in the fiber direc-
tion.
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TABLE 3.1.3.2(d) Table format for shear data.

{Warning} @
MATERIAL: {Fiber} {Filament count}/{Matrix} {Tape/weave type} ©
MACHINING: {machining method} = FIBER VOLUME: XX - XX vol %
FIBER SPACING: (2]
SPECIMEN GEOMETRY:
GAGE THICKNESS: 0.0XXX - 0.0XXXin. MODULUS (5]
GAGE WIDTH: O  0.0XXX-0.0XXXin. CALCULATION: {Method}, XXXX - XXXX pe

TEST METHOD: D 5379M-93

PRE-TEST EXPOSURE: {Method} {Temp.} {Time} {Other critical parameters}® SURFACE COND:
NORMALIZED BY: Not normalized SOURCE: {Data source}

Temperature (°F)
Environment

Fiber Volume (%) (7]
Strain Rate (1/s)

Mean

Minimum
Maximum
C.V.(%) (8]

B-value

ESu Distribution
12

(ksi)  C
C2

No. Specimens
No. Lots
Approval Class

Mean
Minimum
GS Maximum
12 C.V.(%) 9]

(Msi) No. Specimens
No. Lots
Approval Class

Mean

Minimum
Maximum
C.V.(%) (8]

B-value
su Distribution
12
(ne) G4
C2

No. Specimens
No. Lots
Approval Class
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3.1.3.3 Fatigue data

CMH-17 Volume 4 has adopted the fatigue curve fitting procedures described in MIL-HDBK-5E [Ref-
erence 3.1.3.3]. Curves for constant amplitude fatigue are assumed to have the form

logN, =4 + 4,logAs

where A, and A, are fit to data using a least-squares regression. As is the cycle range for either stress or
strain. The CMH-17 curves do not incorporate an equivalent stress calculation, or attempt any adjustment
for different R-ratio values. MIL-HDBK-5 includes additional fitting parameters, including an A; which
leads to a nonlinear fit. These parameters have not been incorporated in the CMH-17 models.

The use of run-out data in the fit also follows the Reference 3.1.3.3 approach. The rules are summa-
rized as follows:

¢ Run-outs at stress levels above the minimum stress at which a failure occurred are included in the
curve fitting calculations.

e Run-outs at stress levels below any stress at which a fatigue failure occurred are shown on the
plots, but are not included in the curve fitting calculations.

The curve fitting method includes the Reference 3.1.3.3 procedures that account for non-uniform vari-
ance. This approach recognizes that the residual errors of the curve fit tend to increase with decreasing
stress levels. A statistical test is applied to determine if the variance is uniform. If non-uniform variance is
detected, then a linear model is fitted to the variance as a function of stress level. That model is then
used to adjust the weighting factors in a revised estimate of the S-N curve.

The test for uniform variance leads to two presentation forms in the correlative information Tables pro-
vided for each of the fatigue curves. If the variance is uniform, then an example of the strain-life equation
information provided would be:

Log N¢=3.97 — 4.39 Log (Ag)
Std. Dev. of log (Np) = 0.12
R® = 97%, No. of Samples = 17

Where the standard deviation of log(Ny) is a constant, and R” is the root-mean-squared-error for the fit. If
the variance is non-uniform, then the standard deviation appears as a function of stress or strain, as in

Log N¢=4.04 — 4.60 Log (A¢)
Std. Dev. of Log (Ny) = 0.217 (1/A¢g)
R’ = 83%, No. of Samples = 12

In this case, R” is an adjusted error measure that includes the nonconstant weighting factors.
REFERENCES

3.1.3.3 “Metallic Materials Properties Development and Standardization (MMPDS)”, formerly MIL-
HDBK-5, 2012, MMPDS-07.
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3.2 REINFORCEMENT PROPERTIES
3.2.1 INTRODUCTION

The following information pertains to the mechanical properties of various fiber reinforcements. These
properties are based on material of varying maturity and should be considered experimental in nature.
“Typical” values are listed for approximate rule-of-mixtures calculations, but should not be used for final
design purposes. These “typical” values are based on as-received properties and some change in proper-
ties should be anticipated as a result of the composite manufacturing process.

3.2.2 ALUMINA FIBERS
3.2.2.1 Introduction

Commercial aluminum oxide (Al,O5) fibers are produced by spinning and heat-treating sol/gel (i.e.,
chemically-derived) precursors, slurries of Al,O particles, or mixtures of both. Al,Oj; fibers are polycrystal-
line, with a very small grain size (< 0.5 pm), which is optimal for high strength. Al,O; fibers are spun in the
form of tows or rovings, which typically consist of 400 - 1000 filaments each having a diameter of 10 - 15
pm. Fiber rovings can be woven into fabrics and other complex shapes. Al,Oj; fibers have high elastic
modulus, high tensile and compressive strength, and high electrical resistivity, and are stable in corrosive
environments and in molten metals such as aluminum. Al,O; fibers are very refractory and retain their
properties in air at 1832°F (1000°C) and above.
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3.2.2.2 Virgin Nextel ™ 610 fiber

MATERIAL: Nextel'™ 610 Alumina Fibers
CHEMICAL COMP.: >99% Al,03
FIBER: Diameter = 12 um

MANUFACTURER: 3M Co.
PROCESSING: 3000 denier, 780 filament roving

Al,O;
Nextel™ 610 Fiber
Summary

Date of fiber manufacture 3/99
Date of testing 6/99

Date of data submittal

Date of analysis

2/01
2/01

FIBER PROPERTY SUMMARY

Temperature °C (°F)

22 (72)

Tension

S___

Classes of data: F - Fully approved, s - Screening in Strength/Modulus/Poisson’s Ratio/Strain-to-failure order.
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MATERIAL:

Nextel 610 Fiber

TEST METHOD: 25.4 mm gauge length
0.02 strain rate
rubber-faced clamp grips
PRE-TEST EXPOSURE: none

MODULUS CALCULATION:

SOURCE:

3M Co.

Table 3.2.2.2(a)
Al,O3
Nextel 610 Fiber
Tension, 1-axis

72, Air
Screening

Temperature °F
Environment

72
Air

Ftu
(ksi)

Mean
Minimum
Maximum
C.V.(%)

B-value
Distribution
Cq

C2

No. Specimens
No. Lots
Approval Class

490
207
609
10.8

(1

369
1
Screening

Mean
Minimum
Maximum
C.V.(%)

No. Specimens
No. Lots
Approval Class

Mean
No. Specimens

No. Lots
Approval Class

tu

Mean
Minimum
Maximum
C.V.(%)

B-value
Distribution
C1

C2

No. Specimens
No. Lots
Approval Class

(1) See Figure 3.2.2.1 for individual spool statistics. Spool statistics are given using S| units.
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Nextel 610 Fiber
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Weibull probability distribution plot for strength (P is the probability of survival
of a specific length of fiber loaded to a given stress).
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3.2.3 BORON FIBERS

This section is reserved for future use.
3.2.4 BORON CARBIDE FIBERS

This section is reserved for future use.
3.2.5 CARBON AND GRAPHITE FIBERS

This section is reserved for future use.

3.2.6 SILICON CARBIDE FIBERS
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3.2.6.1 Virgin SCS-6 fiber*

SiC
MATERIAL: SCS-6 Fiber SCS-6 Fiber
CHEMICAL COMP.: Beta-Silicon Carbide/Carbon Core Summary
FIBER: Diameter = 140 um
MANUFACTURER: Textron Systems Inc.
PROCESSING:
*  ALL DOCUMENTATION PRESENTLY REQUIRED WERE NOT SUPPLIED FOR THIS MATERIAL.
Date of fiber manufacture Date of data submittal 4/98
Date of testing 94 | Date of analysis 10/98

FIBER PROPERTY SUMMARY

Temperature °C (°F) 22 (72)

Tension SS--

Classes of data: F - Fully approved, s - Screening in Strength/Modulus/Poisson’s Ratio/Strain-to-failure order.
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MATERIAL: SCS-6 Fiber Table 3.2.6.1(a)
SiC
TEST METHOD: MODULUS CALCULATION: SCS-6 Fiber
Tension, 1-axis
PRE-TEST EXPOSURE: SOURCE: Air Force
72°F, Air
Screening
Temperature (°F) 72
Environment Air
Mean 551
Minimum 220
Maximum 772
C.V.(%) 16.7
B-value (1)
Distribution
Ftu C1
(ksi) C2
No. Specimens 203
No. Lots 3
Approval Class Screening
Mean 50.3
Minimum 40.5
Maximum 58.2
Et C.V.(%) 6.64
(Msi)  No. Specimens 80
No. Lots 2
Approval Class Screening
Mean
Wt No. Specimens

No. Lots
Approval Class

Mean
Minimum
Maximum
C.V.(%)

B-value
Distribution
C1

C2

No. Specimens
No. Lots
Approval Class

(1) See Table 3.2.6.1(b) for individual spool statistics.
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CMH-17-4B

SCS-6 Fiber
4 ¢ Spool 1
2 | m Spool 2
A Spool 3
0 |
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FIGURE 3.2.6.1. Weibull probability distribution plot for strength.
(Ps is the probability of survival of a specific length of fiber loaded to a stress.)
TABLE 3.2.6.1(b) Individual spool Weibull statistics (strength).
Spool 1 Spool 2 Spool 3
Mean [ksi] 504 649 611
C.V. [%] 10.9 12.4 15.2
B-Value [ksi] 429 493 463
Scale Parameter (a) [ksi] 525 684 647
Shape Parameter () 13.1 9.69 8.70
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3.2.6.2 Virgin and extracted SCS-6 fibers

The fiber data shown in this section are from a study, which correlates the strengths of consolidated
composite TMC panels with the strength of the fibers used to produce these panels (Reference 3.2.6.2).
Panels were produced by two consolidation methods: powder cloth and plasma-sprayed. All fibers were
taken from one spool, but it is suspected that multiple lots existed on this spool of fiber, since this was
common practice. Before and after making a composite panel, fibers were tested in the as-received con-
dition (Table 3.2.6.2(a)). Batch A fibers represent typical fiber strengths for three of the four panels manu-
factured by the powder cloth method. Batch B represents fiber strengths from the fourth powder cloth
panel. These fibers had different strength behaviors from the fibers in Batch A. Fibers from Batch C were
from four different areas on the spool and were used to make the four plasma-sprayed panels. It is note-
worthy that while originating from the same spool of fiber, the different fiber batches have different strength
distributions.

After consolidation of the panels, the matrix was dissolved through an etching technique and extracted
fibers were tested to determine if the consolidation process had an effect on fiber strength (Table
3.2.6.2(b)). The study first documented that the etching process itself had no effect on the fiber strength
distribution — any change in fiber strength was therefore due to the composite consolidation process.
Compared to the as-received fibers, the mean extracted-fiber strength was lower and there were larger
numbers of low strength fibers after consolidation. This led to a bimodal distribution of fiber strengths.
The as-received and extracted fiber strengths distributions are displayed for each batch in Figures
3.2.6.2(a) through 3.2.6.2(c).
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CMH-17-4B

3.2.6.2 Virgin and extracted SCS-6 fiber (second source)

MATERIAL:

FIBER:

MANUFACTURER:
PROCESS SEQUENCE:

PROCESSING:

SCS-6 Fiber

SCS-6 Fiber Continuous

(Diameter = 150 um)

Textron Specialty Materials

CVD

MATRIX: N/A

SOURCE:  NASA-GRC

SiC
SCS-6 Fiber
Summary

Date of fiber manufacture

Date of testing

Date of data submittal

7/91 | Date of analysis

7/02
10/02

FIBER PROPERTY SUMMARY

Temperature °F 70(1) 70 (1,2)
Environment Air Air
Fiber v/io N/A N/A
Tension S--- S---

Classes of data: F — Fully approved, s — Screening in Strength/Modulus/Poisson’s Ratio/Strain-to-failure order.

(1) Data from Batches A, B, and C.
(2) Fibers extracted from matrix.
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PHYSICAL PROPERTY SUMMARY

Nominal As Submitted Test Method

Fiber Density (g/cm®) 3.0
Foil Matrix Density (g/cm®)
Composite Density (g/cm®)
Ply Thickness (in)
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MATERIAL:

MACHINING: N/A

SPECIMEN GEOMETRY:

TEST METHOD:

PRE-TEST EXPOSURE:
NORMALIZED BY:

SCS-6 Fiber

FIBER VOLUME: N

Continuous fiber

MODULUS CALCULATION: N/A

Tensile (Reference 3.2.6.2)

None
N/A

/A

Table 3.2.6.2(a)
SiC
SCS-6 Fiber
Tension, 1-axis
N/A
70°F
Screening

SURFACE COND:
SOURCE:

As-received
NASA-GRC

Temperature °F
Environment

Crosshead displacement (1/s)

70
Air
0.04

70
Air
0.04

70
Air
0.04

Batch A (1)

Batch B (1)

Batch C (1)

Mean
Minimum
Maximum
C.V.(%)

B-value
Fltu Distribution

(ksi) Ci
C2

No. Specimens
No. Lots
Approval Class

685
499
800
8.17

(2)

59
1
Screening

614
334
702
16.4

(2)

24
1
Screening

616
330
793
15.1

)

49
1
Screening

Mean

Minimum

Maximum
E{ C.V.(%)

(Msi)  No. Specimens
No. Lots

Approval Class

Mean
v No. Specimens
No. Lots
Approval Class

Mean
Minimum
Maximum
C.V.(%)

B-value
tu Distribution

(%) C1
C2

No. Specimens
No. Lots
Approval Class

(1) Batches A, B and C were from same fiber spool.
(2) See Table 3.2.6.2(c) for Weibull statistics.
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MATERIAL:

MACHINING: N/A

SPECIMEN GEOMETRY:

TEST METHOD:

PRE-TEST EXPOSURE:
NORMALIZED BY:

SCS-6 Fiber

FIBER VOLUME:

Continuous fiber

MODULUS CALCULATION: N/A

Tensile (Reference 3.2.6.2)

None
N/A

N/A

Table 3.2.6.2(b)
SiC
SCS-6 Fiber
Tension, 1-axis
N/A
70°F
Screening

SURFACE COND:
SOURCE:

Extracted from matrix
NASA-GRC

Temperature °F
Environment

Crosshead displacement (1/s)

70
Air
0.04

70
Air
0.04

70
Air
0.04

Batch A (1)

Batch B (1)

Batch C (1)

Mean
Minimum
Maximum
C.V.(%)

B-value

Flu Distribution
1

(ksi) Ci
C2

No. Specimens
No. Lots
Approval Class

605
140
749
24.7

48
1
Screening

550
211

764
33.9

)

34
1
Screening

571
271
726
17.1

)

80
1
Screening

Mean

Minimum

Maximum
E{ C.V.(%)

(Msi)  No. Specimens
No. Lots

Approval Class

Mean
v No. Specimens
No. Lots
Approval Class

Mean
Minimum
Maximum
C.V.(%)

B-value
tu Distribution

(%) C1
C2

No. Specimens
No. Lots
Approval Class

(1) Batches A, B and C were from same fiber spool.
(2) See Table 3.2.6.2(d) for Weibull statistics.
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SCS-6 Fiber

SCS-6 Fiber Tensile Strengths

Batch 'A’

1 W
0 V4

_1 ég’/

. ey

. : £

) : /

. /

m Batch ‘A" as-rc'd

A Batch 'A' extracted

In(In(1/P))

0 100 200 300 400 500 600 700 800 900

Tensile Strength, ksi

FIGURE 3.2.6.2(a) Weibull probability distribution plot for strength for Batch A.
(P is the probability of survival of a specific length of fiber loaded to a stress)

SCS-6 Fiber Tensile Strengths

Batch 'B'

® Batch 'B' as-rc'd

A
[ / A Batch 'B' extracted
1

= A" ']
-9
= A A n
‘_E’ A ]
E, " =
A | ]
A
|
-3 N
|
-4
A
-5 T T T T T T T T
0 100 200 300 400 500 600 700 800 900

Tensile Strength, ksi

FIGURE 3.2.6.2(b) Weibull probability distribution plot for strength for Batch B.
(P is the probability of survival of a specific length of fiber loaded to a stress)
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SCS-6 Fiber

SCS-6 Fiber Tensile Strengths

Batch 'C'

&

m Batch 'C' as-rc'd
n

A Batch 'C' extracted

74

£
£ .
z ]
- (]

3 x Ay

A ]
-4 A
L]
-5
-6 T T T T T T T T
0 100 200 300 400 500 600 700 800 900

Tensile Strength, ksi

FIGURE 3.2.6.2(c) Weibull probability distribution plot for strength for Batch C.
(P is the probability of survival of a specific length of fiber loaded to a stress)

TABLE 3.2.6.2(c) As received fiber Weibull statistics (strength).

Batch A Batch B Batch C
Mean [ksi] 684 614 616
C.V. [%] 8.17 16.4 15.1
B-Value [Kksi] 585 475 467
Scale Parameter (o) [ksi] 709 649 652
Shape Parameter (B) 14.8 10.6 8.74

TABLE 3.2.6.2(d) Extracted fiber Weibull statistics (strength).

Batch A Batch B Batch C
Mean [ksi] 605 550 571
C.V. [%] 24.7 33.9 17.1
B-Value [ksi] 408 269 420
Scale Parameter (a) [ksi] 650 611 610
Shape Parameter (§) 6.29 3.78 7.37
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REFERENCE
3.2.6.2 R.A. MacKay, S.L. Draper, A.M. Ritter and P.A. Siemers, “A Comparison of the Mechanical

Properties and Microstructures of Intermetallic Matrix Composites Fabricated by Two
Different Methods”, Metall. Trans., Vol. 25A, 1994, pp. 1443-1455.
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3.2.6.3 SCS-6 Fiber
SiC fiber strength data shown in this section are from an Air Force program (Reference 3.2.6.3) for
obtaining allowables for TMC composites processed and manufactured by FMW. The SCS-6 fibers were

manufactured by Specialty Materials, Inc.

Approximately 125 spools of SiC fiber were used to manufacture 120 TMC panels. FMW ran from 20-
30 tests on each spool both at the beginning and end of the spool.

Data Analysis Summary:

Outliers - A total of 37 low end batch outliers (157 to 507 ksi) and three high end outliers (731, 822 and
1889 ksi) are detected. After pooling only one high end outlier (1889 ksi) is detected. It appears that this
is due to incorrect measurement or reporting of fiber diameter (3 mils). This high end outlier is, therefore,
omitted yielding a total of 6406 specimens.

Lot to lot variability and basis values: Anderson-Darling test indicates that data for all lots do not belong to
the same population and, therefore, they should not be pooled. Use of ANOVA method is, therefore, indi-
cated for obtaining basis values. Users should, however, be cautioned that the within lot variances are
found to be unequal. ANOVA basis values are usually on the conservative side in such cases and the val-
ues are listed in Table 3.2.6.3(a). Weibull parameters and basis values are listed in Table 3.2.6.3(b). A
Weibull plot of the data is given in Figure 3.2.6.3. It should be noted that the observed significance level
(OSL) for Weibull fit is very low (0.000021) indicated a poor Weibull distribution fit. It is also noted that
OSL for normal and lognormal distributions are zero.
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3.2.6.3 SCS-6 fiber*

MATERIAL: SCS-6 Fiber

FIBER: SCS-6 Fiber Continuous MATRIX: N/A
(Diameter = 140 um)

CHEMICAL COMP: Beta-Silicon Carbide/Carbon Core

MANUFACTURER: Textron Specialty Materials

PROCESS SEQUENCE:

SiC
SCS-6 Fiber
Summary

PROCESSING: CVD SOURCE: FMW
Date of fiber manufacture Date of data submittal 5/09
Date of testing Date of analysis 10/09

FIBER PROPERTY SUMMARY

Temperature °F 70

Environment Air
Fiber v/io N/A
Tension F-—-

Classes of data: F — Fully approved, s — Screening in Strength/Modulus/Poisson’s Ratio/Strain-to-failure order.

201




CMH-17-4B
Volume 4, Section 3 Materials Properties Data

MATERIAL: SCS-6 Fiber

MACHINING: N/A FIBER VOLUME: N/A

SPECIMEN GEOMETRY:  Continuous fiber MODULUS CALCULATION: N/A

Table 3.2.6.3(a)
SiC
SCS-6 Fiber
Tension, 1-axis

70°F, Air
Fully Approved
TEST METHOD: Tensile
PRE-TEST EXPOSURE: None SURFACE COND:
NORMALIZED BY: N/A SOURCE: FMW
Temperature °F 70
Environment Air
Crosshead displacement (1/s) N/A
Mean 576
Minimum 157
Maximum 838
C.V.(%) 16.5
B-value 447
Flm Distribution ANOVA (1)
(ksi) Cq 1.36
Cz 95.0
No. Specimens 6406 (2)
No. Lots 170
Approval Class Fully Approved
Mean
Minimum
Maximum
E{ C.V.(%)

(Msi)  No. Specimens
No. Lots
Approval Class

Mean
v No. Specimens
No. Lots
Approval Class

Mean
Minimum
Maximum
C.V.(%)

B-value
tu Distribution

(%) Cq
C2

No. Specimens
No. Lots
Approval Class

(1) ADugiticat (0= 0.025) = 1.17 < calculated value of 4.51, also batch variances are not equal. Fgitca = 1.19 <

Fcalculated = 3.74.
(2) One high end outlier (= 1889) removed.
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CMH-17-4B

InIn (1/Ps)

45 5

55

In Tensile Strength,ksi

6 6.5

FIGURE 3.2.6.3 Weibull probability plot for strength
(Ps is the probability of survival of a specific length of fiber loaded to a stress).

TABLE 3.2.6.3(b) Weibull statistics of pooled data.

Mean [ksi] 576
C.V. [%] 16.5
B-value [ksi] 446
Scale Parameter (o) [ksi] 615
Shape Parameter (j3) 7.16
O.S.L. 0.000021
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3.2.6.3. Air Force Technical Report AFRL-RX-WP-TR-2010-4175, Quick Reaction Evaluation of
Materials and Processes, Hutson and Kleek, May 2009.
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3.2.7 STEEL FIBERS

This section is reserved for future use.
3.2.8 TUNGSTEN FIBERS

This section is reserved for future use.
3.2.9 OTHER FIBERS

This section is reserved for future use.
3.2.10 OTHER REINFORCEMENTS

This section is reserved for future use.
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3.3 PROPERTIES OF MATRIX MATERIALS

3.3.1 INTRODUCTION

Section 3.3 contains data for the properties of the neat matrix materials. These monolithic metals are
not manufactured by conventional techniques such as standard forging, rolling, and casting operations
(whose properties would be found in Mil-Handbook 5), but rather are uniquely processed to mimic the pro-
cessing operation which is used when making the composite. Common processing techniques for the
neat matrix are hipped foil and hipped sheet. With these types of processing techniques, the properties of
the neat matrix should be as close as possible to those of the in-situ matrix in the composite. Note, how-
ever, that the reinforcement may affect the in-situ properties of the matrix due to either residual stresses
and/or reaction of the reinforcement and matrix and corresponding diffusion/depletion of the elements in
either constituent.

Property data taken from the neat matrix material (Section 3.3) and reinforcement (Section 3.2) can
be used with micromechanical analyses to aid in composite design. This is especially helpful to predict
composite properties for cross-ply laminates, for which limited information is currently given in this Hand-
book. Additionally, there are many types of composite properties for which limited or no data are available.
In such cases, composite properties can be estimated from the constituent properties using analytical re-
lationships. Note that matrix properties taken from conventionally processed alloys will be different from
those taken from the neat matrix, and, therefore, any estimation of composite properties based on con-
ventionally processed materials rather than those of the neat matrix should be done with caution.

3.3.2 ALUMINUMS

This section is reserved for future use.
3.3.3 COPPERS

This section is reserved for future use.
3.3.4 MAGNESIUMS

This section is reserved for future use.
3.3.5 TITANIUMS
3.3.5.1 Ti-15V-3Cr-3AI-3Sn (NASA-GRC)

The material was manufactured by Textron through consolidation of sheets or foils to yield plates ap-
proximately 0.4” thick. The plates were cut into specimens and heat treated in vacuum for 24 h at 1292°F
(700°C). Tensile tests were conducted according to test methods in Section 1.9.2.1. Direct induction
heating was used for testing at elevated temperatures. Test were generally performed in air. Some tests
were performed at Marshall Space Flight Center to assess the effects (and very little were observed) of
high pressure hydrogen on this material. These tests were either run in 5 ksi helium or 5 ksi hydrogen.

The majority of the Ti-15-3 tests were conducted to characterize various viscoplastic models. There-
fore, the failure of the specimen was not required and these tests were unloaded after a given amount of
strain. Hence, many of the failure strains in the raw data Table in Appendix B have a “>” sign preceding
the strain at which unloading occurred. For the same reason, many of the UTS values are missing. For
interrupted tests, only those UTS values are given where the specimen had already reached a maximum
stress and subsequently softened until the specimen was unloaded.

The Table of average tensile properties for room temperature tests is shown in Tables 3.3.5.1(a) and
(d). Since strain rate does not play a significant role at room temperature for this material, and neither did
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testing in high pressure hydrogen or helium, all of these data were combined to give the room temperature
information in this Table. The term “lot” in this Table refers to one plate of material.

The UTS is given in Figure 3.3.5.1(a) as a function of temperature and strain rate. There is approxi-
mately a factor of two decrease in the UTS between 75°F (24°C) and 1000°F (538°C). At 1000°F (538°C)
the UTS is very dependent upon the strain rate.

The elastic modulus is plotted as a function of temperature and strain rate in Figure 3.3.5.1(b). The
data points in this Figure are not means but are values from individual tests. The Figure shows that the
modulus generally decreases 13% between room temperature and 1000°F (538°C). Up to 800°F (427°C)
there is little effect of strain rate on modulus. Above 800°F (427°C), the modulus rapidly decreases with
increasing temperature for specimens tested at the slower strain rate. This is not depicted in this Figure,
but can be ascertained by examining the raw data in Appendix B.

The proportional limit, 0.02% and 0.2% yield strengths are plotted in Figures 3.3.5.1(c) — (e) as a func-
tion of temperature and strain rate. There is approximately a factor of two decrease in the yield strengths
between 75°F (24°C) and 1000°F (538°C). At temperatures greater than or equal to 600°F (316°C), the
yield strengths become highly strain rate sensitive. The slower the strain rate, the lower is the yield
strength and the lower is the temperature at which a rapid drop-off in the yield strength occurs with in-
creasing temperature.

Tensile curves are plotted as a function of strain rate for three different temperatures: 400°F (204°C)
(Figure 3.3.5.1(f)), 800°F (427°C) (Figure 3.3.5.1(g)), and 1000°F (538°C) (Figure 3.3.5.1(h)). At 400°F
(204°C) there is minimal strain rate sensitivity. However, at 800°F (427°C), strain rate has a large effect
on the tensile behavior. At a temperature of 800°F (427°C), a strain rate of 1x10° s is slow enough to
induce softening after the attainment of the UTS. At still slower strain rates, dynamic strain aging is active,
which leads to hardening as the tests progress.

At 1000°F (538°C) the temperature is high enough to induce softening after attaining the UTS. At a
strain rate of 1x10° s, the material exhibits dynamic strain aging, but not to the extent of that observed at
800°F (427°C). Dynamic strain aging results in the hardening effect observed in the initial part of the

stress-strain curve.

Figures 3.3.5.1(i) and q) show the effect of temperature on the tensile behavior at two different strain
rates: 1x10 and 1x10® s™'. The maximum stress in each curve decreases with increasing temperature.
Additionally, dynamic strain aging results in some anomalous behavior in some of the curves (see, for ex-
ample, the curves at 800°F (427°C) and 1000°F (538°C) at a strain rate of 1x10°® 3'1).

For additional information, please refer to the following References.

e B.A Lerch, T.P. Gabb and R.A. MacKay: Heat Treatment Study of the SiC/Ti-15-3 Composite Sys-
tem. NASA TP 2970, Jan., 1990.

e T.P. Gabb, J. Gayda, B.A. Lerch and G.R. Halford: The Effect of Matrix Mechanical Properties on
[0]s Unidirectional SiC/Ti Composite Fatigue Resistance. Scripta Met., Vol. 25, 1991, pp. 2879-
2884.

e M.G. Castelli, B.A. Lerch and D.J. Keller: A Comparison of Deformation Behaviors of HIPed Foil
and Sheet Titanium Alloys, HITEMP Review 1999, Advanced High Temperature Engine Materials
Technology Project, NASA/CP 1999-208915/VOL2, Paper 27.
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3.3.5.1 Ti-15V-3Cr-3Al-3Sn HIP sheet/foil*

7-4B

MATERIAL: Ti-15V-3Cr-3AI-3Sn HIP sheet/foil
MATRIX: Ti-15V-3Cr-3Al-3Sn

PROCESS SEQUENCE: Hipped Sheet or Foil

MANUFACTURER:  Textron

Ti
Ti-15-3
Summary

PROCESSING: SOURCE: NASA-GRC

Date of matrix manufacture Date of data submittal 6/98

Date of testing 5/96-7/97 | Date of analysis 8/98
MATRIX PROPERTY SUMMARY

Temperature 75°F 400°F 600°F 800°F 900°F 1000°F

Environment Air™ Air Air Air Air Air

Tension SS-SSSS -3--8SS | -S--SSS | -s--sSs SS--SSS | SS--SSS

(1) Some testing at 5 ksi Helium and 5 ksi Hydrogen, results pooled.

Classes of data: F - Fully approved, s - Screening in order: Strength/Modulus/Poisson’s Ratio/Strain-to-failure/Proportional

Limit/0.02-offset-strength/0.2-offset-strength.

* Raw data tables are presented in Appendix B4.1.
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MATERIAL: Ti-15V-3Cr-3AI-3Sn HIP sheet/foil

Table 3.3.5.1(a)
Ti HIP sheet/foil

Ti-15-3
TEST METHOD: Sec. 1.9.2.1 MODULUS Least squares analysis up Tension, 1-axis
CALCULATION: to proportional limit N/A
75, 400, 600°F, Air
PRE-TEST EXPOSURE:  Vacuum 1292°F, 24 hr SOURCE: NASA-GRC Screening
NORMALIZED BY: N/A
Temperature (°F) 75 400 600
Environment Air (1) Air Air
Strain Rate (1/s) 3) (3) 1-10"
Mean 124
Minimum 120
Maximum 127
C.V.(%) 1.83
Elu B-value (2)
1 Distribution ANOVA
(ksi)  Cq 2.89
Cz 12.9
No. Specimens 7
No. Lots 2
Approval Class Screening
Mean 12.4 12.3 11.4
Minimum 11.9 12.0
Maximum 13.0 12.6
E{ C.V.(%) 3.39
(Msi)  No. Specimens 8 3 1
No. Lots 3 2 1
Approval Class Screening Screening Screening
Mean
v{% No. Specimens
No. Lots
Approval Class
Mean 19.3
Minimum 16.8
Maximum 221
C.V.(%) 10.7
olu B-value (2)
1 Distribution Normal
(%) Cq 19.3
C2 2.06
No. Specimens 7
No. Lots 2
Approval Class Screening

(1) Some testing at 5 ksi Helium and 5 ksi Hydrogen, results pooled.

(2) B-basis values appear for fully approved data only.

(3) Strain rates pooled (1/s): 1-10°, 8.3-10°, 1-10™, 2:10°.
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MATERIAL: Ti-15V-3Cr-3AI-3Sn HIP sheet/foil

TEST METHOD:  Sec. 1.9.2.1 MODULUS

CALCULATION:

PRE-TEST EXPOSURE:  Vacuum 1292°F, 24 hr

NORMALIZED BY: N/A

Least squares analysis up
to proportional limit

SOURCE: NASA-GRC

Table 3.3.5.1(b)
Ti HIP sheet/foil
Ti-15-3
Tension, 1-axis
N/A
800°F, Air
Screening

Temperature (°F) 800 800
Environment Air Air
Strain Rate (1/s) 1-10® 1-10°

800 800
Air Air
1-10”° 1-10°

Mean
Minimum
Maximum
C.V.(%)

Elu B-value
1 Distribution
(ksi)  Ci
C2

No. Specimens
No. Lots
Approval Class

Mean 17 10.8
Minimum
Maximum

E{ C.V.(%)

(Msi)  No. Specimens 1 1
No. Lots 1 1
Approval Class Screening Screening

10.8 11.3

1 1
1 1
Screening Screening

Mean
v{% No. Specimens
No. Lots
Approval Class

Mean
Minimum
Maximum
C.V.(%)

tu B-value
Distribution
(%) Cq

C.

No. Specimens
No. Lots
Approval Class
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MATERIAL:

TEST METHOD:

PRE-TEST EXPOSURE:

NORMALIZED BY:

Sec. 1.9.2.1

Ti-15V-3Cr-3AI-3Sn HIP sheet/foil

MODULUS
CALCULATION:

Vacuum 1292°F, 24 hr

N/A

Least squares analysis up
to proportional limit

SOURCE: NASA-GRC

Table 3.3.5.1(c)
Ti HIP sheet/foil
Ti-15-3
Tension, 1-axis
N/A
900, 1000°F, Air
Screening

Temperature (°F)
Environment
Strain Rate (1/s)

900
Air
1-10*

1000
Air
1-10°

1000
Air
1-10™

1000
Air
1-10°

Mean
Minimum
Maximum
C.V.(%)

Elu B-value
1 Distribution
(ksi)  Ci
C2

No. Specimens
No. Lots
Approval Class

75

1
1
Screening

24

1
1
Screening

43

1
1
Screening

67

1
1
Screening

Mean
Minimum
Maximum

E{ C.V.(%)

(Msi)  No. Specimens
No. Lots
Approval Class

10.8
10.7
10.9

2
2
Screening

5.3

1
1
Screening

10.5

1
1
Screening

11

1
1
Screening

Mean
v{% No. Specimens
No. Lots
Approval Class

Mean
Minimum
Maximum
C.V.(%)

tu B-value
Distribution
(%) Cq

C.

No. Specimens
No. Lots
Approval Class
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MATERIAL: Ti-15V-3Cr-3AI-3Sn HIP sheet/foil

Table 3.3.5.1(d)
Ti HIP sheet/foil

Ti-15-3
TEST METHOD: Sec. 1.9.2.1 MODULUS Least squares analysis up Tension, 1-axis
CALCULATION: to proportional limit N/A
75, 400, 600°F, Air
PRE-TEST EXPOSURE:  Vacuum 1292°F, 24 hr SOURCE: NASA-GRC Screening
NORMALIZED BY: N/A
Temperature (°F) 75 400 600
Environment Air (1) Air Air
Strain Rate (1/s) (3) (3) 1-10™
Mean 103 75.3 69
Minimum 94 65
Maximum 111 81
C.V.(%)
Ftpl B-value
1 Distribution
(ksi)  Cq
C
No. Specimens 2 3 1
No. Lots 2 2 1
Approval Class Screening Screening Screening
Mean 113 85.3 78
Minimum 108 84
Maximum 117 87
C.V.(%)
g0.02  B-value
1 Distribution
(ksi)  Cq
C
No. Specimens 2 3 1
No. Lots 2 2 1
Approval Class Screening Screening Screening
Mean 115 95.7 87
Minimum 110 95
Maximum 124 96
C.V.(%) 3.64
E1y02 B-value (2)
1 Distribution ANOVA
(ksi)  Cq 5.74
C2 5.75
No. Specimens 8 3 1
No. Lots 3 2 1
Approval Class Screening Screening Screening

(1) Some testing at 5 ksi Helium and 5 ksi Hydrogen, results pooled.
(2) B-basis values appear for fully approved data only.
(3) Strain rates pooled (1/s): 1-10°, 8.3-10°, 1-107, 2107,
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MATERIAL: Ti-15V-3Cr-3AI-3Sn HIP sheet/foil Table 3.3.5.1(e)
Ti HIP sheet/foil
Ti-15-3
Least squares analysis up Tension, 1-axis

to proportional limit N/A
800°F, Air

Screening
.

TEST METHOD:  Sec. 1.9.2.1 MODULUS

CALCULATION:

PRE-TEST EXPOSURE:  Vacuum 1292°F, 24 hr SOURCE: NASA-GRC

NORMALIZED BY: N/A

Temperature (°F) 800 800
Environment Air Air
Strain Rate (1/s) 1-10® 1-10°

800
Air
1-10”°

800
Air
1-10°

Ftpl

(ksi)

Mean
Minimum
Maximum
C.V.(%)

B-value
Distribution
C1

C2

No. Specimens
No. Lots
Approval Class

5.2

1
1
Screening

20

1
1
Screening

56

1
1
Screening

59

1
1
Screening

FltyO.OZ

(ksi)

Mean
Minimum
Maximum
C.V.(%)

B-value
Distribution
Cq

C,

No. Specimens
No. Lots
Approval Class

40

1
1
Screening

29

1
1
Screening

69

1
1
Screening

73

1
1
Screening

F02
(ksi)

Mean
Minimum
Maximum
C.V.(%)

B-value
Distribution
C1

C2

No. Specimens
No. Lots
Approval Class

43

1
1
Screening

83

1
1
Screening

84

1
1
Screening
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MATERIAL: Ti-15V-3Cr-3AI-3Sn HIP sheet/foil Table 3.3.5.1(f)
Ti HIP sheet/foil
Ti-15-3
TEST METHOD: Sec. 1.9.2.1 MODULUS Least squares analysis up Tension, 1-axis
CALCULATION: to proportional limit N/A
900, 1000°F, Air
PRE-TEST EXPOSURE:  Vacuum 1292°F, 24 hr SOURCE: NASA-GRC Screening
NORMALIZED BY: N/A
Temperature (°F) 900 1000 1000 1000
Environment Air Air Air Air
Strain Rate (1/s) 1-10™ 1-10° 110 1-10°
Mean 54 6 23 50
Minimum 50
Maximum 57
C.V.(%)
Ftpl B-value
1 Distribution
(ksi)  Cq
C
No. Specimens 2 1 1 1
No. Lots 2 1 1 1
Approval Class Screening Screening Screening Screening
Mean 65 6 33 60
Minimum
Maximum
C.V.(%)
g0.02  B-value
1 Distribution
(ksi)  Cq
C
No. Specimens 2 1 1 1
No. Lots 2 1 1 1
Approval Class Screening Screening Screening Screening
Mean 74.5 8 42 67
Minimum 74
Maximum 75
C.V.(%)
py02 B-value
1 Distribution
(ksi)  Cq
C2
No. Specimens 2 1 1 1
No. Lots 2 1 1 1
Approval Class Screening Screening Screening Screening
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Ti-15-3
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FIGURE 3.3.5.1(a) Ultimate tensile strength as a function of temperature and strain rate.
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FIGURE 3.3.5.1(b) Tensile modulus as a function of temperature and strain rate.
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FIGURE 3.3.5.1(c) Proportional limit as a function of temperature and strain rate.
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FIGURE 3.3.5.1(d) 0.02-offset-yield-strength as a function of temperature and strain rate
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Ti-15-3
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FIGURE 3.3.5.1(e) 0.2-offset-yield-strength as a function of temperature and strain rate.

120 ———

100

80

60

Stress (ksi)

40

20 |

0

' |Strain Rate (1/s)

— 1x10™
— ~1x10°

T T T T T T T T
T T T T T T I AR \7
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Strain

FIGURE 3.3.5.1(f) Tensile curves at 400°F (204°C) as a function of strain rate.
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Ti-15-3
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FIGURE 3.3.5.1(g) Tensile curves at 800°F (427°C) as a function of strain rate.
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FIGURE 3.3.5.1(h) Tensile curves at 1000°F (638°C) as a function of strain rate.
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FIGURE 3.3.5.1(i) Tensile curves at a strain rate of 1 0*s™ as a function of temperature.
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FIGURE 3.3.5.1(j) Tensile curves at a strain rate of 1 0°s” as a function of temperature.

3.3.6 OTHERS

This section is reserved for future use.
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3.4 FIBER COATING PROPERTIES
3.41 INTRODUCTION

This section is reserved for future use.
3.4.2 CARBON

This section is reserved for future use.
3.4.3 TITANIUM DIBORIDE

This section is reserved for future use.
3.4.4 YTTRIA

This section is reserved for future use.
3.4.5 OTHERS

This section is reserved for future use.

CMH-17-4B
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3.5 ALUMINUM MATRIX COMPOSITE PROPERTIES
3.5.1 INTRODUCTION

This section is reserved for future use.
3.5.2 ALUMINA/ALUMINUM

3.5.2.1 Nextel 610/pure Al panel
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3.5.2.1 Nextel 610/pure Al panel*

Al0;/SP Al

MATERIAL: Nextel 610/SP Al panel Nextel 610/SP Al
Summary
FIBER Nextel 610, continuous, 11.5 ym MATRIX: Al
MANUFACTURER: 3M.
PROCESS SEQUENCE: Pressure infiltration casting
PROCESSING: 720°C melt, 680°C premold and SOURCE: 3M Corporation
cast @ 1300 psi

Date of fiber manufacture 3/99 | Date of testing 1995-1997
Date of matrix manufacture Date of data submittal 4/99
Date of composite manufacture 1995-1997 | Date of analysis 2/01

LAMINA PROPERTY SUMMARY

Temperature 73°F
Environment Air
Fiber v/o 65
[0] FS-F-—-
Tension, 1-axis
[90] FS-S---
Tension, 2-axis

Classes of data: F - Fully approved, S - Screening in order: Strength/Modulus/Poisson’s Ratio/Strain-to-failure/Proportional
Limit/0.02-offset-strength/0.2-offset-strength.

* Raw data tables are presented in Appendix C1.1.
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Nominal As Submitted Test Method
Fiber Density (g/cm®) 3.97
Foil Matrix Density (g/cm®)
Composite Density (g/cm®) 3.40
Ply Thickness (in
LAMINATE PROPERTY SUMMARY
Temperature

Environment

Fiber v/o

Classes of data: F - Fully approved, s - Screening in order: Strength/Modulus/Poisson’s Ratio/Strain-to-failure/Proportional
Limit/0.02-offset-strength/0.2-offset-strength.
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MATERIAL:
MACHINING:

SPECIMEN GEOMETRY:

Nextel 610/pure Al
Diamond cutting wheel

Straight-sided

FIBER VOLUME:
FIBER SPACING:

65%
N/A

Table 3.5.2.1(a)
Al;O/Al panel
Nextel 610/SP Al
Tension, 1-axis

GAGE THICKNESS: 0.050 in. MODULUS [0]4
GAGE WIDTH: 0.375in. CALCULATION: Least squares fit 73°F, Air
TEST METHOD: (1) from .01% to .02% Fully Approved,
strain Screening
PRE-TEST EXPOSURE: None SOURCE: 3M
NORMALIZED BY: Not normalized
Temperature (°F) 73
Environment Air
Fiber Volume Fraction 0.65
Strain Rate (1/s) 1-1.5x10™
Mean 266
Minimum 240
Maximum 285
C.V.(%) 4.1
B-value 244
Fltu Distribution ANOVA
(ksi)  Cq 11.1
Cz 1.99
No. Specimens 42
No. Lots 8
Approval Class Fully Approved
Mean 38
Minimum 34.8
Maximum 39.8
E} C.V.(%) 3.16
(Msi)  No. Specimens 29
No. Lots 7
Approval Class Screening
Mean 0.30
V{Z No. Specimens 3
No. Lots 3
Approval Class Screening
Mean 0.729
Minimum 0.630
Maximum 0.790
C.V.(%) 5.72
B-value 0.638
g{u Distribution ANOVA
(%)  Cq 0.032
C, 2.39
No. Specimens 36
No. Lots 8
Approval Class Fully Approved

(1) MMC TM 401. Contact 3M or the Secretariat for additional information on this 3M test standard.
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MATERIAL: Nextel 610/pure Al

MACHINING: Diamond cutting wheel FIBER VOLUME: 65%
FIBER SPACING: N/A

Table 3.5.2.1(b)

Al,03/Al panel

Nextel 610/SP Al
Tension, 2-axis

SPECIMEN GEOMETRY: Straight-sided [90]4
GAGE THICKNESS: 0.050 in. MODULUS 73°F, Air
GAGE WIDTH: 0.375in. CALCULATION: Least squares fit form Fully Approved,
.01% to .02% Screening
TEST METHOD: (1)
PRE-TEST EXPOSURE: None SOURCE: 3M
NORMALIZED BY: Not normalized
Temperature (°F) 73
Environment Air
Fiber Volume Fraction .65
Strain Rate (1/s) 1-10™
Mean 259
Minimum 22.4
Maximum 29.7
C.V.(%) 6.96
B-value 21.8
Fﬁu Distribution ANOVA
(ksi) C1 1.88
C 2.23
No. Specimens 39
No. Lots 6
Approval Class Fully Approved
Mean 17.8
Minimum 16.7
Maximum 194
o,
Et2 C.V.(%) 6.44
(Msi) No. Specimens 8
No. Lots 3
Approval Class Screening
Mean
v§3 No. Specimens
No. Lots
Approval Class
Mean 1.16
Minimum 0.720
Maximum 4.16
C.V.(%) 55.4
B-value (2)
géu Distribution ANOVA
(%) C1 0.762
C 3.97
No. Specimens 36
No. Lots 4
Approval Class Screening

(1) MMC TM 401. Contact 3M or the Secretariat for additional information on this 3M test standard.
(2) B-values are only reported for fully approved data.
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Nextel 610/SP Al
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FIGURE 3.5.2.1(a) Typical tensile behavior for [0] and [90] specimen at 73°F(22°C) at a
strain rate of 1.50x107° s™.

3.5.3 BORON/ALUMINUM

This section is reserved for future use.
3.5.4 BORON CARBIDE/ALUMINUM

This section is reserved for future use.
3.5.5 GRAPHITE/ALUMINUM

This section is reserved for future use.
3.5.6 SILICON CARBIDE/ALUMINUM

This section is reserved for future use.
3.5.7 STEEL/ALUMINUM

This section is reserved for future use.
3.5.8 TUNGSTEN/ALUMINUM

This section is reserved for future use.
3.5.9 OTHERS/ALUMINUM

This section is reserved for future use.
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3.6 COPPER MATRIX COMPOSITE PROPERTIES
3.6.1 INTRODUCTION
This section is reserved for future use.
3.6.2 GRAPHITE/COPPER
This section is reserved for future use.
3.6.3 OTHERS/COPPER

This section is reserved for future use.
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3.7 MAGNESIUM MATRIX COMPOSITE PROPERTIES
3.7.1 INTRODUCTION
This section is reserved for future use.
3.7.2 GRAPHITE/MAGNESIUM
This section is reserved for future use.
3.7.3 ALUMINA/MAGNESIUM
This section is reserved for future use.
3.7.4 OTHER/MAGNESIUM

This section is reserved for future use.
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3.8 TITANIUM MATRIX COMPOSITE PROPERTIES

3.8.1 INTRODUCTION

At the time of this edition, only data for SiC-reinforced titanium alloys are presented in this section.
They have each been produced by different methods, including foil-fiber-foil, wire-fiber-wound, and fiber-
powder consolidation (see Section 1.2.6.2.2). Two SiC monofilament fibers have been used: SCS-6 and
Trimarc-1. The SCS-6 fiber has a nominal UTS of 500 ksi, with a 50-60 Msi modulus, while the Trimarc-1
fiber has a UTS of approximately 450 ksi, with a 45-60 Msi modulus. Due to the high strength and modu-
lus properties for these fibers relative to the matrix properties, the fiber properties dominate in directions
parallel to the fiber axis in the composited form.

The SCS-6 fiber begins as a 33um carbon core on which the SiC material is deposited to form the
142um diameter fiber. The Trimarc-1 fiber is a slightly smaller fiber (~127 ym) and the SiC material is de-
posited on a 12.5um diameter tungsten core. Each of the fibers is sealed with a protective carbon coating
intended to protect the surface of the fiber from handling damage. Additionally, the coating acts as a diffu-
sion barrier to prevent reaction of the titanium matrices with the SiC fiber during consolidation. In the case
of the Trimarc-1 fiber, the coating is formed from three alternating “hard” and “soft” carbon layers. The
SCS-6 monofilament coating is comprised of a double-pass, carbon-rich layer. Both coatings form a weak
interface between the fiber and matrix, with the Trimarc-1 interface being slightly weaker than the SCS-6
interface. The coatings are both intended to result in fiber/matrix de-bonding, which translates into low
transverse properties but also enables significant damage tolerance when fibers are aligned along the
loading direction. Thus, the properties of the materials listed in this section are extremely anisotropic.

3.8.2 SILICON CARBIDE/TITANIUM
3.8.2.1 SCS-6/Ti-15-3
3.8.2.1.1 SCS-6/Ti-15-3 Tension

Composite plates were consolidated by Textron using the foil-fiber-foil method. The matrix foils were
of the alloy Ti-15V-3Cr-3AI-3Sn (Ti-15-3) and the reinforcement was the SCS-6 fibers. Plates were either
8 or 32-ply thick and had dimensions of 10” x 14”. All fiber mats used in these plates were woven with
metallic ribbons. The type of ribbon used (Ti, Mo, or Ti-Nb) depended upon the manufacturing year.

Tensile specimens were cut from the plates and prepared according to Section 1.3.2.4. All specimens
were heat treated in vacuum for 24 h at 1292°F (700°C). Tensile tests were conducted in air according to
the test methods in Section 1.4.2.1. Direct induction heating was used for testing at elevated tempera-
tures.

Effects of Fiber Volume Fraction

Tables of average tensile properties for the [0] orientation are given in Tables 3.8.2.1.1(a) through (d)
for materials with various fiber volume fractions. In these and all subsequent tables, the term “lot” refers
to one plate of material. Tensile properties and pedigree information for each specimen are presented in
the Raw Data Table in Appendix C.

Average tensile properties for the [90] orientation are given in Tables 3.8.2.1.1(e) and (f) for three fiber
volume fractions. Average tensile properties for cross-ply laminates with various fiber lay-ups are pre-
sented in Table 3.8.2.1.1(g) through (n). The tensile properties and pedigree information for these tests
are given in the Raw Data Table in Appendix C. There are three tests in the Raw Data Tables which have
a “>” sign preceding the values for the failure strains. These tests were interrupted and unloaded at the
strain value listed and, therefore, the real value for the failure strain is larger that those indicated in the
table.
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The ultimate tensile strength (UTS) is plotted in Figure 3.8.2.1.1(a) as a function of fiber volume per-
cent and temperature for [0] and [90] laminates. The UTS increases with increasing fiber volume percent
for the [0] laminate. There is little difference in the UTS between 75°F (24°C) and 800°F (427°C) for fiber
volume percents greater than 25%. However, at a fiber volume percent of 15 there is a stronger depend-
ence of the UTS on temperature, indicating the stronger influence of the matrix properties. In contrast to
the [0] laminates, the UTS of the [90] laminates at 75°F (24°C) decreases with increasing fiber volume
fraction.

The elastic modulus is plotted in Figure 3.8.2.1.1(b) as a function of temperature and fiber volume
percent for [0] and [90] laminates. The modulus increases for the [0] laminates as fiber volume percent
increases. There is no significant difference between the modulus at 75°F (24°C) and 800°F (427°C) for
the [0] laminates. The modulus for the [90] laminates is independent of fiber volume percent.

The proportional limit is given in Figure 3.8.2.1.1(c) as a function of temperature and volume fraction
for [0] and [90] laminates. For the limited amount of data present, there is no change in proportional limit
as a function of either volume fraction nor temperature. This is in part due to the large variation in these
values and the subjective manner in which these values are determined.

The 0.02% vyield strength is given in Figure 3.8.2.1.1(d) as a function of volume fraction and tempera-
ture for [0] and [90] laminates. There is a slight increase in the [0] yield strength as a function of fiber vol-
ume fraction, but no significant difference as a function of temperature. The yield strength of the [90] lam-
inate is independent of both parameters.

Selected tensile curves at 75°F (24°C) (Figure 3.8.2.1.1(e)) and 800°F (427°C) (Figure 3.8.2.1.1(f))
are plotted as a function of fiber volume percent. The material becomes increasingly stiffer and stronger
with increasing fiber volume percent. At a fiber volume fraction of 15%, there is significantly more inelas-
ticity, as indicated by the curvature in the stress-strain behavior, than for the materials with higher fiber
volume percents. Note also that the failure strain is independent of fiber volume percent, particularly at
800°F (427°C).

Figure 3.8.2.1.1(g) shows the stress-transverse width strain curves at 800°F (427°C) as a function of
fiber volume percent. Again, the curves are stiffer and stronger at higher fiber volume percents.

Effects of Fiber Orientation for a Fiber Volume Percent of 35%

The average elastic modulus is plotted in Figure 3.8.2.1.1(h) as a function of fiber lay-up for both the
75°F (24°C) and 800°F (427°C) test temperatures. The modulus decreases for fiber lay-ups moving from
the left to the right in this figure, which represents a trend towards less influence from the fiber and more
influence from the matrix properties. Given the paucity of tests, no significant difference between the
modulus at 75°F (24°C) and 800°F (427°C) could be observed.

The average UTS is shown in Figure 3.8.2.1.1(i) as a function of fiber lay-up for test temperatures of
75°F (24°C) and 800°F (427°C). The UTS decreases from a value of approximately 200 ksi for the
strongest orientation (that is, [0]), to a value of approximately 60 ksi for the weakest orientation (that is,
[90]). The strength of the cross-ply laminates lie somewhere in between and depend on the amount of
contribution from a near-zero ply. There is no significant difference in the UTS values between the two
temperatures.

Tensile curves at 75°F (24°C) for various laminate orientations are given in Figure 3.8.2.1.1(j). The
initial portion of the tensile curve for the unreinforced matrix is also given for comparison (the arrows indi-
cate that those curves continue to higher strains). All of the composite laminates are stiffer than the unre-
inforced matrix material. However, only three of the composite laminates ([0], [90/0] and [+/-30]) are
stronger than the unreinforced matrix. Also, all of the composite laminates have far less ductility than the
unreinforced matrix.

For additional information, please refer to the following References.
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e B.A Lerch, T.P. Gabb and R.A. MacKay: Heat Treatment Study of the SiC/Ti-15-3 Composite Sys-
tem. NASA TP 2970, Jan., 1990.

e B.A Lerch, D.R. Hull and T.A. Leonhardt: Microstructure of a SiC/Ti-15-3 Composite. Composites,
Vol. 21, No. 3, May, 1990, pp. 216-224.

e B.A. Lerch, M.E. Melis and M. Tong: Deformation Behavior of SiC/Ti-15-3 Laminates. In Advanced
Metal Matrix Composites for Elevated Temperatures Conference Proceedings, Cincinnati, Ohio,
October 20-24, 1991, ASM, Materials Park, Ohio, eds. M.N. Gungor, E.J. Lavernia and S.G. Fish-
man, pp. 109-114.

e T.P. Gabb, J. Gayda, B.A. Lerch and G.R. Halford: The Effect of Matrix Mechanical Properties on
[0]s Unidirectional SiC/Ti Composite Fatigue Resistance. Scripta Met., Vol. 25, 1991, pp. 2879-
2884.

e B.A Lerch and J.F. Saltsman: Tensile Deformation of SiC/Ti-15-3 Laminates. Composite Materi-
als: Fatigue and Fracture, Fourth Volume, ASTM STP 1156, eds. W.W. Stinchcomb and N.E. Ash-
baugh, ASTM Philadelphia, 1993, pp. 161-175.

e S. Subramanian, B.A. Lerch, M.G. Castelli and D. Allen: Effect of Fiber Volume Fraction on Fully-
Reversed Isothermal Fatigue Behavior of Unidirectional SCS6-Ti-15-3 Composites, Composites
and Functionally Graded Materials, MD-Vol. 80, eds. T.S. Srivatsan, A. Zavaliangos, K.I. Jacob, N.
Katsube, W. Jones, K. Ramani, S. Sitaraman and S. Yang, ASME, 1997, pp. 131-139.
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3.8.2.1.1 SCS-6/Ti-15V-3Cr-3Al-3Sn foil/fiber/foil*

SiC/Ti
MATERIAL.: SCS-6/Ti-15V-3Cr-3Al-3Sn foil/fiber/foll SCS-6/Ti-15-3
Summary
FIBER SCS-6, continuous, 145 um MATRIX: Ti-15V-3Cr-3Sn-3Al
MANUFACTURER:  Textron
PROCESS SEQUENCE: Hipped Foil/Fiber/Foil Preforms
PROCESSING: SOURCE: NASA-GRC
Date of fiber manufacture Date of testing 6/98-10/96
Date of matrix manufacture Date of data submittal 5/98
Date of composite manufacture Date of analysis 9/98
LAMINA PROPERTY SUMMARY
Temperature 75°F 800°F
Environment Air Air
Fiber v/o 15 35 41 15 25 35 41
[0] SS-SSSS SSSSSS- SS-SSS- SSSS-S- SSSS-S- SS-SSS- SSSS---
Tension, 1-axis
[90] SS-SSSS SSSSSSS SS-S--- SS-SSSS

Tension, 2-axis

Classes of data: F - Fully approved, S - Screening in order: Strength/Modulus/Poisson’s Ratio/Strain-to-failure/Proportional
Limit/0.02-offset-strength/0.2-offset-strength.

* Raw data tables in Appendix C4.1.
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Nominal As Submitted Test Method
Fiber Density (g/cm®) 3.0 3.0
Foil Matrix Density (g/cm®) 4.8
Composite Density (g/cm®)
Ply Thickness* (in)

* Fiber center to fiber center

LAMINATE PROPERTY SUMMARY

Temperature 75°F 800°F
Environment Air Air
Fiber v/o 35 35
[+/- 30] SS-SSSS SS-SSSS
Tension, x-axis
[+/- 45] SS-SSSS SS-SSSS
Tension, x-axis
[+/-60] SS-SSSS SS-SSSS
Tension, x-axis
[0/90] SSSSSSS

Tension, x-axis

Classes of data: F - Fully approved, S - Screening in order: Strength/Modulus/Poisson’s Ratio/Strain-to-failure/Proportional
Limit/0.02-offset-strength/0.2-offset-strength.
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MATERIAL:  SCS-6/Ti-15V-3Cr-3Al-3Sn foil/fiber/foil

Table 3.8.2.1.1(a)
SiC/Ti Foil/fiber/foil

MACHINING: EDM FIBER VOLUME: 15-41 % SCS-6/Ti-15-3
FIBER SPACING: -- Tension, 1-axis
[0]s
SPECIMEN THICKNESS: 0.06-0.12in. MODULUS Least squares analysis 75°F, Air
CALCULATION:  up to proportional limit Screening
TEST METHOD: Sec. 1.4.2.1
PRE-TEST EXPOSURE: Vac. 1292°F, 24 hrs. SOURCE: NASA-GRC
NORMALIZED BY: Not normalized
Temperature (°F) 75 75 75
Environment Air Air Air
Fiber Volume (%) 15 35 41
Strain Rate (1/s) 1:10* 1:10* 1:10°*
Mean 185 200 227
Minimum 168 201
Maximum 217 252
C\V.(%) 7.16
B-value (2)
Fltu Distribution Normal
(ksi) Cq 200
C2 14.3
No. Specimens 1 9 2
No. Lots 1 2 1
Approval Class Screening | Screening | Screening
Mean 20 26.6 31
Minimum 25.0 31
Maximum 29.0 31
E} C.V.(%) 5.66
(Msi)  No. Specimens 1 8 2
No. Lots 1 2 1
Approval Class Screening | Screening | Screening
Mean 0.28
Viz No. Specimens 1
No. Lots 1
Approval Class Screening
Mean 1.21 0.84 0.82
Minimum 0.66 0.73
Maximum 1 0.9
C.V.(%) 14
B-value (1)
g{u Distribution Normal
(%) C+ 0.84
Cz 0.12
No. Specimens 1 9 2
No. Lots 1 2 1
Approval Class Screening | Screening | Screening

(1) B-basis values appear for fully approved data only.
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CMH-17-4B
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MATERIAL:  SCS-6/Ti-15V-3Cr-3Al-3Sn foil/fiber/foil Table 3.8.2.1.1(b)
SiC/Ti Foillfiber/foil
MACHINING:  EDM/water jet/diamond grind  FIBER VOLUME:  15-41 % SCS-6/Ti-15-3
FIBER SPACING: -- Tension, 1-axis
[03s"
SPECIMEN THICKNESS: 0.06-0.12 in. MODULUS Least squares analysis 800°F, Air
CALCULATION:  up to proportional limit Screening
TEST METHOD: Sec. 1.4.2.1
PRE-TEST EXPOSURE: Vac. 1292°F, 24 hrs. SOURCE: NASA-GRC
NORMALIZED BY: Not normalized
Temperature (°F) 800 800 800 800 800 800
Environment Air Air Air Air Air Air
Fiber Volume (%) 15 25 35 35 35 41
Strain Rate (1/s) 1:10° 1:10° 1:10° 1:10* 1:10° 1:10°
Mean 137 195 198 200 226 248
Minimum 136 192 201 245
Maximum 138 197 252 251
C.V.(%)
B-value
F]tu Distribution
(ksi) Cq
Cz
No. Specimens 2 2 1 1 4 2
No. Lots 1 1 1 1 1 1
Approval Class | Screening | Screening | Screening | Screening | Screening | Screening
Mean 19 24 29 32 27 31
Minimum 19 24 26 30
Maximum 19 24 29 32
E} C\V.(%)
(Msi)  No. Specimens 2 2 1 1 4 2
No. Lots 1 1 1 1 1 1
Approval Class | Screening | Screening | Screening | Screening | Screening | Screening
Mean 0.38 0.32 0.3
W No. Specimens 2 2 2
12
No. Lots 1 1 1
Approval Class | Screening | Screening Screening
Mean 0.81 0.90 0.82 0.77 0.95 0.84
Minimum 0.75 0.88 0.84 0.83
Maximum 0.86 0.91 1.06 0.84
C\V.(%)
B-value
5{11 Distribution
(%)  Cq
Cz
No. Specimens 2 2 1 1 4 2
No. Lots 1 1 1 1 1 1
Approval Class Screening | Screening | Screening | Screening | Screening | Screening

(1) Also contains data from 32-ply material.

(2) B-basis values appear for fully approved data only.
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CMH-17-4B
Volume 4, Section 3 Materials Properties Data

MATERIAL: SCS-6/Ti-15V-3Cr-3Al-3Sn foil/fiber/foil

Table 3.8.2.1.1(c)
SiC/Ti Foil/fiber/foil

MACHINING: EDM FIBER VOLUME: 15-41 % SCS-6/Ti-15-3
FIBER SPACING: -- Tension, 1-axis
[0]s
SPECIMEN THICKNESS:  0.06-0.12in. MODULUS Least squares analysis 75°F, Air
CALCULATION:  up to proportional limit Screening
TEST METHOD: Sec. 1.4.2.1
PRE-TEST EXPOSURE: Vac. 1292°F, 24 hrs. SOURCE: NASA-GRC
NORMALIZED BY: Not normalized
Temperature (°F) 75 75 75
Environment Air Air Air
Fiber Volume (%) 15 35 41
Strain Rate (1/s) 1:10" 1:10" 1:10™
Mean 123 116 140
Minimum 33 128
Maximum 150 151
C.V.(%) 31.9
B-value (1)
Ftpl Distribution ANOVA
1
(ksi) C1 36.6
C 2.45
No. Specimens 1 9 2
No. Lots 1 2 1
Approval Class | Screening | Screening | Screening
Mean 141 145 176
Minimum 82 160
Maximum 186 192
C.V.(%) 25.8
B-value (1)
Flty0-02 Distribution ANOVA
(ksi) C1 40.6
C, 6.35
No. Specimens 1 9 2
No. Lots 1 2 1
Approval Class | Screening | Screening | Screening
Mean 172
Minimum
Maximum
C.V.(%)
B-value
Fw02  Distribution
1
(ksi) C1
C
No. Specimens 1
No. Lots 1
Approval Class | Screening

(1) B-basis values appear for fully approved data only.
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MATERIAL:  SCS-6/Ti-15V-3Cr-3Al-3Sn foil/fiber/foil

MACHINING:  EDM/water jet/diamond grind  FIBER VOLUME: 15-41 %
FIBER SPACING: -

SPECIMEN THICKNESS: 0.06-0.12in. MODULUS Least squares analysis
CALCULATION:  up to proportional limit

TEST METHOD: Sec. 1.4.2.1

PRE-TEST EXPOSURE: Vac. 1292°F, 24 hrs. SOURCE: NASA-GRC
NORMALIZED BY: Not normalized

Table 3.8.2.1.1(d)
SiC/Ti Foillfiber/foil
SCS-6/Ti-15-3
Tension, 1-axis
[01s"
800°F, Air
Screening

Temperature (°F) 800 800 800 800 800
Environment Air Air Air Air Air
Fiber Volume (%) 15 25 35 35 35
Strain Rate (1/s) 1-10° 1-10° 1-10° 1-10" 1-10°

800
Air

1-107°

Mean 24 17 91
Minimum 31
Maximum 151
C.V.(%)

B-value
Ftpl Distribution

(ksi)  Ci
C2

No. Specimens 1 1 2
No. Lots 1 1 1
Approval Class Screening | Screening [ Screening

Mean 116 158 90 42 175
Minimum 115 151 147
Maximum 116 164 187
C.V.(%)

B-value
Flty0.02 Distribution

(ksi)  Ci
C2

No. Specimens 2 2 1 1 4
No. Lots 1 1 1 1 1
Approval Class | Screening | Screening | Screening | Screening | Screening

200
187
212

2
1
Screening

Mean
Minimum
Maximum
C.V.(%)

B-value
Flty0~2 Distribution

(ksi)  Ci
C2

No. Specimens
No. Lots
Approval Class

(1) Also contains data from 32-ply material.
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CMH-17-4B

MATERIAL: SCS-6/Ti-15V-3Cr-3AI-3Sn foil/fiber/foil Table 3.8.2.1.1(e)
SiC/Ti Foilffiber/foil
MACHINING: EDM FIBER VOLUME: 15-41 % SCS-6/Ti-15-3
FIBER SPACING: -- Tension, 2-axis
[90]s
SPECIMEN THICKNESS:  0.06-0.12in. MODULUS Least squares analysis 75, 800°F, Air
CALCULATION:  up to proportional limit Screening
TEST METHOD: Sec. 1.4.2.1
PRE-TEST EXPOSURE: Vac. 1292°F, 24 hrs. SOURCE: NASA-GRC
NORMALIZED BY: Not normalized
Temperature (°F) 75 75 75 800 800
Environment Air Air Air Air Air
Fiber Volume (%) 15 35 41 35 35
Strain Rate (1/s) 1-10" 1-10™ 1-10™ 1-10° 1-10"
Mean 96 61 28 41 42
Minimum 59 23
Maximum 62 33
C.V.(%)
B-value
¢ o
qu Distribution
(ksi)  Cq
C
No. Specimens 1 2 2 1 1
No. Lots 1 1 1 1 1
Approval Class Screening | Screening | Screening | Screening | Screening
Mean 18 18 18 17 17
Minimum 17 18
Maximum 19 18
Et2 C.V.(%)
(Msi)  No. Specimens 1 2 2 1 1
No. Lots 1 1 1 1 1
Approval Class Screening | Screening | Screening | Screening | Screening
Mean 0.18
t No. Specimens 2
V23 P
No. Lots 1
Approval Class Screening
Mean 1.91 1.41 0.16 0.99 0.71
Minimum 1.38 0.12
Maximum 1.43 0.19
C.V.(%)
B-value
gtzu Distribution
(%) Cq
C
No. Specimens 1 2 2 1 1
No. Lots 1 1 1 1 1
Approval Class Screening | Screening | Screening | Screening | Screening
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CMH-17-4B

MATERIAL: SCS-6/Ti-15V-3Cr-3AI-3Sn foil/fiber/foil Table 3.8.2.1.1(f)
SiC/Ti Foilffiber/foil
MACHINING: EDM FIBER VOLUME: 15-41 % SCS-6/Ti-15-3
FIBER SPACING: -- Tension, 2-axis
[90]s
SPECIMEN THICKNESS: 0.06-0.12in. MODULUS Least squares analysis 75, 800°F, Air
CALCULATION:  up to proportional limit Screening
TEST METHOD: Sec. 1.4.2.1
PRE-TEST EXPOSURE: Vac. 1292°F, 24 hrs. SOURCE: NASA-GRC
NORMALIZED BY: Not normalized
Temperature (°F) 75 75 75 800 800
Environment Air Air Air Air Air
Fiber Volume (%) 15 35 41 35 35
Strain Rate (1/s) 1-10™ 1-10™ 1-10™ 1-10° 1-10™
Mean 42 16 15 16
Minimum 15
Maximum 17
C.V.(%)
B-value
F2tp1 Distribution
(ksi) C1
C2
No. Specimens 2 2 1 1
No. Lots 1 1 1 1
Approval Class | Screening | Screening Screening [ Screening
Mean 44 39 22 25
Minimum 38
Maximum 40
C.V.(%)
B-value
Fty0.02 Distribution
2
(ksi) C1
C2
No. Specimens 1 2 1 1
No. Lots 1 1 1 1
Approval Class | Screening | Screening Screening [ Screening
Mean 75 49.5 30 34
Minimum 49
Maximum 50
C.V.(%)
B-value
w02 Distribution
2
(ksi) C1
C2
No. Specimens 1 2 1 1
No. Lots 1 1 1 1
Approval Class | Screening | Screening Screening [ Screening

239
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MATERIAL:  SCS-6/Ti-15V-3Cr-3Al-3Sn foil/fiber/foil

MACHINING:  EDM/diamond grind FIBER VOLUME: 35%

FIBER SPACING: -
SPECIMEN THICKNESS:

0.08in. MODULUS

CALCULATION:

Least squares analysis
up to proportional limit

TEST METHOD: Sec. 1.4.2.1

PRE-TEST EXPOSURE:
NORMALIZED BY:

Vac. 1292°F, 24 hrs. SOURCE: NASA-GRC

Not normalized

Table 3.8.2.1.1(g)
SiC/Ti Foillfiber/foil
SCS-6/Ti-15-3
Tension, x-axis
[+/-30]5""

75, 800°F, Air
Screening

Temperature (°F) 75 800
Environment Air Air
Fiber Volume (%) 35 35
Strain Rate (1/s) 1-10™ 1-10°
Mean 148 134
Minimum 133
Maximum 179
C.V.(%) 8.16
B-value (2)
Ft  Distribution ANOVA
(ksi)  Cq 24.6
Cz 19.8
No. Specimens 10 1
No. Lots 2 1
Approval Class | Screening | Screening
Mean 22.2 20
Minimum 20.0
Maximum 24.0
0,
E; C.V.(%) 5.64
(Msi)  No. Specimens 11 1
No. Lots 2 1
Approval Class | Screening | Screening
Mean
” No. Specimens
Xy
No. Lots
Approval Class
Mean 1.24 1.52
Minimum 0.99
Maximum 1.66
C.V.(%) 17.0
B-value (2)
P Distribution ANOVA
(%) C1 0.35
Cz 17.6
No. Specimens 9 1
No. Lots 2 1

Approval Class | Screening | Screening

(1) Also contains data from 32-ply material.
(2) B-basis values appear for fully approved data only.
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MATERIAL:  SCS-6/Ti-15V-3Cr-3Al-3Sn foil/fiber/foil

Table 3.8.2.1.1(h)
SiC/Ti Foillfiber/foil

MACHINING:  EDM/diamond grind FIBER VOLUME: 35 % SCS-6/Ti-15-3
FIBER SPACING: -- Tension, x-axis
[+/-30]5"
SPECIMEN THICKNESS: 0.08 in. MODULUS Least squares analysis 75, 800°F, Air
CALCULATION:  up to proportional limit Screening
TEST METHOD: Sec. 1.4.2.1
PRE-TEST EXPOSURE: Vac. 1292°F, 24 hrs. SOURCE: NASA-GRC
NORMALIZED BY: Not normalized
Temperature (°F) 75 800
Environment Air Air
Fiber Volume (%) 35 35
Strain Rate (1/s) 1-10™ 1-10°
Mean 55.3 40
Minimum 33
Maximum 67
C.V.(%) 19.1
B-value (2)
piol Distribution Weibull
X
(ksi)  Cq 59.3
Cz 7.3
No. Specimens 11 1
No. Lots 2 1
Approval Class Screening | Screening
Mean 69.1 50
Minimum 26
Maximum 97
C.V.(%) 25.7
B-value (2)
FY002  Distribution Weibull
(ksi)  Cq 75.1
C, 5.0
No. Specimens 11 1
No. Lots 2 1
Approval Class | Screening | Screening
Mean 112 86
Minimum 91
Maximum 146
C.V.(%) 12.8
B-value (2)
FY02  Distribution Normal
(ksi)  Cq 112
C2 14.3
No. Specimens 11 1
No. Lots 2 1
Approval Class Screening | Screening

(1) Also contains data from 32-ply material.
(2) B-basis values appear for fully approved data only.
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CMH-17-4B

MATERIAL:

MACHINING:

SPECIMEN THICKNESS:

TEST METHOD:

EDM

PRE-TEST EXPOSURE:

NORMALIZED BY:

0.08in.

Sec. 1.4.21

SCS-6/Ti-15V-3Cr-3Al-3Sn foil/fiber/foil

FIBER VOLUME:
FIBER SPACING:

MODULUS
CALCULATION:

Vac. 1292°F, 24 hrs.

Not normalized

SOURCE:

35 %

Least squares analysis
up to proportional limit

NASA-GRC

Table 3.8.2.1.1(i)
SiC/Ti Foillfiber/foil
SCS-6/Ti-15-3
Tension, x-axis
[+/'45]23
75, 800°F, Air
Screening

Temperature (°F)
Environment
Fiber Volume (%)
Strain Rate (1/s)

75
Air
35

1-10*

800
Air
35

1-10°

800
Air
35

1-10*

Mean
Minimum
Maximum
C.V.(%)

B-value
Distribution

Cq
C2

No. Specimens
No. Lots
Approval Class

77

1
1
Screening

64

1
1
Screening

68

1
1
Screening

Mean
Minimum
Maximum
C.V.(%)

No. Specimens
No. Lots
Approval Class

17

1
1
Screening

17

1
1
Screening

13

1
1
Screening

Mean
No. Specimens

No. Lots
Approval Class

tu
X

(%)

Mean
Minimum
Maximum
C.V.(%)

B-value
Distribution

C1
C2

No. Specimens
No. Lots
Approval Class

>4

1
1
Screening

>4.6

1
1
Screening

7.29

1
1
Screening
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CMH-17-4B

MATERIAL:

MACHINING:

EDM

SPECIMEN THICKNESS:

TEST METHOD:

PRE-TEST EXPOSURE:

NORMALIZED BY:

0.08in.

Sec. 1.4.21

SCS-6/Ti-15V-3Cr-3Al-3Sn foil/fiber/foil

FIBER VOLUME:
FIBER SPACING:

MODULUS
CALCULATION:

Vac. 1292°F, 24 hrs.

Not normalized

SOURCE:

35 %

Least squares analysis
up to proportional limit

NASA-GRC

Table 3.8.2.1.1(j)
SiC/Ti Foillfiber/foil
SCS-6/Ti-15-3
Tension, x-axis
[+/'45]23
75, 800°F, Air
Screening

Temperature (°F)
Environment
Fiber Volume (%)
Strain Rate (1/s)

75
Air
35

1-10*

800
Air
35

1-10°

800
Air
35

1-10*

Ftpl
(ksi)

Mean
Minimum
Maximum
C.V.(%)

B-value
Distribution

Cq
C2

No. Specimens
No. Lots
Approval Class

30

1
1
Screening

28

1
1
Screening

21

1
1
Screening

(ksi)

Mean
Minimum
Maximum
C.V.(%)

B-value
Distribution

Cq
C2

No. Specimens
No. Lots
Approval Class

40

1
1
Screening

30

1
1
Screening

35

1
1
Screening

F;y0.2
(ksi)

Mean
Minimum
Maximum
C.V.(%)

B-value
Distribution

Cq
C2

No. Specimens
No. Lots
Approval Class

52

1
1
Screening

29

1
1
Screening

47

1
1
Screening
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MATERIAL:  SCS-6/Ti-15V-3Cr-3Al-3Sn foil/fiber/foil

Table 3.8.2.1.1(k)
SiC/Ti Foillfiber/foil

MACHINING: EDM FIBER VOLUME: 35 % SCS-6/Ti-15-3
FIBER SPACING: -- Tension, x-axis
[+/-60]2s
SPECIMEN THICKNESS: 0.08 in. MODULUS Least squares analysis 75, 800°F, Air
CALCULATION: up to proportional limit Screening
TEST METHOD: Sec.1.4.2.1
PRE-TEST EXPOSURE: Vac. 1292°F, 24 hrs. SOURCE: NASA-GRC
NORMALIZED BY: Not normalized
Temperature (°F) 75 800
Environment Air Air
Fiber Volume (%) 35 35
Strain Rate (1/s) 1-10™ 1-10™
Mean 57 48
Minimum
Maximum
C.V.(%)
B-value
F)Eu Distribution
(ksi)  Cq
C2
No. Specimens 1 1
No. Lots 1 1
Approval Class | Screening | Screening
Mean 17 14
Minimum
Maximum

Bl CV.(%)

(Msi)  No. Specimens 1 1
No. Lots 1 1
Approval Class | Screening | Screening

Mean
t No. Specimens

No. Lots
Approval Class

Mean 1.8 2.95
Minimum
Maximum
C.V.(%)

B-value
P Distribution
(%) C1

Cz

No. Specimens 1 1
No. Lots 1 1
Approval Class | Screening | Screening
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MATERIAL:  SCS-6/Ti-15V-3Cr-3Al-3Sn foil/fiber/foil

Table 3.8.2.1.1(l)
SiC/Ti Foillfiber/foil

MACHINING: EDM FIBER VOLUME: 35 % SCS-6/Ti-15-3
FIBER SPACING: -- Tension, x-axis
[+/-60]2s
SPECIMEN THICKNESS: 0.08 in. MODULUS Least squares analysis 75, 800°F, Air
CALCULATION:  up to proportional limit Screening
TEST METHOD: Sec. 1.4.2.1
PRE-TEST EXPOSURE: Vac. 1292°F, 24 hrs. SOURCE: NASA-GRC
NORMALIZED BY: Not normalized
Temperature (°F) 75 800
Environment Air Air
Fiber Volume (%) 35 35
Strain Rate (1/s) 1-10™ 1-10™
Mean 36 26
Minimum
Maximum
C.V.(%)
B-value
Ftpl Distribution
1
(ksi) C1
C2
No. Specimens 1 1
No. Lots 1 1
Approval Class | Screening | Screening
Mean 41 28
Minimum
Maximum
C.V.(%)
B-value
F;y0-02 Distribution
(ksi) C1
C
No. Specimens 1 1
No. Lots 1 1
Approval Class | Screening | Screening
Mean 50 35
Minimum
Maximum
C.V.(%)
B-value
F)EYO»Z Distribution
(ksi) C1
C2
No. Specimens 1 1
No. Lots 1 1
Approval Class | Screening | Screening
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CMH-17-4B

Volume 4, Section 3 Materials Properties Data

MATERIAL:

MACHINING: EDM

SPECIMEN THICKNESS:

TEST METHOD:

PRE-TEST EXPOSURE:

NORMALIZED BY:

0.08in.

Sec. 1.4.21

Vac. 1292°F, 24 hrs.
Not normalized

SCS-6/Ti-15V-3Cr-3Al-3Sn foil/fiber/foil

FIBER VOLUME: 35%
FIBER SPACING: -

MODULUS
CALCULATION:

Least squares analysis
up to proportional limit

SOURCE: NASA-GRC

Table 3.8.2.1.1(m)
SiC/Ti Foillfiber/foil
SCS-6/Ti-15-3
Tension, x-axis
ro/90]™"
75°F, Air
Screening

Temperature (°F) 75
Environment Air
Fiber Volume (%) 35
Strain Rate (1/s) 1-10™
Mean 148
Minimum 143
Maximum 154
C.V.(%)
B-value
Fiv Distribution
X
(ksi)  Cq
C
No. Specimens 4
No. Lots 1
Approval Class Screening
Mean 21
Minimum 15
Maximum 25
E; C.V.(%)
(Msi)  No. Specimens 4
No. Lots 1
Approval Class Screening
Mean 0.18
” No. Specimens 2
Xy
No. Lots 1
Approval Class Screening
Mean 1.09
Minimum 1
Maximum 1.21
C.V.(%)
B-value
g;u Distribution
(%) Cq
C
No. Specimens 4
No. Lots 1
Approval Class Screening

(1) Combined data from [0/90]2s and [90/0]as.
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Volume 4, Section 3 Materials Properties Data

MATERIAL:

MACHINING: EDM

SPECIMEN THICKNESS:

TEST METHOD:

PRE-TEST EXPOSURE:

NORMALIZED BY:

Not normalized

SCS-6/Ti-15V-3Cr-3Al-3Sn foil/fiber/foil

FIBER VOLUME: 35%
FIBER SPACING: -

0.08 in. MODULUS Least squares analysis
CALCULATION:  up to proportional limit
Sec. 1.4.2.1
Vac. 1292°F, 24 hrs. SOURCE: NASA-GRC

Table 3.8.2.1.1(n)
SiC/Ti Foillfiber/foil
SCS-6/Ti-15-3
Tension, x-axis
ro/90]™"
75°F, Air
Screening

Temperature (°F) 75
Environment Air
Fiber Volume (%) 35
Strain Rate (1/s) 1-10"
Mean 33
Minimum 23
Maximum 47
C.V.(%)
B-value
piol Distribution
X
(ksi) C1
C2
No. Specimens 4
No. Lots 1
Approval Class | Screening
Mean 58.8
Minimum 37
Maximum 80
C.V.(%)
B-value
F)EYO-OZ Distribution
(ksi) C1
C
No. Specimens 4
No. Lots 1
Approval Class | Screening
Mean 126
Minimum 115
Maximum 136
C.V.(%)
B-value
FY02  Distribution
(ksi) C1
C2
No. Specimens 4
No. Lots 1
Approval Class | Screening

(1) Combined data from [0/90]2s and [90/0]zs.

247




CMH-17-4B
Volume 4, Section 3 Materials Properties Data

SCS-6/Ti-15-3
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FIGURE 3.8.2.1.1(a) Ultimate tensile strength as a function of fiber volume and temperature.
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FIGURE 3.8.2.1.1(b) Tensile modulus as a function of fiber volume and temperature.
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SCS-6/Ti-15-3
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FIGURE 3.8.2.1.1(c) Proportional limit as a function of fiber volume and temperature.
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FIGURE 3.8.2.1.1(d) 0.02-offset-strength as a function of fiber volume and temperature.
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SCS-6/Ti-15-3
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FIGURE 3.8.2.1.1(e) Typical tensile behavior of [0]s laminae at 75°F (24°C) as a function
of fiber volume percent (V,) at a strain rate of 1*10s”.
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FIGURE 3.8.2.1.1(f) Typical tensile behavior of [0]s laminae at 800°F (427°C) as a function
of fiber volume percent (V) at a strain rate of 1*1 0°s7.
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0

SCS-6/Ti-15-3
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FIGURE 3.8.2.1.1(g) Typical tensile behavior of [0]s laminae at 800°F (427°C) as a function

of fiber volume percent (V) at a strain rate of 1*1 0°s7.
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FIGURE 3.8.2.1.1(h) Average tensile modulus as a function of fiber orientation and

temperature tested at strain rates of 1*10° and 1*10* s™.

251




CMH-17-4B

Volume 4, Section 3 Materials Properties Data

SCS-6/Ti-15-3
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FIGURE 3.8.2.1.1(i) Average tensile strength as a function of fiber orientation and temperature
tested at strain rates of 1*10° and 1*10* s™.
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FIGURE 3.8.2.1.1(j) Typical tensile behavior of SiC/Ti-15-3 at 75°F (24°C) as a function
of fiber orientation (V, = 35) at a strain rate of 1*10* s”".
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3.8.2.1.2 SCS-6/Ti-15-3 Fatigue

Composite plates were consolidated by Textron using the foil-fiber-foil method. The matrix foils were
of the alloy Ti-15V-3Cr-3AI-3Sn (Ti-15-3) and the reinforcement was the SCS-6 fibers. Plates were either
8 or 32-ply thick and had dimensions of either 12” x 12” or 10” x 14”. All fiber mats used in these plates
were woven with metallic ribbons. The type of ribbon used (Ti, Mo, or Ti-Nb) depended on the manufac-
turing year.

Low cycle fatigue (LCF) specimens were cut from the plates and prepared according to Section
1.3.2.4. All specimens were heat treated in vacuum for 24 h at 1292°F (700°C). Fatigue testing was per-
formed mostly in air according to the test methods in Section 1.4.2.4. A few tests were conducted in vac-
uum to examine environmental effects. Direct induction heat was used for the tests at elevated tempera-
tures.

HIPed foils of the Ti-15-3 were consolidated into thick plates of the neat matrix. Cylindrical dogbone
shaped samples were turned out of the plate and given the same heat treatment as the composite. This
material was used to compare to the composite data.

Effect of Mean Stress

Fatigue of unidirectional [0], composites is shown in Figure 3.8.2.1.2(a) as a function of mean stress.
These tests were conducted in load control. A variety of mean stress conditions were used ranging from
R, = -1 (fully-reversed) to R, = 0.7 (a high tensile mean stress). For the tests containing compressive
loads, thicker, 32-ply composites were used to prevent buckling of the samples.

Figure 3.8.2.1.2(a) shows that when plotted on a stress range basis, the higher the mean stress, the
shorter the life. These data, in fact, can be best modeled using the Soderberg Mean Stress approach. It
should be noted that under a tensile mean stress, the specimens ratchet to ever increasing tensile strains,
similar to the behavior exhibited by monolithic metals. The ratcheting is more severe at higher tensile
mean stresses.

Fatigue data for strain-controlled tests is shown in Figure 3.8.2.1.2(b). On a strain range basis, the
[0], data for the fully-reversed situations have similar lives to those of the neat matrix. Note that the neat
matrix rapidly relaxes to a fully-reversed stress state when cyclic mean strains are applied. Thus for a
strain-controlled situation, the neat matrix shows no mean strain effect on life. The composite, however,
does show a mean strain effect with lives being reduced at higher tensile mean strains.

This Figure, 3.8.2.1.2(b), suggests that on a strain range basis, the composite never has a better LCF
life than the neat matrix. That is to say that by adding the reinforcing fibers, the fatigue life of the matrix
can only be reduced. This is especially true at low strain ranges where the neat matrix shows a fatigue
limit, and the composite, at least down to the values of strain range shown in this Figure, does not exhibit
a fatigue limit. However, there are advantages to adding fibers, such as increased strength, reduced den-
sity, and toughening of the matrix.

Effect of Fiber Architecture

The fatigue curves of various laminates are plotted in Figure 3.8.2.1.2(c) for load-controlled tests hav-
ing a tensile mean stress (R, = 0.05). There are data at both 75 and 800°F (427°C). On a stress range
basis, the [0], laminates are the strongest, i.e., have the longest fatigue life per given stress range. As the
component of fiber in the 0-degree direction decreases, the fatigue resistance generally decreases.
Therefore, the transverse, [90], laminate has the poorest fatigue resistance.

Temperature has a pronounced effect on fatigue life, particularly for laminates containing no 0-degree
fibers, e.g., [+30],. At higher temperatures these laminates have poorer fatigue resistance. This is proba-
bly due to more matrix inelasticity, which leads to more load shedding to the fibers and continued strain
ratcheting. Oxidation at elevated temperatures, particularly of the fiber/matrix interface, also reduces the
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fatigue life in laminates containing any ply orientation other than 0-degree, where cut fiber ends are ex-
posed to the environment.

One interesting observation from this Figure is that the [0/90],s laminate has better fatigue resistance
than the [90/0],s laminate in spite of the fact that they were taken from the same plate of material and have
identical tensile properties. The reason for this difference is that in both of these laminates, the fi-
ber/matrix interface in the 90-degree plies debonds on the first load-up. In the [90/0],s laminate, this puts
additional loads onto the thin, outer matrix sheet, cracking it early in the life. The crack can easily propa-
gate a good distance until it is retarded by the first 0-degree ply. For the [0/90],s laminate, the cracks are
nucleated later in life and are retarded at the first, outer row of fibers, which happen to be the 0-degree
plies.

Figure 3.8.2.1.2(d) shows fatigue curves for strain-controlled tests on both the composite and neat
matrix. Similar to Figure 3.8.2.1.2(b), the matrix data represents the upper limit for fatigue life when plot-
ted on a strain range basis. The fatigue lives of both the [0], and the [+30]ss laminates are slightly less
than those of the neat matrix. It can also be observed by comparing Figures 3.8.2.1.2(b) and (d) that
composite data from all laminates (including those of different volume fractions in Figure 3.8.2.1.2(e))
condense into one fatigue curve if the data are plotted on a strain range basis and have the same strain
ratio.

Effect of Fiber Volume Fraction

Strain-controlled, fully-reversed fatigue tests were conducted on [0], laminates, but containing different
fiber volume fractions. The tensile properties for these samples are given in Table 3.8.2.1.1(b) and (d),
and vary greatly as a function of fiber loading. However, when plotted on a strain range basis, there is no
difference in fatigue lives amongst the various fiber volume fractions.

For additional information, please refer to the following References.

e B.A. Lerch: Fatigue Behavior of SiC/Ti-15-3 Laminates. HiTemp Review 1990, NASA Conference
Publication 10051, pp. 35-1 - 35-9.

e T.P. Gabb, J. Gayda, B.A. Lerch and G.R. Halford: The Effect of Matrix Mechanical Properties on
[0]s Unidirectional SiC/Ti Composite Fatigue Resistance. Scripta Met., Vol. 25, 1991, pp. 2879-
2884.

e B.A Lerch and GR. Halford: Fully-Reversed Fatigue of a Ti-MMC. Proceedings of the 17th Con-
ference on Metal Matrix, Carbon, and Ceramic Matrix Composites, Part |; Cocoa Beach, FL, Jan.
1993, NASA CP 3235, May 1994, pp. 177-191.

e B. Lerch and G. Halford: Effects of Control Mode and R-ratio on the Fatigue Behaviour of a Metal
Matrix Composite. Materials Science and Engineering, A200, 1995, pp. 47-54.

e B. Lerch and G. Halford: Fatigue Mean Stress Modeling in a [0]32 Titanium Matrix Composite.
HiTemp Review 1995 Advanced High Temperature Engine Materials Technology Program, Volume
Il: Compressor/Turbine Materials - Metals and MMC's, NASA Conf. Proc. 10178, 1995, paper 21.

e B.A. Lerch, M.J. Verrilli and G.R. Halford: Fully-Reversed Fatigue of a Ti-MMC. Proceedings of
the American Society for Composites, Eighth Technical Conference, Technomic Publishing Com-
pany, Lancaster, Pa., 1993, pp. 388-396.

e S. Subramanian, B.A. Lerch, M.G. Castelli and D. Allen: Effect of Fiber Volume Fraction on Fully-
Reversed Isothermal Fatigue Behavior of Unidirectional SCS6-Ti-15-3 Composites, Composites
and Functionally Graded Materials, MD-Vol. 80, eds. T.S. Srivatsan, A. Zavaliangos, K.I. Jacob, N.
Katsube, W. Jones, K. Ramani, S. Sitaraman and S. Yang, ASME, 1997, pp. 131-139.

e B.S. Majumdar and B.A. Lerch: Fatigue Mechanisms in a Ti-Based Fiber-Reinforced MMC and
Approaches to Life Prediction, Proceedings of the Air Force Workshop on Titanium Matrix Com-
posites, eds. P.R. Smith and W. Revelos, AF Technical Report No. WL-TR-93-4105, 1993, pp
409-426.
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FIGURE 3.8.2.1.2(a) Load-controlled fatigue data for [0], at 800°F (427°C).

Correlative Information for Figure 3.8.2.1.2(a)

Data Source

Fatigue Table C4.1(d)

Static Tension Table 3.8.2.1.1band d
No. of Lots 3

No. of Plies 8,32

Test Parameters

Frequency (Hz) 0.04 - 0.17

Waveform Triangular
Temperature (F) 800

Atmosphere Air

Load Ratio (R,)

-1,-0.6, -0.3,0.05, 0.3, 0.5, 0.7

Stress Life Equations

R, =0.05 (8 and 32-ply)
Log Ny =21.7 — 8.17 log (Ac)
Std. Dev. of Log (Ny) = 0.25
R® = 88%, Sample Size = 11

R; = 0.5 (32-ply)

Log N;=35.6 — 16.4 Log (Aoc)
Std. Dev. of Log (Ny) = 8.46(1/Ac)
R’ = 91%, Sample Size = 4

R; =-1 (32-ply)

Log N;=15.6 — 4.85 Log (Aoc)
Std. Dev. of log (N¢) = 0.023
R? = 100%, Sample Size 3

R.= -0.3 (32-ply)
Log N; = 16.8 — 5.63 Log (Ac)
Std. Dev. of log (N¢) = 0.084
R? = 94%, Sample Size = 3
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FIGURE 3.8.2.1.2(b) Strain-controlled fatigue data for [0], at 800°F (427°C).

Correlative Information for Figure 3.8.2.1.2(b)

Composite

Matrix

Data Source

Fatigue Table C4.1(d) Table B4.1(b)

Static Tension Table 3.8.2.1.1b, d Table 3.3.5.1 a,b,d,e
No. of Lots 3 1

No. of Plies 8,32

Test Parameters

Strain Rate (1/s) 1x10° 1x10°

Waveform Triangular Triangular
Temperature (F) 800 75, 400, 800
Atmosphere Air Air

Strain Ratio (R,) -1.0, 0.05 -1.0, 0.05

Strain-Life Equations

R, = -1.0 (8 and 32 ply pooled)
Log N¢=3.97 — 4.39 Log (Ag)
Std. Dev. of log (N¢) = 0.12

R* = 97%, No. of Samples =17

R, = -1.0 and 0.05 Pooled"”

Log N¢=4.04 — 4.60 Log (Ag)

Std. Dev. of Log (N¢) = 0.217 (1/A¢)
R’ = 83%, No. of Samples = 12

R, = 0.05, (32 ply)

Log N¢= 3.05 — 5.6 Log (Ag)
Std. Dev. of log (Ny) = 0.15

R? = 87%, No. of Samples = 8

(1) Also pools 75, 400, and 800°F Data
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FIGURE 3.8.2.1.2(c) Load-Controlled fatigue data at R = 0.05 for laminates.

Correlative Information for Figure 3.8.2.1.2(c)

Data Source

Fatigue Table C4.1(d)

Static Tension Table 3.8.2.1.1 a-j,m,n

No. of Lots [0],- 3
[£30]gs— 1 ; [£30]2s— 2
[0/90],s and [90/0],s - 1
[£45]ps- 1

No. of Plies 8,32

Test Parameters

Frequency (Hz) 0.07-0.19

Waveform Triangular

Temperature (F) 75, 800

Atmosphere Air

Load Ratio (R,) 0.05

Stress Life Equations

[90/0].s, Temp = 75°F

Log Ny =12.8 —4.71 log (Ac)
Std. Dev. of Log (Ny) = 0.47(1/Ac)
R’ = 98%, Sample Size = 4

[0/90],s, Temp = 75°F

Log N;=13.2-4.79 Log (Aoc)
Std. Dev. of Log (N¢) = 0.17
R? = 91%, Sample Size = 4

[*45],s, Temp = 800°F

Log N;=15.2-7.16 Log (Ac)
Std. Dev. of log (Ny) = 5.5(1/Ac)
R? = 86%, Sample Size 7

[£30].s, Temp = 75°F

Log N;=12.8 —4.43 Log (Ac)
Std. Dev. of log (Ny) = 0.23

R’ = 81%, Sample Size = 9

[+30]ss, Temp = 800°F

Log Ny =16.6 — 7.29 Log (Aoc)
Std. Dev. of log (Ny) = 2.2(1/Ac)
R’ = 97%, Sample Size 5

[0]., Temp = 800 & 75°F Pooled
Log N¢=21.4 - 8.01 Log (Aoc)
Std. Dev. of log (Ny) = 0.25

R? = 86%, Sample Size = 13
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FIGURE 3.8.2.1.2(d) Strain-controlled fatigue Data at R = -1 for laminates.

Correlative Information for Figure 3.8.2.1.2(d)

Composite

Matrix

Data Source

Fatigue Table C4.1(d) Table B4.1(b)
Static Tension Table 3.8.2.1.1b,d, g, h Table 3.3.5.1 a,b,d,e
No. of Lots [0],-3 1

[£30]gs - 2
No. of Plies 8,32
Test Parameters
Strain Rate (1/s) 1x10° 1x10°
Waveform Triangular Triangular
Temperature (F) 75, 800 75, 400, 800
Atmosphere Air Air
Strain Ratio (Ry) -1.0 -1.0
Strain-Life Equations All Laminates'" Matrix®®

Log Nt = 3.91 — 4.57 Log (Ag)
Std. Dev. of log (Ny) = 0.21
R? = 90%, Sample Size =28

Log Nt =4.13 — 5.49 Log (Ag)
Std. Dev. of Log (Ny) = 0.36 (1/A¢)
R? = 49%, Sample Size= 5

(1) Pooled all laminate data, temperatures and plies.
(2) Pooled 75, 400 and 800°F data.
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FIGURE 3.8.2.1.2(e) Strain-controlled fatigue [0], data as a function of volume fraction.

Correlative Information for Figure 3.8.2.1.2(e)

Data Source

Fatigue Table C4.1(d)
Static Tension Table 3.8.2.1.1b,d
No. of Lots 6

No. of Plies 8,32

Test Parameters

Strain rate (1/s) 1x10°

Waveform Triangular
Temperature (F) 800

Atmosphere Air

Load Ratio (R,) -1.0

Stress-Life Equations

V;=0.15, 0.25, 0.35, 0.42 Pooled
Log N = 3.93 — 4.30 log (Ac)

Std. Dev. of Log (N¢) = 0.17

R? = 92%, Sample Size = 28
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3.8.2.2 TRIMARC-1/Ti-6AI-2Sn-4Zr-2Mo wire/fiber wound plate*

SiC/Ti
MATERIAL: TRIMARC-1/Ti-6Al-2Sn-4Zr-2Mo panel TRIMARC-1/Ti 6-2-4-2
Summary
FIBER: Trimarc-1, continuous, dia = 0.005 in. MATRIX: Ti-6Al-2Sn-4Zr-2Mo
MANUFACTURER: Atlantic Research Corp.
PROCESS SEQUENCE:  Wire/fiber wound process
PROCESSING: HIP 1749°F, 15 ksi, 2 hrs. SOURCE: AFRL/MLLMN
Date of fiber manufacture Date of testing 1994-1996
Date of matrix manufacture Date of data resubmittal 11/2000
Date of composite manufacture 1994-1996 | Date of analysis 4/2003
LAMINA PROPERTY SUMMARY
Temperature 73°F 325°F 700°F
Environment Air Air Air
Fiber v/o 27-33 27-33 27-33
[0]10 and [O]s SSS-8S- SS--8S- SS--8S--
Tension, 1-axis
[90]10 and [90]s SSSSSS— SS-SSSS SS-SSSS
Tension, 2-axis
[0]10 ---8s8 -S--8s- -S--8sS
Compression, 1-axis
[90]10 -S--SS8S -5--SS8S -5--SS8S
Compression, 2-axis

Classes of data: F - Fully approved, S - Screening in order: Strength/Modulus/Poisson’s Ratio/Strain-to-failure/Proportional
Limit/0.02-offset-strength/0.2-offset-strength.

*Raw data tables in Appendix C4.2.
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Nominal As Submitted Test Method
Fiber Density (Ib/in®) 0.114-0.117
Foil Matrix Density (Ib/in®)
Composite Density (Ib/in®) 0.150**
Ply Thickness (in)

** Calculated based on V¢

LAMINATE PROPERTY SUMMARY

Temperature

Environment

Fiber v/o

Classes of data: F - Fully approved, S - Screening in order: Strength/Modulus/Poisson’s Ratio/Strain-to-failure/Proportional
Limit/0.02-offset-strength/0.2-offset-strength.
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MATERIAL:

MACHINING:

SPECIMEN GEOMETRY:
GAGE THICKNESS:
GAGE WIDTH:

TEST METHOD:

PRE-TEST EXPOSURE:
NORMALIZED BY:

Trimarc-1/Ti 6-2-4-2 panel

Water Jet/Diamond Grind

Straight-sided
0.0670-0.0951 in.
0.3146-0.640 in.

Sec. 1.4.2.1

None
Not normalized

FIBER VOLUME:
FIBER SPACING:

0.273-0.324
130 fibers/inch

MODULUS
CALCULATION:

Least squares fit

SOURCE:

Table 3.8.2.2(a)
SiC/Ti panel
Trimarc-1/Ti 6-2-4-2
Tension, 1-axis
[0]10, [0]s
73, 325,700°F
Screening

AFRL/MLLMN

Temperature (°F)
Environment

Fiber Volume Fraction
Strain Rate (1/s)

73
Air

(1)

27.3-32.4

325
Air
27.3-31.0
(1)

700
Air
27.4-30.5
(1)

Mean
Minimum
Maximum
C.V.(%)

Fltu B-value
Distribution
(ksi) Cq
C2

No. Specimens
No. Lots
Approval Class

230
198
255
7.20

(2)

238
17.2

12
4

Weibull

Screening

208
166
230
8.08

)
ANOVA
2.60
17.3

21
4
Screening

190
142
207
7.93

(2)
Weibull
196
19.5

17
4
Screening

Mean

Minimum

Maximum
E! C.V.(%)

(Msi)  No. Specimens
No. Lots

Approval Class

20.2
28.3
30.8
2.73

11
4

Screening

28.3
25.8
31.7
4.96

19
4
Screening

27.6
23.3
31.7
7.39

15
4
Screening

Mean
No. Specimens

No. Lots
Approval Class

t
V12

0.29
1

1

Screening

Mean
Minimum
Maximum
C.V.(%)

e B-value
Distribution
(%) Cq
C2

No. Specimens
No. Lots
Approval Class

(1) The following strain rates were pooled: 0.00001, 0.0001, 0.001, 0.0008 s™".
(2) B-Basis values appear for fully approved data only.
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MATERIAL: Trimarc-1/Ti 6-2-4-2 panel Table 3.8.2.2(b)
SiC/Ti panel
MACHINING: Water Jet/Diamond Grind FIBER VOLUME: 0.273-0.324 Trimarc-1/Ti 6-2-4-2
FIBER SPACING: 130 fibers/inch Tension, 1-axis
SPECIMEN GEOMETRY:  Straight-sided [0140, [0]s
GAGE THICKNESS: 0.0670-0.0951 in. MODULUS Least squares fit 73, 325, 700°F
GAGE WIDTH: 0.3146-0.3640 in. CALCULATION: Screening
TEST METHOD: Sec. 1.4.2.1
PRE-TEST EXPOSURE: None SOURCE: AFRL/MLLMN
NORMALIZED BY: Not normalized
Temperature (°F) 73 325 700
Environment Air Air Air
Fiber Volume Fraction 27.3-32.4 27.3-31.0 27.4-30.5
Strain Rate (1/s) (1) (1) (1)
Mean 218 201 170
Minimum 168 175 150
Maximum 241 211 185
C.V.(%) 15.4 6.23 7.28
B-value (2) (3) (3)
Fltpl Distribution Weibull Weibull
(ksi) C1 205 175
C 26.6 18.0
No. Specimens 4 8 10
No. Lots 3 4 4
Approval Class Screening Screening Screening
Mean 219 205 182
Minimum 174 183 160
Maximum 245 215 191
C.V.(%) 5.51 5.40
B-value (2) (3) (3)
FltyO.OZ Distribution Normal Weibull
(ksi) C1 205 186
C 11.3 27.2
No. Specimens 3 6 11
No. Lots 2 4 4
Approval Class Screening Screening Screening
Mean (4) (4) (4)
Minimum
Maximum
C.V.(%)
B-value
Fty0.2 Distribution
1
(ksi) C1
C
No. Specimens
No. Lots
Approval Class

(1) The following strain rates were pooled: 0.00001, 0.0001, 0.001, 0.0008 s™.
(2) Statistics are not performed for less than 5 data points.

(3) B-Basis values appear for fully approved data only.

(4) Did not reach 0.2 offset before failure.
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MATERIAL: Trimarc-1/Ti 6-2-4-2 panel Table 3.8.2.2(c)
SiC/Ti panel
MACHINING: Water Jet/Diamond Grind FIBER VOLUME: 0.287-0.322 Trimarc-1/Ti 6-2-4-2
FIBER SPACING: 130 fibers/inch Tension, 2-axis
SPECIMEN GEOMETRY:  Straight-sided [90140, [90]s
GAGE THICKNESS: 0.0680-0.0905 in. MODULUS Least squares fit 73, 325, 700°F
GAGE WIDTH: 0.3143-0.3870 in. CALCULATION: Screening_j
TEST METHOD: Sec. 1.4.2.1
PRE-TEST EXPOSURE: None SOURCE: AFRL/MLLMN
NORMALIZED BY: Not normalized
Temperature (°F) 73 325 700
Environment Air Air Air
Fiber Volume Fraction 28.7-32.2 28.7-30.5 28.7-30.5
Strain Rate (1/s) (1) (1) (1)
Mean 48.6 56.6 50.8
Minimum 35.3 49.2 41.7
Maximum 59.4 63.2 57.7
C.V.(%) 16.6 8.54 11.0
Fu B-value (2) (2) (2)
2 Distribution ANOVA ANOVA ANOVA
(ksi) Cq 137 61.4 96.7
Cs 5.86 10.7 7.31
No. Specimens 12 13 12
No. Lots 6 4 5
Approval Class Screening Screening Screening
Mean 223 19.8 17.9
Minimum 19.8 16.5 13.2
Maximum 241 223 231
E} C.V.(%) 5.92 9.55 18.4
(Msi)  No. Specimens 10 10 10
No. Lots 5 4 5
Approval Class Screening Screening Screening
Mean 0.22
v£3 No. Specimens 3
No. Lots 3
Approval Class Screening
Mean 0.560 0.955 1.05
Minimum 0.420 0.740 0.620
Maximum 0.680 1.26 1.48
C.V.(%) 16.6 241 334
gl B-value (2) (3) (3)
Distribution Nonpara.
(%) Cq 8
C, 6
No. Specimens 8 4 4
No. Lots 3 3 3
Approval Class Screening Screening Screening

(1) The following strain rates were pooled: 0.00001, 0.0001, 0.001, 0.0008 s™.
(2) B-Basis values appear for fully approved data only.
(3) Statistics are not performed for less than 5 data points.
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MATERIAL: Trimarc-1/Ti 6-2-4-2 panel Table 3.8.2.2(d)
SiC/Ti panel
MACHINING: Water Jet/Diamond Grind FIBER VOLUME: 0.287-0.322 Trimarc-1/Ti 6-2-4-2

FIBER SPACING: 130 fibers/inch Tension, 2-axis

SPECIMEN GEOMETRY:  Straight-sided [90]10, [90]s

GAGE THICKNESS: 0.0680-0.0905 in. MODULUS Least squares fit 73, 325, 700°F
GAGE WIDTH: 0.3143-0.3870 in. CALCULATION: Screening
TEST METHOD: Sec. 1.4.2.1
PRE-TEST EXPOSURE: None SOURCE: AFRL/MLLMN
NORMALIZED BY: Not normalized
Temperature (°F) 73 325 700
Environment Air Air Air
Fiber Volume Fraction 28.7-32.2 28.7-30.5 28.7-30.5
Strain Rate (1/s) (1) (1) (1)
Mean 26.5 26.8 21.3
Minimum 17.7 20.3 17.5
Maximum 38.3 32.9 25.2
C.V.(%) 22.2 12.6 10.8
Eipl B-value (2) 2) 2)
2 Distribution Weibull Weibull Weibull
(ksi) C1 28.8 28.3 223
C 4.89 9.23 11.0
No. Specimens 10 10 10
No. Lots 5 4 4
Approval Class Screening Screening Screening
Mean 441 35.9 26.0
Minimum 33.9 33.2 24.7
Maximum 50.7 38.5 28.3
C.V.(%) 12.1 5.36 4.48
FLy0.02 B-value (2) (2) (2)
2 Distribution Normal Weibull Weibull
(ksi) C1 441 36.8 26.5
C, 5.34 22.7 22.2
No. Specimens 9 10 10
No. Lots 5 4 4
Approval Class Screening Screening Screening
Mean 57.1 471
Minimum 51.9 434
Maximum 61.1 52.5
C.V.(%) 6.69 6.21
E02 B-value 3) (2)
2 Distribution ANOVA
(ksi) C1 3.84
C, 3.14
No. Specimens 4 9
No. Lots 2 4
Approval Class Screening Screening

(1) The following strain rates were pooled: 0.00001, 0.0001, 0.001, 0.0008 s™.
(2) B-Basis values appear for fully approved data only.
(3) Statistics are not performed for less than 5 data points.
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MATERIAL:

MACHINING:

SPECIMEN GEOMETRY:
GAGE THICKNESS:
GAGE WIDTH:

TEST METHOD:

PRE-TEST EXPOSURE:
NORMALIZED BY:

Trimarc-1/Ti 6-2-4-2 panel

Water Jet/Diamond Grind

Straight-sided
0.0790-0.0930 in.
0.6080-0.6267 in.

FIBER VOLUME:
FIBER SPACING:

MODULUS
CALCULATION:

Sec. 1.4.2.2 with lITRI fixture

None
Not normalized

SOURCE:

0.278-0.328
130 fibers/inch

Least squares fit

Table 3.8.2.2(e)
SiC/Ti panel
Trimarc-1/Ti 6-2-4-2
Compression, 1-axis
[0]10
73, 325, 700°F
Screening

AFRL/MLLMN

Temperature (°F)
Environment

Fiber Volume Fraction
Strain Rate (1/s)

73
Air

(1)

27.9-32.6

325
Air
27.8-32.8
(1)

700
Air
28.0-32.8

Mean
Minimum
Maximum
C.V.(%)

Fe B-value
Distribution
(ksi) Cq
C.

No. Specimens
No. Lots
Approval Class

)

Mean

Minimum

Maximum
ES C.V.(%)

(Msi)  No. Specimens
No. Lots

Approval Class

29.5
28.3
31.5
4.31

7
5

Screening

27.6
25.2
30.3
5.81

9
4
Screening

26.3
24.0
28.6
6.02

6
4
Screening

Mean
Ve No. Specimens
No. Lots
Approval Class

Mean
Minimum
Maximum
C.V.(%)

cu B-value
Distribution
(%) Cq

C2

No. Specimens
No. Lots
Approval Class

(1) The following strain rates were pooled: 0.00001, 0.0001, 0.001, 0.0008 s™.
(2) Tests halted at max load shown in Appendix C4.2 prior to compression failure.
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MATERIAL:

MACHINING:

Trimarc-1/Ti 6-2-4-2 panel

Water Jet/Diamond Grind

SPECIMEN GEOMETRY:  Straight-sided

FIBER VOLUME:
FIBER SPACING:

0.278-0.328
130 fibers/inch

Table 3.8.2.2(f)
SiC/Ti panel
Trimarc-1/Ti 6-2-4-2
Compression, 1-axis
[0]10

GAGE THICKNESS: 0.0790-0.0930 in. MODULUS Least squares fit 73, 325, 700°F
GAGE WIDTH: 0.6080-0.6267 in. CALCULATION: Screening
TEST METHOD: Sec. 1.4.2.2 with lITRI fixture
PRE-TEST EXPOSURE: None SOURCE: AFRL/MLLMN
NORMALIZED BY: Not normalized
Temperature (°F) 73 325 700
Environment Air Air Air
Fiber Volume Fraction 27.9-32.6 27.8-32.8 28.0-32.8
Strain Rate (1/s) (1) (1) (1)
Mean 184 323 253
Minimum 145 291 245
Maximum 234 344 258
C.V.(%) 5.90 2.14
Eep! B-value (2) 3) (3)
1 Distribution Normal ANOVA
(ksi) C1 323 5.73
C, 19.1 5.92
No. Specimens 3 7 5
No. Lots 3 4 3
Approval Class Screening Screening Screening
Mean 193 333 264
Minimum 155 292 247
Maximum 238 375 279
C.V.(%) 7.98 5.24
pev002 - B-value (2) 3) (3)
! Distribution Normal Normal
(ksi) C1 333 264
C 26.6 13.8
No. Specimens 3 7 5
No. Lots 3 4 3
Approval Class Screening Screening Screening
Mean 284 330
Minimum 251 308
Maximum 330 351
C.V.(%)
Fey02 B-value (2) (2)
! Distribution
(ksi) C1
C2
No. Specimens 3 2
No. Lots 3 2
Approval Class Screening Screening

(1) The following strain rates were pooled: 0.00001, 0.0001, 0.001, 0.0008 s™".
(2) Statistics are not performed for less than 5 data points.
(3) B-Basis values appear for fully approved data only.
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MATERIAL:  Trimarc-1/Ti 6-2-4-2 panel Table 3.8.2.2(g)
SiC/Ti panel
MACHINING:  Water Jet/Diamond Grind FIBER VOLUME: 0.278-0.328 Trimarc-1/Ti 6-2-4-2
FIBER SPACING: 130 fibers/inch Compression, 2-axis
SPECIMEN GEOMETRY:  Straight-sided [90]+0
GAGE THICKNESS: 0.0790-0.0950 in. MODULUS Least squares fit 73, 325, 700°F
GAGE WIDTH: 0.6060-0.6283 in. CALCULATION: Screening
TEST METHOD: Sec. 1.4.2.2 with lITRI fixture
PRE-TEST EXPOSURE: None SOURCE: AFRL/MLLMN
NORMALIZED BY: Not normalized
Temperature °F 73 325 700
Environment Air Air Air
Fiber Volume Fraction 28.4-32.4 27.3-32.4 28.1-32.8
Strain Rate (1/s) (1) (1) (1)
Mean
Minimum
Maximum
C.V.(%)
(2) (2) 2)
FS B-value
Distribution
(ksi) Cq
C2
No. Specimens
No. Lots
Approval Class
Mean 23.0 20.6 20.9
Minimum 22.0 19.5 18.8
Maximum 24.0 21.5 22.9
ES C.V.(%) 2.85 3.60 6.16
(Msi)  No. Specimens 9 8 8
No. Lots 5 4 5
Approval Class Screening Screening Screening
Mean
v§3 No. Specimens
No. Lots
Approval Class
Mean
Minimum
Maximum
C.V.(%)
e B-value
Distribution
(%) Cq
C2

No. Specimens
No. Lots
Approval Class

(1) The following strain rates were pooled: 0.00001, 0.0001, 0.001, 0.0008 s™.
(2) Test stopped at max load shown in Appendix C4.2 prior to compression failure.
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MATERIAL:  Trimarc-1/Ti 6-2-4-2 panel Table 3.8.2.2(h)
SiC/Ti panel
MACHINING:  Water Jet/Diamond Grind FIBER VOLUME: 0.278-0.328 Trimarc-1/Ti 6-2-4-2
FIBER SPACING: 130 fibers/inch Compression, 2-axis
SPECIMEN GEOMETRY:  Straight-sided [90]+0
GAGE THICKNESS: 0.0790-0.0950 in. MODULUS Least squares fit 73, 325, 700°F
GAGE WIDTH: 0.6060-0.6283 in. CALCULATION: Screening
TEST METHOD: Sec. 1.4.2.2 with lITRI fixture
PRE-TEST EXPOSURE: None SOURCE: AFRL/MLLMN
NORMALIZED BY: Not normalized
Temperature °F 73’ 325 700
Environment Air Air Air
Fiber Volume Fraction 28.4-32.4 27.3-32.4 28.1-32.8
Strain Rate (1/s) (1) (1) (1)
Mean 124 94.4 77.3
Minimum 97.8 84.2 60.3
Maximum 148 104 96.5
C.V.(%) 11.7 6.74 14.3
Fep! B-value (2) (2) (2)
2 Distribution Normal ANOVA Normal
(ksi) C1 124 3.88 77.3
C, 14.4 6.87 11.0
No. Specimens 9 8 8
No. Lots 5 4 5
Approval Class Screening Screening Screening
Mean 138 108 88.9
Minimum 120 105 85.7
Maximum 154 115 99.0
C.V.(%) 7.44 3.09 5.13
pey002  B-value 2) 2) (2)
2 Distribution Normal ANOVA Nonpara.
(ksi) C1 138 4.09 4.74
C 10.2 3.66 3.16
No. Specimens 9 8 8
No. Lots 5 4 5
Approval Class Screening Screening Screening
Mean 195 152 116
Minimum 192 146 111
Maximum 198 156 123
C.V.(%) 0.959 219 2.87
Fey02 B-value (2) (2) (2)
2 Distribution Normal ANOVA ANOVA
(ksi) C1 196 4.02 3.07
C, 1.87 3.64 3.44
No. Specimens 8 8 8
No. Lots 5 4 5
Approval Class Screening Screening Screening

(1) The following strain rates were pooled: 0.00001, 0.0001, 0.001, 0.0008 s™.
(2) B-Basis values appear for fully approved data only.
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FIGURE 3.8.2.2(a)
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Longitudinal ultimate tensile strength of [0],, and [0]g laminate as a
function of temperature and strain rate
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FIGURE 3.8.2.2(b)

Temperature (°F)

Longitudinal tensile modulus of [0];, and [0]g laminate as a function
of temperature and strain rate
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I Trimarc-1/Ti 6-2-4-2 I
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FIGURE 3.8.2.2(c)  Longitudinal proportional limit in tension of [0];, and [0]s laminate
as a function of temperature and strain rate
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FIGURE 3.8.2.2(d) Longitudinal 0.02-offset tensile yield strength of [0],o and [0]s laminate

as a function of temperature and strain rate
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FIGURE 3.8.2.2(e)
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Transverse ultimate tensile strength of [90];y and [90]s laminate as a
function of temperature and strain rate
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FIGURE 3.8.2.2(f)

Temperature (°F)

Transverse tensile modulus of [90];, and [90]s laminate as a function
of temperature and strain rate
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FIGURE 3.8.2.2(g) Transverse proportional limit in tension of [90];o and [90]g laminate
as a function of temperature and strain rate
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FIGURE 3.8.2.2(h)  Transverse 0.02-offset tensile yield strength of [90],, and [90]s laminate
as a function of temperature and strain rate
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FIGURE 3.8.2.2(i) Transverse 0.2-offset tensile yield strength of [90],, and [90]s laminate
as a function of temperature and strain rate
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FIGURE 3.8.2.2(j) Longitudinal compressive modulus of [0],, laminate as a function
of temperature and strain rate
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FIGURE 3.8.2.2(k)  Longitudinal proportional limit in compression of [0],o laminate
as a function of temperature and strain rate
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FIGURE 3.8.2.2(l) Longitudinal 0.02-offset compressive yield strength of [0];, laminate
as a function of temperature and strain rate
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Longitudinal 0.2-offset compressive yield strength of [0];, laminate
as a function of temperature and strain rate
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FIGURE 3.8.2.2(0) Transverse proportional limit in compression of [90],o laminate
as a function of temperature and strain rate
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FIGURE 3.8.2.2(p) Transverse 0.02-offset compressive yield strength of [90],, laminate
as a function of temperature and strain rate
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FIGURE 3.8.2.2(q) Transverse 0.2-offset compressive yield strength of [90];, laminate
as a function of temperature and strain rate
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3.8.2.3 SCS-6/Ti-6Al-4V fiber/powder

Material Description:

Material: SCS-6 /Ti-6Al-4V
Form: 16 Consolidated Panel Composite
Processing: Drum wound fiber combined with Ti powder called tap cast mats

General Supplier Information:

Fiber: The fibers used in manufacturing TMC panels were SCS-6 fibers manufactured by Spe-
cialty Materials, Inc. The fibers were continuous monofilaments of silicon carbide (SiC)
chemically deposited on a carbon monofilament. The fibers were 0.0056 inches in diame-
ter with a nominal tensile strength over 500 ksi and a modulus of 56 Msi. The nominal fil-
ament count in the panels was 115 fibers per inch.

SiC fiber per FMW specification SP 10673.

Matrix: Ti-6Al-4V powder per FMW specification PS 10672. Ti-6Al-4V cover sheets used in clad
coupons specified per ASM 4911.

Note: Data presented here are the result of an Air Force program on Titanium Matrix Composite materials.
The manufacturing process of these materials have matured significantly over the last decade and have
seen some applications as exhaust nozzle compression links in military engines, but have not seen wide-
spread use as structural materials due to cost as well as the lack of credible mechanical property data in
engineering design handbooks. The overall goal of this effort was to provide a robust data package in
order to generate B-basis design allowables and fatigue data in the CMH-17 handbook for use by aircraft
design engineers. Detailed information on this test program can be found in Reference 1.

3.8.2.3.1 Static Properties

Data Analysis Summary:

Sampling Requirements: Each lot of material is customarily defined by industry as a unique combination
of off-gas and HIP process cycles (TMCTECC Spec adopted by Boeing & GE). Eight sepa-
rate lots of material were used to create the allowables data.

Testing: ASTM D3552-96 is used for tensile testing. Longitudinal tests are performed using a dog-
bone, tabbed coupon, using one room temperature longitudinal tensile test coupon per pan-
el. Transverse tests use a straight sided, tabbed coupon. Additionally, all titanium clad test
coupons are under evaluation.

ASTM D3410-03 is used for compression testing. Specimens were gripped to allow an un-
supported gage length of 0.5 inches between the grips, per the ASTM standard.

ASTM D5379-98 is used for in-plane shear testing. Only one orientation was used for this
test, which is referred to as longitudinal. The fibers were oriented perpendicular to the shear
loading plane which is between the specimen notch and root.

Tensile, compressive and in-plane shear data including modulus, strain, ultimate strength,

proportional limit, 0.02% offset yield strength, 0.06% offset yield strength and 0.2% offset
yield strength were reduced at AFRL/UDRI using the method described in Section 1.4.2.1.
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Specimen placement within a panel is tracked; specimens adjacent to the panel edges are
noted on the raw data summary sheets. Non-standard failure modes are noted. Otherwise,
failures appear to be similar for all environments.

Outliers: The outliers listed in Table 1(b) and 1(c) have been retained, since no apparent reasons
exist for omitting them. Some listed in Table 1(a) have been removed because they appear
to be either too high or too low (only one data point).

Batch-to-Batch Variability:

-65°F, 70°F, 400°F, and 600°F data are analyzed using the single-point method via STAT17 statistical
analysis software (Revision 4 released 2/8/07). No basis values are presented for the -65°F and 400°F
data because the sampling requirements are not met (two panels were only tested); -65°F and 400°F data
will be documented as Screening data.

0°, Tension

90°, Tension

The k-sample Anderson-Darling test statistics (ADK) for 70F ultimate tensile
strength is 4.35, higher than ADC (a = 0.025) of 1.64. k-sample Anderson-
Darling test statistic (ADK) for 600°F ultimate tensile strength is 2.43, higher
than ADC (a = 0.025) of 1.60. Data for both temperatures are not poolable and
basis values are obtained using ANOVA. The same is true for ultimate tensile
strain at both temperatures.

The k-sample Anderson-Darling test statistic (ADK) for 70°F tensile proportional
limit strength is 2.15, which is higher than ADC (o = 0.025) of 1.64, therefore
failing the test for poolability. The 600°F data sets passed the ADK test for
poolability; B-basis values for the 600°F data were calculated from Normal dis-
tributions.

The k-sample Anderson-Darling test statistic (ADK) for 70°F tensile 0.02% off-
set strength is 3.63, which is higher than ADC (o = 0.025) of 1.64, therefore fail-
ing the test for poolability. The 600°F data sets passed the ADK test for poola-
bility; B-basis values for the 600°F data were calculated from Normal distribu-
tions.

The k-sample Anderson-Darling test statistic (ADK) for 70°F tensile 0.06% off-
set strength is 4.05, which is higher than ADC (o = 0.025) of 1.64, therefore fail-
ing the test for poolability. Additionally, the Equality of Variances Diagnostic in-
dicates unequal variances. The k-sample Anderson-Darling test statistic (ADK)
for 600°F data is 1.78, which is higher than ADC (a = 0.025) of 1.60.

Both the 70°F and 600F 0.2% offset B-basis (measured) strengths are desig-
nated B18 reduced batch sampling (minimum requirements of 3 batches and
18 specimens) due to a limited number of specimens that reached the 0.2%
offset before failure. The k-sample Anderson-Darling test statistic (ADK) for
70°F measured and normalized 0.2% offset strengths are 2.05 and 2.15, re-
spectively, which are higher than ADC (a = 0.025) of 1.68, therefore failing the
test for poolability. The 600°F data passed the ADK test for poolability; B-basis
values are calculated from Non-parametric distributions.

The k-sample Anderson-Darling test statistic (ADK) for 70°F measured ultimate
tensile strength is 1.63, which is higher than ADC (a = 0.025) of 1.60, therefore
failing the test for poolability. The 600°F data set passed the ADK test for
poolability; B-basis values for the 600°F data were calculated from a Normal
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0° clad, Tension

0°, Compression

distribution. Ultimate transverse tensile strain data at both temperatures are
poolable yielding Normal and Weibull distributions at 70°F and 600°F, respec-
tively.

Both the 70°F and 600°F proportional limit data have passed the ADK test for
poolability; B-basis values are calculated from a Normal distribution.

The k-sample Anderson-Darling test statistic (ADK) for 70°F 0.02% offset
strength is 1.89, which is higher than ADC (a = 0.025) of 1.60, therefore failing
the test for poolability. The 600°F data passed the ADK test for poolability; B-
basis values are calculated from a Non-parametric distribution.

The k-sample Anderson-Darling test statistic (ADK) for 70°F measured tensile
0.06% offset strength is 1.66, which is higher than ADC (a = 0.025) of 1.60.
The k-sample Anderson-Darling test statistic (ADK) for 600°F data is 1.67,
which is higher than ADC (o = 0.025) of 1.60, therefore failing the test for
poolability.

The k-sample Anderson-Darling test statistic (ADK) for 70°F measured 0.2%
offset strength is 1.73, which is higher than ADC (a = 0.025) of 1.60, therefore
failing the test for poolability. The 600°F data set passed the ADK test for
poolability; B-basis values for the 600°F data were calculated from a Normal
distribution.

Ultimate tensile strength data at 70°F and 600°F are not poolable and ANOVA
method is used for both temperatures. The same is true for ultimate tensile
strain.

Proportional limit data for 70°F are not poolable. For 600°F, they are poolable
and the distribution appears to be Normal.

Measured 0.02% offset-yield-strength data at both temperatures are not poola-
ble and ANOVA method is used for these cases. Normalized data at 600°F is
poolable and the distribution is normal.

Measured 0.06% offset-yield-strength data at 70°F are not poolable. 600°F data
are poolable and the distributions are found to be Weibull.

For 0.2% offset-yield-strength, data are poolable and the distributions are found
to be Normal. 600°F data are not poolable and ANOVA method is used for this
temperature.

No data are available for ultimate strength at 600°F because the tests were
stopped before failure. For the same reason, very limited data is available for
70°F, which is categorized as screening data. The same is true for ultimate
compressive strain at 70°F.

Measured proportional limit data at 70°F are not poolable and ANOVA method
is used in this case. 600°F data are poolable and the distribution is Non-
parametric.

Measured 0.06% offset-yield-strength data at 70°F and 600°F are not poolable

and ANOVA method is used at both temperatures. The same is true for meas-
ured 0.2% offset-yield-strength data at both temperatures.
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90°, Compression Because of limited data most of the property data are of screening type except

In-Plane Shear

for 70°F proportional limit, 0.06% and 0.2% offset-yield-strengths. The former
two of these obey a Non-parametric distribution while the latter obeys a Normal
distributions.

No data are available for ultimate strength because the tests were stopped before

failure. -65°F and 400°F proportional limit and 0.2% offset strength data are poolable
and fit a Normal distribution. 70°F data are also poolable and use a Non-Parametric fit
for basis value calculation. 600°F proportional limit data fit a Weibull distribution.

Processing Trace:

Lay-Up Schematic:

Fabricate drum wound mat
Fabricate tape cast mat

(3) Cut plies

(4) Lay up panel

(1)
)
)
)
(5) De-bulk
)
)
)
)

2

(6) Weld

(7) Off-gas

(8) HIP

(9) Clean and mark part

(10) Ultrasonic Inspection

(11) Chem Mill

(12) Metallography and interstitial inspection

(1) Aluminum foil backing

(2) Apply PIB adhesive

(3) Wind SiC fiber

(4) Add Ti powder between fiber

(5) Apply PIB adhesive layer

(6) Apply Ti matrix powder

(7) Apply PMMA sealer and additional PIB adhesive layer
(8) Additional Ti matrix powder layer

(9) Additional PIB and PMMA adhesive layer
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3.8.2.3.2 SCS-6/Ti-6Al-4V fiber/powder*

SiC/Ti
MATERIAL: SCS-6/Ti-6Al-4V SCS-6/Ti-6Al-4V
Summary
FIBER SCS-6, continuous, 0.0056 in. diam. MATRIX: Ti-6Al-4V
MANUFACTURER: FMW Composites
PROCESS SEQUENCE: Drum wound fiber combined with
Ti powder called tape cast mat
PROCESSING: Company proprietary SOURCE: Air Force Research Lab (AFRL/RXSC)
Date of fiber manufacture N/A | Date of testing 6/06 2/09
Date of matrix manufacture N/A | Date of data submittal 7/07 - 5/09
Date of composite manufacture 5/06 - 5/07 | Date of analysis 7/07 - 5/10
LAMINA PROPERTY SUMMARY
Temperature -65°F 70°F 400°F 600°F
Environment Air Air Air Air
Fiber v/o 37 37 37 25
[0] SM-SS-S- FM-FFFFF SM-SSSSS FM-FFFFF
Tension, 1-axis
[90] SM-SS-SS FM-FFFFF SM-SSSSS FM-FFFFF
Tension, 2-axis
[0] -M--S-SS SM-SF-FF -M--5-8S -M--F-FF
Compression, 1-axis
[90] -M--S-SS SM-SF-FF | = ———————- -M--S-SS
Compression, 2-axis
[0] -M—S--S -M—F--F -M—S--S -M—F--F

Shear, 12-axis

Classes of data: F=Fully Approved, M=Mean, s=Screening, -=no data (See Section 1.3.4 for more information)
In order: Strength / Modulus / Poisson’s Ratio / Strain-to-failure / Proportional Limit / 0.02-offset-strength /
0.06-offset-strength / 0.2-offset-strength.

* Raw data tables in Appendix C4.3.
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Nominal As Submitted Test Method
Fiber Density (g/cm®) 3.0 e s
Foil Matrix Density (g/cm®) Rk p— —
Composite Density (g/em®) ok hkx ok
Ply Thickness* (in) el 0.1270-0.1401 i
CLAD LAMINA PROPERTY SUMMARY
Temperature 70°F 600°F
Environment Air Air
Fiber v/o 37 37
[0] FM-FFFFF FM-FFFFF

Tension, 1-axis

Classes of data: F=Fully Approved, M=Mean, s=Screening, -=no data (See Section 1.3.4 for more information)
In order: Strength / Modulus / Poisson’s Ratio / Strain-to-failure / Proportional Limit / 0.02-offset-strength /
0.06-offset-strength / 0.2-offset-strength.
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MATERIAL: SCS-6/Ti-6Al-4V fiber/powder Table 3.8.2.3.1(a)
SiC/Ti fiber/powder
MACHINING:  Water jet cutting FIBER VOLUME: 32.5-35.7% SCS-6/Ti-6Al-4V
FIBER SPACING: 115 fibers/in Tension, 1-axis
[0]16
SPECIMEN THICKNESS: 0.1270-0.1396 in. MODULUS Least squares analysis up -65/A, 70/A, 400/A, 600/A
CALCULATION:  to proportional limit Fully Approved, Mean,
Screening
TEST METHOD: Section 1.4.2.1
PRE-TEST EXPOSURE: None SOURCE: Air Force Research Lab (AFRL/RXSC)
NORMALIZED BY: Not normalized
Temperature (°F) -65 70 400 600
Environment Air Air Air Air
Fiber Volume (%) 32.5-34.0 32.5-35.7 33.3-37.2 32.8-35.1
Strain Rate (1/s) 0.01 0.01 0.01 0.01
Measured Measured Measured Measured
Mean 249 242 218 201
Minimum 223 205 165 172
Maximum 260 277 247 234
C.V.(%) 4.04 5.45 10.3 6.26
tu B-value (1) 1957215 (2) (1) 173
K Distribution Normal ANOVA ANOVA ANOVA
(ksi) Cq 249 3.52/2.06 (2) 15.5 2.16
C 10.1 13.5 26.7 12.9
No. Specimens 12 118 12 48
No. Lots 2 8 2 8
Approval Class Screening Fully Approved - A55 Screening Fully Approved - B30
Mean 26.3 29.7 26.7 27.2
Minimum 21.7 25.3 25.0 24.0
t Maximum 31.9 34.2 28.6 324
Ei  cv.(%) 10.4 6.94 4.69 7.44
(Msi)  No. Specimens 12 119 12 47
No. Lots 2 8 2 8
Approval Class Mean Mean Mean Mean
¢ Mean
V12 No. Specimens
No. Lots
Approval Class
Mean 1.10 0.990 1.05 0.948
Minimum 1.03 0.707 0.707 0.720
Maximum 1.17 1.31 1.27 1.26
C.V.(%) 4.77 9.95 16.6 10.7
tu B-value (1) 0.651/0.793 (2) (1) 0.713
g Distribution Normal ANOVA ANOVA ANOVA
(%) C1 1.10 3.38/1.97 (2) 17.6 2.25
C, 0.053 0.100 0.216 0.104
No. Specimens 8 112 12 41
No. Lots 2 8 2 8
Approval Class Screening Fully Approved - A55 Screening Fully Approved -B30

(1) B-basis values appear for fully approved data only.
(2) A-basis and B-basis values listed, respectively.
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MATERIAL:

MACHINING:

SCS-6/Ti-6Al-4V fiber/powder

Water jet cutting

FIBER VOLUME:
FIBER SPACING:

32.5-35.7%
115 fibers/in

Table 3.8.2.3.1(b)
SiC/Ti fiber/powder
SCS-6/Ti-6Al-4V
Tension, 1-axis
[0]46

SPECIMEN THICKNESS: 0.1270-0.1396 in. MODULUS Least square analysis up to -65/A, 70/A, 400/A, 600/A
CALCULATION: proportional limit Fully Approved, Screening
TEST METHOD: Section 1.4.2.1
PRE-TEST EXPOSURE: None SOURCE: Air Force Research Lab (AFRL/RXSC)
NORMALIZED BY: Not normalized
Temperature (°F) -65 70 400 600
Environment Air Air Air Air
Fiber Volume (%) 32.5-34.0 32.5-35.7 33.3-37.2 32.8-35.1
Strain Rate (1/s) 0.01 0.01 0.01 0.01
Measured Measured Measured Measured
Mean 186 164 126 116
Minimum 144 143 115 98.9
Maximum 208 190 140 128
C.V.(%) 12.8 417 5.58 5.25
ol ija!ue . (2) 143/152 (3) (1) 106
1 Distribution Weibull ANOVA Normal Normal
(ksi) C1 195 3.05/1.76 (3) 126 116
Cs 11.9 6.90 7.04 6.08
No. Specimens 10 115 12 47
No. Lots 2 8 2 8
Approval Class Screening Fully Approved - A55 Screening Fully Approved - B30
Mean 173 135 125
Minimum 151 125 108
Maximum 196 145 142
C.V.(%) 3.66 4.16 4.58
0.02 B-value 152/161 (3) (1) 115
K Distribution ANOVA (4) Normal Normal
(ksi) C1 3.30/1.92 (3) 135 125
C 6.41 5.63 5.73
No. Specimens 116 12 47
No. Lots 8 2 8
Approval Class Fully Approved - A55 Screening Fully Approved - B30
Mean 217 195 154 145
Minimum 205 171 144 132
Maximum 234 214 165 160
C.V.(%) 4.82 3.69 3.58 4.38
E1y0-06 B-value (2) 170/181 (3) (1) 132
1 Distribution Normal ANOVA (4) Normal ANOVA
(ksi) C1 217 3.33/1.93 (3) 154 2.08
C 10.4 7.30 5.52 6.48
No. Specimens 7 116 12 46
No. Lots 2 8 2 8
Approval Class Screening Fully Approved - A55 Screening Fully Approved - B30
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Mean 240 209 198
Minimum 212 198 166
Maximum 268 215 223
C.V.(%) 6.26 2.52 5.45

F02 B-value 196 (1) 156

1 Distribution ANOVA Normal Non-parametric

(ksi) Cq 2.75 209 9.00
C, 16.2 5.26 1.35
No. Specimens 22 9 18
No. Lots 6 2 6
Approval Class Fully Approved - B18 Screening Fully Approved - B18

(1) B-basis values appear for fully approved data only.

(2) B-basis values and supporting statistics are not available due to insufficient data.
(3) A-basis and B-basis values listed, respectively.

(4) Caution - unequal variances.
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MATERIAL: SCS-6/Ti-6Al-4V fiber/powder Table 3.8.2.3.1(c)
SiC/Ti fiber/powder
MACHINING:  Water jet cutting FIBER VOLUME: 32.3-35.7% SCS-6/Ti-6Al-4V
FIBER SPACING: 115 fibers/in Tension, 2-axis
[90]16
SPECIMEN THICKNESS: 0.1270-0.1401 in. MODULUS Least squares analysis up | -65/A, 70/A, 400/A, 600/A
CALCULATION:  to proportional limit Fully Approved, Mean,
Screening
TEST METHOD: Section 1.4.2.1
PRE-TEST EXPOSURE: None SOURCE: Air Force Research Lab (AFRL/RXSC)
NORMALIZED BY: Not normalized
Temperature (°F) -65 70 400 600
Environment Air Air Air Air
Fiber Volume (%) 33.1-33.9 32.6-35.4 32.3-34.6 32.8-35.7
Strain Rate (1/s) 0.01 0.01 0.01 0.01
Measured Measured Measured Measured
Mean 75.3 63.7 51.5 451
Minimum 71.2 55.3 49.8 41.5
Maximum 77.3 70.2 53.0 48.5
C.V.(%) 2.44 5.26 1.95 3.64
plu B-value (1) 56.8 (1) 42.4
2 Distribution Normal ANOVA Normal Normal
(ksi) Cq 75.3 2.03 51.5 451
C, 1.84 3.41 1.00 1.64
No. Specimens 12 47 12 48
No. Lots 2 8 2 8
Approval Class Screening Fully Approved - B30 Screening Fully Approved - B30
Mean 19.4 213 20.2 18.8
Minimum 18.1 18.8 18.3 13.1
EL Maximum 20.8 243 23.2 24.7
2 C.V.(%) 4.80 6.64 6.76 10.0
(Msi)
No. Specimens 12 48 12 48
No. Lots 2 8 2 8
Approval Class Mean Mean Mean Mean
Mean
W No. Specimens
21 No. Lots
Approval Class
Mean 0.808 0.644 1.50 1.55
Minimum 0.680 0.475 1.15 0.649
Maximum 0.910 1.07 1.80 2.27
C.V.(%) 10.7 19.0 13.3 25.3
clu B-value (1) 0.441 (1) 0.923
2 Distribution Normal Normal Normal Weibull
(%) C1 0.808 0.644 1.50 1.69
C 0.086 0.122 0.200 4.86
No. Specimens 10 47 12 46
No. Lots 2 8 2 8
Approval Class Screening Fully Approved - B30 Screening Fully Approved - B30

(1) B-basis values appear for fully approved data only.
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MATERIAL: SCS-6/Ti-6Al-4V fiber/powder Table 3.8.2.3.1(d)
SiC/Ti fiber/powder
MACHINING:  Water jet cutting FIBER VOLUME: 32.3-35.7% SCS-6/Ti-6Al-4V
FIBER SPACING: 115 fibers/in Tension, 2-axis
[90]16
SPECIMEN THICKNESS: 0.1270-0.1401 in. MODULUS Least squares analysis up -65/A, 70/A, 400/A,
600/A
CALCULATION:  to proportional limit Fully Approved,
Screening
TEST METHOD: Section 1.4.2.1
PRE-TEST EXPOSURE: None SOURCE: Air Force Research Lab (AFRL/RXSC)
NORMALIZED BY: Not normalized
Temperature (°F) -65 70 400 600
Environment Air Air Air Air
Fiber Volume (%) 33.1-33.9 32.6-35.4 32.3-34.6 32.8-35.7
Strain Rate (1/s) 0.01 0.01 0.01 0.01
Measured Measured Measured Measured
Mean 40.8 36.7 253 20.7
Minimum 304 32.1 21.2 17.1
Maximum 46.4 41.4 27.0 23.5
C.V.(%) 121 4.92 6.84 8.19
gip! B-value (1) 33.7 (1) 17.9
2 Distribution ANOVA Normal ANOVA Normal
(ksi) Cq 13.1 36.7 13.8 20.7
C 5.60 1.81 1.98 1.69
No. Specimens 12 48 12 48
No. Lots 2 8 2 8
Approval Class Screening Fully Approved - B30 Screening Fully Approved - B30
Mean 40.0 28.9 23.6
Minimum 35.3 27.7 20.7
Maximum 43.3 30.5 26.4
C.V.(%) 3.90 3.43 4.72
002 B-value 36.7 (1) 20.9
2 Distribution ANOVA Normal Non-parametric
(ksi) Cq 2.06 28.9 2.00
C, 1.59 0.992 n/a
No. Specimens 48 12 48
No. Lots 8 2 8
Approval Class Fully Approved - B30 Screening Fully Approved - B30
Mean 50.9 45.3 33.7 28.0
Minimum 47.9 42.2 324 23.0
Maximum 53.9 48.6 35.1 30.7
C.V.(%) 3.36 3.33 2.45 5.65
F1¥0.06 B-value (1) 42.3 (1) 24.9
2 Distribution ANOVA ANOVA Normal ANOVA
(ksi) Cq 16.3 1.99 33.7 1.91
C, 2.07 1.53 0.827 1.60
No. Specimens 11 48 12 48
No. Lots 2 8 2 8
Approval Class Screening Fully Approved - B30 Screening Fully Approved - B30
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Mean 66.7 59.4 46.1 39.4
Minimum 64.7 54.0 44.8 35.8
Maximum 68.3 63.6 47.5 41.9
C.V.(%) 1.86 3.59 1.95 3.89
0.2 B-value (1) 55.0 (1) 36.9
2 Distribution Normal ANOVA Normal Normal
(ksi) Cq 66.7 2.02 46.1 39.4
C 1.24 217 0.898 1.53
No. Specimens 10 45 12 47
No. Lots 2 8 2 8
Approval Class Screening Fully Approved - B30 Screening Fully Approved - B30

(1) B-basis values appear for fully approved data only.

290




Volume 4, Section 3 Materials Properties Data

CMH-17-4B

MATERIAL:

MACHINING:

SPECIMEN THICKNESS:

SCS-6/Ti-6Al-4V fiber/powder

Water jet cutting

0.1305-0.1382 in.

FIBER VOLUME:
FIBER SPACING:

MODULUS
CALCULATION: to

28.1-30.4%
115 fibers/in

Least squares analysis up

proportional limit

Table 3.8.2.3.1(e)
SiC/Ti
fiber/powder
SCS-6/Ti-6Al-4V
Tension, 1-axis
[0]16 W/ cladding
70/A, 600/A
Fully Approved,
Mean, Screening_

TEST METHOD: Section 1.4.2.1
PRE-TEST EXPOSURE: None SOURCE: Air Force Research Lab (AFRL/RXSC)
NORMALIZED BY: Not normalized
Temperature (°F) -65 70 400 600
Environment Air Air Air Air
Fiber Volume (%) 29 29 29 29
Strain Rate (1/s) 0.01 0.01 0.01 0.01
Measured Measured Measured Measured
Mean 233 189
Minimum 192 148
Maximum 256 233
C.V.(%) 7.26 10.2
Flu B-value 189 144
1 Distribution ANOVA ANOVA
(ksi) Cq 2.45 2.27
C 17.7 20.0
No. Specimens 46 49
No. Lots 8 8
Approval Class Fully Approved - B30 Fully Approved - B30
Mean 30.2 271
Minimum 26.7 22.3
Maximum 323 30.2
Et C.V.(%) 4.98 7.54
1
(Msi)  No. Specimens 46 48
No. Lots 8 8
Approval Class Mean Mean
Mean
W No. Specimens
12 No. Lots
Approval Class
Mean 0.972 0.939
Minimum 0.713 0.707
Maximum 1.15 1.11
C.V.(%) 11.0 12.3
glu B-value 0.691 0.638
1 Distribution ANOVA ANOVA
(%) Cq 2.50 2.47
C, 0.112 0.122
No. Specimens 42 44
No. Lots 8 8

Approval Class

Fully Approved - B30

Fully Approved - B30
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MATERIAL:

MACHINING:

Water jet cutting

SCS-6/Ti-6Al-4V fiber/powder

FIBER VOLUME:
FIBER SPACING:

28.1-30.4%
115 fibers/in

Table 3.8.2.3.1(f)
SiC/Ti
fiber/powder
SCS-6/Ti-6Al-4V
Tension, 1-axis
[0]16 w/cladding

SPECIMEN THICKNESS: MODULUS Least squares analysis up 70/A, 600/A
CALCULATION:  to proportional limit Fully Approved
TEST METHOD: Section 1.4.2.1
PRE-TEST EXPOSURE: None SOURCE: Air Force Research Lab (AFRL/RXSC)
NORMALIZED BY: Not normalized
Temperature (°F) -65 70 400 600
Environment Air Air
Fiber Volume (%) 29 29
Strain Rate (1/s) 0.0 0.0
Measured Measured Measured Measured
Mean 154 104
Minimum 143 92.7
Maximum 167 121
C.V.(%) 3.30 4.48
Eipl B-value 143 96.5
1 Distribution ANOVA (1) Normal
(ksi) Cq 2.04 104
C 5.16 4.67
No. Specimens 43 45
No. Lots 8 8
Approval Class Fully Approved - B30 Fully Approved - B30
Mean 162 113
Minimum 152 102
Maximum 170 125
C.V.(%) 2.65 3.82
w002 B-value 1.53 105
3 Distribution ANOVA ANOVA
(ksi) Cq 212 1.97
Cs 4.39 4.39
No. Specimens 43 45
No. Lots 8 8
Approval Class Fully Approved - B30 Fully Approved - B30
Mean 181 130
Minimum 170 115
Maximum 190 139
C.V.(%) 2.79 4.06
1¥0.06 B-value 171 120
K Distribution ANOVA Weibull
(ksi) Cq 2.04 132
C 5.14 31.1
No. Specimens 43 45
No. Lots 8 8

Approval Class

Fully Approved - B30

Fully Approved - B30
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ty0.2
F1
(ksi)

Mean
Minimum
Maximum
C.V.(%)

B-value
Distribution
Cq

C,

No. Specimens
No. Lots
Approval Class

233
218
246
3.21

219
Normal
233
7.46

27
7

Fully Approved - B18

179
149
195
5.34

161
ANOVA
1.94
9.69

36
8
Fully Approved - B30

(1) Unequal variances - cautionary note.
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MATERIAL:

MACHINING:

SCS-6/Ti-6Al-4V fiber/powder

Water jet cutting

FIBER VOLUME:
FIBER SPACING:

32.5-35.7%
115 fibers/in

Table 3.8.2.3.1(g)
SiC/Ti fiber/powder
SCS-6/Ti-6Al-4V
Compression, 1-axis
[0]+6

SPECIMEN THICKNESS: 0.1270-0.1396 in. MODULUS Least squares -65/A, 70/A, 400/A,
CALCULATION: analysis up 600/A
to proportional limit Mean, Screening
TEST METHOD: Section 1.4.2.2
PRE-TEST EXPOSURE: None SOURCE: Air Force Research Lab (AFRL/RXSC)
NORMALIZED BY: Not normalized
Temperature (°F) -65 70 400 600
Environment Air Air Air Air
Fiber Volume (%) 32.7-34.2 32.3-35.2 32.7-34.3 32.4-34.5
Strain Rate (1/s) 0.01 0.01 0.01 0.01
Measured Measured Measured Measured
Mean 710
Minimum 685
Maximum 748
C.V.(%) 3.54
Fou ija!ue . (1) (2) (1) 1)
1 Distribution Normal
(ksi) Cq 710
C, 251
No. Specimens 6
No. Lots 3
Approval Class Screening
Mean 30.6 29.9 28.7 29.9
Minimum 29.7 26.6 27.4 27.5
ES Maximum 321 35.0 29.8 33.3
1 C.V.(%) 2.74 4.85 2.37 5.27
(Msi)  No. Specimens 11 69 12 56
No. Lots 2 8 2 8
Approval Class Mean Mean Mean Mean
Mean
Ve No. Specimens
12 No. Lots
Approval Class
Mean 247
Minimum 2.30
Maximum 2.79
C.V.(%)
ou B-value (1) (2), (3) (1) (1)
1 Distribution
(%)  Cq
C
No. Specimens 3
No. Lots 1
Approval Class Screening

(1) Tests were stopped prior to fracture.
(2) B-basis values are presented for fully approved data only.
(3) Limited summary statistics are provided when there are less than 5 data points.
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MATERIAL: SCS-6/Ti-6Al-4V fiber/powder Table 3.8.2.3.1(h)
SiC/Ti fiber/powder
MACHINING:  Water jet cutting FIBER VOLUME: 28.1-30.4% SCS-6/Ti-6Al-4V
FIBER SPACING: 115 fibers/in Compression, 1-axis
[0]16
SPECIMEN THICKNESS: 0.1305-0.1382 in. MODULUS Least squares analysis up 70/A, 600/A
CALCULATION: to proportional limit Fully Approved,
Screening
TEST METHOD: Section 1.4.2.2
PRE-TEST EXPOSURE: None SOURCE: Air Force Research Lab (AFRL/RXSC)
NORMALIZED BY: Not normalized
Temperature (°F) -65 70 400 600
Environment Air Air Air Air
Fiber Volume (%) 32.7-34.2 32.3-35.2 32.7-34.3 32.4-34.5
Strain Rate (1/s) 0.01 0.01 0.01 0.01
Measured Measured Measured Measured
Mean 436 372 203 192
Minimum 409 314 182 132
Maximum 480 472 213 245
C.V.(%) 6.02 8.39 4.33 9.61
Eep! ija!ue . (1) 3117266 (2) (1) 93.1/158 (2)
1 Distribution Normal ANOVA Normal Nonpara.
(ksi) Cq4 436 3.34/1.94 (2) 203 N/A/2.00 (2)
Cz 26.2 31.7 8.76 1.56 / N/A
No. Specimens 11 65 12 56
No. Lots 2 8 2 8
Approval Class Screening Fully Approved - A55 Screening Fully Approved - A55
Mean 445 390 237 221
Minimum 418 349 233 196
Maximum 484 490 244 287
C.V.(%) 4.85 6.96 1.25 6.58
Fey0.06 B-value (1) 3327291 (2) (1) 190/ 168 (2)
1 Distribution Normal ANOVA Normal ANOVA
(ksi) Cq4 445 3.58/2.10 (2) 237 3.56/2.08 (2)
C2 21.6 27.8 2.96 14.9
No. Specimens 11 63 12 56
No. Lots 2 8 2 8
Approval Class Screening Fully Approved - A55 Screening Fully Approved - A55
Mean 532 485 293 291
Minimum 500 434 285 256
Maximum 595 597 310 395
Flcyo_z C.V.(%) 5.14 6.89 2.40 9.27
(ksi)  B-value (1) 409/ 357 (2) (1) 234
Distribution Normal ANOVA (3) Normal ANOVA
C1 532 3.73/2.19 (2) 293 2.10
C2 27.4 34.4 7.03 27.6
No. Specimens 9 58 10 47
No. Lots 2 8 2 8
Approval Class Screening Fully Approved - A55 Screening Fully Approved - B30

(1) B-basis values appear for fully approved data only.
(2) A-basis and B-basis values listed, respectively.

(3) Caution - equality of variances diagnostic indicates unequal variances.
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MATERIAL: SCS-6/Ti-6Al-4V fiber/powder Table 3.8.2.3.1(i)
SiC/Ti fiber/powder
MACHINING:  Water jet cutting FIBER VOLUME: 32.8-34.8% SCS-6/Ti-6Al-4V
FIBER SPACING: 115 fibers/in Compression, 2-
axis
[90]46
SPECIMEN THICKNESS: 0.1304-0.1380 in. MODULUS Least squares analysis up -65/A, 70/A, 600/A
CALCULATION: To proportional limit Mean, Screening_
TEST METHOD: Section 1.4.2.2
PRE-TEST EXPOSURE: None SOURCE: Air Force Research Lab (AFRL/RXSC)
NORMALIZED BY: Not normalized
Temperature (°F) -65 70 600
Environment Air Air Air
Fiber Volume (%) (4) 32.8-34.8 32.9-341
Stroke Rate (in/min) 0.05 0.05 0.05
Measured Measured Measured Measured
Mean 190
Minimum 181
Maximum 199
C.V.(%) 3.15
Fou B-value (1) (2) (1)
2 Distribution Normal
(ksi) Cq 190
C 5.98
No. Specimens 9
No. Lots 3
Approval Class Screening
Mean 215 21.8 20.8
Minimum 211 19.1 19.5
c Maximum 22.0 254 22.9
2 C.V.(%) 1.36 9.09 5.51
(Msi)
No. Specimens 12 30 10
No. Lots 2 5 5
Approval Class Mean Mean Mean
Mean
Ve No. Specimens
12 No. Lots
Approval Class
Mean 3.90
Minimum 2.59
Maximum 5.04
C.V.(%) 27.2 (3)
ou B-value (1) 2) (1)
1 Distribution Non-parametric
(%) C1 6.0
C 2.38
No. Specimens 8
No. Lots 3
Approval Class Screening

(1) Test stopped before fracture.
(2) B-basis values appear for fully approved data only.
(3) Caution - high C.V; too few specimens.

(4) Not available.
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MATERIAL: SCS-6/Ti-6Al-4V fiber/powder Table 3.8.2.3.1(j)
SiC/Ti fiber/powder

MACHINING:  Water jet cutting FIBER VOLUME: 32.8-34.8% SCS-6/Ti-6Al-4V
FIBER SPACING: 115 fibers/in Compression, 2-axis

[90]46

SPECIMEN THICKNESS: 0.1304-0.1380 in. MODULUS Least squares analysis up -65/A, 70/A, 600/A
CALCULATION:  to proportional limit Fully Approved,
Screening
TEST METHOD: Section 1.4.2.2
PRE-TEST EXPOSURE: None SOURCE: Air Force Research Lab (AFRL/RXSC)
NORMALIZED BY: Not normalized
Temperature (°F) -65 70 600
Environment Air Air Air
Fiber Volume (%) (2) 32.8-34.8 32.9-34.1
Stroke Rate (in/min) 0.05 0.05 0.05
Measured Measured Measured Measured
Mean 139 115 68.0
Minimum 126 97.2 57.3
Maximum 153 135 80.9
C.V.(%) 5.82 7.99 11.8
Fepl B-value (1) 97.2 (1)
2 Distribution Non-parametric Non-parametric Normal
(ksi) Cq 7.0 1.0 68.0
C 1.81 N/A 8.05
No. Specimens 12 30 10
No. Lots 2 5 5
Approval Class Screening Fully Approved - B30 Screening
Mean 166 143 86.8
Minimum 158 137 82.1
Maximum 172 163 90.8
C.V.(%) 2.25 3.88 3.84
o006 B-value (1) 137 (1)
E Distribution Normal Non-parametric Normal
(ksi) Cq 166 1.0 86.8
C, 3.72 N/A 3.34
No. Specimens 12 30 10
No. Lots 2 5 5
Approval Class Screening Fully Approved - B30 Screening
Mean 192 164 101
Minimum 184 156 95.7
Maximum 198 178 104
C.V.(%) 1.85 3.27 2.89
Fey0:2 B-value (1) 154 (1)
2 Distribution Normal Normal Normal
(ksi) Cq 192 164 101
C 3.56 5.37 2.91
No. Specimens 12 30 10
No. Lots 2 5 5
Approval Class Screening Fully Approved - B30 Screening

(1) B-basis values appear for fully approved data only.

(2) Not available.
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MATERIAL:

MACHINING:

SPECIMEN THICKNESS:

TEST METHOD:

PRE-TEST EXPOSURE:

NORMALIZED BY:

SCS-6/Ti-6Al-4V fiber/powder

Water jet cutting

Section 1.4.2.3

None
Not normalized

0.1274-0.1399 in.

FIBER VOLUME:
FIBER SPACING:

MODULUS

CALCULATION:

SOURCE:

32.4-35.6%
115 fibers/in

Least squares analysis up

to proportional limit

Table 3.8.2.3.1(k)
SiC/Ti
fiber/powder
SCS-6/Ti-6Al-4V
Shear, 12-plane
[0]16
-65/A, 70/A, 400/A,
600/A
Mean

Air Force Research Lab (AFRL/RXSC)

Temperature (°F)
Environment
Fiber Volume (%)
Strain Rate (1/s)

-65
Air
33.0-34.2
0.01

70
Air

0.01

32.6-35.6

400
Air
33.1-34.8
0.01

600
Air
32.4-35.0
0.01

Measured

Measured

Measured

Measured

Y]
(ksi)

Mean
Minimum
Maximum
C.V.(%)

B-value
Distribution
Cq

C,

No. Specimens
No. Lots
Approval Class

Mean
Minimum
Maximum
C.V.(%)

No. Specimens
No. Lots
Approval Class

7.82
7.38
8.12
3.00

10

Mean

7.85
5.27
12.2
9.32

46

Mean

7.94
7.42
1.3
14.3

12

Mean

9.43

29.5
49.1 (1)

47

Mean

Mean

No. Specimens
No. Lots
Approval Class

1
(%)

Mean
Minimum
Maximum
C.V.(%)

B-value
Distribution
C1

C2

No. Specimens
No. Lots
Approval Class

(1) Caution - C.V. and Data spread too high because of high temperature.
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MATERIAL: SCS-6/Ti-6Al-4V fiber/powder Table 3.8.2.3.1(1)
SiC/Ti
fiber/powder
MACHINING:  Water jet cutting FIBER VOLUME: 32.4-35.6% SCS-6/Ti-6Al-4V
FIBER SPACING: 115 fibers/in Shear, 12-plane
[0]16
SPECIMEN THICKNESS: 0.1274-0.1399 in. MODULUS Least squares analysis up -65/A, 70/A,
CALCULATION:  To proportional limit 400/A, 600/A
Fully Approved,
Screening
TEST METHOD: Section 1.4.2.3
PRE-TEST EXPOSURE: None SOURCE: Air Force Research Lab (AFRL/RXSC)
NORMALIZED BY: Not normalized
Temperature (°F) -65 70 400 600
Environment Air Air Air Air
Fiber Volume (%) 33.0-34.2 32.6-35.6 33.1-34.8 32.4-35.0
Strain Rate (1/s) 0.01 0.01 0.01 0.01
Measured Measured Measured Measured
Mean 67.0 57.3 44.0 34.4
Minimum 61.5 26.9 41.2 16.2
Maximum 72.6 66.8 471 45.7
C.V.(%) 5.80 11.6 5.07 27.6 (2)
EP! B-value (1) 47.7 (1) 16.2
12 Distribution Normal Weibull Normal Nonpara.
(ksi) Cq 67.0 59.6 44.0 1.00
C, 3.89 13.1 2.23 1.73
No. Specimens 10 48 10 42
No. Lots 2 8 2 8
Approval Class Screening Fully Approved - B30 Screening Fully Approved - B18
Mean
Minimum
Maximum
C.V.(%)
Fsy0'02 B-value
12 Distribution
(Msi) C4
C2
No. Specimens
No. Lots
Approval Class
Mean
Minimum
Maximum
C.V.(%)
B-value
Fvo06  Distribution
12
(%)  Cq
C

No. Specimens
No. Lots
Approval Class

(1) B-basis values appear for fully approved data only.
(2) High C.V. due to 3 low end batch outlier.
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CMH-17-4B

sy0.2
F12
(%)

Mean
Minimum
Maximum
C.V.(%)

B-value
Distribution
C1

C2

No. Specimens
No. Lots
Approval Class

74.8
71.6
76.8
2.51

(1)
Normal
74.8
1.87

9
2
Screening

64.8
45.5
71.4
6.97

57.9
Weibull
66.5
21.2

47
8
Fully Approved -
B30

50.4
48.0
54.5
3.50

(1)
Normal
50.4
1.76

10
2
Screening

43.8
32.4
47.4
7.72

38.6
Weibull
451
20.7

29
8
Fully Approved - B18

(1) B-basis values appear for fully approved data only.
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FIGURE 3.8.2.3.1(a) Average and B-basis Tensile Strain-to-Failure Values of SCS-6/Ti-6-4
Composite Panels versus Layup Orientation and Temperature (error bars indicate standard de-
viation)
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FIGURE 3.8.2.3.1(b) Average Tension Modulus Values of SCS-6/Ti-6-4 Composite Panels ver-
sus Layup Orientation and Temperature (error bars indicate standard deviation)
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FIGURE 3.8.2.3.1(e) Longitudinal tensile modulus as a function of temperature
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FIGURE 3.8.2.3.1(f) Longitudinal 0.06%-offset-yield-strength as a function of temperature
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3.8.2.3.3 Fatigue

All fatigue tests were conducted following ASTM E 466-96: Standard Practice for Conducting
Constant Amplitude Axial Fatigue Tests of Metallic Materials. Note that for fully reversed fatigue loading (R
= -1), an anti-buckling guide was used due to the susceptibility to buckling [Reference 3.8.2.3(a)].

Fatigue test results for this effort are shown in Figures 3.8.2.3.2(a) through 3.8.2.3.2(d) for longi-
tudinal orientations at R=0.1 and R=-1. The transverse orientation results are shown in Figures
3.8.2.3.2(e) through 3.8.2.3.2(h) at R=0.1 and R=-1. For each “stress versus cycles to failure” (S-N)
curve, all the data are plotted for all the temperatures tested. Following each S-N curve is a plot of modu-
lus vs temperature. Modulus measurements were taken at the first load cycle of the fatigue test to pro-
vide supporting information in obtaining reliable modulus data. These data were compared with data ob-
tained from tensile testing. An evaluation of the overall fatigue life of these composites under the various
loading conditions is provided followed by a discussion of the modulus measurement results.

For longitudinal test results at R=0.1 as shown in Figure 3.8.2.3.2(a), the stress levels selected for
-65°F and 73°F were the same. This selection was based on the tension test results, which indicated a
negligible change in strength properties over that temperature range. As with the tensile results, only a
small difference was noted between the -65°F and 73°F fatigue life data. Although slightly lower stress
levels were used for the 600°F tests, the results in Figure 3.8.2.3.2(a) suggest no discernable difference
between the 600°F experiments and the 73°F or -65°F fatigue lives. This similarity suggests that the fa-
tigue behavior for the longitudinal orientation in the range of test temperatures examined is dominated
primarily by the high strength fibers, which are largely unaffected by the higher temperature. The modulus
results at the first load cycle, as shown in Figure 3.8.2.3.2(b), indicate a similar level of scatter as ob-
served in the tensile results, with the mean at room temperature being somewhat higher than either the -
65°F or 600°F data.

200
© -65°F Run-outs (-65F)
175 | O 1 @ 90ksi
s © NI o 600°F
2 AN AAAMN M A Run-outs (RT
3 [ 6 @ 90 ksi
@ A ABKA AL 1 @ 60 ksi
E 405 | mi niinRenli oG ommm i
E [ A AN ARA OAA Run-outs (600F)
e i O @mooopomo O m— 1@ 100 ksi
3 T @20 K
I si
= mun e o] @
P - | scs-6/Ti-6Al-av )
< 75 - 16 ply [0] laminate —
I | Vol Frac = 33.5% fiber
R=0.1,f=20Hz 0
50 L \
1,000 10,000 100,000 1,000,000

Cycles to Failure

FIGURE 3.8.2.3.2(a) Fatigue Lives of [0],¢ Laminate for all Test Temperatures at R = 0.1
(Arrows at 10° Cycles Indicate Tests Stopped Prior to Failure)
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FIGURE 3.8.2.3.2(b) Tensile Modulus from the First Load Cycle of the [0];s Laminate (R = 0.1)

For longitudinal test results at R=-1, as depicted in Figure 3.8.2.3.2(c), the stress levels selected
for -65°F and 73°F were the same. Unlike the R=0.1 fatigue results, the -65F data here exhibited a steep-
er slope than the 73°F data. No fatigue run-outs were obtained at the 60 ksi stress level. It is speculated
that greater damage of the fiber/matrix interface is occurring under the fully reversed loading condition. As
with the R=0.1 fatigue data, little difference was noted between the 600°F and 73°F fatigue data. The
modulus results at the first load cycle, as shown in Figure 3.8.2.3.2(c), indicate a similar decrease in the
mean values between 73°F and 600°F, and less scatter is noted for these data than for the data from the
R=0.1 fatigue tests. Note that modulus data were very difficult to obtain for the -65°F experiments due to
icing of the extensometer rods during testing.
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FIGURE 3.8.2.3.2(c) Fatigue Lives of [0],s Laminate for all Test Temperatures at R = -1
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For transverse test results at R=0.1, as illustrated in Figure 3.8.2.3.2(e), the stress levels were se-
lected based on trends observed in the transverse tension tests. Therefore, lower stress levels were se-
lected for higher temperatures. In general, the data followed the expected S-N trends, but the level of
scatter is quite high compared to the longitudinal data. Many of these tests resulted in a run-out condition,
indicated by the arrows shown at 1,000,000 cycles. In most cases, several test results are represented by
a single arrow, making the level of scatter very difficult to quantify. Such behavior is expected and can be
explained by the bond between the fiber and the matrix. De-bonding at the fiber/matrix interface is evident
when looking at the bi-linear region of the stress-strain curve from transverse tension tests. The stress-
strain curve exhibits two distinct linear portions, with the knee in the stress-strain curve corresponding to
the point at which the fibers de-bond from the matrix. The precise location of this knee in the stress-strain
curve tended to vary and can be related to a “go-no go” condition in fatigue. If the peak stress falls below
the knee in the curve, then a run-out condition is reached. For confirmation on this situation, see Appen-
dix C, Tables C4.3(f)-(i) on individual test results for each stress level. Also of note is that the -65°F results
are slightly better than the 75°F results. Since potential applications for this material include high altitude
and space applications, the beneficial (rather than detrimental) effect of cold temperatures is of specific
interest. As with the longitudinal tests, the modulus results at the first load cycle, as shown Figure
3.8.2.3.2(f), indicate a similar trend in the mean values between 75°F and 600°F. Again, modulus data
were very difficult to obtain for the -65°F experiments due to icing of the extensometer rods during testing.
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For transverse test results at R=-1, as shown in Figure 3.8.2.3.2(g), the stress levels again were

selected based on trends observed in the transverse tension tests. The trends of higher fatigue properties
with lower temperatures is even more pronounced for this stress ratio than for the R=0.1 condition. Stress
levels as high as 35 ksi were employed at -65°F, which had longer fatigue lives than the 32 ksi stress at
75°F. In addition, the level of scatter was considerably less than for R=0.1. There was a significant drop
in properties between 75°F and 600°F, possibly related to a corresponding drop in strength. The modulus
results at the first load cycle (3.8.2.3.2(h)) indicate a similar decrease in the mean values between 75°F
and 600°F, and less scatter is noted for these data than for the data from the R=0.1 fatigue tests. Again,
the modulus data was very difficult to obtain for the -65°F experiments due to icing of the extensometer
rods during testing.
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FIGURE 3.8.2.3.2(g) Fatigue Lives of [90];s Laminate for all Test Temperatures at R = -1
(Arrows at 10° Cycles Indicate Tests Stopped Prior to Failure)
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FIGURE 3.8.2.3.2(h) Tensile Modulus from the First Load Cycle of the [90],c Laminate (R = -1)

3.8.2.3.4 Fatigue crack growth

All fatigue crack growth tests were conducted following ASTM E 647-00: Standard Test Method for
Measurement of Fatigue Crack Growth Rates.

Fatigue crack growth test results for 75°F and 600°F are shown in Figures 3.8.2.3.3(b) — (d). Un-
der all test conditions, the data appear to layer with far field applied stress, as expected. Further, initial
growth rates appear to compare favorably with data for un-bridged (stiffness corrected matrix data) com-
posite behavior from prior work [Reference 3.8.2.3(b)].

The room temperature FCG data was difficult to reduce since the crack front curvature was hard
to delineate and measure. The fibers that were bridging the crack wake tend to hold the crack closed, so
oxidizing (heat tinting) the fracture surface after testing was not a good indication of how well the crack
front was progressing. Some of the specimens had very little oxidation (heat tinting) on the fracture sur-
face, so the crack front could not be located accurately. In some cases, the sample fractured before the
test could be stopped, so heat tinting could not be used. In other tests, surface cracks extended past the
edges of the specimen. For cases where the crack front curvature corrections were difficult to determine,
efforts were made to deduce a suitable curvature correction using information obtained from specimens
with useable curvature data.

Despite all the challenges in delineating the post test crack fronts, all of the room temperature
crack growth tests were reduced and plotted, as illustrated in Figure 3.8.2.3.3(b). The applied stress of 96
ksi tests clearly exhibited un-bridged FCG behavior in which the FCG rate increases with increasing stress
intensity (AK). Some of the tests conducted at an applied stress of 80 ksi also behaved in an un-bridged
manner, while others were partially bridged. Fully bridged behavior was clearly demonstrated by the data
from all of the experiments conducted at an applied stress of 55 ksi. The different types of FCG behavior
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that were demonstrated in these experiments are illustrated in the schematic in Figure 3.8.2.3.3(a). This
behavior has been well documented in the literature [References 3.8.2.3(b)-(e)].

The repeatability of crack growth behavior from lot to lot appears to be quite good for the fully
bridged and un-bridged conditions. All of the experiments performed at 55 ksi exhibited similar trends and
growth rates, as did all of the experiments at 96 ksi. Tests performed at 80 ksi produced results that were
either partially bridged or un-bridged and did not trend with material lot. Also, #34 and #91 (both from Lot
1), which exhibited dissimilar bridging behavior, appeared to have similar growth rates where the growth
rates were increasing. This behavior is consistent with some of the elevated temperature results at R=0.1
and 105 ksi in which partially bridged crack growth was observed for some tests, while others propagated
so quickly that no crack growth data could be obtained.

Un-Bridged Fatigue Crack Partially Bridged Fatigue Crack Fully Bridged Fatigue Crack

sl ‘:—‘;. =t e s "' r, e Y R -'_"'?‘ R IR

£ A7 /i #!}{ g, i g : A

EDM Notch EDM Notch EDMNotch

FIGURE 3.8.2.3.3(a) Schematic illustrating fatigue crack growth bridging behavior observed in
TMC’s.
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FIGURE 3.8.2.3.3(b) Crack Growth Results at RT and R=0.1 for “Selected” Stresses including
Unreinforced Matrix Data and Stiffness Corrected Unreinforced or “Unbridged” Behavior

The 600°F fracture surfaces were much easier to inspect since they were exposed to elevated
temperature during testing. Here the crack faces tended to oxidize (heat tint) while the crack was held
open under load. The visibility of those surfaces further improved after an hour in the furnace after testing,
so the crack front curvature was measured directly for all experiments performed at the 600°F condition.

There were less data available in the literature to provide a basis for selecting suitable stress lev-
els for the 600°F testing. Since the applied stress of 55 ksi provided fully-bridged behavior at room tem-
perature, this stress was selected as a first cut at a fully bridged stress condition at 600°F. Based on the
results in Figure 3.8.2.3.3(c), fully bridged behavior was easily achieved. Therefore, subsequent selection
of applied stresses was conducted at 10 ksi intervals to determine where partially bridged and un-bridged
crack growth behavior commenced.

All of the stress levels above 55 ksi that were tested (65, 75, 85, 95 and 105 ksi) exhibited partially
bridged behavior with decreasing levels of crack bridging with increasing stress level. The 65 ksi stress
level was selected as the replicate stress level since this seemed to better represent the threshold at
which fully bridged behavior may be expected with some experiments being fully bridged and some being
partially bridged.

An interesting observation is that even at an applied stress level of 105 ksi, the crack growth be-
havior was still partially bridged at 600°F. However, at room temperature with an applied stress of 95 ksi,
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un-bridged behavior was observed, two experiments performed at the same stress resulted in partial
bridging. Attempts to conduct tests at 110 ksi resulted in either failure on loading or the accumulation of
only a few hundred cycles, which was insufficient to obtain meaningful crack growth data. The above be-
havior is likely the result of reduced clamping stresses on the fibers at elevated temperature, allowing
greater slip between the fibers and matrix at the notch root region. Although un-bridged behavior was not
observed for those tests in which crack extension was measurable at the 105 ksi stress level, it was identi-
fied for replication of the “un-bridged” condition. The results from “failure on loading” experiments were
considered to be valid as they are indicative of the behavior of the composite in this geometry at this load-
ing condition and they provide some measure of the variability in behavior that can be expected at higher
stress levels.
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FIGURE 3.8.2.3.3(c) Crack Growth Results at 600°F and R=0.1 for “Selected” Stresses includ-
ing Unreinforced Matrix Data and Stiffness Corrected Unreinforced or “Unbridged” Behavior

Virtually no data was available in the literature to provide a basis for selecting suitable stress levels
for testing at the R=0.5 condition. Since 65 ksi provided a useful threshold for fully-bridged behavior at
600°F and R=0.1, this stress was used as an estimate of the stress needed to produce a fully bridged
condition at R=0.5. Based on the results in Figure 3.8.2.3.3(d), fully bridged behavior was achieved. Sub-
sequent experiments at 75 ksi resulted in partial bridging. Tests were then conducted at 10 ksi intervals to
establish stress levels for partial and un-bridged behavior.

All of the stress levels above 65 ksi that were evaluated included 75, 85, 95, and 105 ksi, where
they all exhibited partially bridged behavior with decreasing levels of bridging with increasing stress level.
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Experiments at 65 ksi and at R=0.5 were more consistent than at R=0.1 with no partial bridging observed,
so it was identified as the fully bridged stress level for this test condition. An effort was made to test as
high a stress as possible for the purpose of identifying an un-bridged condition, so tests were conducted at
110 and 115 ksi. The results from these tests was that failure of the specimen on loading was observed at
115 ksi, but tests at 110 ksi exhibited crack propagation and growth rate data was obtained. Thus the 110
ksi stress level was selected for testing. For the partially bridged condition, replicate tests were conducted
at 95 ksi.
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FIGURE 3.8.2.3.3(d) Crack Growth Results at 600°F and R=0.5 for “Selected” Stresses includ-
ing Unreinforced Matrix Data and Stiffness Corrected Unreinforced or “Unbridged” Behavior
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3.8.3 ALUMINA/TITANIUM
This section is reserved for future use.
3.8.4 OTHER/TITANIUM

This section is reserved for future use.

3.9 OTHER MATRIX COMPOSITES

This section is reserved for future use.
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APPENDIX A. TYPICAL PUSHOUT TEST DATA
A1. FIBER PUSHOUT

TABLE A1(a) Debond load vs. specimen thickness for SCS-6/Ti-24-11 (Section 1.4.2.13.1).

Specimen thickness Debond load
(mm) (N)
149 4.56
211 6.06
312 15.6
322 14.3
.343 15.8
.382 19.6
414 18.8
452 21.8
483 26.8
.534 31.8
.569 45.3

TABLE A1(b) Typical failure loads for various diameter WC punches (Section 1.4.2.13.1).

Punch Dia. (mm) Failure Load (N)
25 2
50 5
75 20
100 40
115 50-55
127 60-70
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FIGURE A1(a) The effect of specimen thickness on the observed debond strength of
SCS-6/Ti24-11 composite system (Section 1.4.2.13.11).
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SAMPLE ID

MATERIAL:

SPECIMEN THICKNESS:

COMMENTS:
FIBER | DEBOND | FRICTION | AE.
NUMBER LOAD LOAD

FIGURE A1(b) Pushout test data sheet (Section 1.4.2.13.14).

329




Copyrighted Materials

Copyright © 2013 Composite Materials Handbook-17 (CMH-17)
Retrieved from www.knovel.com

CMH-17-4B
Volume 4, Appendix B Raw Data Tables for Matrix Materials

APPENDIX B. RAW DATA TABLES FOR MATRIX MATERIALS

HOW TO READ THE RAW DATA TABLES

Rows in any raw data table are organized by specimen number. Each column contains experimental
data specific to that specimen. Since the number of experimental data categories for each specimen is
quite high, 20 or more, all the data for a given set of specimen are shown on two tables. Each table is
cross-referenced by specimen number, and appear sequentially. However, if there are relatively few spec-
imens, then the two data tables will be shown on the same page. Otherwise, two pages or more are re-
quired to show all the raw data for a given specimen.

In the upper right hand corner of each raw data table, a small table appears. This table is depicted,
with a brief description for each entry, below.

OTable B4.1(a) (1 of 2)
OTi-15-3
OTension

O[0]4
ONASA
» Raw Data

©® This line contains three entries. First entry is the table number, as given in the Table of Contents. The
second entry is a letter designator, indicating a subsection within the table. Generally, subsections are
organized according to test type. The final entry indicates page and total number of pages within a sub-
section.

® Material name.

® Test type, i.e., tension, compression, fatigue.

® Specimen orientation and ply count, if applicable.
(5]

Data source.

» Data type, given as raw or normalized.

B1. ALUMINUMS

This section is reserved for future use.

B2. COPPERS

This section is reserved for future use.

B3. MAGNESIUMS

This section is reserved for future use.

B4. TITANIUMS
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B4.1 Ti 15V 3Cr 3Al-3Sn (Section 3.3.5.1)

MATERIAL: Ti-15-3

Table B4.1(a) (1 of 2)

Ti-15-3
NEAT MATRIX: Ti-15V-3Cr-3AI-3Sn Tension
HEAT TREATMENT: 1292°F/24h (vac.) NASA-GRC
TEST METHOD: Section 1.9.2.1 Raw Data
Specimen Lot .D. Test Strain E! il F002z  pty02 Fi gt RA Product Test N
No. (Plate) Temp Rate (1) Form Environment
(°F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%) (%)
T36 B934021 800 1x10-6 10.8 20 29 43 - >3 - HIP Sheet  air -
T42 B934021 800 1x10-4 11.3 59 73 84 - >3.8 - HIP Sheet  air -
T33 B934021 800 1x10-8 17 5.2 40 - - >1 - HIP Sheet  air -
T27 B934021 900 1x10-4 10.9 50 65 75 - >8 - HIP Sheet  air -
T45 B934021 600 1x10-4 11.4 69 78 87 - >8 - HIP Sheet  air -
T40 B934021 400 1x10-4 12.6 65 84 96 - >8 - HIP Sheet  air -
T37 B934021 75 1x10-4 13 94 108 117 - >8 - HIP Sheet  air -
7_1 B934027 1000 1x10-4 10.5 23 33 42 43 >8 - HIP Sheet  air -
7_22 B934027 900 1x10-4 10.7 57 65 74 75 >8 - HIP Sheet  air -
7_15 B934027 1000 1x10-6 53 6 6 8 24 >8 - HIP Sheet  air -
7_ex B934027 400 1x10-6 12 80 85 96 - >8 - HIP Sheet  air -
7_6 B934027 400 1x10-3 12.3 81 87 95 - >8 - HIP Sheet  air -
7_18 B934027 1000  1x10-3 11 50 60 67 67 >8 - HIP Sheet  air -
B8 B934027 800 1x10-5 10.8 56 69 83 - >4 - HIP Sheet  air -
V700-1 87H? 75 2x10-3 13 111 117 124 127 20.2 - HIP Foil air -
16211_B B934027 75 8.3x10-5 124 - - 114 124 20.7 37.8 HIP Sheet 5 ksi Helium -
16210_A B934027 75 8.3x10-5 11.9 - - 110 120 20.3 40.3 HIP Sheet 5 ksi Helium -
16215_F B934027 75 8.3x10-5 121 - - 112 122 221 39.5 HIP Sheet 5 ksi Helium -
16212_C B934027 75 8.3x10-5 12 - - 116 125 16.8 22 HIP Sheet 5 ksi Hydrogen -
16213_D B934027 75 8.3x10-5 12.5 - - 114 125 17.2 271 HIP Sheet 5 ksi Hydrogen -
16214_E B934027 75 8.3x10-5 12.3 - - 114 124 17.5 27.6 HIP Sheet 5 ksi Hydrogen -

1) Modulus was determined by least squares analysis up to the proportional limit
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MATERIAL: Ti-15-3 Table B4.1(a) (2 of 2)
Ti-15-3
NEAT MATRIX: Ti-15V-3Cr-3AI-3Sn Tension
HEAT TREATMENT: 1292°F/24h (vac.) NASA-GRC
TEST METHOD: Section 1.9.2.1 Raw Data
Specimen Machining Specimen Specimen Surface Test Failure Failure
No. Method Geometry Dimensions Condition Date Location Mode
(in.)
T36 turned and ground Dogbone .25 dia. x .5 gage as-ground 5/2/96 interrupted -
T42 turned and ground Dogbone .25 dia. x .5 gage as-ground 5/3/96 interrupted -
T33 turned and ground Dogbone .25 dia. x .5 gage as-ground 5/6/96 interrupted -
T27 turned and ground Dogbone .25 dia. x .5 gage as-ground 11/13/96 interrupted -
T45 turned and ground Dogbone .25 dia. x .5 gage as-ground 11/14/96 interrupted -
T40 turned and ground Dogbone .25 dia. x .5 gage as-ground 11/14/96 interrupted -
T37 turned and ground Dogbone .25 dia. x .5 gage as-ground 11/14/96 interrupted -
71 turned and ground Dogbone .25 dia. x .5 gage as-ground 2/6/97 interrupted -
7_22 turned and ground Dogbone .25 dia. x .5 gage as-ground 2/6/97 interrupted -
7_15 turned and ground Dogbone .25 dia. x .5 gage as-ground 3/22/97 interrupted -
7_ex turned and ground Dogbone .25 dia. x .5 gage as-ground 3/23/97 interrupted -
7_6 turned and ground Dogbone .25 dia. x .5 gage as-ground 4/11/97 interrupted -
7_18 turned and ground Dogbone .25 dia. x .5 gage as-ground 4/11/97 interrupted -
B8 turned and ground Dogbone .25 dia. x .5 gage as-ground 7/31/197 interrupted -
V700-1 turned and ground Dogbone .125 dia. x .815 gage as-ground 3/5/88 gage ductile failure
16211_B turned and ground Dogbone .188 dia. x .75 gage as-ground 7/2/97 gage ductile failure
16210_A turned and ground Dogbone .188 dia. x .75 gage as-ground 7/2/97 gage ductile failure
16215_F turned and ground Dogbone .188 dia. x .75 gage as-ground 7/3/97 gage ductile failure
16212_C turned and ground Dogbone .188 dia. x .75 gage as-ground 7/3/97 gage ductile failure
16213_D turned and ground Dogbone .188 dia. x .75 gage as-ground 7/3/97 gage ductile failure
16214_E turned and ground Dogbone .188 dia. x .75 gage as-ground 7/3/97 gage ductile failure
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MATERIAL: Ti-15-3 Table B4.1(b) (1 of 2)
Ti-15-3
TEST METHOD: Sec. 1.9.2.4 Fatigue Fatigue
NEAT MATRIX: Ti-15V-3Cr-3AI-3Sn WAVEFORM: Triangular
PRODUCT FORM: Hipped foils PRE-TEST EXPOSURE: 1292°F/24 hrs. NASA GRC
PRODUCT DIMENSIONS: 10” x 14” x 0.44” TEST ATMOSPHERE: Air Raw Data
LAY-UP: SPECIMEN GEOMETRY: Cylindrical dogbone
PLY COUNT: SURFACE CONDITION: As-ground
MACHINING METHOD: Turned and ground SPECIMEN DIMENSIONS: 5" x 0.406” dia.
Specimen  Fiber  LotlD.  Test E = — atN,/2 Fre N
No. v/o (Plate) Temp. at N=1 Strain rate €max €min O'max Omin : f
(°F) (Msi) (Msi) (1/s) (%) (%) (psi) (psi) (Hz)
T1 B934021 800 11.8 - 0.001 0.500 -0.500 68550 -64264 0.05 4956
T2 B934021 800 1.7 13.6 0.001 0.300 -0.300 43621 -37808 0.08 22237
T3 B934021 800 11.6 - 0.001 0.221 -0.219 37147 -22211 0.1 30191
T4 B934021 800 11.9 - 0.001 0.200 -0.200 - - 0.13 >419714
T5 B934021 800 12.2 14.0 0.001 0.350 -0.350 52235 -45754 0.07 >119325
T7 B934021 800 11.9 13.6 0.001 0.500 -0.500 - - 0.05 38026
T6 B934021 800 11.8 12.5 0.001 1.500 0.075 91351 -86628 0.04 1435
T8 B934021 800 1.5 12.7 0.001 1.200 0.060 71774 -73228 0.04 6260
T10 B934021 400 12.6 12.6 0.001 0.500 -0.500 60967 -65459 0.05 15100
™ B934021 400 12.1 12.3 0.001 0.450 -0.450 53763 -57064 0.06 21509
T13 B934021 400 121 121 0.001 0.700 -0.700 81689 -85372 0.04 2050
T16 B934021 400 11.9 12.5 0.001 0.400 -0.400 48483 -50925 0.06 >118058
T14 B934021 400 12.0 12.0 0.001 2.000 0.100 96811 -93243 0.03 668
T15 B934021 400 12.1 12.0 0.001 1.200 0.060 88213 -47048 0.04 4011
T17 B934021 75 13.1 13.1 0.001 0.600 -0.600 76888 -79348 0.04 9643
T18 B934021 75 13.3 13.2 0.001 1.200 0.060 117951 -30213 0.04 4447
T19 B934021 75 13.2 13.2 0.001 1.050 0.053 118764 -10543 0.05 7272
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MATERIAL: Ti-15-3

Table B4.1(b) (2 of 2)

Ti-15-3

FIBER: TEST METHOD: Sec. 1.9.2.4 Fatigue Fatigue

NEAT MATRIX: Ti-15V-3Cr-3Al-3Sn WAVEFORM: Triangular

PRODUCT FORM: Hipped foils PRE-TEST EXPOSURE: 1292°F/24 hrs. NASA GRC

PRODUCT DIMENSIONS: 10" x 14” x 0.44” TEST ATMOSPHERE: Air Raw Data

LAY-UP: SPECIMEN GEOMETRY: Cylindrical dogbone

PLY COUNT: SURFACE CONDITION: As-ground

MACHINING METHOD: Turned and ground SPECIMEN DIMENSIONS: 5" x 0.406” dia.

Specimen Control R I Gage D|dmenS|ons i Test Failure Comments Specimen Failure
No. Mode : : . Date Location Dimensions Mode

(in.) (in.) (in.)

T1 strain -1 0.5 0.406 - 5/17/94 gage -
T2 strain -1 0.5 0.406 - 5/25/94 gage at t/c premature failure -
T3 strain -1 0.5 0.406 - 5/31/94 gage at t/c premature failure -
T4 strain -1 0.5 0.406 - 6/8/94 run-out -
T5 strain -1 0.5 0.406 - 7/1/94 run-out -
T7 strain -1 0.5 0.406 - 8/30/94 radius -
T6 strain 0.05 0.5 0.406 - 8/16/94 gage -
T8 strain 0.05 0.5 0.406 - 9/9/94 radius -
T10 strain -1 0.5 0.406 - 5/10/95 gage -
T11 strain -1 0.5 0.406 - 5/16/95 gage -
T13 strain -1 0.5 0.406 - 5/23/95 gage -
T16 strain -1 0.5 0.406 - 6/14/95 run-out -
T14 strain 0.05 0.5 0.406 - 5/25/95 gage -
T15 strain 0.05 0.5 0.406 - 5/30/95 gage -
T17 strain -1 0.5 0.406 - 7/17/95 gage -
T18 strain 0.05 0.5 0.406 - 7/20/95 gage -
T19 strain 0.05 0.5 0.406 - 7124/95 gage -
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APPENDIX C. RAW DATA TABLES FOR METAL MATRIX COMPOSITE MATERIALS

HOW TO READ THE RAW DATA TABLES

Rows in any raw data table are organized by specimen number. Each column contains experimental
data specific to that specimen. Since the number of experimental data categories for each specimen is
quite high, 20 or more, all the data for a given set of specimen are shown on two tables. Each table is
cross-referenced by specimen number, and appear sequentially. However, if there are relatively few spec-
imens, then the two data tables will be shown on the same page. Otherwise, two pages or more are re-
quired to show all the raw data for a given specimen.

In the upper right hand corner of each raw data table, a small table appears. This table is depicted,
with a brief description for each entry, below.

OTable B4.1(a) (1 of 2)
OTi-15-3
OTension

O[0]4
ONASA
» Raw Data

©® This line contains three entries. First entry is the table number, as given in the Table of Contents. The
second entry is a letter designator, indicating a subsection within the table. Generally, subsections are
organized according to test type. The final entry indicates page and total number of pages within a sub-
section.

® Material name.

Test type, i.e., tension, compression, fatigue.

Specimen orientation and ply count, if applicable.

@ © o

Data source.

» Data type, given as raw or normalized.

C1. ALUMINUMS
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C1.1 Nextel 610/ SP Al (Section 3.5.2.1)

MATERIAL.: Nextel 610 / SP Al Screening Data Table C1.1(a) (1 of 6)
Nextel 610 / SP Al
FIBER: Nextel 610 SPECIMEN GEOMETRY: Straight-Sided Tension
MATRIX: 99.99% Al SURFACE CONDITION: As Received 0°
PRODUCT FORM: Panel MACHINING METHOD: Diamond Cutting Wheel M
LAY-UP: 0° PRE-TEST EXPOSURE: None Raw Data
TEST METHOD: MMC-TM-401 TEST ENVIRONMENT: Laboratory Air
Specimen No. Fiber Lot I.D. Test Strain t tpl ty0.02 ty0.2 tu tf t Comments
vio (Panel) Temp Rate Ei K Fy Fy fi & V12
(°F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)
551/4-L1 65.0 551 73 0.0100 36.8 266.8 0.790
551/4-L2 65.0 551 73 0.0100 37.9 272.5 0.780
551/4-L3 65.0 551 73 0.0100 38.1 268.7 0.760
551/4-L4 65.0 551 73 0.0100 371 272.8 0.790
551/4-L5 65.0 551 73 0.0100 38.1 271.7 0.770
551/4-L6 65.0 551 73 0.0100 37.2 270.9 0.780
551/4-L7 65.0 551 73 0.0100 36.4 260.3 0.760
599/3-L2 65.0 599 73 0.0100 39.8 283.8
599/3-L3 65.0 599 73 0.0100 39.3 267.6 0.740
599/3-L4 65.0 599 73 0.0100 39.2 281.7 0.780
599/3-L5 65.0 599 73 0.0100 38.3 282.3 0.780
599/3-L6 65.0 599 73 0.0100 39.5 2771 0.720
600/4-L1 65.0 600 73 0.0100 34.8 243.5 0.760
600/4-L3 65.0 600 73 0.0100 39.2 270.8 0.730
600/4-L4 65.0 600 73 0.0100 38.4 271.6
600/4-L5 65.0 600 73 0.0100 37.9 268.1 0.760
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MATERIAL: Nextel 610 / SP Al Screening Data Table C1.1(a) (2 of 6)
Nextel 610 / SP Al

FIBER: Nextel 610 SPECIMEN GEOMETRY: Straight-Sided Tension
MATRIX: 99.99% Al SURFACE CONDITION: As Received 0°
PRODUCT FORM: Panel MACHINING METHOD: Diamond Cutting Wheel 3M
LAY-UP: 0° PRE-TEST EXPOSURE: None Raw Data
TEST METHOD: MMC-TM-401 TEST ENVIRONMENT: Laboratory Air
Specimen Test Fail Failure Reduction Elongation Area Load @ Ultimate Width Thickness Original Final Final Final Final

No. Date Mode of Area 0.2% Load Gage Gage Width  Thickness  Area

Offset Length Length
(%) (in.) (in%) (Ib.) (in.) (in.) (in.) (in.) (in.) (in.) (in%)

5514-L1 44395  9G° 0.0200 5337 1.5000
551/4-L2 4/13/95 tab 0.0201 5458 1.5000
551/4-L3 4/13/95  gage 0.0202 5425 1.5000
551/4-L4 4/13/95 tab 0.0202 5519 1.5000
551/4-L5 4/13/95 tab 0.0203 5501 1.5000
551/4-L6 4/13/95 tab 0.0202 5481 1.5000
551/4-L7 4/13/95  gage 0.0201 5238 1.5000
599/3-L2 6/1/95 tab 0.0191 5431 1.5000
599/3-L3 6/1/95 tab 0.0194 5184 1.5000
599/3-L4 6/1/95 gage 0.0197 5546 1.5000
599/3-L5 6/1/95 gage 0.0196 5546 1.5000
599/3-L6 6/1/95 gage 0.0195 5398 1.5000
600/4-L1 6/1/95 gage 0.0203 4948 1.5000
600/4-L3 6/1/95 gage 0.0203 5321 1.5000
600/4-L4 6/1/95  gage 0.0203 5508 1.5000
600/4-L5 6/1/95  gage 0.0202 5404 1.5000
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MATERIAL: Nextel 610 / SP Al Screening Data Table C1.1(a) (3 of 6)
Nextel 610 / SP Al
FIBER: Nextel 610 SPECIMEN GEOMETRY: Straight-Sided Tension
MATRIX: 99.99% Al SURFACE CONDITION: As Received 0°
PRODUCT FORM: Panel MACHINING METHOD: Diamond Cutting Wheel 3M
LAY-UP: 0° PRE-TEST EXPOSURE: None Raw Data
| TEST METHOD: MMC-TM-401 TEST ENVIRONMENT: Laboratory Air
Specimen No. Fiber Lot I.D. Test Strain t tpl ty0.02 ty0.2 tu tf t Comments
P v/o (Panel) Temp Rate Ei K Fy Fi fi & V12
(°F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)
600/4-L6 65.0 600 73 0.0100 394 267.7 0.740
600/4-L7 65.0 600 73 0.0100 375 252.8 0.730
602/4-L1 65.0 602 73 0.0100 37.2 253.5 0.740
602/4-L2 65.0 602 73 0.0100 38.8 240.2 0.650
602/4-L.3 65.0 602 73 0.0100 39.0 269.6 Test Ramped Twice
602/4-L4 65.0 602 73 0.0100 36.9 263.7
602/4-L5 65.0 602 73 0.0100 370 267.5 0.770
602/4-L6 65.0 602 73 0.0100 38.2 261.6 0.720
602/4-L7 65.0 602 73 0.0100 36.6 247.5 0.740
883A/3-L1 65.0 883A 73 0.0150 251.8 0.630
883A/3-L2 65.0 883A 73 0.0150 271.7 0.670
883A/3-L3 65.0 883A 73 0.0150 266.2 0.770
883A/3-L4 65.0 883A 73 0.0150 284.8 0.750
883A/3-L5 65.0 883A 73 0.0150 258.3 0.760
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MATERIAL: Nextel 610 / SP Al Screening Data Table C1.1(a) (4 of 6)
Nextel 610 / SP Al
FIBER: Nextel 610 SPECIMEN GEOMETRY: Straight-Sided Tension
MATRIX: 99.99% Al SURFACE CONDITION: As Received 0°
PRODUCT FORM: Panel MACHINING METHOD: Diamond Cutting Wheel 3M
LAY-UP: 0° PRE-TEST EXPOSURE: None Raw Data
TEST METHOD: MMC-TM-401 TEST ENVIRONMENT: Laboratory Air
Specimen Test Fail Failure = Reduction Elongation  Area Load @ Ultimate Width Thick- Original Final Final Final Final
No. Date Mode of Area 0.2% Load ness Gage Gage Width  Thickness Area
Offset Length Length
(%) (in.) (in%) (Ib.) (in.) (in.) (in.) (in.) (in.) (in.) (in%)
600/4-L6 6/1/95 gage 0.0204 5371 1.5000
600/4-L7 6/1/95 gage 0.0204 5454 1.5000
602/4-L1 6/1/95 gage 0.0204 5337 1.5000
602/4-L2 6/1/95 gage 0.0204 5040 1.5000
602/4-L3 6/20/96  gage 0.0221 5571 0.3753  0.0590 1.5000
602/4-L4 6/20/96 tab 0.0224 6072 0.3772  0.0593 1.5000
602/4-L5 6/20/96  gage 0.0221 5872 0.3752  0.0588 1.5000
602/4-L6 6/20/96  gage 0.0219 6244 0.3758  0.0584 1.5000
602/4-L7 6/20/96  gage 0.0220 5682 0.3751  0.0587 1.5000
883A/3-L1 6/1/95 tab 0.0198 5310 1.5000
883A/3-L2  6/1/95 gage 0.0198 5002 1.5000
883A/3-L3  6/1/95 tab 0.0203 5146 1.5000
883A/3-L4  6/1/95 tab 0.0203 4865 1.5000
883A/3-L5  6/1/95 gage 0.0204 5501 1.5000
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MATERIAL: Nextel 610 / SP Al Screening Data Table C1.1(a) (50f 6)
Nextel 610 / SP Al
FIBER: Nextel 610 SPECIMEN GEOMETRY: Straight-Sided Tension
MATRIX: 99.99% Al SURFACE CONDITION: As Received 0°
PRODUCT FORM: Panel MACHINING METHOD: Diamond Cutting Wheel 3M
LAY-UP: 0° PRE-TEST EXPOSURE: None Raw Data
| TEST METHOD: MMC-TM-401 TEST ENVIRONMENT: Laboratory Air
Specimen No. Fi- Lot I.D. Test Strain t tpl ty0.02 ty0.2 tu tf t Comments
P ber (Panel) Temp  Rate Ei R’ Fy Fy fi & V12
v/o
(°F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)
883B/1-L2 65.0 883B 73 0.0150 255.3 0.660
883B/1-L3 65.0 883B 73 0.0150 274.5 0.700
883B/1-L4 65.0 883B 73 0.0150 279.6 0.710
883B/1-L5 65.0 883B 73 0.0150 2814 0.690
883B/1-L6 65.0 883B 73 0.0150 270.2 0.690
601/1-L3 65.0 601 73 0.0150 39.5 266.1 0.720 0.27 measure Poisson's Ratio
601/2-L3 65.0 601 73 0.0150 38.7 252.5 0.690 0.31 measure Poisson's Ratio
602/1-L3 65.0 602 73 0.0150 39.2 256.3 0.700 0.31 measure Poisson's Ratio
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MATERIAL.: Nextel 610 / SP Al Screening Data Table C1.1(a) (60of 6)
Nextel 610 / SP Al

FIBER: Nextel 610 SPECIMEN GEOMETRY: Straight-Sided Tension
MATRIX: 99.99% Al SURFACE CONDITION: As Received 0°
PRODUCT FORM: Panel MACHINING METHOD: Diamond Cutting Wheel 3M
LAY-UP: 0° PRE-TEST EXPOSURE: None Raw Data
TEST METHOD: MMC-TM-401 TEST ENVIRONMENT: Laboratory Air
Specimen Test Fail Failure Reduction Elongation Area Load @ Ultimate Width Thickness  Original Final Final Final Final

No. Date Mode of Area 0.2% Load Gage Gage Width  Thickness Area

Offset Length Length
(%) (in.) (in%) (Ib.) (in.) (in.) (in.) (in.) (in.) (in.) (in%)

883B/1-L2  6/20/96  gage 6021 0.3747 0.0593 1.5000
883B/1-L3  6/20/96 tab 5643 0.3769 0.0596 1.5000
883B/1-L4  6/20/96  gage 5837 0.3762 0.0585 1.5000
883B/1-L5 6/20/96  gage 5637 0.3753 0.0589 1.5000
883B/1-L6  6/20/96  gage 6063 0.3757 0.0588 1.5000

601/1-L3  6/20/96  gage 6218 0.3750 0.0593 1.5000

601/2-L3  6/20/96  gage 6177 0.3752 0.0585 1.5000

602/1-L3  6/20/96  gage 5969 0.3757 0.0588 1.5000

341




Volume 4, Appendix C Raw Data Tables for Titanium Matrix Composites

CMH-17-4B

MATERIAL.: Nextel 610 / SP Al Screening Data Table C1.1(b) (1 of 4)
Nextel 610 / SP Al
FIBER: Nextel 610 SPECIMEN GEOMETRY: Straight-Sided Tension
MATRIX: 99.99% Al SURFACE CONDITION: As Received 90°
PRODUCT FORM: Panel MACHINING METHOD: Diamond Cutting Wheel 3M
LAY-UP: 90° PRE-TEST EXPOSURE: None Raw Data
TEST METHOD: MMC-TM-401 TEST ENVIRONMENT: Laboratory Air
Specimen No. Fiber Lot I.D. Test Strain t tpl ty0.02 ty0.2 tu tf t Comments
vio (Panel) Temp. Rate E> K B B B &2 Va3
(°F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)
448/3-T1 65.0 448 73 0.010 25.8 3.01
448/3-T2 65.0 448 73 0.010 17.06 27.5 4.16
448/3-T3 65.0 448 73 0.010 16.72 28.2
558/3-T4 65.0 558 73 0.010 23.7
558/3-T5 65.0 558 73 0.010 242
601/3-T1 65.0 601 73 0.010 17.56 26.3 0.78
601/3-T2 65.0 601 73 0.010 19.32 251 0.78
601/3-T3 65.0 601 73 0.010 19.42 25.2 0.73
601/3-T7 65.0 601 73 0.010 16.74 22.6 1.27
601/3-T8 65.0 601 73 0.010 16.85 22.8 1.25
601/3-T9 65.0 601 73 0.010 18.47 22.4 1.13
883A/2-T1 65.0 883A 73 0.010 26.4 1.12
883A/2-T2 65.0 883A 73 0.010 27.4 1.08
883A/2-T3 65.0 883A 73 0.010 23.6 0.83
883A/2-T4 65.0 883A 73 0.010 26.9 0.91
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MATERIAL: Nextel 610 / SP Al Screening Data Table C1.1(b) (2 of 4)
Nextel 610 / SP Al

FIBER: Nextel 610 SPECIMEN GEOMETRY: Straight-Sided Tension
MATRIX: 99.99% Al SURFACE CONDITION: As Received 90°
PRODUCT FORM: Panel MACHINING METHOD: Diamond Cutting Wheel 3M
LAY-UP: 90° PRE-TEST EXPOSURE: None Raw Data
TEST METHOD: MMC-TM-401 TEST ENVIRONMENT: Laboratory Air
Specimen Test Fail Failure Reduction Elongation Area Load @ Ultimate Width  Thickness Original Final Final Final Final

No. Date Mode of Area 0.2% Load Gage Gage Width  Thickness  Area

Offset Length Length
(%) (in.) (in%) (Ib.) (in.) (in.) (in.) (in.) (in.) (in.) (in%)

448/3-T1 1/18/95 gage 0.0806 2075 0.0625
448/3-T2 1/18/95 gage 0.0809 2226 0.0625
448/3-T3 1/18/95 gage 0.0797 2248 0.0625
558/3-T4 4/18/95 gage 0.0511 1214 0.3940
558/3-T5 4/18/95 gage 0.0512 1236 0.3940
601/3-T1 6/16/95 gage 0.0203 533 0.5000
601/3-T2 6/16/95 gage 0.0202 506 0.5000
601/3-T3 6/16/95 gage 0.0201 506 0.5000
601/3-T7 6/16/95 gage 0.0206 463 0.5000
601/3-T8 6/16/95 gage 0.0207 472 0.5000
601/3-T9 6/16/95 gage 0.0209 468 0.5000
883A/2-T1  6/20/96 gage 0.0211 527 0.37415  0.05640 0.5000
883A/2-T2  6/20/96 gage 0.0213 497 0.37440  0.05695 0.5000
883A/2-T3  6/20/96 gage 0.0209 532 0.37485  0.05575 0.5000
883A/2-T4  6/20/96 gage 0.0211 554 0.37550  0.05625 0.5000
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MATERIAL: Nextel 610 / SP Al Screening Data Table C1.1(b) (3 of 4)
Nextel 610 / SP Al
FIBER: Nextel 610 SPECIMEN GEOMETRY: Straight-Sided Tension
MATRIX: 99.99% Al SURFACE CONDITION: As Received 90°
PRODUCT FORM: Panel MACHINING METHOD: Diamond Cutting Wheel 3M
LAY-UP: 90° PRE-TEST EXPOSURE: None Raw Data
TEST METHOD: MMC-TM-401 TEST ENVIRONMENT: Laboratory Air
Specimen No. Fiber Lot I.D. Test Strain t tpl ty0.02 ty0.2 tu tf t Comments
vio (Panel) Temp. Rate E; K P P B &2 V23
(°F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)
883A/2-T5 65.0 883A 73 0.010 247 0.77
883A/2-T6 65.0 883A 73 0.010 23.8 0.75
883A/2-T7 65.0 883A 73 0.010 25.2 0.80
883A/2-T8 65.0 883A 73 0.010 26.4 0.81
883A/2-T9 65.0 883A 73 0.010 24.2 0.72
883A/2-T10 65.0 883A 73 0.010 243 0.75
883A/2-T11 65.0 883A 73 0.010 29.7 1.01
883A/2-T12 65.0 883A 73 0.010 27.7 0.92
883A/2-T13 65.0 883A 73 0.010 291 0.96
883A/2-T14 65.0 883A 73 0.010 27.9 0.91
883B/2-T1 65.0 883B 73 0.010 28.0 1.21
883B/2-T2 65.0 883B 73 0.010 27.2 1.18
883B/2-T3 65.0 883B 73 0.010 271 1.26
883B/2-T4 65.0 883B 73 0.010 251 1.00
883B/2-T5 65.0 883B 73 0.010 24.6 1.02
883A/2-T6 65.0 883A 73 0.010 23.8 0.75
883B/2-T7 65.0 883B 73 0.010 271 1.44
883B/2-T8 65.0 883B 73 0.010 26.3 1.13
883B/2-T9 65.0 883B 73 0.010 25.6 1.13
883B/2-T10 65.0 883B 73 0.010 255 1.01
883B/2-T11 65.0 883B 73 0.010 26.5 1.18
883B/2-T12 65.0 883B 73 0.010 27.3 1.22
883B/2-T13 65.0 883B 73 0.010 27.6 1.20
883B/2-T14 65.0 883B 73 0.010 27.9 1.33
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MATERIAL: Nextel 610 / SP Al Screening Data Table C1.1(b) (4 of 4)
Nextel 610 / SP Al
FIBER: Nextel 610 SPECIMEN GEOMETRY: Straight-Sided Tension
MATRIX: 99.99% Al SURFACE CONDITION: As Received 90°
PRODUCT FORM: Panel MACHINING METHOD: Diamond Cutting Wheel 3M
LAY-UP: 90° PRE-TEST EXPOSURE: None Raw Data
TEST METHOD: MMC-TM-401 TEST ENVIRONMENT: Laboratory Air
Specimen Test Fail  Failure Reduction Elongation Area Load @ Ultimate Width Thick- Original Final Final Final Final
No. Date Mode of Area 0.2% Load ness Gage Gage Width Thickness Area
Offset Length  Length
(%) (in.) (in%) (Ib.) (in.) (in.) (in.) (in.) (in.) (in.) (in%)
883A/2-T5 6/21/96  gage 0.0221 582 0.37570  0.05890  0.5000
883A/2-T6 6/21/96  gage 567 0.5000
883A/2-T7 6/20/96 gage 0.0211 554 0.37550 0.05625  0.5000
883A/2-T8 6/20/96 gage 514 0.5000
883A/2-T9 6/20/96 gage 508 0.5000
883A/2-T10  6/20/96 gage 615 0.5000
883A/2-T11  6/20/96 gage 575 0.5000
883A/2-T12  6/20/96 gage 603 0.5000
883A/2-T13  6/20/96 gage 579 0.5000
883A/2-T14  6/20/96 gage 514 0.5000
883B/2-T1 6/20/96 gage 508 0.5000
883B/2-T2 6/20/96 gage 615 0.5000
883B/2-T3 6/20/96 gage 575 0.5000
883B/2-T4 6/20/96 gage 603 0.5000
883B/2-T5 6/20/96 gage 579 0.5000
883A/2-T6 6/21/96  gage 599 0.37570  0.05890  0.5000
883B/2-T7 6/21/96  gage 0.0210 563 0.5000
883B/2-T8 6/21/96 gage 593 0.5000
883B/2-T9 6/21/96  gage 604 0.5000
883B/2-T10 6/21/96 gage 610 0.5000
883B/2-T11  6/21/96 gage 618 0.5000
883B/2-T12  6/20/96 gage 508 0.5000
883B/2-T13
883B/2-T14
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C2. COPPER

This section is reserved for future use.

C3. MAGNESIUMS

This section is reserved for future use.
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C4. Titaniums
C4.1 SiC/TI-15-3 (Section 3.8.2.1.1 and 3.8.2.1.2)

MATERIAL: SiC/Ti-15-3 Table C4.1(a) (1 of 2)
SiC/Ti-15-3
FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.1 Tension Tension
MATRIX: Ti-15V-3Cr-3Al-3Sn PRE-TEST EXPOSURE: 1292°F/24 hrs. (vac.) [0]s
PRODUCT FORM: Foil/fiber/foil TEST ATMOSPHERE: Air NASA-GRC
PRODUCT DIMENSIONS: 10" x 14” Raw Data
LAY-UP: Unidirectional
PLY COUNT: 8-ply
Specimen  Fiber Lot I.D. Test Strain t tpl ty0.02 ty0.2 tu tu t Comments
No v/o (Plate) Temp. Rate Ei il Fi Fi B & V12
CF) (1/s) (Msi) __ (ksi) (ksi) (ksi) (ksi) (%)

L1_15 15 F914005 75 1x10-4 20 123 141 172 185 1.21 - Mo-weave
15_1 15 F914007 800 1x10-3 19 - 116 - 138 0.86 0.39 Mo-weave
15-2 15 F914007 800 1x10-3 19 - 115 - 136 0.75 0.37 Mo-weave
25-1 25 B934026 800 1x10-3 24 - 164 - 197 0.88 0.32 Ti-Nb weave
25-2 25 B934026 800 1x10-3 24 - 151 - 192 0.9 0.31 Ti-Nb weave
29 35 87H153 800 1x10-4 32 17 42 - 200 0.77 - Ti-weave
30 35 87H153 800 1x10-3 26 31 147 - 201 0.89 - Ti-weave
4 35 87H153 75 1x10-4 25 121 160 - 196 0.84 - Ti-weave (1)

35 87H153 75 1x10-4 26 133 168 - 168 0.66 - Ti-weave (1)
5 35 87H153 75 1x10-4 37 142 140 - 194 0.67 - Ti-weave
6 35 87H153 75 1x10-4 28 33 82 - 194 0.85 - Ti-weave
7 35 87H153 75 1x10-4 26 83 83 - 206 1 - Ti-weave
8 35 87H153 75 1x10-4 26 127 157 - 204 0.89 - Ti-weave
9 35 87H153 75 1x10-4 28 112 160 - 217 0.88 - Ti-weave
33 35 87H153 800 1x10-5 29 24 90 - 198 0.82 - Ti-weave
27 35 87H153 75 1x10-4 25 141 169 - 208 0.96 0.28 Ti-weave
53 35 D890054 75 1x10-4 29 150 186 - 211 0.77 - Mo-weave
5 36 35 J890505 800 1x10-3 27 151 185 - 209 0.84 - Mo-weave (2)
35-8 35 B934025 800 1x10-3 29 - 187 - 252 1 - Ti-Nb weave
35-10 35 B934025 800 1x10-3 26 - 182 - 243 1.06 - Ti-Nb weave
L1-45 41 D910518 75 1x10-4 31 151 160 - 201 0.73 - Mo-weave
L4 41 D910518 75 1x10-4 31 128 192 - 252 0.9 - Mo-weave
42-1 41 D910519 800 1x10-3 30 - 212 - 245 0.84 0.31 Mo-weave
42-2 41 D910519 800 1x10-3 32 - 187 - 251 0.83 0.28 Mo-weave

(1) Straight sided specimen
(2) 32 ply material
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MATERIAL: SiC/Ti-15-3

Table C4.1(a) (2 of 2)

SiC/Ti-15-3
FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.1 Tension Tension
MATRIX: Ti-15V-3Cr-3Al-3Sn PRE-TEST EXPOSURE: 1292°F/24 hrs. (vac.)
PRODUCT FORM: Foil/fiber/foll TEST ATMOSPHERE: Air NASA-GRC
PRODUCT DIMENSIONS: 10" x 14” Raw Data
LAY-UP: Unidirectional
PLY COUNT: 8-ply
Specimen Machining Specimen Specimen Surface Test Failure Failure
No. Method Geometry Dimensions Condition Date Location Mode
(in.)
L1_15 EDM Dogbone 0.5x6.0x0.12 as-machined 9/25/92 Radius -
15 1 Water Jet + Diamond Grind Dogbone 0.5x6.0x0.12 as-machined 10/2/96 Outside gage -
15-2 Water Jet + Diamond Grind Dogbone 0.5x6.0x0.10 as-machined 10/2/96 mid-gage -
25-1 Water Jet + Diamond Grind Dogbone 0.5x6.0x0.10 as-machined 10/2/96 mid-gage -
25-2 Water Jet + Diamond Grind Dogbone 0.5x6.0x0.10 as-machined 8/21/89 gage -
29 EDM Dogbone 0.5x5.5x0.08 as-machined 8/21/89 gage -
30 EDM Dogbone 0.5x5.5x0.08 as-machined 8/9/88 mid-gage -
4 EDM Rectangular 0.5x4.0x0.08 as-machined 6/29/88 mid-gage -
2 EDM Rectangular 0.5x4.0x0.08 as-machined 6/29/88 grips -
5 EDM Dogbone 0.5x4.0x0.08 as-machined 11/16/88 radius -
6 EDM Dogbone 0.5x4.0x0.08 as-machined 7/8/88 radius -
7 EDM Dogbone 0.5x4.0x0.08 as-machined 8/22/88 radius -
8 EDM Dogbone 0.5x4.0x0.08 as-machined 6/30/88 gage -
9 EDM Dogbone 0.5x4.0x0.08 as-machined 7/7/88 mid-gage -
33 EDM Dogbone 0.5x5.5x0.08 as-machined 8/21/89 gage -
27 EDM Dogbone 0.5x5.5x0.08 as-machined 10/17/89 gage -
53 EDM Dogbone 0.5x5.5x0.07 as-machined 9/10/90 radius -
5 36 EDM + Diamond Grind Dogbone 0.5x6.0x0.3 as-machined 5/23/95 radius -
35-8 Water Jet + Diamond Grind Dogbone 0.5x6.0x0.07 as-machined 5/21/96 radius -
35-10 Water Jet + Diamond Grind Dogbone 0.5x6.0x0.07 as-machined 7/2/96 radius -
L1-45 EDM Dogbone 0.5x6.0x0.06 as-machined 9/25/92 outside gage -
L4 EDM Dogbone 0.5x6.0x0.06 as-machined 10/14/92 mid-gage -
42-1 Water Jet + Diamond Grind Dogbone 0.5x6.0x0.06 as-machined 10/2/96 radius -
42-2 Water Jet + Diamond Grind Dogbone 0.5x6.0x0.06 as-machined 10/2/96 gage -
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MATERIAL: SiC/Ti-15-3 Table C4.1(b) (1 of 2)
SiC/Ti-15-3
FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.1 Tension Tension
MATRIX: Ti-15V-3Cr-3Al-3Sn PRE-TEST EXPOSURE: 1292°F/24 hrs. (vac.) [90]s
PRODUCT FORM: Foil/fiber/foil TEST ATMOSPHERE: Air NASA-GRC
PRODUCT DIMENSIONS: 10" x 14”7 Raw Data
LAY-UP: Unidirectional
PLY COUNT: 8-ply
Specimen  Fiber Lot I.D. Test Strain t tpl ty0.02 ty0.2 tu tu t Comments
i No v/o (Plate) Temp. Rate B R F; F B €2 V2l
CF) (1/s) (Msi) __ (ksi) (ksi) (ksi) (ksi) (%)
T2 _15 15 F914005 75 1x10-4 17 42 44 75 96 1.91 - Mo-weave
41 35 87H153 75 1x10-4 19 17 38 49 59 1.43 0.17 Ti-weave
42 35 87H153 75 1x10-4 17 15 40 50 62 1.38 0.18 Ti-weave
43 35 87H153 800 1x10-4 17 16 25 34 42 0.71 - Ti-weave
44 35 87H153 800 1x10-5 17 15 22 30 41 0.99 - Ti-weave
T1 45 41 D910518 75 1x10-4 18 - - - 23 0.12 - Mo-weave (1)
T2 45 41 D910518 75 1x10-4 18 - - - 33 0.19 - Mo-weave

(1) Broke in elastic regime
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MATERIAL: SiC/Ti-15-3 Table C4.1(b) (2 of 2)
SiC/Ti-15-3
FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.1 Tension Tension
MATRIX: Ti-15V-3Cr-3Al-3Sn PRE-TEST EXPOSURE: 1292°F/24 hrs. (vac.) [90]s
PRODUCT FORM: Foil/fiber/foil TEST ATMOSPHERE: Air NASA-GRC
PRODUCT DIMENSIONS: 10" x 14” Raw Data
LAY-UP: Unidirectional
PLY COUNT: 8-ply
Specimen Machining Specimen Specimen Surface Test Failure Failure
No. Method Geometry Dimensions Condition Date Location Mode
(in.)
T2_15 EDM Dogbone 0.5x6.0x0.12 as-machined 9/25/92 outside gage -
41 EDM Dogbone 0.5x5.5x0.08 as-machined 10/19/89 gage -
42 EDM Dogbone 0.5x5.5x0.08 as-machined 10/27/89 gage -
43 EDM Dogbone 0.5x5.5x0.08 as-machined 8/22/89 gage -
44 EDM Dogbone 0.5x5.5x0.08 as-machined 8/23/89 gage -
T1_ 45 EDM Dogbone 0.5x5.5x0.06 as-machined 9/25/92 gage -
T2 45 EDM Dogbone 0.5x5.5x0.06 as-machined 9/25/92 radius -
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MATERIAL: SiC/Ti-15-3 Table C4.1(c) (1 of 2)
SiC/Ti-15-3

FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.1 Tension Tension
MATRIX: Ti-15V-3Cr-3Al-3Sn PRE-TEST EXPOSURE: 1292°F/24 hrs. (vac.) Laminates
PRODUCT FORM: Foil/fiber/foll TEST ATMOSPHERE: Air NASA-GRC
PRODUCT DIMENSIONS: 10" x 147 Raw Data
LAY-UP: Cross-ply laminates
PLY COUNT: 8-ply
FIBER VOLUME PERCENT: 35

Specimen Lay-u Lot I.D. Test Strain t tpl ty0.02 ty0.2 tu tu ! Comments

i No e (Plate) Temp. Rate Ex N Fx F, Ex "y
(°F) (1/s) (Msi)  (ksi) _ (ksi) (ksi) (ksi) (%)

H3 +/-30 D890053 75 1x10-4 23 44 60 105 - - - Mo-weave (1)
H16 +/-30 D890053 75 1x10-4 23 48 60 108 179 1.66 - Mo-weave
26 +/- 30 87H149 75 1x10-4 24 58 74 114 148 1.14 - Ti-weave
25 +/- 30 87H149 75 1x10-4 21 62 73 114 145 1.1 - Ti-weave
24 +/- 30 87H149 75 1x10-4 22 67 75 112 144 >1.5 - Ti-weave (2)
23 +/- 30 87H149 75 1x10-4 24 48 71 115 145 0.99 - Ti-weave
22 +/- 30 87H149 75 1x10-4 20 65 97 146 147 1.04 - Ti-weave
19 +/- 30 87H149 75 1x10-4 22 61 79 121 153 1.2 - Ti-weave
18 +/- 30 87H149 75 1x10-4 21 33 26 95 133 1.44 - Ti-weave (3)
12 +/- 30 87H149 75 1x10-4 22 59 64 91 146 1.32 - Ti-weave
11 +/- 30 87H149 75 1x10-4 22 63 81 113 140 1.26 - Ti-weave
9 23 +/-30  J890509 800 1x10-3 20 40 50 86 134 1.52 - Mo-weave (4)
A11 +/- 45 87H148 75 1x10-4 17 30 40 52 77 >4.0 - Ti-weave (2)
A6 +/- 45 87H148 800 1x10-4 13 21 35 47 68 7.29 - Ti-weave
A13 +/- 45 87H148 800 1x10-5 17 28 30 29 64 >4.6 - Ti-weave (2)
F1 +/- 60 87H149 75 1x10-4 17 36 41 50 57 1.8 - Ti-weave
F4 +/- 60 87H149 800 1x10-4 14 26 28 35 48 2.95 - Ti-weave
B2 0/90 87H150 75 1x10-4 21 23 37 115 143 1 - Ti-weave
B4 0/90 87H150 75 1x10-4 23 47 72 136 149 1.08 - Ti-weave
C5 90/0 87H150 75 1x10-4 15 40 80 135 145 1.21 0.15 Ti-weave
C4 90/0 87H150 75 1x10-4 25 23 46 118 154 1.07 0.21 Ti-weave
(1) Slipped in grips (3) Stress discontinuity at yield point
(2) Testinterrupted (4) 32 ply material
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MATERIAL: SiC/Ti-15-3

Table C4.1(c) (2 of 2)

SiC/Ti-15-3
FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.1 Tension Tension
MATRIX: Ti-15V-3Cr-3Al-3Sn PRE-TEST EXPOSURE: 1292°F/24 hrs. (vac.) Laminates
PRODUCT FORM: Foil/fiber/foil TEST ATMOSPHERE: Air NASA-GRC
PRODUCT DIMENSIONS: 10" x 147 Raw Data
LAY-UP: Cross-ply laminates
PLY COUNT: 8-ply
FIBER VOLUME PERCENT: 35
Specimen Machining Specimen Specimen Surface Test Failure Failure
No. Method Geometry Dimensions Condition Date Location Mode
(in.)
H3 EDM Dogbone 0.5x6.0x0.07 as-machined 9/6/90 -
H16 EDM Dogbone 0.5x6.0x0.07 as-machined 9/7/90 gage
26 EDM Rectangular 0.75x6.0x0.08 as-machined 6/13/89 gage
25 EDM Rectangular 0.75x6.0x0.08 as-machined 6/13/89 gage
24 EDM Rectangular 1.0x6.0x0.08 as-machined 6/13/89 mid-gage
23 EDM Rectangular 1.0x6.0x0.08 as-machined 6/13/89 gage
22 EDM Dogbone 0.5x6.0x0.08 as-machined 12/1/88 gage
19 EDM Dogbone 0.5x6.0x0.08 as-machined 12/1/88 radius
18 EDM Dogbone 0.5x4.0x0.08 as-machined 7/13/88 radius
12 EDM Dogbone 0.5x4.0x0.08 as-machined 8/9/88 grips
1" EDM Dogbone 0.5x4.0x0.08 as-machined 11/15/88 gage
9 23 EDM + Diamond Grind Dogbone 0.5x6.0x0.3 as-machined 11/24/92 mid-gage
A11 EDM Dogbone 0.5x6.0x0.08 as-machined 1/24/90 -
A6 EDM Dogbone 0.5x6.0x0.08 as-machined 3/3/89 radius
A13 EDM Dogbone 0.5x6.0x0.08 as-machined 2/1/90 -
F1 EDM Dogbone 0.5x6.0x0.08 as-machined 1/24/90 gage
F4 EDM Dogbone 0.5x6.0x0.08 as-machined 2/1/90 radius
B2 EDM Dogbone 0.5x6.0x0.08 as-machined 6/7/89 gage
B4 EDM Dogbone 0.5x6.0x0.08 as-machined 4/4/89 gage
C5 EDM Dogbone 0.5x6.0x0.08 as-machined 10/27/89 gage
C4 EDM Dogbone 0.5x6.0x0.08 as-machined 10/19/89 gage
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MATERIAL: SiC/Ti-15-3 Table C4.1(d) (1 of 8)
SiC/Ti-15-3

FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.4 Fatigue Fatigue

MATRIX: Ti-15V-3Cr-3AI-3Sn WAVEFORM: Triangular [0]32

PRODUCT FORM: Foil/fiber/foil PRE-TEST EXPOSURE: 1292°F/24 hrs. NASA GRC

PRODUCT DIMENSIONS: 10" x 14” x 0.30" TEST ATMOSPHERE: Air Raw Data

LAY-UP: Unidirectional SPECIMEN GEOMETRY: Dogbone

PLY COUNT: 32-ply SURFACE CONDITION: As-ground

MACHINING METHOD: EDM+diamond ground
Specimen  Fiber  Lotl.D.  Test E = — atNi/ 2 Fre N

No. v/o (Plate) Temp. at N=1 Strain rate €max €min O'max Omin : f
(F) (Msi) (Msi) (1/s) (%) (%) (psi) (psi) (Hz)

4-5 35 J890504 800 26.9 27.3 0.0009 0.640 0.185 130800 5500 0.10 37974
4-12 35 J890504 800 27.5 27.6 0.0012 0.840 0.240 171000 6900 0.10 9132
4-15 35 J890504 800 26.9 26.7 0.0014 0.897 0.213 190960 7890 0.10 2898
4-18 35 J890504 800 254 25.3 0.0015 0.883 0.137 197000 8000 0.10 1118
4-19 35 J890504 800 254 25.7 0.0010 0.757 0.270 131400 5300 0.10 31811
5-7 35 J890505 800 27.0 26.6 0.0010 0.831 0.134 190600 9700 0.07 922
5-8 35 J890505 800 271 274 0.0010 0.705 0.202 143500 7200 0.10 20303
4-13 35 J890504 800 26.3 26.6 0.0010 0.654 -0.654 163600 -181900 0.04 4519
4-16 35 J890504 800 27.0 26.8 0.0010 0.744 -0.743 187800 -208100 0.03 948
4-14 35 J890504 800 27.5 - 0.0010 0.654 -0.655 163600 -195700 0.04 3218
4-17 35 J890504 800 27.2 - 0.0010 0.484 -0.484 113900 -151100 0.05 12050
4-2 35 J890504 800 26.2 - 0.0010 0.652 -0.656 167000 -171000 0.04 2433
4-3 35 J890504 800 26.5 26.6 0.0010 0.481 -0.483 119000 -132000 0.05 10347
4-20 35 J890504 800 26.2 28.1 0.0010 0.400 -0.410 93400 -126400 0.06 24592
4-23 35 J890504 800 26.7 27.5 0.0010 0.304 -0.304 70500 -97200 0.08 63392
4-25 35 J890504 800 25.3 24.3 0.0010 0.403 -0.403 96800 -101060 0.06 36775
4-26 35 J890504 800 27.2 28.5 0.0010 0.300 -0.300 74700 -98100 0.08 74754
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MATERIAL: SiC/Ti-15-3

Table C4.1(d) (2 of 8)

SiC/Ti-15-3

FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.4 Fatigue Fatigue

MATRIX: Ti-15V-3Cr-3Al-3Sn WAVEFORM: Triangular [0]s2

PRODUCT FORM: Foil/fiber/foll PRE-TEST EXPOSURE: 1292°F/24 hrs. NASA GRC

PRODUCT DIMENSIONS: 10” x 14” x 0.30" TEST ATMOSPHERE: Air Raw Data

LAY-UP: Unidirectional SPECIMEN GEOMETRY: Dogbone

PLY COUNT: 32-ply SURFACE CONDITION: As-ground

MACHINING METHOD: EDM+diamond ground

Specimen Control Gage Dimensions Test Failure Specimen Failure

P No. Mode R I ; w t Date Location Comments Dir?wensions Mode
(in.) (in.) (in.) (in.)

4-5 load 0.05 0.5 0.401 0.299 1/13/93 gage Mo-weave 0.5x6x0.3 -
4-12 load 0.05 0.5 0.390 0.299 2/1/93 gage Mo-weave 0.5x6x0.3 -
4-15 load 0.05 0.5 0.391 0.300 2/8/93 gage Mo-weave 0.5x6x0.3 -
4-18 load 0.05 0.5 0.390 0.300 7/14/93 gage Mo-weave 0.5x7x0.3 -
4-19 load 0.05 0.5 0.390 0.300 7/19/93 gage Mo-weave 0.5x7x0.3 -
5-7 load 0.05 1.0 0.389 0.299 3/28/94 radius Mo-weave 0.5x6x0.3 -
5-8 load 0.05 1.0 0.389 0.299 3/29/94 gage Mo-weave 0.5x6x0.3 -
4-13 strain -1 0.5 0.391 0.299 2/22/93 radius Mo-weave 0.5x6x0.3 -
4-16 strain -1 0.5 0.391 0.299 2/25/93 radius Mo-weave 0.5x6x0.3 -
4-14 strain -1 0.5 0.390 0.300 2/30/93 gage Mo-weave 0.5x6x0.3 -
4-17 strain -1 0.5 0.390 0.299 3/11/93 gage Mo-weave 0.5x6x0.3 -
4-2 strain -1 0.5 0.294 - 3/24/99 gage Mo-weave (1) 6x0.294 -
4-3 strain -1 0.5 0.294 - 3/25/93 gage Mo-weave (1) 6x0.294 -
4-20 strain -1 0.5 0.388 0.298 7/26/93 gage Mo-weave 0.5x7x0.3 -
4-23 strain -1 0.5 0.389 0.300 9/3/93 radius Mo-weave 0.5x7x0.3 -
4-25 strain -1 0.5 0.298 - 9/29/93 gage Mo-weave (1) 7x0.298 -
4-26 strain -1 0.5 0.298 - 10/6/93 radius Mo-weave (1) 7x0.298 -
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MATERIAL: SiC/Ti-15-3 Table C4.1(d) (3 of 8)
SiC/Ti-15-3

FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.4 Fatigue Fatigue

MATRIX: Ti-15V-3Cr-3AI-3Sn WAVEFORM: Triangular [0]32

PRODUCT FORM: Foil/fiber/foil PRE-TEST EXPOSURE: 1292°F/24 hrs. NASA GRC

PRODUCT DIMENSIONS: 10" x 14” x 0.30" TEST ATMOSPHERE: Air Raw Data

LAY-UP: Unidirectional SPECIMEN GEOMETRY: Dogbone

PLY COUNT: 32-ply SURFACE CONDITION: As-ground

MACHINING METHOD: EDM+diamond ground
Specimen  Fiber  LotlD.  Test E = — atN,/2 Fre N

No. v/o (Plate) Temp. at N=1 Strain rate €max €min O'max Omin : f
(F) (Msi) (Msi) (1/s) (%) (%) (psi) (psi) (Hz)

4-27 35 J890504 800 26.1 254 0.0010 0.652 -0.653 162700 -167700 0.04 4340
4-28 35 J890504 800 27.8 - 0.0010 0.273 -0.273 70600 -87500 0.09 121116
5-1 35 J890505 800 26.0 27.2 0.0010 0.655 -0.656 169700 -188400 0.04 2019
5-2 35 J890505 800 27.3 27.4 0.0010 0.305 -0.305 79200 -89100 0.08 84622
5-3 35 J890505 800 27.2 27.7 0.0010 0.635 0.026 134900 -31700 0.08 11010
5-4 35 J890505 800 27.3 28.2 0.0010 0.486 0.018 104400 -25900 0.10 94738
5-5 35 J890505 800 271 27.4 0.0010 0.705 0.029 145000  -36500 0.07 12761
5-6 35 J890505 800 26.9 27.4 0.0010 0.586 0.024 121700 -29500 0.09 26542
5-14 35 J890505 800 27.2 27.5 0.0010 0.725 0.030 149500 -36100 0.07 9904
5-9 35 J890505 800 26.7 27.6 0.0010 0.515 -0.323 116500 -116000 0.06 13015
5-10 35 J890505 800 274 28.6 0.0010 0.325 -0.250 82100 -81600 0.09 76127
5-13 35 J890505 800 255 25.6 0.0010 0.674 -0.625 167000 -167000 0.04 2401
5-24 35 J890505 800 27.6 - 0.0010 0.710 0.030 163700 0 0.07 6437
5-25 35 J890505 800 27.0 26.7 0.0010 0.595 0.120 127900 -948  0.09 23197
5-26 35 J890505 800 26.8 26.7 0.0010 0.710 0.180 140200 -1100 0.08 14130
5-21 35 J890505 800 26.9 28.3 0.0010 0.586 0.011 123800 -36900 0.09 20879
5-22 35 J890505 800 27.5 28.9 0.0010 0.594 0.033 123700  -36700 0.09 27695
5-28 35 J890505 800 26.8 26.5 0.0010 - - 155900 -46900 0.07 6469
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MATERIAL: SiC/Ti-15-3

Table C4.1(d) (4 of 8)

SiC/Ti-15-3

FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.4 Fatigue Fatigue

MATRIX: Ti-15V-3Cr-3AI-3Sn WAVEFORM: Triangular [0]s2

PRODUCT FORM: Foil/fiber/foil PRE-TEST EXPOSURE: 1292°F/24 hrs. NASA GRC

PRODUCT DIMENSIONS: 10" x 14” x 0.30" TEST ATMOSPHERE: Air Raw Data

LAY-UP: Unidirectional SPECIMEN GEOMETRY: Dogbone

PLY COUNT: 32-ply SURFACE CONDITION: As-ground

MACHINING METHOD: EDM+diamond ground

Specimen Control R Gage Dimensions Test Failure Comments Specimen Failure

No. Mode I w t Date Location Dimensions Mode
(in.) (in.) (in.) (in.)

4-27 strain -1 0.5 0.298 - 10/19/93 gage Mo-weave (1) 7x0.298 -
4-28 strain -1 0.5 0.298 - 10/22/93 gage Mo-weave (1) 7x0.298 -
5-1 strain -1 1.0 0.390 0.300 2/14/94 gage Mo-weave 0.5x6x0.3 -
5-2 strain -1 1.0 0.389 0.300 2/15/94 radius Mo-weave 0.5x6x0.3 -
5-3 strain 0.05 1.0 0.389 0.299 3/2/94 radius Mo-weave 0.5x6x0.3 -
5-4 strain 0.05 1.0 0.389 0.299 3/7/94 gage Mo-weave 0.5x6x0.3 -
5-5 strain 0.05 1.0 0.389 0.299 3/21/94 gage Mo-weave 0.5x6x0.3 -
5-6 strain 0.05 1.0 0.389 0.298 3/24/94 gage Mo-weave 0.5x6x0.3 -
5-14 strain 0.05 1.0 0.388 0.301 5/18/94 gage Mo-weave 0.5x6x0.3 -
5-9 load -1 1.0 0.389 0.299 4/4/94 gage Mo-weave 0.5x6x0.3 -
5-10 load -1 1.0 0.388 0.299 4/7/94 radius Mo-weave 0.5x6x0.3 -
5-13 load -1 1.0 0.388 0.300 5/6/94 radius Mo-weave 0.5x6x0.3 -
5-24 hybrid e © 0.05 1.0 0.388 0.300 10/4/94 radius Mo-weave 0.5x6x0.3 -
5-25 hybrid e ¥/ 0.05 1.0 0.388 0.298 10/11/94 radius Mo-weave 0.5x6x0.3 -
5-26 hybrid e © 0.05 1.0 0.388 0.299 10/20/94 gage Mo-weave 0.5x6x0.3 -
5-21 load -0.3 1.0 0.387 0.300 8/1/94 gage Mo-weave 0.5x6x0.3 -
5-22 load -0.3 1.0 0.387 0.300 8/4/94 gage Mo-weave 0.5x6x0.3 -
5-28 load -0.3 1.0 0.388 0.300 11/7/94 gage Mo-weave 0.5x6x0.3 -

(1) Cylindrical gage sections

(2) Strain control tests with minimum load limited to tensile stresses
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MATERIAL: SiC/Ti-15-3 Table C4.1(d) (5 of 8)
SiC/Ti-15-3
FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.4 Fatigue Fatigue
MATRIX: Ti-15V-3Cr-3AI-3Sn WAVEFORM: Triangular [0]32
PRODUCT FORM: Foil/fiber/foil PRE-TEST EXPOSURE: 1292°F/24 hrs. NASA GRC
PRODUCT DIMENSIONS: 10" x 14” x 0.30" TEST ATMOSPHERE: Air Raw Data
LAY-UP: Unidirectional SPECIMEN GEOMETRY: Dogbone
PLY COUNT: 32-ply SURFACE CONDITION: As-ground
MACHINING METHOD: EDM+diamond ground
Specimen  Fiber  Lotl.D.  Test E = — atNi/ 2 Fre N
No. v/o (Plate) Temp. at N=1 Strain rate €max €min O'max Omin : f
(F) (Msi) (Msi) (1/s) (%) (%) (psi) (psi) (Hz)
5-20 35 J890505 800 274 28.6 0.0010 0.475 -0.153 111700 -66700 0.08 34829
5-16 35 J890505 800 27.8 - 0.0010 0.593 -0.266 147000 -92000 0.06 6220
5-17 35 J890505 800 271 27.4 0.0010 0.789 0.397 148700 43200 0.13 24431
5-18 35 J890505 800 26.7 27.1 0.0010 0.655 0.316 130400 38600 0.15 29669
5-29 35 J890505 800 26.6 26.1 0.0010 0.752 0.571 153600 106000 0.30 5986
5-30 35 J890505 800 27 .1 26.9 0.0010 0.855 0.658 177000 123000 0.25 3740
5-31 35 J890505 800 26.9 27.2 0.0010 0.758 0.608 136300 95400 0.30 463000
5-32 35 J890505 800 26.9 26.8 0.0010 0.887 0.564 173500 86400 0.15 6176
5-33 35 J890505 800 26.9 27.4 0.0010 0.726 0.480 133400 66000 0.20 353147
5-34 35 J890505 800 26.7 26.5 0.0010 0.868 0.583 150400 74300 0.18 97761
5-35 35 J890505 800 271 26.5 0.0010 0.822 0.477 195600 96500 0.13 681
5-19 35 J890505 800 27.3 27.1 0.0010 0.851 0.551 155200 76700 0.15 14477
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MATERIAL: SiC/Ti-15-3

Table C4.1(d) (6 of 8)

SiC/Ti-15-3

FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.4 Fatigue Fatigue

MATRIX: Ti-15V-3Cr-3Al-3Sn WAVEFORM: Triangular [0]s2

PRODUCT FORM: Foil/fiber/foll PRE-TEST EXPOSURE: 1292°F/24 hrs. NASA GRC

PRODUCT DIMENSIONS: 10” x 14” x 0.30" TEST ATMOSPHERE: Air Raw Data

LAY-UP: Unidirectional SPECIMEN GEOMETRY: Dogbone

PLY COUNT: 32-ply SURFACE CONDITION: As-ground

MACHINING METHOD: EDM-+diamond ground

Specimen Control Gage Dimensions Test Failure Specimen Failure

i No. Mode R I : w t Date Location Comments Dir?wensions Mode
(in.) (in.) (in.) (in.)

5-20 load -0.6 1.0 0.388 0.300 7/22/94 gage Mo-weave 0.5x6x0.3 -
5-16 load -0.6 1.0 0.388 0.301 11/10/94 gage Mo-weave 0.5x6x0.3 -
5-17 load 0.3 1.0 0.387 0.300 11/21/94 gage Mo-weave 0.5x6x0.3 -
5-18 load 0.3 1.0 0.390 0.306 12/6/94 gage Mo-weave 0.5x6x0.3 -
5-29 load 0.7 1.0 0.388 0.302 3/14/95 gage Mo-weave 0.5x6x0.3 -
5-30 load 0.7 1.0 0.388 0.299 3/21/95 gage Mo-weave 0.5x6x0.3 -
5-31 load 0.7 1.0 0.390 0.300 3/24/95 run-out Mo-weave 0.5x6x0.3 -
5-32 load 0.5 1.0 0.389 0.299 4/13/95 gage Mo-weave 0.5x6x0.3 -
5-33 load 0.5 1.0 0.388 0.299 4/18/95 run-out Mo-weave 0.5x6x0.3 -
5-34 load 0.5 1.0 0.388 0.299 5/9/95 radius Mo-weave 0.5x6x0.3 -
5-35 load 0.5 1.0 0.388 0.299 5/17/95 gage Mo-weave 0.5x6x0.3 -
5-19 load 0.5 1.0 0.390 0.308 11/30/94 gage Mo-weave 0.5x6x0.3 -
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MATERIAL: SiC/Ti-15-3 Table C4.1(d) (7 of 8)
SiC/Ti-15-3

FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.4 Fatigue!” Fatigue

MATRIX: Ti-15V-3Cr-3Al-3Sn WAVEFORM: Triangular [0]s

PRODUCT FORM: Foil/fiber/foil PRE-TEST EXPOSURE: 1292°F/24 hrs. NASA GRC

PRODUCT DIMENSIONS: 10" x 14” TEST ATMOSPHERE: Air Raw Data

LAY-UP: Unidirectional SPECIMEN GEOMETRY: Dogbone

PLY COUNT: 8-ply SURFACE CONDITION: As-ground

MACHINING METHOD: Water jet+diamond

ground
Specimen  Fiber  LotlD.  Test E = — at N,/ 2 Fre N
No. v/o (Plate) Temp. at N=1 Strain rate €max €min O'max Omin : f
(F) (Msi) (Msi) (1/s) (%) (%) (psi) (psi) (Hz)

35-5 35 B934025 800 26.4 26.4 0.001 0.650 -0.650 167967 -188309 0.04 2769
35-7 35 B934025 800 294 28.5 0.001 0.425 -0.425 116086 -131500 0.06 22375
35-11 35 B934025 800 27.7 27.4 0.001 0.625 -0.625 176883 -185611 0.04 3240
42-3 42 D910519 800 33.5 32.3 0.001 0.500 -0.500 178052 -152000 0.05 2390
42-4 42 D910519 800 - 33.0 0.001 0.300 -0.300 106086  -91445 0.08 45860
42-5 42 D910519 800 30.3 29.3 0.001 0.500 -0.500 161490 -149344 0.05 4435
42-6 42 D910519 800 31.5 30.6 0.001 0.300 -0.300 94603  -95945 0.08 79800
25-3 25 B934026 800 24.3 244 0.001 0.300 -0.300 73490 -69808 0.08 72700
25-4 25 B934026 800 23.9 23.6 0.001 0.425 -0.425 93389 -110882  0.06 20889
25-5 25 B934026 800 234 24.2 0.001 0.425 -0.425 105631 -102545 0.06 16550
25-6 25 B934026 800 - 22.6 0.001 0.500 -0.500 114609 -110822  0.05 13370
15-3 15 F914007 800 17.9 18.6 0.001 0.425 -0.425 75020 -86000 0.06 18205
15-4 15 F914007 800 18.1 194 0.001 0.500 -0.500 95579  -94476  0.05 9443
15-6 15 F914007 800 17.3 - 0.001 0.425 -0.425 81000 -75580 0.06 16200

(1) Tests conducted with buckling guides.
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MATERIAL: SiC/Ti-15-3

Table C4.1(d) (8 of 8)

SiC/Ti-15-3

FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.4 Fatigue'" Fatigue

MATRIX: Ti-15V-3Cr-3AI-3Sn WAVEFORM: Triangular [0]s

PRODUCT FORM: Foil/fiber/foll PRE-TEST EXPOSURE: 1292°F/24 hrs. NASA GRC

PRODUCT DIMENSIONS: 10" x 14” TEST ATMOSPHERE: Air Raw Data

LAY-UP: Unidirectional SPECIMEN GEOMETRY: Dogbone

PLY COUNT: 8-ply SURFACE CONDITION: As-ground

MACHINING METHOD: Water jet+diamond

ground
Specimen Control R Gage Dimensions Test Failure Comments Specimen Failure
No. Mode I w t Date Location Dimensions Mode
(in.) (in.) (in.) (in.)

35-5 strain -1 0.5 0.358 0.071 7/31/96 gage Ti-Nb weave 0.5x6x.07 -
35-7 strain -1 0.5 0.357 0.070 8/6/96 gage Ti-Nb weave 0.5x6x.07 -
35-11 strain -1 0.5 0.357 0.071 8/12/96 radius Ti-Nb weave 0.5x6x.07 -
42-3 strain -1 0.5 0.355 0.062 11/19/96 gage Mo-weave 0.5x6x.06 -
42-4 strain -1 0.5 0.355 0.062 11/20/96 radius Mo-weave 0.5x6x.06 -
42-5 strain -1 0.5 0.353 0.062 11/27/96 radius Mo-weave 0.5x6x.06 -
42-6 strain -1 0.5 0.355 0.062 11/29/96 radius Mo-weave 0.5x6x.06 -
25-3 strain -1 0.5 0.356 0.097 12/12/96 radius Ti-Nb weave 0.5x6x.09 -
25-4 strain -1 0.5 0.355 0.098 12/27/96 gage Ti-Nb weave 0.5x6x.09 -
25-5 strain -1 0.5 0.357 0.098 12/31/96 radius Ti-Nb weave 0.5x6x.09 -
25-6 strain -1 0.5 0.357 0.098 1/6/97 radius Ti-Nb weave 0.5x6x.09 -
15-3 strain -1 0.5 0.349 0.116 1/10/97 radius Mo-weave 0.5x6x.12 -
15-4 strain -1 0.5 0.354 0.116 1/14/97 radius Mo-weave 0.5x6x.12 -
15-6 strain -1 0.5 0.358 0.116 1/28/97 radius Mo-weave 0.5x6x.12 -
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MATERIAL: SiC/Ti-15-3

Table C4.1(e) (1 of 8)

SiC/Ti-15-3
FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.4 Fatigue Fatigue
MATRIX: Ti-15V-3Cr-3AI-3Sn WAVEFORM: Triangular Laminates
PRODUCT FORM: Foil/fiber/foil PRE-TEST EXPOSURE: 1292°F/24 hrs. NASA GRC
PRODUCT DIMENSIONS: 12" x 12" TEST ATMOSPHERE: Air Raw Data
LAY-UP: Laminates SPECIMEN GEOMETRY: Dogbone
PLY COUNT: 8-ply SURFACE CONDITION: As-machined
MACHINING METHOD: EDM
: Lay-up at N;/ 2
Specimen ; Lot I.D. Test E
No. Fiber (Plate) Temp. at N=1 E Tptal €max €min Omax Omin Freq. Ne
v/o Strain rate
(F) (Msi) (Msi) (1/s) (%) (%) (psi) (psi) (Hz)
[0]
31 35 87H153 800 23.6 - - - - 121600 4600 0.17 >104000
32 35 87H153 75 255 - - - - 142400 4600 0.17 9947
34 35 87H153 800 26.9 - 0.0010 0.633 0.021 121800 4600 0.17 139581
35 35 87H153 75 27.3 - 0.0008 0.498 0.018 132500 4100 0.17 18045
36 35 87H153 800 - - - - - 132700 4300 0.17 17519
37 35 87H153 800 26.5 - 0.0011 0.653 0.022 121500 4500 0.17 32804
[90]
38 35 87H153 75 17.7 - 0.0002 0.154 0.023 25300 2200 0.17 35867
45 35 87H153 75 18.2 - 0.0003 0.186 0.023 30400 2600 0.17 9562
[90/0]
c10 35 87H150 75 27.0 - 0.0005 0.397 0.090 53400 2000 0.17 42293
C9 35 87H150 75 34.5 - 0.0008 0.516 0.068 88200 3100 0.17 4480
Cc8 35 87H150 75 30.5 - - - - 76000 2900 0.17 10157
C6 35 87H150 75 25.0 - 0.0007 0.451 0.061 60700 2200 0.17 31935
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MATERIAL: SiC/Ti-15-3 Table C4.1(e) (2 of 8)
SiC/Ti-15-3
FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.4 Fatigue Fatigue
MATRIX: Ti-15V-3Cr-3AI-3Sn WAVEFORM: Triangular Laminates
PRODUCT FORM: Foil/fiber/foll PRE-TEST EXPOSURE: 1292°F/24 hrs. NASA GRC
PRODUCT DIMENSIONS: 12" x 12" TEST ATMOSPHERE: Air Raw Data
LAY-UP: Laminates SPECIMEN GEOMETRY: Dogbone
PLY COUNT: 8-ply SURFACE CONDITION: As-machined
MACHINING METHOD: EDM
Specimen Control Gage Dimensions Test Failure Specimen Failure
P No. Mode R | : w t Date Location Comments Dir?wensions Mode
(in.) (in.) (in.) (in.)
31 load 0.05 0.5 0.336 0.085 1/3/90 run-out Ti-weave, 0.5x6x.09 -
vacuum test
32 load 0.05 0.5 0.335 0.082 8/25/89 - Ti-weave 0.5x6x.09 -
34 load 0.05 0.5 0.335 0.083 12/1/89 - Ti-weave, 0.5x6x.09 -
vacuum test
35 load 0.05 0.5 0.309 0.084 8/30/89 - Ti-weave 0.5x6x.09 -
36 load 0.05 0.5 0.310 0.084 9/28/89 - Ti-weave 0.5x6x.09 -
37 load 0.05 0.5 0.309 0.083 10/1/89 - Ti-weave 0.5x6x.09 -
38 load 0.05 0.5 0.328 0.083 9/11/89 - Ti-weave 0.5x6x.09 -
45 load 0.05 0.5 0.312 0.084 9/6/89 - Ti-weave 0.5x6x.09 -
Cc10 load 0.05 0.5 0.329 0.077 3/7/90 - Ti-weave 0.5x6x.09 -
Co load 0.05 0.5 0.329 0.077 3/1/90 - Ti-weave 0.5x6x.09 -
C8 load 0.05 0.5 0.329 0.077 10/26/89 - Ti-weave 0.5x6x.09 -
C6 load 0.05 0.5 0.329 0.077 10/23/89 - Ti-weave 0.5x6x.09 -

362



CMH-17-4B

Volume 4, Appendix C Raw Data Tables for Titanium Matrix Composites

MATERIAL: SiC/Ti-15-3

Table C4.1(e) (3 of 8)

SiC/Ti-15-3

FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.4 Fatigue Fatigue

MATRIX: Ti-15V-3Cr-3AI-3Sn WAVEFORM: Triangular Laminates

PRODUCT FORM: Foil/fiber/foil PRE-TEST EXPOSURE: 1292°F/24 hrs. NASA GRC

PRODUCT DIMENSIONS: 12" x 12" TEST ATMOSPHERE: Air Raw Data

LAY-UP: Laminates SPECIMEN GEOMETRY: Dogbone

PLY COUNT: 8-ply SURFACE CONDITION: As-machined

MACHINING METHOD: EDM

: Lay-up at N;/ 2

Specimen ; Lot I.D. Test E

i No. Fiber (Plate) Temp. at N=1 E Tptal €max €min Omax Omin Freq. Ne

v/o Strain rate
(F) (Msi) (Msi) (1/s) (%) (%) (psi) (psi) (Hz)
[0/90]
B1 35 87H150 75 26.1 - - - - 71200 2300 0.17 17056
B3 35 87H150 75 27.3 - 0.0010 0.586 0.021 61000 2000 0.17 41914
B5 35 87H150 75 22.2 - 0.0010 0.668 0.104 101900 2900 0.17 5368
B6 35 87H150 75 21.7 - 0.0008 0.694 0.24 50800 2500 0.17 183718
[+/-45]

A7 35 87H148 800 1.7 - 0.0008 1.260 0.810 38800 1000 0.17 6276
A8 35 87H148 800 13.4 - 0.0004 1.861 1.636 30600 800 0.17 90709
A9 35 87H148 800 15.5 - 0.0011 1.112 0.488 47700 1000 0.17 1946
A14 35 87H148 800 15.4 - 0.0007 2.120 1.719 33500 1100 0.17 47213
A3 35 87H148 800 19.5 - 0.0006 1.490 1.158 33700 800 0.17 16857
A4 35 87H148 800 16.9 - 0.0008 1.573 1.121 33400 800 0.17 14062
A5 35 87H148 800 12.7 - 0.0005 1.612 1.324 31600 900 0.17 20866
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MATERIAL: SiC/Ti-15-3

Table C4.1(e) (4 of 8)

SiC/Ti-15-3

FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.4 Fatigue Fatigue

MATRIX: Ti-15V-3Cr-3AI-3Sn WAVEFORM: Triangular Laminates

PRODUCT FORM: Foil/fiber/foll PRE-TEST EXPOSURE: 1292°F/24 hrs. NASA GRC

PRODUCT DIMENSIONS: 12" x 12" TEST ATMOSPHERE: Air Raw Data

LAY-UP: Laminates SPECIMEN GEOMETRY: Dogbone

PLY COUNT: 8-ply SURFACE CONDITION: As-machined

MACHINING METHOD: EDM

Specimen Control Gage Dimensions Test Failure Specimen Failure

P No. Mode R | : w t Date Location Comments Dir?wensions Mode
(in.) (in.) (in.) (in.)
B1 load 0.05 0.5 0.309 0.075 4/21/89 - Ti-weave 0.5x6x.09 -
B3 load 0.05 0.5 0.309 0.075 4/30/89 - Ti-weave 0.5x6x.09 -
B5 load 0.05 0.5 0.306 0.075 4/17/89 - Ti-weave 0.5x6x.09 -
B6 load 0.05 0.5 0.306 0.075 4/4/89 - Ti-weave 0.5x6x.09 -
A7 load 0.05 0.5 0.312 0.075 3/8/89 - Ti-weave 0.5x6x0.8 -
A8 load 0.05 0.5 0.316 0.076 3/9/89 - Ti-weave 0.5x6x0.8 -
A9 load 0.05 0.5 0.317 0.075 3/3/89 - Ti-weave 0.5x6x0.8 -
A14 load 0.05 0.5 0.310 0.076 2/21/90 - Ti-weave, 0.5x6x0.8 -
vacuum test

A3 load 0.05 0.5 0.318 0.076 3/18/89 - Ti-weave 0.5x6x0.8 -
A4 load 0.05 0.5 0.312 0.076 3/20/89 - Ti-weave 0.5x6x0.8 -
A5 load 0.05 0.5 0.316 0.077 3/23/89 - Ti-weave 0.5x6x0.8 -
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MATERIAL: SiC/Ti-15-3

Table C4.1(e) (5 of 8)

SiC/Ti-15-3

FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.4 Fatigue Fatigue

MATRIX: Ti-15V-3Cr-3AI-3Sn WAVEFORM: Triangular Laminates

PRODUCT FORM: Foil/fiber/foil PRE-TEST EXPOSURE:  1292°F/24 hrs. NASA GRC

PRODUCT DIMENSIONS: 12" x 12" TEST ATMOSPHERE: Air Raw Data

LAY-UP: Laminates SPECIMEN GEOMETRY: Dogbone

PLY COUNT: 8-ply SURFACE CONDITION:  As-machined

MACHINING METHOD: EDM

: Lay-up at N;/ 2

Specimen ) Lot I.D. Test E

i No. Fiber (Plate) Temp. at N=1 E Tptal €max €min Omax Omin Freq. Ne

v/o Strain rate
(F) (Msi) (Msi) (17s) (%) (%) (psi) (psi) (Hz)
[+/-30]

H4 35 D890053 75 25.2 - - - - 135300 5400 0.17 4144
H12 35 D890053 75 24.7 21.7 0.0007 0.572 0.133 90900 3600 0.17 13810
H13 35 D890053 75 25.8 - - - - 119100 4800 0.17 6884
H14 35 D890053 75 25.0 12.0 0.0010 1.076 0.471 70700 2800 0.17 105984
H19 35 D890053 75 22.0 14.3 0.0008 0.654 0.168 70500 2800 0.17 109447
H20 35 D890053 75 23.0 19.8 0.0006 0.498 0.117 70500 2700 0.17 54261
D3 35 87H149 75 21.4 - 0.0009 0.690 0.164 100700 4200 0.17 6233
D7 35 87H149 75 22.1 - 0.0006 0.484 0.109 68800 3000 0.17 33288
D11 35 87H149 75 20.6 - - - - 80600 3300 0.17 22477
H2" 35 D890053 75 26.2 - 0.0011 0.768 0.139 135300 5300 0.17 6397
H15" 35 D890053 75 24.9 20.6 0.0005 0.356 0.039 70700 2900 0.17 55950
H17A" 35 D890053 75 24.9 - - - - 70400 2900 0.17 54898
H18A!" 35 D890053 75 23.9 22.3 0.0007 0.483 0.068 90900 3600 0.17 18133
H5) 35 D890053 75 24.9 - 0.0011 0.774 0.109 135200 5600 0.17 544
H17B? 35 D890053 75 23.7 - 0.0007 0.508 0.068 90500 3600 0.17 2519
H18B? 35 D890053 75 23.3 - 0.0006 0.379 0.031 70700 2800 0.17 18803

(1) Heat treatment: 700 C/ 24h + 427 C/ 24 h in vacuum
(2) Heat treatment: 788C/ 15 min + 300 C/ 24 h in vacuum
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MATERIAL: SiC/Ti-15-3

Table C4.1(e) (6 of 8)

SiC/Ti-15-3

FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.4 Fatigue Fatigue

MATRIX: Ti-15V-3Cr-3AI-3Sn WAVEFORM: Triangular Laminates

PRODUCT FORM: Foil/fiber/foil PRE-TEST EXPOSURE: 1292°F/24 hrs. NASA GRC

PRODUCT DIMENSIONS: 12" x 12" TEST ATMOSPHERE: Air Raw Data

LAY-UP: Laminates SPECIMEN GEOMETRY: Dogbone

PLY COUNT: 8-ply SURFACE CONDITION: As-machined

MACHINING METHOD: EDM

Specimen Control Gage Dimensions Test Failure Specimen Failure

i No. Mode R I : w t Date Location Comments Dir?wensions Mode
(in.) (in.) (in.) (in.)

H4 load 0.05 0.5 0.323 0.068 9/25/90 gauge Mo-weave 0.5X6X.07 -
H12 load 0.05 0.5 0.323 0.066 7/10/90 - Mo-weave 0.5X6X.07 -
H13 load 0.05 0.5 0.323 0.067 9/20/90 gauge Mo-weave 0.5X6X.07 -
H14 load 0.05 0.5 0.322 0.068 9/12/90 gauge Mo-weave 0.5X6X.07 -
H19 load 0.05 0.5 0.312 0.067 3/11/91 - Mo-weave 0.5X6X.07 -
H20 load 0.05 0.5 0.312 0.068 2/25/91 radius Mo-weave 0.5X6X.07 -
D3 load 0.05 0.5 0.292 0.079 10/18/90 gauge Ti-weave 0.5X6X.08 -
D7 load 0.05 0.5 0.292 0.077 10/19/90 radius Ti-weave 0.5X6X.08 -
D11 load 0.05 0.5 0.292 0.075 10/17/90 radius Ti-weave 0.5X6X.08 -
H2 load 0.05 0.5 0.324 0.066 10/1/90 gauge Mo-weave 0.5X6X.07 -
H15 load 0.05 0.5 0.324 0.068 3/4/91 - Mo-weave 0.5X6X.07 -
H17A load 0.05 0.5 0.313 0.067 11/7/90 gauge Mo-weave 0.5X6X.07 -
H18A load 0.05 0.5 0.312 0.068 11/13/90 gauge Mo-weave 0.5X6X.07 -
H5 load 0.05 0.5 0.317 0.066 10/23/90 radius Mo-weave 0.5X6X.07 -
H17B load 0.05 0.5 0.312 0.068 11/27/90 radius Mo-weave 0.5X6X.07 -
H18B load 0.05 0.5 0.314 0.067 11/28/90 radius Mo-weave 0.5X6X.07 -
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MATERIAL: SiC/Ti-15-3

Table C4.1(e) (7 of 8)

SiC/Ti-15-3

FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.4 Fatigue Fatigue

MATRIX: Ti-15V-3Cr-3AI-3Sn WAVEFORM: Triangular Laminates

PRODUCT FORM: Foil/fiber/foil PRE-TEST EXPOSURE: 1292°F/24 hrs. NASA GRC

PRODUCT DIMENSIONS: 10" x 14” TEST ATMOSPHERE: Air Raw Data

LAY-UP: [+/-30]gs SPECIMEN GEOMETRY: Dogbone

PLY COUNT: 32-ply SURFACE CONDITION: As-machined

MACHINING METHOD: EDM-+diamond ground

: Lay-up at N;/ 2

Specimen ; Lot I.D. Test E

i No. Fiber (Plate) Temp. at N=1 E Tptal €max €min Omax Omin Freq. Ne

v/o Strain rate
[+/-30] (F) (Msi) (Msi) (1/s) (%) (%) (psi) (psi) (Hz)

G2 35 J890508 75 215 14.6 0.0023 0.350 -0.350 65000 -72000 0.16 >177434
8-15 35 J890508 800 19.7 14.4 0.0010 0.603 -0.599 66700 -69200 0.04 2056
9-1 35 J890509 75 22.8 21.0 0.0010 0.500 -0.500 90000  -100000 0.05 5453
9-2 35 J890509 75 21.3 19.2 0.0010 0.400 -0.400 71000 -73000 0.06 16109
9-3 35 J890509 75 21.6 19.6 0.0010 0.300 -0.300 53000 -59000 0.08 36823
9-6 35 J890509 800 19.5 16.9 0.0010 0.305 -0.305 45000 -45000 0.08 56303
9-10 35 J890509 800 19.7 17.5 0.0010 0.405 -0.405 45000 -58000 0.06 28269
9-11 35 J890509 800 20.2 12.7 0.0010 0.500 -0.500 62000 -65000 0.05 4921
9-12 35 J890509 800 20.0 14.0 0.0010 0.455 -0.455 55000 -61000 0.05 9531
9-13 35 J890509 800 20.2 16.9 0.0010 0.355 -0.355 42000 -47000 0.07 45547
9-14 35 J890509 800 19.5 12.8 0.0011 1.170 0.640 70300 3200 0.10 2003
9-15 35 J890509 800 20.8 13.5 0.0014 1.520 1.150 50300 2200 0.19 39432
9-17 35 J890509 800 20.3 13.8 0.0024 1.400 0.500 62500 3400 0.13 3342
9-18 35 J890509 800 21.2 14.3 0.0013 2.700 2.200 55300 2400 0.13 12412
9-19 35 J890509 800 20.5 14.6 0.0011 1.800 1.100 95500 4300 0.08 244
9-20 35 J890509 800 20.9 13.3 0.0010 0.705 -0.705 71100 -73200 0.04 841
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MATERIAL: SiC/Ti-15-3

Table C4.1(e) (8 of 8)

SiC/Ti-15-3

FIBER: SCS-6 TEST METHOD: Sec. 1.4.2.4 Fatigue Fatigue

MATRIX: Ti-15V-3Cr-3AI-3Sn WAVEFORM: Triangular Laminates

PRODUCT FORM: Foil/fiber/foil PRE-TEST EXPOSURE: 1292°F/24 hrs. NASA GRC

PRODUCT DIMENSIONS: 10" x 14” TEST ATMOSPHERE: Air Raw Data

LAY-UP: [+/-30]gs SPECIMEN GEOMETRY: Dogbone

PLY COUNT: 32-ply SURFACE CONDITION: As-machined

MACHINING METHOD: EDM-+diamond ground

Specimen Control Gage Dimensions Test Failure Specimen Failure

i No. Mode R I : w t Date Location Comments Dir?wensions Mode
(in.) (in.) (in.) (in.)

G2 strain -1 0.5 0.330 0.299 4/9/90 -m Mo-weave 0.5x6.0x0.3 -
8-15 strain -1 0.5 0.390 0.299 3/9/93 gauge Mo-weave 0.5x6.0x0.3 -
9-1 strain -1 0.5 0.399 0.299 4/29/91 gauge Mo-weave 0.5x6.0x0.3 -
9-2 strain -1 0.5 0.399 0.299 5/13/91 gauge Mo-weave 0.5x6.0x0.3 -
9-3 strain -1 0.5 0.399 0.300 3/18/92 gauge'” Mo-weave 0.5x6.0x0.3 -
9-6 strain -1 0.5 0.398 0.300 3/31/92 gauge Mo-weave 0.5x6.0x0.3 -
9-10 strain -1 0.5 0.390 0.301 4/29/92 gauge Mo-weave 0.5x6.0x0.3 -
9-11 strain -1 0.5 0.390 0.301 5/6/92 radius Mo-weave 0.5x6.0x0.3 -
9-12 strain -1 0.5 0.390 0.300 5/11/92 radius Mo-weave 0.5x6.0x0.3 -
9-13 strain -1 0.5 0.390 0.301 5/18/92 gauge'” Mo-weave 0.5x6.0x0.3 -
9-14 load 0.05 0.5 0.390 0.301 6/11/92 gauge Mo-weave 0.5x6.0x0.3 -
9-15 load 0.05 0.5 0.390 0.301 6/15/92 gauge Mo-weave 0.5x6.0x0.3 -
9-17 load 0.05 0.5 0.390 0.300 6/19/92 radius Mo-weave 0.5x6.0x0.3 -
9-18 load 0.05 0.5 0.389 0.299 6/29/92 gauge Mo-weave 0.5x6.0x0.3 -
9-19 load 0.05 0.5 0.389 0.299 7/6/92 gauge Mo-weave 0.5x6.0x0.3 -
9-20 strain -1 0.5 0.388 0.299 7/8/92 gauge Mo-weave 0.5x6.0x0.3 -

(1) Failure at 30% load drop
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C4.2. TRIMARC-1/Ti 6-2-4-2 (Section 3.8.2.2)

MATERIAL.: TRIMARC-1/Ti 6-2-4-2 Screening Data Table C4.2(a) (1 of 4)
TRIMARC-1/Ti 6-2-4-2

FIBER: TRIMARC-1 SPECIMEN GEOMETRY: Straight-sided Tension

MATRIX: Ti-6Al-2Sn-4Zr-2Mo SURFACE CONDITION: As received [0]10

PRODUCT FORM: Plate MACHINING METHOD: Water Jet and Diamond Grind | Air Force Research Lab (AFRL/ MLLMN)

LAY-UP: [0110 PRE-TEST EXPOSURE: None Raw Data

TEST METHOD: 1.4.2.1 TEST ENVIRONMENT: Laboratory Air

Specimen Fiber Lot I.D. Test Strain E! tpl Fw002  pty02 Fiu o ” Comments
No. v/o (Plate) Temp. rate ! B 1 1 ! ! 12
(°F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)

94-H89 32.4 2-5410418-1 73 0.0008 Note 5 Note 5 Note 5 Note 5 Note 5 Note 7 0.28 Note 6. Extensometer slipped; max extension
reached.

96-J85 29.2 1-7353451-2 73 0.0001 29.5 Note 1 Note 2  Note 3 2254 0.760 Note 6

96-J86 29.3 1-7353451-2 73 0.0001 29.5 229.9 Note 2  Note 3 236.6 0.810 Note 6

96-J87 30.1 1-7353451-2 73 0.0001 29.6 Note 1 Note 2  Note 3 210.3 0.690 Note 6

96-J90 29.9 1-7353451-3 325 0.001 29.7 Note 4 Note 4 Note 4 179.5 Note 7 Note 6. Extensometer slipped; max extension
reached.

96-J91 29.6 1-7353451-3 325 0.001 28.7 210.9 Note 2  Note 3 2141 0.760 Note 6

96-J92 29.5 1-7353451-3 325 0.001 30.4 200.9 207.8 Note 3 227.4 0.770 Note 6

96-J93 29.4 1-7353451-3 325 0.001 28.7 203.2 Note 2  Note 3 217.3 0.770 Note 6

96-J94 29.4 1-7353451-3 325 0.0001 28.9 Note 1 Note 4 Note 3 187.1 Note 7 Note 6. Extensometer slipped; max extension
reached.

96-J95 29.6 1-7353451-3 325 0.00001 27.5 Note 1 Note 2  Note 3 165.9 0.570 Note 6

96-J96 29.2 1-7353451-3 700 0.001 26.1 180.6 191.4 Note 3 202.7 0.820 Note 6

96-J97 29.3 1-7353451-3 700 0.001 313 Note 4 Note 4  Note 4 191.8 0.680 Note 6

96-J98 29.1 1-7353451-3 700 0.001 Note 4  Note 4 Note 4  Note 4 186.5 0.620 Note 6

96-J99 29.2 1-7353451-3 700 0.0001 28.0 Note 1 Note 2  Note 3 141.6 0.510 Note 6

96-K00 29.3 1-7353451-3 700 0.00001 27.7 165.0 191.0 Note 3 207.1 0.760 Note 6

96-P97 27.5 2-7353451-6 73 0.0001 28.4 Note 1 Note 2 Note 3 251.3 Note 7 Note 6. Extensometer slipped; max extension
reached.

96-P98 27.3 2-7353451-6 73 0.0001 30.2 167.9 173.9 Note 3 229.7 0.800 Note 6

96-P99 27.3 2-7353451-6 73 0.0001 29.0 Note 1 Note 2 Note 3 216.7 Note 7 Note 6. Extensometer slipped; max extension
reached.

Note 1: Stress-strain behavior was near-linear to failure

Note 2: Did not reach 0.02 offset before failure

Note 3: Did not reach 0.2 offset before failure

Note 4: Value not reported, anomalies in digital stress-strain data

Note 5: No stress-strain digital data available

Note 6: Specimen broke outside gage length; value for max strain at failure is max value measured
Note 7: Value not reported, extensometer slipped near end of test
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MATERIAL.: TRIMARC-1/Ti 6-2-4-2 Screening Data
FIBER: TRIMARC-1 SPECIMEN GEOMETRY:
MATRIX: Ti-6Al-2Sn-4Zr-2Mo SURFACE CONDITION:

PRODUCT FORM:

Plate

MACHINING METHOD:

Straight-sided
As received
Water Jet and Diamond Grind

Table C4.2(a) (2 of 4)
TRIMARC-1/Ti 6-2-4-2
Tension
[0]10
Air Force Research Lab (AFRL/ MLLMN)

LAY-UP: [Ol1o PRE-TEST EXPOSURE: None Raw Data
TEST METHOD: 1.4.2.1 TEST ENVIRONMENT: Laboratory Air
Specimen Test Failure Failure  Reduction Elongation Area Width Thickness  Original Final Final Final Final
No. Date Location Mode of Area Gage Gage Width Thickness Area
Length Length
(%) (%) (in"2) (in) (in) (in) (in) (in) (in"2)
94-H89 1994 Note 6 0.0311 0.3890 0.0800 1.0158 1.0176 0.3880 0.0800 0.0310
96-J85 1996 Note 6 1.79 0.0280 0.3151 0.0889 1.00
96-J86 1996 Note 6 0.72 0.0279  0.3152 0.0886 1.00
96-J87 1996 Note 6 1.48 0.0271 0.3154 0.0860 1.00
96-J90 1996 Note 6 1.10 0.0273  0.3157 0.0866 1.00
96-J91 1996 Note 6 0.73 0.0276  0.3157 0.0875 1.00
96-J92 1996 Note 6 1.44 0.0277  0.3157 0.0878 1.00
96-J93 1996 Note 6 1.44 0.0278 0.3154 0.0882 1.00
96-J94 1996 Note 6 0.72 0.0278  0.3153 0.0881 1.00
96-J95 1996 Note 6 0.36 0.0276  0.3150 0.0877 1.00
96-J96 1996 Note 6 2.86 0.0280 0.3156 0.0887 1.00
96-J97 1996 Note 6 1.79 0.0279  0.3152 0.0885 1.00
96-J98 1996 Note 6 3.56 0.0281 0.3158 0.0891 1.00
96-J99 1996 Note 6 1.42 0.0281 0.3159 0.0888 1.00
96-K00 1996 Note 6 0.71 0.0280 0.3162 0.0885 1.00
96-P97 1996 Note 6 2.69 0.0298  0.3157 0.0943 1.00
96-P98 1996 Note 6 0.67 0.0300 0.3163 0.0950 1.00
96-P99 1996 Note 6 1.33 0.0300  0.3162 0.0950 1.00

Note 1: Stress-strain behavior was near-linear to failure

Note 2: Did not reach 0.02 offset before failure

Note 3: Did not reach 0.2 offset before failure

Note 4: Value not reported, anomalies in digital stress-strain data
Note 5: No stress-strain digital data available

Note 6: Specimen broke outside gage length; value for max strain at failure is max value measured

Note 7: Value not reported, extensometer slipped near end of test
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MATERIAL: TRIMARC-1/Ti 6-2-4-2 Screening Data Table C4.2(a) (3 of 4)
TRIMARC-1/Ti 6-2-4-2
FIBER: TRIMARC-1 SPECIMEN GEOMETRY: Straight-sided Tension
MATRIX: Ti-6Al-2Sn-4Zr-2Mo SURFACE CONDITION: As received [0]10
PRODUCT FORM: Plate MACHINING METHOD: Water Jet and Diamond Grind | Air Force Research Lab (AFRL/ MLLMN)
LAY-UP: [0)10 PRE-TEST EXPOSURE: None Raw Data
TEST METHOD: 1.4.2.1 TEST ENVIRONMENT: Laboratory Air
Specimen Fiber Lot I.D. Test Strain t tpl ty0.02 ty0.2 tu tf t Comments
No. v/o (Plate) Temp. rate Ei F Fi Fi fi él V12
(°F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)
96-Q00 27.2 2-7353451-6 325 0.001 28.0 Note 1 Note 2 Note 3  200.7 Note 7 Note 6. Extensometer slipped; max extension
reached.
96-Q01 27.3 2-7353451-6 325 0.001 28.0 208.1 211.0 Note3  216.5 0.800 Note 6
96-Q02 27.7 2-7353451-6 325 0.001 29.9 Note 4 Note 4 Note 3 209.1 0.730 Note 6
96-Q03 27.6 2-7353451-6 325 0.001 27.3 Note 1 Note2 Note3  186.9 0.680 Note 6
96-Q04 27.5 2-7353451-6 325 0.0001 28.2 189.5 204.4 Note 3 212.4 0.740 Note 6
96-Q05 27.3 2-7353451-6 325 0.00001 271 Note 1 Note2 Note3  198.3 0.720 Note 6
96-Q06 27.4 2-7353451-6 700 0.001 30.7 Note 4 Note 4 Note 4 178.6 0.630 Note 6
96-Q07 275 2-7353451-6 700 0.001 25.2 184.7 191.3 Note 3  199.7 0.830 Note 6
96-Q08 27.6 2-7353451-6 700 0.001 29.4 175.0 185.1 Note 3 197.6 0.680 Note 6
96-Q09 274 2-7353451-6 700 0.0001 271 Note 4 174.4 Note3  185.3 0.710 Note 6
96-Q10 27.4 2-7353451-6 700 0.00001 26.2 167.4 181.4 Note 3 185.6 0.750 Note 6
96-Q73 29.5 3-7353451-10 73 0.0001 28.3 Note 1 Note2 Note3 2234 0.770 Note 6
96-Q74 29.7 3-7353451-10 73 0.0001 28.6 Note 1 Note 2 Note 3 240.1 0.840 Note 6
96-Q75 29.8 3-7353451-10 73 0.0001 28.6 Note 1 Note2 Note3  239.9 0.850 Note 6
96-Q76 29.5 3-7353451-10 325 0.001 27.8 Note 1 Note 2 Note 3 205.0 0.740 Note 6
96-Q77 294 3-7353451-10 325 0.001 27.6 Note 1 Note 2 Note 3  203.4 Note 7 Note 6. Extensometer slipped; max extension
reached.
96-Q78 294 3-7353451-10 325 0.001 317 Note4 Note4 Noted  215.1 0.750 Note 6
96-Q79 29.5 3-7353451-10 325 0.001 Note 4 Note 4 Note 4 Note 4 219.1 0.690 Note 6
96-Q80 294 3-7353451-10 325 0.0001 27.7 Note 1 Note2 Note3  206.8 0.750 Note 6
96-Q81 29.7 3-7353451-10 325 0.00001 28.3 175.0 183.4 Note 3 217.8 0.850 Note 6
96-Q82 29.2 3-7353451-10 700 0.001 28.3 181.7 182.3 Note 3  200.7 0.760 Note 6
96-Q83 291 3-7353451-10 700 0.001 28.9 160.0 1721 Note 3 179.7 0.650 Note 6
96-Q84 29.0 3-7353451-10 700 0.001 Specimen damaged during set up.
96-Q85 28.9 3-7353451-10 700 0.0001 27.6 178.4 182.5 Note 3 195.1 0.740 Note 6
96-Q86 29.0 3-7353451-10 700 0.00001 27.9 150.2 159.6 Note 3  189.0 0.720 Note 6

Note 1: Stress-strain behavior was near-linear to failure
Note 2: Did not reach 0.02 offset before failure

Note 3: Did not reach 0.2 offset before failure

Note 4: Value not reported, anomalies in digital stress-strain data

Note 5: No stress-strain digital data available

Note 6: Specimen broke outside gage length; value for max strain at failure is max value measured
Note 7: Value not reported, extensometer slipped near end of test
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MATERIAL.: TRIMARC-1/Ti 6-2-4-2 Screening Data Table C4.2(a) (4 of 4)
TRIMARC-1/Ti 6-2-4-2
FIBER: TRIMARC-1 SPECIMEN GEOMETRY: Straight-sided Tension
MATRIX: Ti-6Al-2Sn-4Zr-2Mo SURFACE CONDITION: As received [0]10
PRODUCT FORM: Plate MACHINING METHOD: Water Jet and Diamond Grind | Air Force Research Lab (AFRL/ MLLMN)
LAY-UP: [0110 PRE-TEST EXPOSURE: None Raw Data
TEST METHOD: 1.4.2.1 TEST ENVIRONMENT: Laboratory Air
Specimen Test Failure Failure  Reduction Elongation Area Width Thick- Original Final Final Final Final
No. Date Loca- Mode of Area ness Gage Gage Width Thickness Area
tion Length Length
(%) (%) (in2) (in) (in) (in) (in) (in) (in) (in2)
96-Q00 1996 Note 6 1.00 0.0301 0.3164 0.0952 1.00
96-Q01 1996 Note 6 1.33 0.0300 0.3163 0.0949 1.00
96-Q02 1996 Note 6 1.35 0.0296 0.3156 0.0937 1.00
96-Q03 1996 Note 6 1.35 0.0297 0.3163 0.0939 1.00
96-Q04 1996 Note 6 1.00 0.0299 0.3163 0.0944 1.00
96-Q05 1996 Note 6 1.00 0.0300 0.3155 0.0951 1.00
96-Q06 1996 Note 6 2.00 0.0300 0.3166 0.0946 1.00
96-Q07 1996 Note 6 1.34 0.0298 0.3158 0.0943 1.00
96-Q08 1996 Note 6 1.01 0.0296 0.3156 0.0938 1.00
96-Q09 1996 Note 6 1.34 0.0299 0.3158 0.0948 1.00
96-Q10 1996 Note 6 2.01 0.0299 0.3158 0.0946 1.00
96-Q73 1996 Note 6 2.52 0.0278 0.3161 0.0879 1.00
96-Q74 1996 Note 6 1.81 0.0277 0.3170 0.0873 1.00
96-Q75 1996 Note 6 1.09 0.0276 0.3171 0.0871 1.00
96-Q76 1996 Note 6 0.72 0.0278 0.3158 0.0880 1.00
96-Q77 1996 Note 6 0.72 0.0279 0.3159 0.0882 1.00
96-Q78 1996 Note 6 0.72 0.0279 0.3160 0.0883 1.00
96-Q79 1996 Note 6 0.72 0.0278 0.3157 0.0880 1.00
96-Q80 1996 Note 6 0.36 0.0278 0.3157 0.0881 1.00
96-Q81 1996 Note 6 0.73 0.0275 0.3151 0.0873 1.00
96-Q82 1996 Note 6 0.72 0.0280 0.3149 0.0888 1.00
96-Q83 1996 Note 6 0.36 0.0281 0.3152 0.0890 1.00
96-Q84 1996 0.0282 0.3152 0.0895
96-Q85 1996 Note 6 1.41 0.0283 0.3150 0.0897 1.00
96-Q86 1996 Note 6 2.13 0.0282 0.3146 0.0895 1.00
Note 1: Stress-strain behavior was near-linear to failure

Did not reach 0.02 offset before failure
Did not reach 0.2 offset before failure

Value not reported, anomalies in digital stress-strain data

No stress-strain digital data available

Specimen broke outside gage length; value for max strain at failure is max value measured
Value not reported, extensometer slipped near end of test
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MATERIAL: TRIMARC-1/Ti 6-2-4-2 Screening Data Table C4.2(b) (1 of 1)
TRIMARC-1/Ti 6-2-4-2
FIBER: TRIMARC-1 SPECIMEN GEOMETRY: Straight-sided Tension
MATRIX: Ti-6Al-2Sn-4Zr-2Mo SURFACE CONDITION: As received [0]s
PRODUCT FORM: Plate MACHINING METHOD: Water Jet and Diamond Grind | Air Force Research Lab (AFRL/ MLLMN)
LAY-UP: [O]s PRE-TEST EXPOSURE: None Raw Data
TEST METHOD: 1.4.2.1 TEST ENVIRONMENT: Laboratory Air
Specimen No. Fiber Lot I.D. Test Strain E} Eipl Flty0-02 Flty0~2 Fltu 5{f V%z Comments
v/o (Plate) Temp. rate 1 NOTE 6
(°F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)
94-H81 30.5 7-5410422-1 700 0.0008 23.3 153.0 188.3 Note 3 189.8 0.840 Note 6
94-H82 30.7 7-5410422-1 700 0.0008 Note5 Noteb Note 5 Note 5 205.5 0.860 Note 6
94-H83 30.5 7-5410422-1 700 0.0008 26.8 Note 1 Note 2 Note 3 191.3 0.730 Note 6
94-H84 31.0 7-5410422-1 325 0.0008 Note5 Noteb Note 5 Note 5 220.1 0.870 Note 6
94-H85 31.0 7-5410422-1 325 0.0008 25.8 206.8 210.0 Note 3 230.2 0.960 Note 6
94-H86 30.5 7-5410422-1 325 0.0008 26.5 210.9 215.2 Note 3 230.2 0.920 Note 6
94-H87 30.7 7-5410422-1 73 0.0008 30.8 232.7 238.3 Note 3 239.4 0.810 0.29 Note 6
94-H88 30.5 7-5410422-1 73 0.0008 28.7 240.6 245.3 Note 3 254.7 0.920 0.30 Note 6
Speci- Test Failure Failure = Reduction of Elongation Area Width Thick- Original Final Final Final Final
men No. Date Location Mode Area ness Gage Gage Width Thickness Area

Length Length

(%) (%) (in*2) (in) (in) (in) (in) (in) (in) (in"2)

94-H81 1994 0.0247 0.3630 0.0680 1.0102 1.0105 0.3630 0.0670 0.0243
94-H82 1994 0.0245 0.3630 0.0675 1.0096 1.0103 0.3630 0.0675 0.0245
94-H83 1994 0.0247 0.3630 0.0680 1.0070 1.0074 0.3630 0.0675 0.0245
94-H84 1994 0.0243 0.3630 0.0670 1.0104 1.0109 0.3630 0.0670 0.0243
94-H85 1994 0.0243 0.3630 0.0670 1.0091 1.0100 0.3630 0.0670 0.0243
94-H86 1994 0.0247 0.3630 0.0680 1.0102 1.0107 0.3630 0.0680 0.0247
94-H87 1994 0.0245 0.3630 0.0675 1.0200 1.0213 0.3630 0.0675 0.0245
94-H88 1994 0.0248 0.3640 0.0680 1.0057 1.0067 0.3640 0.0680 0.0248

Note 1: Stress-strain behavior was near-linear to failure

Note 2: Did not reach 0.02 offset before failure

Note 3: Did not reach 0.2 offset before failure

Note 4: Value not reported, anomalies in digital stress-strain data

Note 5: No stress-strain digital data available

Note 6: Specimen broke outside gage length; value for max strain at failure is max value measured
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MATERIAL: TRIMARC-1/Ti 6-2-4-2 Screening Data Table C4.2(c) (1 of 4)
TRIMARC-1/Ti 6-2-4-2
FIBER: TRIMARC-1 SPECIMEN GEOMETRY: Straight-sided Tension
MATRIX: Ti-6Al-2Sn-4Zr-2Mo SURFACE CONDITION: As received [90]40
PRODUCT FORM: Plate MACHINING METHOD: Water Jet and Diamond Grind | Air Force Research Lab (AFRL/ MLLMN)
LAY-UP: [90]10 PRE-TEST EXPOSURE: None Raw Data
TEST METHOD: 1.4.2.1 TEST ENVIRONMENT: Laboratory Air
Specimen Fiber Lot I.D. Test Strain t tpl ty0.02 ty0.2 tu tu t Comments
No. v/o (Plate) Temp. rate B> B B B B &2 V23
(°F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)
94-H79 32.2 1-5410417-1 73 0.0008 23.2 24.0 33.9 Note 3 37.3 0.200 0.20 Note 6
94-H80 32.2 2-5410418-1 73 0.0008 Note 5 Note 5 Note 5 Note 5 35.3 0.150 0.23 Note6
96-K45 28.7 1-7353452-2 73 0.0001 234 24.6 425 Note 3 59.3 0.660
96-K46 28.7 1-7353452-2 73 0.0001 20.5 234 50.7 Note 3 59.4 0.680
96-K47 28.7 1-7353452-2 73 0.0001 23.0 33.2 46.3 Note 3 56.0 0.620
96-K48 28.8 1-7353452-2 325 0.001 Specimen damaged during set up.
96-K49 28.7 1-7353452-2 325 0.001 19.8 32.9 38.5 Note 3 63.2 0.960 Note 6
96-K50 28.8 1-7353452-2 325 0.0001 20.1 29.2 36.5 Note 3 58.8 0.820
96-K51 28.8 1-7353452-2 325 0.00001 18.9 28.1 354 Note 3 56.7 0.880 Note 6
96-K52 28.9 1-7353452-2 700 0.001 18.5 20.5 28.3 52.5 55.3 1.120 Note 6
96-K55 28.8 1-7353452-1 700 0.0001 14.2 22.4 247 Note 7 57.0 Note 7 Note 6. Extensometer slipped
96-K56 28.7 1-7353452-1 700 0.00001 20.4 252 27.0 48.8 57.7 1.640 Note 6
96-Q21 29.2 2-7353452-3 73 0.0001 241 38.3 47.5 Note 3 54.3 0.520
96-Q22 29.2 2-7353452-3 73 0.0001 22.8 28.1 46.6 Note 3 49.1 0.480
96-Q23 29.3 2-7353452-3 73 0.0001 21.9 21.9 48.3 Note 3 53.5 0.600
96-Q24 29.5 2-7353452-3 325 0.0001 21.6 254 34.5 57.6 63.2 1.260
96-Q25 29.5 2-7353452-3 325 0.001 21.8 27.6 37.6 57.8 60.1 1.000
96-Q26 29.5 2-7353452-3 325 0.001 22.3 245 36.7 61.1 62.2 1.000 Note 6
96-Q27 29.6 2-7353452-3 325 0.00001 Note 4 Note 4 Note 4 Note 4 53.8 Note 7 Extensometer slipped
96-Q28 29.9 2-7353452-3 700 0.001 231 17.5 24.8 45.6 49.6 1.060
96-Q29 30.0 2-7353452-3 700 0.0001 16.4 18.7 25.0 45.6 47.1 1.040
96-Q30 30.1 2-7353452-3 700 0.00001 Note5 Noteb Note 5 Note 5 47.6 Note 5 Note 5
96-Q89 29.2 3-7353452-6 73 0.0001 Note 4  Note 4 Note 4 Note 4 41.6 0.380 Note 6
96-Q90 29.5 3-7353452-6 73 0.0001 22.0 251 42.8 Note 3 45.5 0.420
96-Q91 29.0 3-7353452-6 73 0.0001 19.8 17.7 Note 2 Note 3 46.1 0.500

Note 1: Stress-strain behavior was near-linear to failure

Note 2: Did not reach 0.02 offset before failure

Note 3: Did not reach 0.2 offset before failure

Note 4: Value not reported, anomalies in digital stress-strain data

Note 5: No stress-strain digital data available

Note 6: Specimen broke outside gage length; value for max strain at failure is max value measured
Note 7: Value not reported, extensometer slipped near end of test

374




CMH-17-4B

Volume 4, Appendix C Raw Data Tables for Titanium Matrix Composites

MATERIAL.: TRIMARC-1/Ti 6-2-4-2 Screening Data Table C4.2(c) (2 of 4)
TRIMARC-1/Ti 6-2-4-2
FIBER: TRIMARC-1 SPECIMEN GEOMETRY: Straight-sided Tension
MATRIX: Ti-6Al-2Sn-4Zr-2Mo SURFACE CONDITION: As received [90]10
PRODUCT FORM: Plate MACHINING METHOD: Water Jet and Diamond Grind | Air Force Research Lab (AFRL/ MLLMN)
LAY-UP: [90]10 PRE-TEST EXPOSURE: None Raw Data
TEST METHOD: 1.4.2.1 TEST ENVIRONMENT: Laboratory Air
Specimen Test Failure Failure  Reduction Elongation Area Width Thick- Original Final Final Final Final
No. Date Location Mode of Area ness Gage Gage Width Thickness Area
Length Length
(%) (%) (in*2) (in) (in) (in) (in) (in) (in) (in2)
94-H79 1994 Note 6 0.0312 0.3870 0.0805 0.9966 0.9975 0.3870 0.0805 0.0312
94-H80 1994 Note 6 0.0312 0.3870 0.0805 1.0188 1.0204 0.3870 0.0805 0.0312
96-K45 1996 gage 0.35 0.57 0.0284 0.3140 0.0904 1.00
96-K46 1996 gage 1.40 0.62 0.0285 0.3144 0.0905 1.00
96-K47 1996 gage 0.00 0.59 0.0284 0.3141 0.0905 1.00
96-K48 1996 0.0284 0.3153 0.0900
96-K49 1996 Note 6 1.76 0.0284 0.3152 0.0902 1.00
96-K50 1996 gage 1.76 0.74 0.0284 0.3155 0.0899 1.00
96-K51 1996 Note 6 1.06 0.0284 0.3159 0.0899 1.00
96-K52 1996 Note 6 1.41 0.0284 0.3166 0.0898 1.00
96-K55 1996 Note 6 0.70 0.0285 0.3170 0.0900 1.00
96-K56 1996 Note 6 1.40 0.0286 0.3171 0.0902 1.00
96-Q21 1996 gage 1.43 0.50 0.0280 0.3155 0.0889 1.00
96-Q22 1996 gage 1.08 0.46 0.0279 0.3149 0.0887 1.00
96-Q23 1996 gage 1.43 0.57 0.0280 0.3154 0.0886 1.00
96-Q24 1996 gage 1.81 0.77 0.0277 0.3149 0.0878 1.00
96-Q25 1996 gage 1.09 0.92 0.0276 0.3148 0.0878 1.00
96-Q26 1996 Note 6 0.36 0.0277 0.3149 0.0878 1.00
96-Q27 1996 gage 1.45 0.59 0.0276 0.3150 0.0875 1.00
96-Q28 1996 gage 1.09 0.95 0.0276 0.3154 0.0868 1.00
96-Q29 1996 gage 1.09 0.62 0.0275 0.3146 0.0864 1.00
96-Q30 1996 gage 1.46 1.33 0.0275 0.3154 0.0860 1.00
96-Q89 1996 Note 6 0.00 0.0279 0.3146 0.0888 1.00
96-Q90 1996 gage 1.40 0.39 0.0277 0.3143 0.0880 1.00
96-Q91 1996 gage 2.13 0.49 0.0282 0.3158 0.0894 1.00

Note 1: Stress-strain behavior was near-linear to failure
Note 2: Did not reach 0.02 offset before failure
Note 3: Did not reach 0.2 offset before failure

Note 4: Value not reported, anomalies in digital stress-strain data
Note 5: No stress-strain digital data available
Note 6: Specimen broke outside gage length; value for max strain at failure is max value measured
Note 7: Value not reported, extensometer slipped near end of test
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MATERIAL: TRIMARC-1/Ti 6-2-4-2 Screening Data Table C4.2(c) (3 of 4)
TRIMARC-1/Ti 6-2-4-2

FIBER: TRIMARC-1 SPECIMEN GEOMETRY: Straight-sided Tension

MATRIX: Ti-6Al-2Sn-4Zr-2Mo SURFACE CONDITION: As received [90]10

PRODUCT FORM: Plate MACHINING METHOD: Water Jet and Diamond Grind | Air Force Research Lab (AFRL/ MLLMN)

LAY-UP: [90]10 PRE-TEST EXPOSURE: None Raw Data

TEST METHOD: 1.4.2.1 TEST ENVIRONMENT: Laboratory Air

Specimen No.  Fiber Lot I.D. Test Strain t tpl ty0.02 ty0.2 tu tu t Comments

P v/o (Plate) Temp. rate B> B B B B &2 V23
(°F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)

96-Q92 29.5 3-7353452-6 325 0.001 18.2 20.3 38.4 Note 3 56.5 0.920 Note 6

96-Q93 29.5 3-7353452-6 325 0.001 Note 4 Note 4 Note 4 Note 4 57.8 Note 7 Note 6. Extensometer slipped

96-Q94 29.2 3-7353452-6 325 0.0001 20.5 257 354 Note 3 52.3 0.740

96-Q95 29.2 3-7353452-6 325 0.00001 Specimen damaged during set up.

96-Q96 291 3-7353452-6 700 0.001 17.6 21.7 25.6 49.8 55.5 1.480

96-Q97 29.0 3-7353452-6 700 0.0001 221 22.6 25.3 47.4 57.4 1.860 Note 6

96-Q98 291 3-7353452-6 700 0.00001 18.2 19.4 26.2 47.3 49.5 1.120 Note 6

Note 1: Stress-strain behavior was near-linear to failure
Note 2: Did not reach 0.02 offset before failure
Note 3: Did not reach 0.2 offset before failure

Note 4: Value not reported, anomalies in digital stress-strain data
Note 5: No stress-strain digital data available
Note 6: Specimen broke outside gage length; value for max strain at failure is max value measured
Note 7: Value not reported, extensometer slipped near end of test
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MATERIAL: TRIMARC-1/Ti 6-2-4-2 Screening Data Table C4.2(c) (4 of 4)
TRIMARC-1/Ti 6-2-4-2

FIBER: TRIMARC-1 SPECIMEN GEOMETRY: Straight-sided Tension

MATRIX: Ti-6Al-2Sn-4Zr-2Mo SURFACE CONDITION: As received [90]10

PRODUCT FORM: Plate MACHINING METHOD: Water Jet and Diamond Grind | Air Force Research Lab (AFRL/ MLLMN)

LAY-UP: [90]10 PRE-TEST EXPOSURE: None Raw Data

TEST METHOD: 1.4.2.1 TEST ENVIRONMENT: Laboratory Air

Specimen  Test Failure Failure  Reduction Elongation Area Width Thick- Original Final Final Final Final Area

No. Date Loca- Mode of Area ness Gage Gage Width Thickness
tion Length Length
(%) (%) (in"2) (in) (in) (in) (in) (in) (in) (in2)

96-Q92 1996 Note 6 1.08 0.0278 0.3157 0.0880 1.00

96-Q93 1996 Note 6 1.08 0.0277 0.3151 0.0880 1.00

96-Q94 1996 gage 1.43 0.09 0.0279 0.3144 0.0887 1.00

96-Q95 1996 0.0280 0.3154 0.0888

96-Q96 1996 gage 213 0.63 0.0282 0.3161 0.0891 1.00

96-Q97 1996 Note 6 213 0.0282 0.3154 0.0893 1.00

96-Q98 1996  Note 6 1.42 0.0281 0.3154 0.0892 1.00

Note 1: Stress-strain behavior was near-linear to failure

Note 2: Did not reach 0.02 offset before failure
Note 3: Did not reach 0.2 offset before failure

Note 4: Value not reported, anomalies in digital stress-strain data
Note 5: No stress-strain digital data available
Note 6: Specimen broke outside gage length; value for max strain at failure is max value measured

Note 7: Value not reported, extensometer slipped near end of test
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MATERIAL: TRIMARC-1/Ti 6-2-4-2 Screening Data Table C4.2(d) (1 of 1)
TRIMARC-1/Ti 6-2-4-2

FIBER: TRIMARC-1 SPECIMEN GEOMETRY: Straight-sided Tension
MATRIX: Ti-6Al-2Sn-4Zr-2Mo SURFACE CONDITION: As received [90]s
PRODUCT FORM: Plate MACHINING METHOD: Water Jet and Diamond Grind | Air Force Research Lab (AFRL/ MLLMN)
LAY-UP: [90]s PRE-TEST EXPOSURE: None Raw Data
TEST METHOD: 1.4.2.1 TEST ENVIRONMENT: Laboratory Air

Specimen No. Fiber Lot I.D. Test Strain t tpl ty0.02 ty0.2 tu tu t Comments

v/o (Plate) Temp. rate E 5 B B B &2 V23
(°F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)

94-H72 30.5 7-5410422-1 325 0.0008 16.5 25.6 33.3 51.9 52.2 0.520 Note 6
94-H73 30.5  7-5410422-1 700 0.0008 13.2 231 27.0 43.4 45.6 0.620
94-H74 30.5 7-5410422-1 700 0.0008 Note5 Noteb Note 5 Note 5 1.7 0.490 Note 6
94-H75 30.3  7-5410422-1 700 0.0008 15.1 22.0 257 43.8 45.2 0.530 Note 6
94-H76 30.3  7-5410422-1 325 0.0008 17.8 291 33.2 Note 3 49.2 0.430 Note 6
94-H77 30.3  7-5410422-1 325 0.0008 Note5 Noteb Note 5 Note 5 50.0 0.430 Note 6
94-H78 30.5  7-5410422-1 73 0.0008 22.3 28.4 38.1 Note 3 45.7 0.260 0.22  Note 6
Specimen  Test Failure Failure = Reduction Elongation Area Width Thick- Original Final Final Final Thick- Final Area

No. Date Loca- Mode of Area ness Gage Gage Width ness

tion Length Length
(%) (%) (in"2) (in) (in) (in) (in) (in) (in) (in"2)

94-H72 1994 0.0247 0.3630 0.0680 1.0121 1.0123 0.3630 0.0680 0.0247
94-H73 1994 0.0252 0.3700 0.0680 1.0108 1.0199 0.3700 0.0675 0.0250
94-H74 1994 0.0254 0.3730 0.0680 1.0102 1.0107 0.3730 0.0675 0.0252
94-H75 1994 0.0256 0.3740 0.0685 1.0113 1.0116 0.3740 0.0680 0.0254
94-H76 1994 0.0256 0.3730 0.0685 1.0104 1.0108 0.3730 0.0680 0.0254
94-H77 1994 0.0256 0.3740 0.0685 1.0068 1.0075 0.3740 0.0680 0.0254
94-H78 1994 0.0254 0.3740 0.0680 0.9969 0.9989 0.3740 0.0680 0.0254

Note 1: Stress-strain behavior was near-linear to failure

Note 2: Did not reach 0.02 offset before failure
Note 3: Did not reach 0.2 offset before failure

Note 4: Value not reported, anomalies in digital stress-strain data
Note 5: No stress-strain digital data available
Note 6: Specimen broke outside gage length; value for max strain at failure is max value measured
Note 7: Value not reported, extensometer slipped near end of test
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MATERIAL: TRIMARC-1/Ti 6-2-4-2 Screening Data Table C4.2(e) (1 of 2)
TRIMARC-1/Ti 6-2-4-2

FIBER: TRIMARC-1 SPECIMEN GEOMETRY: Straight-sided Compression

MATRIX: Ti-6Al-2Sn-4Zr-2Mo SURFACE CONDITION: As received [0]10

PRODUCT FORM: Plate MACHINING METHOD: Water Jet and Diamond Grind Air Force Research Lab (AFRL/ MLLMN)
LAY-UP: [Ol1o PRE-TEST EXPOSURE: None Raw Data

TEST METHOD: 1.4.2.2 with lITRI fixture TEST ENVIRONMENT: Laboratory Air

Specimen No. Fiber Vol Lot I.D. Test Strain c cpl cy0.02 cy0.2 cu cf c Comments

Fraction (Plate) Temp. rate Ei F i i i & V12
(F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)
94-H54 324 1-5410417-1 73 0.0008 28.4 171.3 185.1 329.9 3335 Note 6 Note 6.
94-H55 31.8 1-5410417-1 73 0.0008 Note4 Note4 Note4 Noted4d 352.2 Note6 Note 6. Extensometer slipped.
94-H56 324 2-5410418-1 73 0.0008 31.5 Note1 Note1 Note1 3751 Noteb6 Note 6.
94-H57 32.8 2-5410418-1 325 0.0008 30.3 Note1 Note1 Note1 386.6 Note6 Note 6.
94-H58 32.8 2-5410418-1 325 0.0008 29.6 342.0 375.1 Note 3 414.0 Note 6 Note 6.
94-H59 32.8 2-5410418-1 325 0.0008 27.0 290.7 2917 Note3 3024 Note6 Note 6.
94-H60 32.8 2-5410418-1 700 0.0008 24.0 258.1 257.0 308.4 341.8 Note6 Note 6. Anomalous stress strain data at start of
test.

94-H61 32.8 2-5410418-1 325 0.0008 Note5 Note5 Note5 Note5 Note5 Note5 Digital stress-strain data is not available
94-H62 32.6 2-5410418-1 73 0.0008 Note5 Note5 Note5 Note5 Note5 Note5 Digital stress-strain data is not available
96-K21 28.3 1-7353451-4 73 0.0001 Specimen destroyed during initial set-up.
96-K22 27.9 1-7353451-4 73 0.0001 29.7 234.3 237.8 251.1 286.3 Note 6 Note 6.
96-K23 27.8 1-7353451-4 325 0.0001 25.2 Note4 Note4 Note4 3424 Noteb6 Note 6. Anomalies in digital stress-strain data
96-K24 28.4 1-7353451-4 325 0.0001 26.4 310.0 317.7 Note3 3521 Note6 Note 6.
96-K25 28.2 1-7353451-4 700 0.0001 25.8 256.0 2789 Note3 346.1 Note6 Note 6.
96-K26 28.0 1-7353451-4 700 0.001 26.0 256.0 2771 Note 3 346.0 Note 6 Note 6.
96-Q15 29.2 2-7353452-3 73 0.0001 28.6 145.2 154.8 272.0 333.7 Note 6 Note 6.
96-Q16 29.1 2-7353452-3 73 0.0001 28.3 Note4 Note4 Noted4d 3352 Noteb6 Note 6. Extensometer slipped.
96-Q17 29.2 2-7353452-3 325 0.0001 26.6 319.0 3248 Note3 359.0 Note6 Note 6.
96-Q18 29.3 2-7353452-3 325 0.0001 27.9 322.0 3274 Note3 361.0 Note6 Note 6.
96-Q19 29.2 2-7353452-3 700 0.0001 27.5 250.0 2577 Note4 359.7 Note6 Note 6.
96-Q20 29.5 2-7353452-3 700 0.00001 28.6 245.0 247.2 351.2 3575 Note 6 Note 6.
96-R02 29.2 3-7353452-6 73 0.0001 309 Note1 Note1 Note1 359.7 Note6 Note 6.
96-R03 29.1 3-7353452-6 73 0.0001 290 Note1 Note1 Note1 357.7 Note6 Note 6.
96-R04 29.0 3-7353452-6 325 0.0001 27.2 344.0 3518 Note3 357.1 Note6 Note 6.
96-R05 29.0 3-7353452-6 325 0.0001 28.3 335.0 341.1 Note 3 357.7 Note 6 Note 6.
96-R06 28.9 3-7353452-6 700 0.0001 259 Note1 Note1 Note1 260.2 Note6 Note 6.
96-R0O7 28.9 3-7353452-6 700 0.0001 Note4 Noted4 Note4 Noted4 3321 Note6 Note 6. Anomalous stress strain data at start of

test.

Note 1: Stress-strain behavior was linear to termination of test
Note 2: Test terminated prior to reaching 0.02 offset
Note 3: Test terminated prior to reaching 0.2 offset

Note 4: Value not reported, anomalies in digital stress-strain data
Note 5: No stress-strain digital data available
Note 6: Test halted at max load shown prior to failure in compression
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MATERIAL: TRIMARC-1/Ti 6-2-4-2 Screening Data Table C4.2(e) (2 of 2)
TRIMARC-1/Ti 6-2-4-2
FIBER: TRIMARC-1 SPECIMEN GEOMETRY: Straight-sided Compression
MATRIX: Ti-6Al-2Sn-4Zr-2Mo SURFACE CONDITION: As received [0]10
PRODUCT FORM: Plate MACHINING METHOD: Water Jet and Diamond Grind Air Force Research Lab (AFRL/ MLLMN)
LAY-UP: [Ol10 PRE-TEST EXPOSURE: None Raw Data
TEST METHOD: 1.4.2.2 with lITRI fixture TEST ENVIRONMENT: Laboratory Air
Specimen Test Failure Failure Elongation Area Width Thick- Original Final Final Width Final Thick- Final Area
No. Date Location Mode ness Gage Gage ness
Length Length
(%) (in*2) (in) (in) (in) (in) (%) (%) (in*2)
94-H54 1994  Note 6 Note 6 0.0486 0.6080 0.0800 1.00
94-H55 1994  Note 6 Note 6 0.0496 0.6080 0.0815 1.00
94-H56 1994  Note 6 Note 6 0.0486 0.6080 0.0800 1.00
94-H57 1994  Note 6 Note 6 0.0483 0.6110 0.0790 1.00
94-H58 1994  Note 6 Note 6 0.0483 0.6120 0.0790 1.00
94-H59 1994  Note 6 Note 6 0.0483 0.6120 0.0790 1.00
94-H60 1994  Note 6 Note 6 0.0483 0.6110 0.0790 1.00
94-H61 1994  Note 6 Note 6 0.0483 0.6110 0.0790 1.00
94-H62 1994  Note 6 Note 6 0.0485 0.6100 0.0795 1.00
96-K21 1996 0.0573  0.6261 0.0915
96-K22 1996 Note 6 Note 6 0.0578 0.6218 0.0930 1.00
96-K23 1996 Note 6 Note 6 0.0584 0.6248 0.0934 1.00
96-K24 1996 Note 6 Note 6 0.0568 0.6223 0.0912 1.00
96-K25 1996 Note 6 Note 6 0.0572  0.6226 0.0918 1.00
96-K26 1996 Note 6 Note 6 0.0578 0.6230 0.0927 1.00
96-Q15 1996 Note 6 Note 6 0.0555 0.6254 0.0887 1.00
96-Q16 1996 Note 6 Note 6 0.0559 0.6262 0.0892 1.00
96-Q17 1996 Note 6 Note 6 0.0557 0.6265 0.0889 1.00
96-Q18 1996 Note 6 Note 6 0.0554 0.6264 0.0885 1.00
96-Q19 1996 Note 6 Note 6 0.0556 0.6262 0.0888 1.00
96-Q20 1996 Note 6 Note 6 0.0550 0.6253 0.0880 1.00
96-R02 1996 Note 6 Note 6 0.0556  0.6263 0.0887 1.00
96-R03 1996 Note 6 Note 6 0.0559 0.6262 0.0892 1.00
96-R04 1996 Note 6 Note 6 0.0560 0.6268 0.0894 1.00
96-R05 1996 Note 6 Note 6 0.0559 0.6257 0.0893 1.00
96-R06 1996 Note 6 Note 6 0.0561  0.6266 0.0896 1.00
96-R07 1996  Note 6 Note 6 0.0562  0.6267 0.0896 1.00

Note 1: Stress-strain behavior was linear to termination of test
Note 2: Test terminated prior to reaching 0.02 offset
Note 3: Test terminated prior to reaching 0.2 offset

Note 4: Value not reported, anomalies in digital stress-strain data
Note 5: No stress-strain digital data available
Note 6: Test halted at max load shown prior to failure in compression
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MATERIAL: TRIMARC-1/Ti 6-2-4-2 Screening Data Table C4.2(f) (1 of 2)
TRIMARC-1/Ti 6-2-4-2
FIBER: TRIMARC-1 SPECIMEN GEOMETRY: Straight-sided Compression
MATRIX: Ti-6Al-2Sn-4Zr-2Mo SURFACE CONDITION: As received [90]10
PRODUCT FORM: Plate MACHINING METHOD: Water Jet and Diamond Grind Air Force Research Lab (AFRL/ MLLMN)
LAY-UP: [90110 PRE-TEST EXPOSURE: None Raw Data
TEST METHOD: 1.4.2.2 with lITRI fixture TEST ENVIRONMENT: Laboratory Air
Specimen No. Fiber Lot I.D. Test Strain ¢ cpl cy0.02 cy0.2 cu of c Comments
P Volume (Plate) Temp. rate E BP B B B & V23
Fraction
(F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)

94-H63 324 1-5410417-1 73 0.0008 22.0 97.8 120.3 Note 3 Note 6 Note 6 Note 6

94-H64 32.4 1-5410417-1 73 0.0008 22.6 111.7 126.9 1924 Note 6 Note 6 Note 6

94-H65 324 2-5410418-1 73 0.0008 22.3 129.5 138.2 196.4 Note6 Note 6 Note 6

94-H66 32.4 2-5410418-1 325 0.0008 21.2 88.5 104.6 154.5 Note 6 Note 6 Note 6

94-H67 324 2-5410418-1 325 0.0008 21.5 92.4 105.9 155.0 Note 6 Note 6 Note 6

94-H68 32.4 2-5410418-1 325 0.0008 21.4 84.2 104.6 155.7 Note 6 Note 6 Note 6

94-H69 324 2-5410418-1 700 0.0008 19.4 78.2 86.9 116.5 Note 6 Note 6 Note 6

94-H70 32.4 2-5410418-1 700 0.0008 Note5 Note5 Note5 Noteb Note 5
94-H71 32.8 2-5410418-1 700 0.0008 20.5 79.5 86.9 116.6 Note 6 Note 6 Note 6
96-J65 29.0 1-7353451-1 73 0.0001 23.4 126.3 138.8 193.7 Note 6 Note 6 Note 6
96-J66 28.9 1-7353451-1 73 0.0001 22.9 147.8 1541 196.2 Note 6 Note 6 Note 6
96-J88 29.7 1-7353451-2 325 0.0001 Destroyed during initial set-up.
96-J89 30.0 1-7353451-2 325 0.0001 20.5 104.4 114.8 151.7 Note 6 Note 6 Note 6
96-K11 30.0 1-7353451-3 700 0.0001 21.2 60.3 85.7 117.5 Note 6 Note 6 Note 6
96-K12 29.8 1-7353451-3 700 0.001 21.3 84.5 92.2 122.5 Note 6 Note 6 Note 6
96-P89 28.8 2-7353451-5 73 0.0001 23.2 135.5 147.2 197.1 Note 6 Note 6 Note 6
96-P90 28.4 2-7353451-5 73 0.0001 24.0 1181 136.6 195.2 Note 6 Note 6 Note 6
96-Q11 27.3 2-7353451-6 325 0.0001 19.9 98.5 108.4 148.4 Note 6 Note 6 Note 6
96-Q12 27.3 2-7353451-6 325 0.0001 19.5 98.8 107.9 146.2 Note 6 Note 6 Note 6
96-Q31 28.1 2-7353452-4 700 0.0001 213 78.6 86.7 113.5 Note 6 Note 6 Note 6
96-Q32 281 2-7353452-4 700 0.00001 21.5 65.8 87.8 111.1  Note 6 Note 6 Note 6
96-Q65 29.8 3-7353451-9 73 0.0001 22.7 128.4 143.3 198.2 Note 6 Note 6 Note 6
96-Q66 29.0 3-7353451-9 73 0.0001 23.7 117.8 132.7 194.8 Note 6 Note 6 Note 6
96-Q87 29.5 3-7353451-10 325 0.0001 20.9 92.7 108.3 152.9 Note 6 Note 6 Note 6
96-Q88 28.9 3-7353451-10 325 0.0001 201 95.7 110.0 150.8 Note 6 Note 6 Note 6
96-Q99 28.9 3-7353452-6 700 0.0001 18.8 96.5 99.0 116.0 Note 6 Note 6 Note 6
96-RO8 29.7 3-7353452-5 700 0.0001 22.9 75.2 86.0 114.5 Note 6 Note 6 Note 6

Note 1: Stress-strain behavior was linear to termination of test
Note 2: Test terminated prior to reaching 0.02 offset

Note 3: Test terminated prior to reaching 0.2 offset

Note 4: Value not reported, anomalies in digital stress-strain data
Note 5: No stress-strain digital data available

Note 6: Test halted prior to failure in compression
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MATERIAL: TRIMARC-1/Ti 6-2-4-2 Screening Data Table C4.2(f) (2 of 2)
TRIMARC-1/Ti 6-2-4-2
FIBER: TRIMARC-1 SPECIMEN GEOMETRY: Straight-sided Compression
MATRIX: Ti-6Al-2Sn-4Zr-2Mo SURFACE CONDITION: As received [90]40
PRODUCT FORM: Plate MACHINING METHOD: Water Jet and Diamond Grind Air Force Research Lab (AFRL/ MLLMN)
LAY-UP: [90]10 PRE-TEST EXPOSURE: None Raw Data
TEST METHOD: 1.4.2.2 with lITRI fixture TEST ENVIRONMENT: Laboratory Air
Specimen No. Test Failure Failure Reduction  Elongation Area Width Thick- Original Final Final Final Final
Date  Location Mode of Area ness Gage Gage Width Thick- Area
Length Length ness
(%) (%) (in"2) (in) (in) (%) (%) (in"2) (%) (%)
94-H63 1994 Note 6 Note 6 0.0486 0.6070 0.0800 1.00
94-H64 1994 Note 6 Note 6 0.0485 0.6060 0.0800 1.00
94-H65 1994 Note 6 Note 6 0.0488 0.6100 0.0800 1.00
94-H66 1994 Note 6 Note 6 0.0489 0.6110 0.0800 1.00
94-H67 1994 Note 6 Note 6 0.0490 0.6120 0.0800 1.00
94-H68 1994 Note 6 Note 6 0.0489 0.6110 0.0800 1.00
94-H69 1994  Note 6 Note 6 0.0489 0.6110 0.0800 1.00
94-H70 1994 Note 6 Note 6 0.0487 0.6090 0.0800 1.00
94-H71 1994 Note 6 Note 6 0.0479 0.6060 0.0790 1.00
96-J65 1996 Note 6 Note 6 0.0561 0.6271 0.0895 1.00
96-J66 1996 Note 6 Note 6 0.0562 0.6274 0.0896 1.00
96-J88 1996 0.0548 0.6282 0.0873
96-J89 1996 Note 6 Note 6 0.0543 0.6272 0.0865 1.00
96-K11 1996 Note 6 Note 6 0.0543 0.6281 0.0865 1.00
96-K12 1996 Note 6 Note 6 0.0546 0.6276 0.0870 1.00
96-P89 1996 Note 6 Note 6 0.0565 0.6274 0.0900 1.00
96-P90 1996 Note 6 Note 6 0.0573 0.6278 0.0912 1.00
96-Q11 1996 Note 6 Note 6 0.0595 0.6267 0.0949 1.00
96-Q12 1996 Note 6 Note 6 0.0597 0.6283 0.0950 1.00
96-Q31 1996 Note 6 Note 6 0.0579 0.6264 0.0924 1.00
96-Q32 1996 Note 6 Note 6 0.0578 0.6270 0.0922 1.00
96-Q65 1996 Note 6 Note 6 0.0547 0.6277 0.0871 1.00
96-Q66 1996 Note 6 Note 6 0.0562 0.6277 0.0895 1.00
96-Q87 1996 Note 6 Note 6 0.0549 0.6242 0.0880 1.00
96-Q88 1996 Note 6 Note 6 0.0563 0.6280 0.0896 1.00
96-Q99 1996 Note 6 Note 6 0.0564 0.6280 0.0898 1.00
96-RO8 1996 Note 6 Note 6 0.0546 0.6263 0.0872 1.00

Note 1: Stress-strain behavior was linear to termination of test
Note 2: Test terminated prior to reaching 0.02 offset

Note 3: Test terminated prior to reaching 0.2 offset

Note 4: Value not reported, anomalies in digital stress-strain data
Note 5: No stress-strain digital data available

Note 6: Test halted prior to failure in compression
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C4.3 Titanium Matrix Composite Panels (Section 3.8.2.3)

MATERIAL: Titanium Matrix Composite Panels

Table C4.3(a) (1 of 7)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone shape Longitudinal Tension
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.134 inches (average) [0]16
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.400 inches (average) UDRI/TRL
LAY-UP: [0]46 (Unidirectional) TEST METHOD: ASTM D 3553-96 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: Lab air/resistance heating
TEST DATES: Jun 06 - Apr 07
Speci- Fiber Lot I.D. Test Strain Strain E Prop. YS YS UTS & Comments
men No. v/io (Panel) Temp. Rate Sensor Limit 0.06% 0.2%
(°F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)

411-01 32.5%  B0432004-101-154 -65 0.01 extensometer 31.9 144.5 Note 7 Note 7 247.3 Note 7  Edge specimen

411-05 33.2%  B0432004-101-154 -65 0.01 extensometer 28.7 200.0 233.8 Note 3 255.6 1.047 Note 8

421-02 32.8% B0432004-101-157 -65 0.01 extensometer 26.7 Note 7 Note 7 Note 7 254.8 Note 7

431-03 33.3%  B0432004-101-160 -65 0.01 extensometer 25.3 144.0 207.1 Note 3 250.7 1.162 Computed with smoothed data (7-
pt sliding average)

431-06 33.4% B0432004-101-160 -65 0.01 extensometer 21.7 203.6 Note 10 Note 10 223.4 1.067 Data from 1 gage is invalid; E &
YS data computed from remaining
gage.

441-04 33.5% B0432004-101-163 -65 0.01 extensometer 26.1 Note 7 Note 7 Note 7 257.4 Note 7

531-07 33.5% B0432004-101-175 -65 0.01 extensometer 221 208.2 Note 10 Note 10 240.8 1.109 Data from 1 gage is invalid; E &
YS data computed from remaining
gage.

531-10 33.0% B0432004-101-175 -65 0.01 extensometer 251 177.2 205.1 Note 3 252.7 1.166

541-08 33.9% B0432004-101-178 -65 0.01 extensometer 27.9 192.2 222.9 Note 3 260.0 1.085

541-11 34.0% B0432004-101-178 -65 0.01 extensometer 26.5 194.6 2115 Note 3 2435 1.029

551-09 33.2%  B0432004-101-181 -65 0.01 extensometer 26.5 206.6 223.8 Note 3 257.8 1.145

551-12 33.3%  B0432004-101-181 -65 0.01 extensometer 275 188.0 212.2 Note 4 249.5 Note 4  Computed with smoothed data (7-
pt sliding average)

33% AVERAGE 26.3 185.9 216.6 2495 1.101

111-01 33.9%  B0432004-101-109 70 0.01 extensometer 29.7 161.3 192.4 Note 7 2511 0.860 Tabs slipped on first loading (<200
ksi); reported values from first
loading; edge specimen

112-05 33.4%  B0432004-101-110 70 0.01 extensometer 30.6 155.3 194.2 251.5 251.8 Note 4  Adjusted 3 jumps in the data

112-10 33.2%  B0432004-101-110 70 0.01 extensometer 31.0 163.9 199.0 Note 3 247.6 0.958

113-08 33.5% B0432004-101-111 70 0.01 strain gage 291 169.1 199.9 Note 3 241.7 0.975

121-02 34.0% B0432004-101-112 70 0.01 extensometer 31.7 166.6 204.4 Note 3 262.8 Note 4  Adjusted 1 jump in the data

122-01 33.6%  B0432004-101-113 70 0.01 extensometer 28.0 159.1 189.8 Note 3 244.0 1.059 Edge specimen

122-07 33.1%  B0432004-101-113 70 0.01 extensometer 30.4 155.2 187.7 Note 3 244.6 Note 4  Adjusted 3 jumps in the data

123-10 33.8% B0432004-101-114 70 0.01 strain gage 28.6 166.4 195.0 Note 3 236.9 0.991

131-03 33.6%  B0432004-101-115 70 0.01 extensometer 30.1 162.8 197.8 Note 3 258.0 Note 4  Adjusted 2 jumps in the data

132-07 33.1% B0432004-101-116 70 0.01 extensometer 30.3 159.2 191.1 Note 3 246.9 1.011

132-10 33.2%  B0432004-101-116 70 0.01 extensometer 31.5 Note 4 Note 4 Note 4 Note 4 Note 4  Failed in grip
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MATERIAL: Titanium Matrix Composite Panels Table C4.3(a) (2 of 7)
SCS-6/Ti-6Al-4V
FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone shape Longitudinal Tension
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.134 inches (average) [0]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.400 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM D 3553-96 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: Lab air/resistance heating
TEST DATES: Jun 06 - Apr 07
Speci- Fiber Lot I.D. Test Strain Strain E Prop. YS YS UTS &p Comments
men No. v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.2%
°F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)
133-01 33.1% B0432004-101-117 70 0.01 strain gage 31.3 Note 7 Note 7 Note 7 243.4 0.834 Only data from first loading is

valid, subsequent cycles produced
work hardening; edge specimen

141-04 33.0% B0432004-101-118 70 0.01 extensometer 28.4 241.9 Note 4 Note 4 253.5 Note 4  Loaded to ~11kips; interrupted;
reloaded to fracture (YS values
should be censored)

142-04 33.5% B0432004-101-119 70 0.01 extensometer 29.2 171.6 203.7 263.9 263.9 Note 4

143-01 32.5%  B0432004-101-120 70 0.01 strain gage 30.6 168.5 202.7 Note 3 256.4 1.052 Edge specimen

151-03 33.0%  B0432004-101-121 70 0.01 extensometer 27.8 190.1 213.8 Note 3 254.9 Note 4

152-01 33.7%  B0432004-101-122 70 0.01 extensometer 27.7 155.7 185.8 Note 4 264.3 Note 4  Edge specimen

153-11 32.9%  B0432004-101-123 70 0.01 strain gage 29.6 163.4 196.5 Note 3 2422 1.012 Loaded to 8kN before loading to
fracture

211-05 34.1%  B0432004-101-124 70 0.01 extensometer 29.0 168.2 196.0 250.3 277.3 1.232

211-14 34.2%  B0432004-101-124 70 0.01 strain gage 291 161.3 189.0 241.5 265.5 0.969 Averaged strain gage &
extensometer values for first
loading; UTS and strain to failure
from second loading

212-09 33.7% B0432004-101-125 70 0.01 extensometer 31.3 177.9 214.0 Note 3 261.8 0.983

213-01 33.5% B0432004-101-126 70 0.01 strain gage 28.3 176.1 196.7 Note 3 221.4 0.890 Edge specimen

231-07 33.3% B0432004-101-130 70 0.01 extensometer 30.2 171.0 204.7 268.0 271.6 1.098

232-13 34.4%  B0432004-101-131 70 0.01 extensometer 29.2 167.4 196.7 256.1 267.3 1.142

233-01 33.8% B0432004-101-132 70 0.01 strain gage 28.3 164.3 172.2 Note 3 236.3 0.988 Edge specimen

241-08 33.4%  B0432004-101-133 70 0.01 extensometer 28.8 167.8 198.3 Note 3 257.5 1.089

242-11 33.2% B0432004-101-134 70 0.01 extensometer 28.7 161.4 191.0 249.7 257.3 1.112

243-06 33.4%  B0432004-101-135 70 0.01 extensometer 29.5 166.7 196.6 Note 3 258.0 1.068

251-01 33.4% B0432004-101-136 70 0.01 strain gage 26.0 142.8 1711 Note 3 222.3 1.035 Edge specimen

252-01 33.6%  B0432004-101-137 70 0.01 extensometer 29.2 165.5 196.2 253.1 259.6 1.102 Edge specimen

253-01 33.7% B0432004-101-138 70 0.01 extensometer 30.7 163.6 196.6 253.0 260.0 1.061 Edge specimen

311-09 33.6%  B0432004-101-139 70 0.01 extensometer 30.1 158.9 193.9 Note 3 241.9 0.980

312-08 33.8% B0432004-101-140 70 0.01 strain gage 30.4 166.8 200.8 Note 3 2521 0.999

313-01 34.1%  B0432004-101-141 70 0.01 extensometer 30.2 164.2 198.0 Note 3 255.0 1.027 Edge specimen

321-10 33.2% B0432004-101-142 70 0.01 extensometer 30.6 169.5 201.6 Note 3 249.7 0.979

322-01 34.8%  B0432004-101-143 70 0.01 strain gage 31.0 166.3 199.4 Note 3 247.8 0.949 Edge specimen

323-10 32.9% B0432004-101-144 70 0.01 extensometer 31.6 164.9 195.3 Note 3 231.7 0.873
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MATERIAL: Titanium Matrix Composite Panels Table C4.3(a) (3 of 7)
SCS-6/Ti-6Al-4V
FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone shape Longitudinal Tension
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.134 inches (average) [0]16
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.400 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM D 3553-96 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: Lab air/resistance heating
TEST DATES: Jun 06 - Apr 07

Speci- Fiber Lot I.D. Test Strain Strain E Prop. YS YS UTS &p Comments

men No. v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.2%
(°F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)

331-10 33.9% B0432004-101-145 70 0.01 extensometer 30.5 170.7 205.0 Note 3 260.0 1.029

332-10 33.2% B0432004-101-146 70 0.01 strain gage 29.5 168.2 198.6 Note 3 234.2 0.927

333-08 32.8% B0432004-101-147 70 0.01 extensometer 34.0 160.9 197.7 Note 3 246.5 0.887

341-06 33.5% B0432004-101-148 70 0.01 extensometer 342 172.2 209.4 Note 3 273.8 0.982

342-02 34.5% B0432004-101-149 70 0.01 strain gage 31.6 1731 207.9 Note 3 258.9 0.984

343-01 34.2%  B0432004-101-150 70 0.01 extensometer 311 165.4 204.4 Note 3 260.9 1.016 Edge specimen

351-02 35.0% B0432004-101-151 70 0.01 extensometer 30.3 165.8 201.6 Note 3 250.6 0.997

352-01 34.6%  B0432004-101-152 70 0.01 strain gage 31.7 161.5 198.8 Note 3 250.1 0.960 Edge specimen

353-11 33.3% B0432004-101-153 70 0.01 extensometer 32.9 161.9 195.9 Note 3 244.2 0.917

411-11 32.8% B0432004-101-154 70 0.01 extensometer 32.8 168.9 199.8 Note 3 238.1 0.886

412-09 32.5% B0432004-101-155 70 0.01 extensometer 26.3 1741 196.0 245.9 248.5 1.150

413-01 32.7%  B0432004-101-156 70 0.01 extensometer 324 166.9 198.4 Note 3 205.5 0.707 Edge specimen

421-12 32.9% B0432004-101-157 70 0.01 extensometer 33.7 161.7 199.1 Note 3 232.3 0.828

422-11 33.3% B0432004-101-158 70 0.01 extensometer 271 180.0 206.3 Note 3 218.2 0.910

423-10 33.6% B0432004-101-159 70 0.01 extensometer 341 165.3 200.4 Note 3 228.1 0.808

431-13 33.5%  B0432004-101-160 70 0.01 extensometer 327 171.4 202.9 Note 3 2447 0.896

432-08 33.1% B0432004-101-161 70 0.01 extensometer 26.8 165.9 192.9 Note 3 233.5 1.046

433-08 33.3% B0432004-101-162 70 0.01 extensometer 317 163.5 195.2 Note 3 231.2 0.864

441-01 34.2% B0432004-101-163 70 0.01 extensometer 33.6 165.6 199.8 Note 3 251.4 0.918 Edge specimen

442-03 33.7%  B0432004-101-164 70 0.01 strain gage 29.3 163.8 192.8 Note 3 232.2 0.947

443-10 33.2% B0432004-101-165 70 0.01 extensometer 334 168.8 200.2 Note 3 240.5 0.858

451-02 34.6% B0432004-101-166 70 0.01 extensometer 32.8 173.8 201.3 Note 3 248.3 0.920

452-09 33.5% B0432004-101-167 70 0.01 extensometer 25.3 169.0 195.3 Note 3 226.0 1.029

453-01 34.5%  B0432004-101-168 70 0.01 extensometer 334 165.4 199.8 Note 3 228.3 0.794 Edge specimen

511-03 33.9% B0432004-101-169 70 0.01 extensometer 327 162.0 196.1 Note 3 250.8 0.965

512-01 33.6%  B0432004-101-170 70 0.01 extensometer 27.5 161.5 191.2 Note 3 230.0 0.994 Edge specimen

513-02 34.1% B0432004-101-171 70 0.01 extensometer 323 164.9 193.9 Note 3 231.2 0.853

521-12 33.2% B0432004-101-172 70 0.01 extensometer 325 168.2 198.5 Note 3 240.6 0.895

522-11 34.2% B0432004-101-173 70 0.01 extensometer 26.0 170.4 196.5 Note 3 238.1 1.084

523-01 34.6%  B0432004-101-174 70 0.01 extensometer 31.3 163.1 197.5 Note 3 223.8 0.840 Edge specimen

531-06 33.3% B0432004-101-175 70 0.01 extensometer 325 167.0 199.4 Note 3 232.7 0.851

532-02 34.8% B0432004-101-176 70 0.01 extensometer 26.3 163.9 193.4 Note 3 239.8 Note 4

533-10 33.4% B0432004-101-177 70 0.01 extensometer 327 164.7 197.6 Note 3 231.7 0.850

541-07 34.0% B0432004-101-178 70 0.01 extensometer 33.5 169.9 202.7 Note 3 240.6 0.852
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MATERIAL: Titanium Matrix Composite Panels Table C4.3(a) (4 of 7)
SCS-6/Ti-6Al-4V
FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone shape Longitudinal Tension
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.134 inches (average) [0]16
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.400 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM D 3553-96 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: Lab air/resistance heating
TEST DATES: Jun 06 - Apr 07

Speci- Fiber Lot I.D. Test Strain Strain E Prop. YS YS UTS &p Comments

men No. v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.2%
°F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)

542-11 33.8% B0432004-101-179 70 0.01 extensometer 27.9 172.0 193.5 Note 3 246.0 1.074

543-01 34.0%  B0432004-101-180 70 0.01 extensometer 31.8 167.1 197.8 Note 3 236.1 0.887 Edge specimen

551-08 33.3% B0432004-101-181 70 0.01 extensometer 32.8 164.0 195.7 Note 3 2251 0.809

552-08 33.8%  B0432004-101-182 70 0.01 extensometer 29.6 159.1 189.6 Note 3 230.0 0.943

553-11 34.2% B0432004-101-183 70 0.01 extensometer 29.5 173.4 198.9 Note 3 247.5 1.011

611-09 34.0%  B0432004-101-184 70 0.01 extensometer 31.0 163.2 196.8 222.2 236.6 1.096

612-01 32.9% B0432004-101-185 70 0.01 extensometer 28.6 159.1 187.2 Note 3 2141 0.902 Edge specimen

613-10 34.3%  B0432004-101-186 70 0.01 extensometer 281 100.2 214.0 Note 3 237.4 0.953

621-11 35.0% B0432004-101-187 70 0.01 extensometer 29.9 171.4 197.9 Note 3 243.7 0.998

622-03 33.2%  B0432004-101-188 70 0.01 extensometer 29.0 152.5 180.8 Note 3 210.3 0.872

623-01 33.7% B0432004-101-189 70 0.01 extensometer 30.0 156.4 186.2 Note 3 217.7 0.862 Edge specimen

631-12 35.3%  B0432004-101-190 70 0.01 extensometer 30.4 157.7 190.1 2321 240.2 1.493

632-11 33.8% B0432004-101-191 70 0.01 extensometer 29.3 154.9 184.5 227.8 228.2 0.982

633-10 33.8%  B0432004-101-192 70 0.01 extensometer 28.4 156.5 187.2 244.0 258.6 1.160

641-13 34.9% B0432004-101-193 70 0.01 extensometer 29.7 169.5 197.0 Note 3 242.0 0.975

642-11 34.0%  B0432004-101-194 70 0.01 extensometer 29.5 152.8 183.6 Note 3 223.7 0.937

643-10 34.2% B0432004-101-195 70 0.01 extensometer 29.3 167.2 196.8 Note 3 231.3 0.987

651-01 35.1%  B0432004-101-196 70 0.01 extensometer 30.3 148.8 192.4 2221 228.2 0.987 Edge specimen

652-08 33.8% B0432004-101-197 70 0.01 extensometer 29.4 154.0 185.3 Note 3 227.8 0.970

653-01 34.2%  B0432004-101-198 70 0.01 extensometer 291 173.9 191.0 2121 248.2 1.308 Edge specimen

711-12 32.7% B0432004-101-199 70 0.01 extensometer 28.9 152.7 183.0 228.8 237.5 1.053

712-12 33.2%  B0432004-101-200 70 0.01 extensometer 26.0 165.1 189.1 Note 3 233.8 1.081 Left edge specimen

713-03 33.5% B0432004-101-201 70 0.01 extensometer 27.6 161.6 187.4 Note 3 230.9 1.015

721-04 33.1%  B0432004-101-202 70 0.01 extensometer 27.9 163.6 189.8 Note 3 233.5 1.005

722-01 34.3% B0432004-101-203 70 0.01 extensometer 26.7 153.4 183.6 223.3 235.9 1.127 Edge specimen

723-01 34.3%  B0432004-101-204 70 0.01 extensometer 28.4 159.6 190.0 Note 3 242.8 1.036 Edge specimen

731-13 32.8% B0432004-101-205 70 0.01 extensometer 26.8 166.6 189.8 220.9 237.9 1.153

732-04 33.1%  B0432004-101-206 70 0.01 extensometer 27.8 167.1 193.3 Note 3 236.8 1.024

733-01 33.1% B0432004-101-207 70 0.01 extensometer 30.1 153.6 186.4 Note 3 232.6 0.955 Edge specimen

741-06 33.1%  B0432004-101-208 70 0.01 extensometer 27.9 168.5 192.6 236.3 240.4 1.070

742-12 33.9% B0432004-101-209 70 0.01 extensometer 28.4 166.2 197.7 Note 3 245.3 1.026

743-10 33.3%  B0432004-101-210 70 0.01 extensometer 28.2 155.9 186.0 Note 3 238.7 1.031

751-07 33.4% B0432004-101-211 70 0.01 extensometer 29.6 158.6 190.2 232.7 239.7 1.023

752-12 34.0%  B0432004-101-212 70 0.01 extensometer 28.6 158.1 189.2 Note 3 238.2 1.013
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(a) (5 of 7)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone shape Longitudinal Tension
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.134 inches (average) [0]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.400 inches (average) UDRI/TRL
LAY-UP: [0]46 (Unidirectional) TEST METHOD: ASTM D 3553-96 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: Lab air/resistance heating
TEST DATES: Jun 06 - Apr 07

Speci- Fiber Lot I.D. Test Strain Strain E Prop. YS YS UTS &p Comments

men No. v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.2%
°F) (11s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)

753-08 33.2% B0432004-101-213 70 0.01 extensometer 29.2 162.4 192.1 Note 3 246.3 1.041

811-08 33.6% B0432004-101-214 70 0.01 extensometer 30.1 161.1 192.0 Note 3 246.4 1.011

812-01 34.8%  B0432004-101-215 70 0.01 extensometer 26.6 160.9 189.8 Note 3 242.7 1.104 Edge specimen

813-09 33.2% B0432004-101-216 70 0.01 extensometer 28.3 171.9 1954 Note 3 245.3 1.042

821-10 33.4% B0432004-101-217 70 0.01 extensometer 29.1 167.6 194.8 Note 3 236.9 0.975

822-09 34.3% B0432004-101-218 70 0.01 extensometer 26.5 161.9 189.1 Note 3 240.5 1.098

823-01 34.2%  B0432004-101-219 70 0.01 extensometer 30.8 158.1 190.4 Note 3 243.5 0.975 Edge specimen

831-11 32.9% B0432004-101-220 70 0.01 extensometer 29.0 163.4 190.9 Note 3 232.0 0.956

832-01 33.6%  B0432004-101-221 70 0.01 extensometer 28.4 169.9 195.9 Note 3 242.7 1.034 Edge specimen

833-10 35.7%  B0432004-101-222 70 0.01 extensometer 29.9 162.4 194.7 Note 3 251.3 1.030

841-12 33.1%  B0432004-101-223 70 0.01 extensometer 28.8 161.2 189.9 Note 3 250.2 1.036

842-01 33.7% B0432004-101-224 70 0.01 extensometer 25.8 164.3 190.1 243.3 255.1 1.226 Edge specimen

843-01 34.7%  B0432004-101-225 70 0.01 extensometer 30.5 145.1 182.9 Note 3 2311 0.948 Edge specimen

851-13 33.6% B0432004-101-226 70 0.01 extensometer 28.7 162.2 192.1 Note 3 250.2 1.070

852-08 33.2%  B0432004-101-227 70 0.01 extensometer 26.5 160.9 188.9 241.9 243.2 1.120

853-11 34.1% B0432004-101-228 70 0.01 extensometer 29.7 157.9 188.9 Note 3 240.5 0.997

33.7% AVERAGE 29.8 164.3 194.7 240.0 242.5 0.993

211-01 34.5% B0432004-101-124 400 0.01 extensometer 25.5 128.9 155.4 212.8 247 .4 1.264 Edge specimen

211-04 33.8%  B0432004-101-124 400 0.01 extensometer 25.0 129.7 157.5 207.7 242.5 1.272

243-02 33.5% B0432004-101-135 400 0.01 extensometer 26.0 119.5 149.2 203.4 229.8 1.157

243-05 33.6%  B0432004-101-135 400 0.01 extensometer 25.7 121.5 149.2 208.4 223.8 1.111

241-03 33.4% B0432004-101-133 400 0.01 extensometer 25.7 124.8 153.1 208.9 232.8 1.198

241-06 33.3% B0432004-101-133 400 0.01 extensometer 25.8 115.4 155.4 215.4 228.3 1.111

611-07 33.9% B0432004-101-184 400 0.01 extensometer 27.5 128.1 154.1 198.0 211.7 1.028

613-08 34.3% B0432004-101-186 400 0.01 extensometer 28.0 133.7 160.4 212.2 222.8 1.025

631-09 35.3% B0432004-101-190 400 0.01 extensometer 26.6 117.3 143.5 Note 3 164.9 0.707

631-11 35.1%  B0432004-101-190 400 0.01 extensometer 27.9 140.3 164.9 Note 3 193.1 0.827

641-10 37.2% B0432004-101-193 400 0.01 extensometer 28.6 127.6 152.6 210.9 212.2 0.943

641-12 34.7%  B0432004-101-193 400 0.01 extensometer 28.4 126.7 154.6 Note 3 210.3 0.923

34.4% AVERAGE 26.7 126.1 154.2 208.6 218.3 1.047

111-02 33.9%  B0432004-101-109 600 0.01 extensometer 26.3 98.9 139.6 Note 3 200.8 Note 7

111-06 34.2% B0432004-101-109 600 0.01 strain gage Note 4 121.5 Note 4 Note 3 210.3 Note 7

121-03 33.9% B0432004-101-112 600 0.01 extensometer 29.0 127.9 154.8 Note 3 212.8 Note 7
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(a) (6 of 7)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone shape Longitudinal Tension
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.134 inches (average) [0]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.400 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM D 3553-96 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: Lab air/resistance heating
TEST DATES: Jun 06 - Apr 07

Speci- Fiber Lot I.D. Test Strain Strain E Prop. YS YS UTS &p Comments

men No. v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.2%
(°F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)
121-07 33.8% B0432004-101-112 600 0.01 extensometer 27.2 120.9 156.4 2231 224.4 1.026
131-04 33.6%  B0432004-101-115 600 0.01 strain gage 29.0 Note 4 Note 4 Note 4 Note 4 Note 4  Bad stress-strain curves, all but E
is invalid

131-08 34.0% B0432004-101-115 600 0.01 extensometer 25.3 110.0 156.6 Note 4 207.2 0.970 Note 8

132-05 33.1% B0432004-101-116 600 0.01 extensometer 27.7 116.3 152.0 Note 3 1924 0.863

211-03 33.7%  B0432004-101-124 600 0.01 extensometer 24.9 117.8 144.9 198.4 234.2 1.259

211-06 34.1% B0432004-101-124 600 0.01 strain gage 28.8 1141 145.3 Note 4 220.1 Note 4

241-05 33.2% B0432004-101-133 600 0.01 strain gage 30.1 115.0 149.9 Note 3 210.9 0.878

241-09 33.3% B0432004-101-133 600 0.01 extensometer 25.6 110.8 141.0 198.9 212.5 1.076

243-04 33.2% B0432004-101-135 600 0.01 extensometer 25.2 114.6 141.4 196.5 219.5 1.135

243-11 33.4% B0432004-101-135 600 0.01 extensometer 24.7 117.8 1414 198.1 218.5 1.133

311-06 34.0% B0432004-101-139 600 0.01 extensometer 25.5 117.9 1451 Note 3 190.8 0.918

311-10 33.6% B0432004-101-139 600 0.01 strain gage 324 1211 159.6 Note 3 1954 0.720

321-07 33.4% B0432004-101-142 600 0.01 extensometer 26.0 120.2 147.4 Note 3 195.0 0.919

321-11 33.6% B0432004-101-142 600 0.01 extensometer 25.6 122.9 148.6 Note 3 200.9 0.962

331-01 34.4%  B0432004-101-145 600 0.01 strain gage 30.2 122.2 158.4 Note 3 227.6 0.923 Edge specimen

331-09 33.5% B0432004-101-145 600 0.01 extensometer 27.0 116.7 146.6 Note 3 205.2 0.946

411-02 33.7%  B0432004-101-154 600 0.01 extensometer 31.0 117.3 146.5 Note 3 186.5 0.766

411-10 32.8% B0432004-101-154 600 0.01 strain gage Note 4 Note 4 Note 4 Note 4 199.4 Note 4

421-03 32.8% B0432004-101-157 600 0.01 extensometer 30.6 118.8 150.9 Note 3 195.5 0.830

431-04 33.5% B0432004-101-160 600 0.01 extensometer 29.0 114.9 142.3 Note 3 191.5 0.825

431-10 33.6%  B0432004-101-160 600 0.01 strain gage 32.1 118.0 156.2 Note 3 184.1 Note 4

441-05 33.2% B0432004-101-163 600 0.01 extensometer 30.6 118.5 148.7 Note 3 189.2 0.758

511-06 33.2% B0432004-101-169 600 0.01 extensometer 26.3 123.2 146.6 200.6 205.3 0.997

511-12 33.2% B0432004-101-169 600 0.01 extensometer 26.9 106.5 143.1 202.9 203.1 0.950

513-07 33.1% B0432004-101-171 600 0.01 extensometer 25.6 107.1 135.5 Note 3 192.5 0.952

513-13 33.4% B0432004-101-171 600 0.01 extensometer 27.2 113.7 140.1 197.3 202.4 0.958

521-01 33.6%  B0432004-101-172 600 0.01 extensometer 275 110.6 142.2 Note 3 196.9 0.905 Edge specimen

521-08 33.6% B0432004-101-172 600 0.01 extensometer 27.0 124.3 151.0 Note 3 201.2 0.914

611-10 34.2%  B0432004-101-184 600 0.01 extensometer 28.6 120.2 147.2 203.4 214.2 0.997

613-11 33.1% B0432004-101-186 600 0.01 extensometer 25.1 116.9 141.6 Note 3 186.7 0.949

621-02 34.6% B0432004-101-187 600 0.01 extensometer 26.2 123.8 144.6 201.1 206.4 1.014

621-12 35.1% B0432004-101-187 600 0.01 extensometer 28.2 111.5 145.3 198.2 198.4 0.903

641-01 33.0%  B0432004-101-193 600 0.01 extensometer 27.2 101.3 132.4 Note 3 171.7 Note 4  Edge specimen

388




CMH-17-4B

Volume 4, Appendix C Raw Data Tables for Titanium Matrix Composites

MATERIAL: Titanium Matrix Composite Panels

Table C4.3(a) (7 of 7)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone shape Longitudinal Tension
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.134 inches (average) [0]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.400 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM D 3553-96 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: Lab air/resistance heating
TEST DATES: Jun 06 - Apr 07

Speci- Fiber Lot I.D. Test Strain Strain E Prop. YS YS UTS &p Comments

men No. v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.2%
°F) (1/s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)

641-03 34.5% B0432004-101-193 600 0.01 extensometer 27.9 113.0 140.4 166.0 181.4 0.925 Needs fixed... 7.14.07

711-03 33.2%  B0432004-101-199 600 0.01 extensometer 274 115.7 142.2 190.7 191.5 0.891

711-04 32.9% B0432004-101-199 600 0.01 extensometer 26.4 114.1 145.8 Note 3 189.8 0.868

721-05 33.2%  B0432004-101-202 600 0.01 extensometer 26.7 109.1 135.0 Note 3 188.0 0.891

721-09 33.2% B0432004-101-202 600 0.01 extensometer 26.7 119.9 144.3 Note 3 199.8 0.926

732-01 33.1%  B0432004-101-206 600 0.01 extensometer 24.0 112.9 139.2 Note 3 188.1 0.949 Edge specimen

732-03 33.3% B0432004-101-206 600 0.01 extensometer 26.5 104.7 136.5 192.5 198.7 0.958

813-02 34.3%  B0432004-101-216 600 0.01 extensometer 254 1151 139.4 197.6 209.5 1.062

813-04 33.2% B0432004-101-216 600 0.01 extensometer 26.1 118.5 141.3 Note 3 197.6 0.930

822-10 34.3%  B0432004-101-218 600 0.01 extensometer 25.8 124.0 145.6 205.9 206.4 1.000

832-02 34.3% B0432004-101-221 600 0.01 extensometer 25.9 109.0 136.0 188.7 202.6 1.020

842-11 33.8%  B0432004-101-224 600 0.01 extensometer 24.3 118.9 1471 Note 3 197.4 0.986

851-12 34.1% B0432004-101-226 600 0.01 extensometer 27.0 116.4 142.0 202.0 212.7 1.019

33.6% AVERAGE 27.2 115.8 145.2 197.9 201.4 0.948

Note 1: Stress-strain behavior was linear to termination of test
Note 2: Did not reach 0.02 offset before failure
Note 3: Did not reach 0.2 offset before failure
Note 4: Value not reported, anomalies in digital stress-strain data
Note 5: No stress-strain digital data available
Note 6: Specimen broke outside gage length; value for max strain at failure is measured
Note 7: Value not reported, extensometer slipped near end of test
Note 8: Proportional limit was manually determined
Note 9: Insufficient number of data points to calculate value
Note 10:  Did not reach 0.06 offset before failure
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MATERIAL: Titanium Matrix Composite Panels Table C4.3(b) (1 of 4)
SCS-6/Ti-6Al-4V
FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone shape Transverse Tension
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.136 inches (average) [90]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.402 inches (average) UDRI/TRL
LAY-UP: [90]46 (Unidirectional) TEST METHOD: ASTM D 3553-96 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: Lab air/resistance heating
TEST DATES: Jun 06 - Apr 07

Speci- Fiber Lot I.D. Test Strain Strain E Prop. YS YS UTS &f Comments

men No. v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.20%
°F) (11s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)

213-03 33.2% B0432004-101-126 -65 0.01 extensometer 18.7 37.3 48.8 66.2 74.44 0.780

253-09 33.6% B0432004-101-138 -65 0.01 extensometer 20.4 39.7 50.5 67.0 77.2 0.870

232-10 33.7%  B0432004-101-131 -65 0.01 extensometer 18.4 30.4 50.0 64.7 76.0 0.910

232-02 33.3% B0432004-101-131 -65 0.01 extensometer 20.2 37.5 50.3 68.3 74.6 0.680

233-04 33.3% B0432004-101-132 -65 0.01 extensometer 18.2 42.8 47.9 64.9 71.2 0.710

233-08 33.6% B0432004-101-132 -65 0.01 extensometer 19.5 38.7 50.9 67.2 76.9 0.840

612-07 33.5% B0432004-101-185 -65 0.01 extensometer 19.3 445 50.8 66.2 73.7 0.740

623-06 33.8% B0432004-101-189 -65 0.01 extensometer 20.8 44.8 53.9 Note 7 74.7 Note 7

633-04 33.2%  B0432004-101-192 -65 0.01 extensometer 18.1 46.4 52.0 68.3 77.3 0.890

642-09 33.9% B0432004-101-194 -65 0.01 extensometer 20.2 447 51.9 67.3 74.3 0.750

653-07 33.3% B0432004-101-198 -65 0.01 extensometer 18.9 36.1 Note 7 Note 7 77.0 Note 7

653-12 33.1% B0432004-101-198 -65 0.01 extensometer 20.2 46.0 52.7 67.1 76.7 0.910

33.5% AVERAGE 19.4 40.8 50.9 66.7 1&:3 0.808

123-01 32.8% B0432004-101-114 70 0.01 strain gage 20.5 28.5 42.2 58.4 65.3 0.762 Note 8

123-05 33.3% B0432004-101-114 70 0.01 extensometer 21.3 37.2 44.8 59.6 61.9 0.542

133-04 32.7% B0432004-101-117 70 0.01 extensometer 20.4 35.3 43.3 Note 3 56.7 0.475

133-08 33.3% B0432004-101-117 70 0.01 extensometer 21.6 36.3 44.7 58.8 60.5 0.518

143-03 33.3% B0432004-101-120 70 0.01 extensometer 22.8 36.2 46.4 Note 10 Note 10 Note 10  Note 10

153-09 32.6% B0432004-101-123 70 0.01 extensometer 19.8 35.5 45.1 60.4 64.8 0.621

212-05 34.5% B0432004-101-125 70 0.01 strain gage 21.4 34.3 42.4 56.4 62.4 0.663

213-04 33.1% B0432004-101-126 70 0.01 strain gage 20.4 35.4 44.7 60.0 66.3 0.646

253-10 33.7% B0432004-101-138 70 0.01 extensometer 21.4 35.9 44.0 58.6 64.7 0.671

253-12 33.7% B0432004-101-138 70 0.01 extensometer 21.3 37.7 44.8 59.0 62.8 0.591

233-05 33.5% B0432004-101-132 70 0.01 extensometer 19.9 36.6 445 59.4 65.3 0.709

242-09 35.4%  B0432004-101-134 70 0.01 extensometer 211 38.3 47.6 62.3 67.3 0.642

313-09 33.1% B0432004-101-141 70 0.01 strain gage 21.7 34.0 44.6 59.4 67.4 0.832

343-04 32.6% B0432004-101-150 70 0.01 extensometer 22.6 34.0 44.3 58.8 61.8 0.546

343-08 33.1% B0432004-101-150 70 0.01 extensometer 24.3 36.8 449 59.5 61.1 0.487

352-07 33.1% B0432004-101-152 70 0.01 extensometer 22.5 37.0 46.0 60.7 67.3 0.690

353-06 32.8% B0432004-101-153 70 0.01 extensometer 23.0 34.7 46.0 60.5 64.4 0.573

353-10 33.4% B0432004-101-153 70 0.01 extensometer 22.6 35.2 45.0 59.0 62.4 0.565

413-09 34.6% B0432004-101-156 70 0.01 strain gage 21.6 34.9 44.8 58.0 64.9 0.736

423-02 34.0% B0432004-101-159 70 0.01 extensometer 229 33.6 43.6 57.4 60.9 0.574

443-03 33.5% B0432004-101-165 70 0.01 extensometer 23.3 36.2 46.4 61.5 66.5 0.627
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MATERIAL: Titanium Matrix Composite Panels Table C4.3(b) (2 of 4)
SCS-6/Ti-6Al-4V
FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone shape Transverse Tension
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.136 inches (average) [90]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.402 inches (average) UDRI/TRL
LAY-UP: [90]46 (Unidirectional) TEST METHOD: ASTM D 3553-96 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: Lab air/resistance heating
TEST DATES: Jun 06 - Apr 07
Speci- Fiber Lot I.D. Test Strain Strain E Prop. YS YS UTS &f Comments
men No. v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.20%
°F) (11s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)
443-07 33.8%  B0432004-101-165 70 0.01 strain gage 19.6 38.8 47.6 63.5 70.2 0.794
453-06 34.3% B0432004-101-168 70 0.01 extensometer 23.2 38.0 46.9 62.1 63.1 0.489
453-10 33.8% B0432004-101-168 70 0.01 extensometer 24.2 38.4 47 .1 61.3 62.5 0.491
512-08 33.7% B0432004-101-170 70 0.01 extensometer 19.3 37.9 46.5 60.5 68.1 0.905
522-04 33.4% B0432004-101-173 70 0.01 extensometer 23.5 36.7 46.2 60.6 63.7 0.542
543-05 33.1% B0432004-101-180 70 0.01 extensometer 20.9 37.7 46.8 61.1 66.7 0.716
543-09 33.1%  B0432004-101-180 70 0.01 extensometer 20.2 414 48.6 63.0 68.9 0.687
552-04 33.5% B0432004-101-182 70 0.01 extensometer 23.7 38.5 48.6 63.6 69.6 0.710
553-07 34.1%  B0432004-101-183 70 0.01 extensometer 21.0 38.2 47.3 60.4 63.1 0.580
622-10 33.3% B0432004-101-188 70 0.01 strain gage 19.5 36.1 44.2 57.5 64.1 0.765
632-09 34.0% B0432004-101-191 70 0.01 extensometer 21.9 38.1 46.6 59.7 67.8 1.071
643-04 33.2% B0432004-101-195 70 0.01 extensometer 20.0 35.7 45.2 59.4 65.0 0.697
643-08 33.6%  B0432004-101-195 70 0.01 strain gage 21.0 36.2 453 59.5 66.3 0.755
653-08 32.9% B0432004-101-198 70 0.01 extensometer 19.4 38.6 449 58.5 64.3 0.832
653-11 33.1%  B0432004-101-198 70 0.01 extensometer 22.5 36.6 45.9 59.2 63.4 0.617
712-07 32.7% B0432004-101-200 70 0.01 extensometer 18.8 38.4 45.2 59.3 63.6 0.628
732-11 33.2%  B0432004-101-206 70 0.01 extensometer 19.9 35.1 43.8 55.3 61.3 0.693
742-04 33.3% B0432004-101-209 70 0.01 extensometer 20.4 35.1 43.4 55.8 58.1 0.550
743-04 33.3% B0432004-101-210 70 0.01 extensometer 20.2 39.2 46.4 61.2 65.4 0.625
753-05 33.2% B0432004-101-213 70 0.01 extensometer 20.4 39.3 45.2 58.8 65.3 0.778
753-07 33.6%  B0432004-101-213 70 0.01 extensometer 20.6 37.5 46.2 Note 3 59.3 0.485
812-08 34.5% B0432004-101-215 70 0.01 extensometer 20.0 36.0 43.4 54.7 56.4 0.531
822-06 34.2%  B0432004-101-218 70 0.01 extensometer 20.8 36.6 43.7 56.2 59.7 0.583
833-06 34.2% B0432004-101-222 70 0.01 extensometer 21.3 35.3 42.7 54.0 55.3 0.496
843-04 34.2%  B0432004-101-225 70 0.01 extensometer 19.1 38.7 453 58.4 61.7 0.609
852-05 33.8% B0432004-101-227 70 0.01 extensometer 21.3 38.9 471 60.4 62.2 0.561
853-06 33.0% B0432004-101-228 70 0.01 extensometer 22.3 38.4 455 59.4 63.6 0.606
33.5% AVERAGE 21.3 36.6 45.3 59.4 63.7 0.644
322-05 34.6%  B0432004-101-143 400 0.01 extensometer 23.2 23.8 33.6 46.2 52.2 1.640
322-09 33.1% B0432004-101-143 400 0.01 extensometer 21.9 25.3 33.2 45.7 50.5 1.301
333-04 32.8% B0432004-101-147 400 0.01 extensometer 20.7 21.2 33.3 46.0 50.9 1.575
343-02 32.7% B0432004-101-150 400 0.01 extensometer 20.6 25.7 33.6 46.0 51.3 1.352
353-05 32.8% B0432004-101-153 400 0.01 extensometer 20.7 23.1 33.8 47.0 52.6 1.747
353-09 33.7% B0432004-101-153 400 0.01 extensometer 20.2 25.9 34.6 46.6 51.8 1.577
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(b) (3 of 4)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone shape Transverse Tension
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.136 inches (average) [90]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.402 inches (average) UDRI/TRL
LAY-UP: [90]16 (Unidirectional) TEST METHOD: ASTM D 3553-96 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: Lab air/resistance heating
TEST DATES: Jun 06 - Apr 07

Speci- Fiber Lot I.D. Test Strain Strain E Prop. YS YS UTS &f Comments

men No. v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.20%
°F) (11s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)

732-09 33.3% B0432004-101-206 400 0.01 extensometer 19.2 26.0 32.8 449 50.1 1.579

732-12 33.1%  B0432004-101-206 400 0.01 extensometer 19.5 26.7 35.1 47.3 52.4 1.149

733-07 32.3% B0432004-101-207 400 0.01 extensometer 18.3 25.4 324 44.8 49.8 1.797

743-08 33.3%  B0432004-101-210 400 0.01 extensometer 19.5 27.0 34.7 47.5 53.0 1.587

752-07 33.2% B0432004-101-212 400 0.01 extensometer 19.6 26.4 33.1 45.0 51.3 1.275

753-04 33.0% B0432004-101-213 400 0.01 extensometer 18.8 26.7 34.2 45.9 51.8 1.404

33.2% AVERAGE 20.2 25.3 33.7 46.1 51.5 1.499

133-05 33.4%  B0432004-101-117 600 0.01 extensometer 18.7 19.7 27.2 39.1 45.3 1.713

133-09 33.1% B0432004-101-117 600 0.01 strain gage 21.0 20.3 28.8 40.4 47.5 0.649

143-04 33.4%  B0432004-101-120 600 0.01 extensometer 18.7 19.7 26.7 39.1 44.9 1.450

143-08 33.2% B0432004-101-120 600 0.01 extensometer 18.7 17.7 25.9 38.2 43.5 1.142

153-02 33.1%  B0432004-101-123 600 0.01 strain gage 247 19.7 30.0 41.7 46.5 0.757

153-07 32.8% B0432004-101-123 600 0.01 extensometer 17.4 201 27.8 40.2 47.4 1.993

213-05 33.4%  B0432004-101-126 600 0.01 extensometer 16.9 221 271 38.1 441 1.739

233-06 33.7% B0432004-101-132 600 0.01 strain gage 20.7 20.9 29.6 40.8 449 0.973

233-10 33.6%  B0432004-101-132 600 0.01 extensometer 16.8 19.6 26.0 37.2 45.0 1.997

242-04 33.8% B0432004-101-134 600 0.01 extensometer 17.0 22.2 28.8 41.3 48.1 1.982

251-04 33.4%  B0432004-101-136 600 0.01 strain gage 20.8 19.7 28.7 40.8 45.7 0.900 Strain-to-failure estimated from

plotter trace

251-10 33.5%  B0432004-101-136 600 0.01 extensometer 18.0 18.5 26.5 38.0 43.2 1.083

313-06 32.8% B0432004-101-141 600 0.01 extensometer 20.3 19.3 28.7 40.3 46.1 2.005

322-07 33.6%  B0432004-101-143 600 0.01 strain gage 20.8 20.1 28.8 40.5 47.7 Note 4

332-06 33.2% B0432004-101-146 600 0.01 extensometer 19.6 221 28.6 39.9 43.5 1.238

342-11 32.9%  B0432004-101-149 600 0.01 extensometer 19.4 17.8 251 36.6 42.7 1.966

343-05 33.1% B0432004-101-150 600 0.01 strain gage 20.4 20.5 28.2 39.4 449 0.915

353-07 32.9%  B0432004-101-153 600 0.01 extensometer 21.7 19.8 295 41.7 46.3 1.602

413-07 34.0% B0432004-101-156 600 0.01 extensometer 191 23.3 29.5 40.8 46.1 1.746

433-06 33.2%  B0432004-101-162 600 0.01 extensometer 18.5 20.8 26.4 37.2 44.6 1.887

443-04 33.9% B0432004-101-165 600 0.01 extensometer 21.0 23.4 30.5 41.8 45.6 1.081

443-08 33.4%  B0432004-101-165 600 0.01 extensometer 21.0 19.0 275 40.1 44.8 1.565

453-07 33.9% B0432004-101-168 600 0.01 strain gage 131 23.5 30.0 Note 4 46.2 Note 4

453-11 33.7%  B0432004-101-168 600 0.01 extensometer 22.6 18.5 294 41.0 45.8 1.673

512-10 33.1% B0432004-101-170 600 0.01 extensometer 20.1 20.4 30.1 41.6 46.6 1.767

532-10 33.7%  B0432004-101-176 600 0.01 extensometer 17.2 19.8 275 38.8 44.7 1.404
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MATERIAL: Titanium Matrix Composite Panels Table C4.3(b) (4 of 4)
SCS-6/Ti-6Al-4V
FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone shape Transverse Tension
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.136 inches (average) [90]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.402 inches (average) UDRI/TRL
LAY-UP: [90]46 (Unidirectional) TEST METHOD: ASTM D 3553-96 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: Lab air/resistance heating
TEST DATES: Jun 06 - Apr 07

Speci- Fiber Lot I.D. Test Strain Strain E Prop. YS YS UTS &f Comments

men No. v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.20%
°F) (11s) (Msi) (ksi) (ksi) (ksi) (ksi) (%)

543-02 33.1% B0432004-101-180 600 0.01 extensometer 18.2 18.6 28.2 39.2 45.4 1.484

552-05 33.5% B0432004-101-182 600 0.01 extensometer 18.5 22.3 30.7 41.9 48.1 1.574

553-04 34.2% B0432004-101-183 600 0.01 extensometer 19.2 22.6 29.6 39.8 45.2 1.515

553-08 34.1% B0432004-101-183 600 0.01 extensometer 18.6 22.5 29.6 40.8 43.8 0.810

612-09 33.1% B0432004-101-185 600 0.01 extensometer 17.0 21.4 28.1 37.8 42.2 1.481

623-08 34.0% B0432004-101-189 600 0.01 extensometer 14.5 17.4 21.9 30.4 44.0 1.844

633-02 33.6% B0432004-101-192 600 0.01 extensometer 17.7 22.6 28.0 38.9 44 .4 1.710

643-05 33.8% B0432004-101-195 600 0.01 extensometer 20.0 19.8 28.1 39.9 45.3 2.058

653-05 33.6% B0432004-101-198 600 0.01 extensometer 18.4 21.8 28.3 38.8 43.5 1.599

653-09 33.3% B0432004-101-198 600 0.01 extensometer 18.1 221 28.0 38.7 48.5 1.836

712-05 33.1% B0432004-101-200 600 0.01 extensometer 19.3 18.4 23.0 38.3 449 1.701

723-08 33.4% B0432004-101-204 600 0.01 extensometer 18.0 20.7 27.0 37.3 41.5 1.101

732-10 33.3% B0432004-101-206 600 0.01 extensometer 18.2 22.2 27.2 38.3 44.2 1.676

742-09 33.6% B0432004-101-209 600 0.01 extensometer 16.9 221 28.2 39.2 45.6 1.909

743-06 33.0% B0432004-101-210 600 0.01 extensometer 17.9 171 24.8 36.5 42.8 1.567

752-10 33.0% B0432004-101-212 600 0.01 extensometer 17.4 20.5 27.0 39.0 44.8 1.422

822-07 34.3% B0432004-101-218 600 0.01 extensometer 18.6 22.8 28.1 39.0 45.0 1.859

823-07 33.1% B0432004-101-219 600 0.01 extensometer 17.2 18.2 25.1 35.8 41.6 1.340

833-08 35.7% B0432004-101-222 600 0.01 extensometer 18.1 22.2 27.9 38.3 43.7 1.909

843-07 34.3% B0432004-101-225 600 0.01 extensometer 17.3 23.1 28.2 39.0 45.6 1.873

853-03 33.3% B0432004-101-228 600 0.01 extensometer 18.3 20.3 29.3 41.6 46.6 1.364

853-05 33.6% B0432004-101-228 600 0.01 extensometer 16.7 21.6 28.8 40.0 46.7 2.268

33.5% AVERAGE 18.7 19.7 27.9 39.2 45.1 1.546

Note 1: Stress-strain behavior was linear to termination of test

Note 2: Did not reach 0.02 offset before failure

Note 3: Did not reach 0.2 offset before failure

Note 4: Value not reported, anomalies in digital stress-strain data

Note 5: No stress-strain digital data available

Note 6: Specimen broke outside gage length; value for max strain at failure is measured
Note 7: Value not reported, extensometer slipped near end of test

Note 8: Proportional limit was manually determined

Note 9: Insufficient number of data points to calculate value

Note 10: Tabs debonded and specimen slipped prior to fracture
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(c) (1 of 5)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Straight sided Longitudinal Compression
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.499 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM D 3410-03 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
TEST DATES: Oct 06 - Mar 08
Speci- Fiber Lot I.D. Test Stroke Strain E Prop. YS YS ucs &p Comments
men No. v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.2%
(°F) (in/min) (Msi) (ksi) (ksi) (ksi) (ksi) (%)
211-02 34.0% B0432004-101-124 -65 0.05 strain gage 31.4 408.7 418.4 500.1 Note 11 Note 11  DATA FROM 1 GAGE ON-
Ly
211-07 34.2% B0432004-101-124 -65 0.05 strain gage 30.2 414.3 441.3 Note 4 Note 11 Note 11  Slipped in grips; restarted; lost
both gages @ 462 ksi
243-03 33.2% B0432004-101-135 -65 0.05 strain gage 30.3 447.9 450.4 546.7 Note 11 Note 11
243-08 33.3% B0432004-101-135 -65 0.05 strain gage 30.3 419.8 432.9 530.8 Note 11 Note 11
231-09 33.3% B0432004-101-130 -65 0.05 strain gage 31.9 480.2 484.1 595.0 Note 11 Note 11
711-06 32.7%  B0432004-101-199 -65 0.05 strain gage 29.7 4771 479.8 540.0 Note 11 Note 11
711-10 32.8% B0432004-101-199 -65 0.05 strain gage 30.0 454.8 457.3 Note 4 Note 11  Note 11 Lost ONE gage @ 500 ksi
721-06 33.2% B0432004-101-202 -65 0.05 strain gage 30.4 409.4 425.3 516.8 Note 11 Note 11
721-10 33.1% B0432004-101-202 -65 0.05 strain gage 30.6 420.4 432.4 523.0 Note 11 Note 11
741-07 33.6%  B0432004-101-208 -65 0.05 strain gage 32.1 418.9 427.2 513.2 Note 11 Note 11
741-11 32.9% B0432004-101-208 -65 0.05 strain gage 29.7 440.1 442.8 524.5 Note 11 Note 11
33.3% AVERAGE 30.6 435.6 444.7 532.2
111-03 33.6% B0432004-101-109 70 0.05 strain gage 30.5 360.1 392.0 494.1 Note 11 Note 11 Note 11
111-07 33.7%  B0432004-101-109 70 0.05 strain gage 32.2 456.3 457.6 596.8 697.4 2.303
121-08 33.8% B0432004-101-112 70 0.05 strain gage 30.6 437.2 442.0 Note 9 Note 11 Note 11 Note 11
121-11 33.8% B0432004-101-112 70 0.05 strain gage 31.4 424 .4 435.1 554.4 Note 11 Note 11 Note 11
131-09 33.8% B0432004-101-115 70 0.05 strain gage 32.8 395.6 420.9 559.9 693.1 2.329
131-13 33.8% B0432004-101-115 70 0.05 strain gage 30.4 420.7 4235 534.1 701.2 2.790
142-09 32.7% B0432004-101-119 70 0.05 strain gage 30.3 361.3 383.5 482.2 Note 11 Note 11
151-09 33.3%  B0432004-101-121 70 0.05 strain gage 29.8 360.5 383.2 473.7 Note 11 Note 11 From first loading; 1 gage
only!!
211-08 34.3% B0432004-101-124 70 0.05 strain gage 29.7 360.7 373.9 464.2 Note 11 Note 11 Note 11
211-12 34.3% B0432004-101-124 70 0.05 strain gage 30.3 373.8 391.6 492.8 747.6 Note 9  >10% bending throughout test
243-09 33.6% B0432004-101-135 70 0.05 strain gage 30.3 352.1 381.0 475.0 Note 11 Note 11 Note 11
243-13 33.6% B0432004-101-135 70 0.05 strain gage 31.5 362.9 399.6 504.6 Note 11 Note 11 Note 11
231-01 34.1%  B0432004-101-130 70 0.05 strain gage 317 391.2 426.6 Note 9 685.1 Note 9  >10% bending up to 86 ksi
231-04 33.0% B0432004-101-130 70 0.05 strain gage 32.8 379.5 400.8 503.1 Note 11 Note 11
231-05 33.1%  B0432004-101-130 70 0.05 strain gage 29.1 361.5 374.7 463.9 Note 11 Note 11 Note 11
241-11 33.6% B0432004-101-133 70 0.05 strain gage 28.7 425.7 426.2 529.9 Note 11 Note 11
311-02 34.3% B0432004-101-139 70 0.05 strain gage 30.8 363.8 393.6 489.0 Note 11 Note 11
311-03 34.1% B0432004-101-139 70 0.05 strain gage 31.5 363.0 395.8 497.5 Note 11 Note 11 Note 11
311-07 33.6%  B0432004-101-139 70 0.05 strain gage 29.1 4725 490.3 567.3 734.4 Note 9
321-08 33.8% B0432004-101-142 70 0.05 strain gage 31.2 363.0 396.8 496.7 Note 11 Note 11 Note 11
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(c) (2 of 5)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Straight sided Longitudinal Compression
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.499 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM D 3410-03 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
TEST DATES: Oct 06 - Mar 08

Speci- Fiber Lot I.D. Test Stroke Strain E Prop. YS YS ucs &p Comments

men No. v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.2%
(°F) (in/min) (Msi) (ksi) (ksi) (ksi) (ksi) (%)

321-12 33.6% B0432004-101-142 70 0.05 strain gage 31.1 422.2 4251 533.3 Note 11 Note 11 Note 11

341-08 34.0% B0432004-101-148 70 0.05 strain gage 31.9 384.1 398.2 503.1 Note 11 Note 11 Note 11

342-03 34.3% B0432004-101-149 70 0.05 strain gage 35.0 367.2 411.0 534.7 Note 11 Note 11 Note 11

411-03 32.8% B0432004-101-154 70 0.05 strain gage 29.8 387.8 390.4 482.9 Note 11 Note 11 Note 11

421-04 32.3% B0432004-101-157 70 0.05 strain gage 30.6 394.6 4014 Note 9 Note 11  Note 11 Note 11

421-08 32.8% B0432004-101-157 70 0.05 strain gage 30.8 363.1 386.8 482.4 Note 11 Note 11 Note 11

431-05 33.6% B0432004-101-160 70 0.05 strain gage 28.9 362.7 373.3 459.3 Note 11 Note 11 Note 11

441-06 33.8% B0432004-101-163 70 0.05 strain gage 31.6 396.5 409.1 519.3 Note 11 Note 11 Note 11

441-10 33.6% B0432004-101-163 70 0.05 strain gage 30.4 Note 9 Note 9 478.3 Note 11 Note 11 Note 11

451-01 34.2%  B0432004-101-166 70 0.05 strain gage 28.0 430.9 461.5 514.1 Note 11 Note 11

451-05 33.7% B0432004-101-166 70 0.05 strain gage 29.1 364.9 370.9 456.4 Note 11 Note 11

451-09 33.6%  B0432004-101-166 70 0.05 strain gage 30.3 Note 4 Note 4 Note 4 Note 11 Note 11 Note 11

511-07 33.1% B0432004-101-169 70 0.05 strain gage 28.6 363.9 3771 465.7 Note 11 Note 11 Note 11

511-11 33.2% B0432004-101-169 70 0.05 strain gage 28.1 356.4 380.3 502.0 Note 11 Note 11

513-08 33.1% B0432004-101-171 70 0.05 strain gage 28.9 366.9 3734 458.6 Note 11 Note 11 Note 11

513-12 33.3%  B0432004-101-171 70 0.05 strain gage 33.2 Note 9 Note 9 Note 9 Note 11 Note 11 Note 11

521-09 33.3% B0432004-101-172 70 0.05 strain gage 27.7 417.0 418.1 507.0 Note 11 Note 11

531-11 32.8%  B0432004-101-175 70 0.05 strain gage 29.3 Note 9 Note 9 Note 9 Note 11 Note 11 Note 11

541-02 35.2% B0432004-101-178 70 0.05 strain gage 30.3 387.5 391.5 484.7 Note 11  Note 11 Note 11

541-05 33.5% B0432004-101-178 70 0.05 strain gage 29.7 365.3 379.0 472.9 Note 11 Note 11

551-01 34.1% B0432004-101-181 70 0.05 strain gage 30.0 338.5 Note 10 Note 3 Note 11 Note 11

551-03 33.9% B0432004-101-181 70 0.05 strain gage 30.9 337.0 368.9 458.1 Note 11 Note 11

551-13 33.6%  B0432004-101-181 70 0.05 strain gage 294 361.5 373.0 460.7 Note 11 Note 11 0.2%YS computed from gage

2 only (other gage failed early)

611-01 32.4% B0432004-101-184 70 0.05 strain gage 29.8 313.8 354.1 442.4 Note 11  Note 11 Note 11

611-13 33.6% B0432004-101-184 70 0.05 strain gage 29.1 360.0 371.7 461.0 Note 11 Note 11

613-02 33.2% B0432004-101-186 70 0.05 strain gage 27.6 392.1 393.2 484.8 Note 11 Note 11

621-03 33.1%  B0432004-101-187 70 0.05 strain gage 29.0 319.4 349.3 433.5 Note 11 Note 11 Note 11

621-07 33.3% B0432004-101-187 70 0.05 strain gage 29.2 321.7 351.5 437.9 Note 11 Note 11 Note 11

631-04 32.7%  B0432004-101-190 70 0.05 strain gage 26.6 370.9 371.9 456.3 Note 11 Note 11

651-05 33.1% B0432004-101-196 70 0.05 strain gage 28.6 356.3 369.6 Note 9 Note 11 Note 11 Note 11

651-08 33.7%  B0432004-101-196 70 0.05 strain gage 28.3 373.9 376.4 466.4 Note 11 Note 11

713-06 33.3% B0432004-101-201 70 0.05 strain gage 29.3 328.7 356.7 Note 9 Note 11 Note 11 Note 11

713-10 33.3%  B0432004-101-201 70 0.05 strain gage 28.2 359.2 378.2 470.3 Note 11 Note 11
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CMH-17-4B

MATERIAL: Titanium Matrix Composite Panels

Table C4.3(c) (3 of 5)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Straight sided Longitudinal Compression
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.499 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM D 3410-03 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
TEST DATES: Oct 06 - Mar 08
Speci- Fiber Lot I.D. Test Stroke Strain E Prop. YS YS ucs &p Comments
men No. v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.2%
(°F)__ (in/min) (Msi) (ksi) (ksi) (ksi) (ksi) (%)
722-02 34.3% B0432004-101-203 70 0.05 strain gage 28.8 386.0 387.4 457.6 Note 11 Note 11 Note 11
722-09 33.9%  B0432004-101-203 70 0.05 strain gage 30.7 350.0 372.9 459.2 Note 11 Note 11
722-11 33.1% B0432004-101-203 70 0.05 strain gage 29.1 357.3 370.6 Note 9 Note 11 Note 11 Note 11
731-06 32.9%  B0432004-101-205 70 0.05 strain gage 28.3 354.4 375.3 463.9 Note 11 Note 11
731-10 33.1% B0432004-101-205 70 0.05 strain gage 29.0 381.0 383.7 475.0 Note 11 Note 11 Note 11
742-01 34.4%  B0432004-101-209 70 0.05 strain gage 30.5 360.4 383.8 477.3 Note 11 Note 11
751-03 33.8% B0432004-101-211 70 0.05 strain gage 29.7 362.3 376.7 467.0 Note 11 Note 11
751-10 32.7%  B0432004-101-211 70 0.05 strain gage 29.6 330.8 359.4 447 .4 Note 11 Note 11
752-01 33.7% B0432004-101-212 70 0.05 strain gage 28.9 370.7 382.0 476.3 Note 11 Note 11
811-07 33.3%  B0432004-101-214 70 0.05 strain gage 30.3 343.4 Note 9 461.2 Note 11 Note 11 Note 11
821-08 33.5% B0432004-101-217 70 0.05 strain gage 28.6 360.9 379.9 476.6 Note 11 Note 11
821-12 33.6%  B0432004-101-217 70 0.05 strain gage 29.9 339.3 367.7 455.7 Note 11 Note 11 Note 11
831-10 33.3% B0432004-101-220 70 0.05 strain gage 28.9 363.4 370.2 458.5 Note 11 Note 11 Note 11
831-13 33.7%  B0432004-101-220 70 0.05 strain gage 30.1 344.2 3741 466.6 Note 11 Note 11
841-11 33.7% B0432004-101-223 70 0.05 strain gage 28.5 360.2 377.6 469.0 Note 11 Note 11
851-01 33.1%  B0432004-101-226 70 0.05 strain gage 29.7 370.3 387.5 Note 9 Note 11 Note 11 Note 11
33.5% AVERAGE 29.9 3721 390.5 484.8
711-01 33.7%  B0432004-101-199 400 0.05 strain gage 29.8 202.3 239.4 309.7 Note 11 Note 11
711-05 32.7% B0432004-101-199 400 0.05 strain gage 29.1 209.1 236.6 293.9 Note 11 Note 11
721-02 33.4%  B0432004-101-202 400 0.05 strain gage 274 2031 232.7 285.3 Note 11 Note 11
721-07 33.3% B0432004-101-202 400 0.05 strain gage 27.7 204.5 233.3 287.1 Note 11 Note 11
741-05 33.1%  B0432004-101-208 400 0.05 strain gage 295 200.3 236.8 290.2 Note 11 Note 11
741-09 33.1% B0432004-101-208 400 0.05 strain gage 28.3 206.3 239.0 296.2 Note 11 Note 11
813-05 33.1%  B0432004-101-216 400 0.05 strain gage 28.3 212.9 236.9 290.0 Note 11 Note 11
813-10 33.3% B0432004-101-216 400 0.05 strain gage 28.7 202.8 237.2 289.8 Note 11 Note 11
822-11 33.6%  B0432004-101-218 400 0.05 strain gage 28.9 202.9 237.4 293.7 Note 11 Note 11
832-03 34.3% B0432004-101-221 400 0.05 strain gage 28.9 181.9 234.5 Note 4 Note 11 Note 11
832-04 34.3%  B0432004-101-221 400 0.05 strain gage 28.6 1911 237.5 Note 4 Note 11 Note 11
841-06 34.3% B0432004-101-223 400 0.05 strain gage 28.9 213.1 243.9 299.0 Note 11 Note 11
33.5% AVERAGE 28.7 202.5 2371 293.5
111-09 33.4% B0432004-101-109 600 0.05 strain gage 29.9 206.2 230.0 322.9 Note 11 Note 11
111-13 33.7%  B0432004-101-109 600 0.05 strain gage 30.3 2241 287.3 395.4 Note 11 Note 11
121-05 34.2% B0432004-101-112 600 0.05 strain gage 324 132.0 218.5 Note 3 Note 11 Note 11
121-09 33.8%  B0432004-101-112 600 0.05 strain gage 31.2 202.5 233.5 308.1 Note 11 Note 11
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(c) (4 of 5)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Straight sided Longitudinal Compression
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.499 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM D 3410-03 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
TEST DATES: Oct 06 - Mar 08
Specimen Fiber Lot I.D. Test Stroke Strain E Prop. YS YS ucs & Comments
No. v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.2%
(°F)  (in/min) (Msi) (ksi) (ksi) (ksi) (ksi) (%)
131-06 33.5% B0432004-101-115 600 0.05 strain gage 30.2 202.9 234.7 301.8 Note 11 Note 11
131-10 33.9% B0432004-101-115 600 0.05 strain gage 33.0 1731 241.0 Note 3 Note 11 Note 11
211-10 34.3% B0432004-101-124 600 0.05 strain gage 28.0 216.3 257.5 313.8 Note 11  Note 11 DATA FROM 1 GAGE ON-
Ly
211-13 34.1% B0432004-101-124 600 0.05 strain gage 28.4 202.2 218.3 278.2 Note 11 Note 11
243-01 33.7%  B0432004-101-135 600 0.05 strain gage 31.8 158.4 219.3 Note 3 Note 11 Note 11
243-10 33.3% B0432004-101-135 600 0.05 strain gage 28.8 201.4 219.9 281.7 Note 11 Note 11
231-02 33.9% B0432004-101-130 600 0.05 strain gage 29.9 202.4 225.6 295.0 Note 11 Note 11
231-06 32.9% B0432004-101-130 600 0.05 strain gage 31.9 194.2 233.9 Note 3 Note 11 Note 11
232-12 33.6% B0432004-101-131 600 0.05 strain gage 32.4 178.8 2101 285.2 Note 11 Note 11
241-13 33.6% B0432004-101-133 600 0.05 strain gage 33.2 176.6 2244 327.7 Note 11 Note 11
311-04 33.7% B0432004-101-139 600 0.05 strain gage 31.2 202.9 228.8 295.4 Note 11 Note 11
311-08 33.7% B0432004-101-139 600 0.05 strain gage 27.9 200.6 214.4 276.7 Note 11 Note 11
311-12 32.7% B0432004-101-139 600 0.05 strain gage 31.2 191.4 211.4 302.5 Note 11 Note 11
312-10 34.0% B0432004-101-140 600 0.05 strain gage 31.6 184.5 227.2 Note 3 Note 11 Note 11
321-02 33.7%  B0432004-101-142 600 0.05 strain gage 33.3 195.5 228.6 326.6 Note 11 Note 11  Slight jog in data at ~300 ksi
321-04 33.2% B0432004-101-142 600 0.05 strain gage 30.0 201.7 226.9 293.3 Note 11 Note 11
321-05 33.4% B0432004-101-142 600 0.05 strain gage 295 191.5 222.4 290.8 Note 11 Note 11 DATA FROM 1 GAGE ON-
Lym
321-09 33.6% B0432004-101-142 600 0.05 strain gage 29.3 202.2 224.5 286.4 Note 11 Note 11
351-04 34.4%  B0432004-101-151 600 0.05 strain gage 31.6 167.1 229.0 Note 3 Note 11 Note 11
411-06 32.8% B0432004-101-154 600 0.05 strain gage 29.0 203.4 221.2 285.7 Note 11 Note 11
421-05 32.4%  B0432004-101-157 600 0.05 strain gage 31.0 201.7 227.4 318.8 Note 11  Note 11  DATA FROM 1 GAGE ON-
Ly
421-09 32.8% B0432004-101-157 600 0.05 strain gage 30.1 230.1 237.7 Note 3 Note 11 Note 11
431-07 33.1% B0432004-101-160 600 0.05 strain gage 295 178.5 208.5 265.7 Note 11 Note 11
441-07 33.6% B0432004-101-163 600 0.05 strain gage 29.8 202.7 225.0 292.5 Note 11 Note 11
441-11 33.8% B0432004-101-163 600 0.05 strain gage 30.6 171.2 220.3 Note 3 Note 11 Note 11
451-06 33.1% B0432004-101-166 600 0.05 strain gage 31.6 199.3 2104 362.9 Note 11 Note 11
451-13 33.4% B0432004-101-166 600 0.05 strain gage 32.7 182.2 219.7 322.2 Note 11 Note 11
511-04 34.0% B0432004-101-169 600 0.05 strain gage 29.1 183.4 215.7 276.5 Note 11 Note 11  Noisy data
511-08 33.5% B0432004-101-169 600 0.05 strain gage 27.8 188.4 212.0 271.6 Note 11 Note 11  Noisy data
513-05 33.3% B0432004-101-171 600 0.05 strain gage 29.6 177.7 214.5 302.6 Note 11 Note 11
513-09 33.0% B0432004-101-171 600 0.05 strain gage 294 212.7 214.9 256.4 Note 11 Note 11
521-11 33.3% B0432004-101-172 600 0.05 strain gage 30.1 178.3 217.6 277.5 Note 11 Note 11
531-03 33.4% B0432004-101-175 600 0.05 strain gage 30.9 190.3 218.9 Note 3 Note 11 Note 11
551-06 33.2% B0432004-101-181 600 0.05 strain gage Note 4 Note 4 Note 4 Note 4 Note 11 Note 11
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MATERIAL: Titanium Matrix Composite Panels Table C4.3(c) (5 of 5)
SCS-6/Ti-6Al-4V
FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Straight sided Longitudinal Compression
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.499 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM D 3410-03 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
TEST DATES: Oct 06 - Mar 08
Speci- Fiber Lot I.D. Test Stroke Strain E Prop. YS YS ucs &f Comments
men No. v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.2%
(°F)___ (in/min) (Msi) (ksi) (ksi) (ksi) (ksi) (%)
611-04 33.0% B0432004-101-184 600 0.05 strain gage 28.3 179.6 209.6 266.8 Note 11 Note 11
613-06 32.7% B0432004-101-186 600 0.05 strain gage 28.2 170.1 201.9 256.9 Note 11 Note 11
631-03 32.8% B0432004-101-190 600 0.05 strain gage 28.9 193.0 208.5 277.8 Note 11 Note 11
631-07 33.4% B0432004-101-190 600 0.05 strain gage 28.7 176.4 196.5 260.7 Note 11 Note 11
641-06 33.5%  B0432004-101-193 600 0.05 strain gage 27.7 175.1 201.5 258.0 Note 11 Note 11
651-04 33.8% B0432004-101-196 600 0.05 strain gage 28.4 200.5 216.7 273.8 Note 11 Note 11
651-09 33.1%  B0432004-101-196 600 0.05 strain gage 28.8 170.8 202.3 272.5 Note 11 Note 11
713-04 33.2% B0432004-101-201 600 0.05 strain gage 28.2 182.7 208.8 264.9 Note 11 Note 11
713-08 33.6%  B0432004-101-201 600 0.05 strain gage 28.3 179.4 208.2 265.2 Note 11 Note 11
722-10 32.9% B0432004-101-203 600 0.05 strain gage 29.5 199.8 217.3 291.9 Note 11 Note 11
731-01 34.5%  B0432004-101-205 600 0.05 strain gage 29.3 167.2 206.5 268.5 Note 11 Note 11
731-07 32.5% B0432004-101-205 600 0.05 strain gage 27.6 210.2 2234 305.8 Note 11 Note 11
751-06 33.2% B0432004-101-211 600 0.05 strain gage 28.8 2011 215.6 276.0 Note 11 Note 11
811-02 34.5% B0432004-101-214 600 0.05 strain gage 30.6 201.6 229.7 300.1 Note 11 Note 11
811-06 33.7% B0432004-101-214 600 0.05 strain gage 27.5 245.4 249.3 303.4 Note 11 Note 11
821-03 33.4% B0432004-101-217 600 0.05 strain gage 29.9 194.5 219.1 296.7 Note 11 Note 11
821-07 33.6%  B0432004-101-217 600 0.05 strain gage 28.1 210.2 221.9 286.9 Note 11 Note 11
831-05 33.1% B0432004-101-220 600 0.05 strain gage 28.1 190.2 211.6 268.0 Note 11 Note 11
851-08 33.4%  B0432004-101-226 600 0.05 strain gage 29.7 189.8 215.0 285.9 Note 11 Note 11
33.5% AVERAGE 29.9 191.9 221.3 291.4
Note 1: Stress-strain behavior was linear to termination of test

Note 2: Did not reach 0.02 offset before failure

Note 3: Did not reach 0.2 offset before failure

Note 4: Value not reported, anomalies in digital stress-strain data

Note 5: No stress-strain digital data available

Note 6: Specimen broke outside gage length; value for max strain at failure is measured
Note 7: Value not reported, extensometer slipped near end of test

Note 8: Proportional limit was manually determined

Note 9: Insufficient number of data points to calculate value

Note 10: Did not reach 0.06 offset before failure

Note 11: Test stopped prior to fracture
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(d) (1 of 3)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Straight sided Transverse Compression
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [90]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.500 inches (average) UDRI/TRL
LAY-UP: [90]16 (Unidirectional) TEST METHOD: ASTM D 3410-03 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
TEST DATES: Feb 07 - Jan 09
Speci- Fiber Lot I.D. Test Stroke Strain E Prop. YS YS ucs g Comments
men No. v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.2%
(°F) (in/min) (Msi) (ksi) (ksi) (ksi) (ksi) (%)
113-01 33.7% B0432004-101-111 -65 0.05 strain gage 21.8 135.7 166.7 194.2 Note 11 Note 11
113-02 33.8%  B0432004-101-111 -65 0.05 strain gage 22.0 135.6 166.4 194.8 Note 11 Note 11
113-03 33.7% B0432004-101-111 -65 0.05 strain gage 21.7 145.8 165.5 189.2 Note 11 Note 11
152-04 33.5% B0432004-101-122 -65 0.05 strain gage 21.6 135.5 166.7 193.4 Note 11 Note 11
152-05 33.3% B0432004-101-122 -65 0.05 strain gage 213 148.4 168.6 193.4 Note 11 Note 11
152-06 33.5% B0432004-101-122 -65 0.05 strain gage 213 126.1 158.2 184.1 Note 11 Note 11
723-04 33.2% B0432004-101-204 -65 0.05 strain gage 21.1 133.0 162.1 190.0 Note 11 Note 11
723-05 33.4% B0432004-101-204 -65 0.05 strain gage 21.2 149.2 168.8 193.1 Note 11 Note 11
733-03 33.2% B0432004-101-207 -65 0.05 strain gage 213 152.8 1724 197.7 Note 11 Note 11
743-03 33.2% B0432004-101-210 -65 0.05 strain gage 215 134.6 163.5 189.7 Note 11 Note 11
743-07 33.3% B0432004-101-210 -65 0.05 strain gage 21.8 1354 166.3 192.5 Note 11 Note 11
753-03 33.1% B0432004-101-213 -65 0.05 strain gage 21.4 134.5 161.9 188.8 Note 11 Note 11
33.4% AVERAGE 21.5 138.9 165.6 191.7
213-06 33.5%  B0432004-101-126 70 0.05 strain gage 20.1 110.8 141.3 165.2 182.3 2.649 Strain-to-failure averaged be-
tween both gages
213-07 33.2%  B0432004-101-126 70 0.05 strain gage 20.3 113.3 141.7 164.5 187.4 4.342 Strain-to-failure averaged be-
tween both gages
232-03 33.4% B0432004-101-131 70 0.05 strain gage 20.2 108.1 138.0 158.4 180.8 2.701
242-01 33.1%  B0432004-101-134 70 0.05 strain gage 20.6 112.0 1471 169.3 192.8 Note 4  Used one gage only; other
failed at high loads; bending
<5% below PL and above 15
ksi
242-02 33.2% B0432004-101-134 70 0.05 strain gage 21.7 120.3 150.1 174.2 199.3 4.704 Strain-to-failure averaged be-
tween both gages
252-05 33.5% B0432004-101-137 70 0.05 strain gage 20.7 108.5 139.1 160.8 Note 11 Note 11
313-03 33.2% B0432004-101-141 70 0.05 strain gage 20.4 109.0 139.1 164.3 Note 11 Note 11
313-05 32.8% B0432004-101-141 70 0.05 strain gage 20.6 112.2 141.2 164.6 186.1 4.387 Strain-to-failure averaged be-
tween both gages
323-03 33.3% B0432004-101-144 70 0.05 strain gage 20.7 1101 141.0 164.8 Note 11 Note 11
333-02 33.0% B0432004-101-147 70 0.05 strain gage 20.4 122.2 143.4 160.4 Note 11 Note 11
333-03 33.0% B0432004-101-147 70 0.05 strain gage 20.9 112.6 141.9 162.7 190.3 5.040 Strain-to-failure averaged be-
tween both gages
352-05 33.6% B0432004-101-152 70 0.05 strain gage 213 113.5 144 .4 167.5 Note 11 Note 11
413-03 34.2% B0432004-101-156 70 0.05 strain gage 23.2 111.3 138.0 157.4 Note 11 Note 11
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(d) (2 of 3)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Straight sided Transverse Compression
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [90]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.500 inches (average) UDRI/TRL
LAY-UP: [90]16 (Unidirectional) TEST METHOD: ASTM D 3410-03 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
TEST DATES: Feb 07 - Jan 09
Speci- Fiber Lot I.D. Test Stroke Strain E Prop. YS YS ucs g Comments
men No. v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.2%
(°F) (in/min) (Msi) (ksi) (ksi) (ksi) (ksi) (%)
413-04 34.3% B0432004-101-156 70 0.05 strain gage 201 135.4 149.7 170.2 192.7 4.774 1 gage!!l; censor data!!!
423-05 33.0% B0432004-101-159 70 0.05 strain gage 243 108.5 143.3 163.4 Note 11 Note 11
423-07 33.0% B0432004-101-159 70 0.05 strain gage 241 107.1 142.1 165.6 Note 11 Note 11
433-01 33.6%  B0432004-101-162 70 0.05 strain gage 20.0 97.2 162.7 177.6 194.3 2.593 Strain-to-failure averaged be-
tween both gages
433-02 33.8% B0432004-101-162 70 0.05 strain gage 23.6 130.5 150.8 170.4 Note 11 Note 11
612-04 33.2% B0432004-101-185 70 0.05 strain gage 20.5 109.4 137.0 158.5 Note 11 Note 11
612-05 33.4% B0432004-101-185 70 0.05 strain gage 19.1 127.7 140.5 157.4 Note 11 Note 11
623-04 33.8% B0432004-101-189 70 0.05 strain gage 23.4 107.1 138.7 158.4 Note 11 Note 11
633-05 33.9% B0432004-101-192 70 0.05 strain gage 23.9 110.3 143.3 163.7 Note 11 Note 11
633-07 34.8% B0432004-101-192 70 0.05 strain gage 20.4 130.0 146.8 167.4 Note 11 Note 11
652-01 34.6% B0432004-101-197 70 0.05 strain gage 242 108.5 139.3 158.7 Note 11 Note 11
812-04 34.8% B0432004-101-215 70 0.05 strain gage 24.6 131.2 153.0 171.3 Note 11 Note 11
812-06 34.4%  B0432004-101-215 70 0.05 strain gage 19.6 126.1 140.8 160.6 Note 11 Note 11
823-04 33.2% B0432004-101-219 70 0.05 strain gage 24.7 112.3 145.4 163.1 Note 11 Note 11
833-03 34.7%  B0432004-101-222 70 0.05 strain gage 24.9 110.0 142.7 161.8 Note 11 Note 11
833-05 34.8% B0432004-101-222 70 0.05 strain gage 19.5 123.8 138.2 157.2 Note 11 Note 11
852-02 34.0% B0432004-101-227 70 0.05 strain gage 25.4 108.6 139.0 156.2 Note 11 Note 11
33.7% AVERAGE 21.8 114.9 143.3 163.8
232-07 33.7% B0432004-101-131 600 0.05 strain gage 21.2 60.1 85.3 103.5 Note 11 Note 11
252-06 33.3% B0432004-101-137 600 0.05 strain gage 20.0 73.2 89.5 101.6 117.66 1.640
323-07 33.0% B0432004-101-144 600 0.05 strain gage 19.5 67.5 83.2 95.7 Note 11 Note 11
352-10 32.9% B0432004-101-152 600 0.05 strain gage 20.9 59.2 84.7 100.5 Note 11  Note 11 Used one gage only
523-03 33.4%  B0432004-101-174 600 0.05 strain gage 214 80.9 90.8 103.0 Note 11 Note 11  Used one gage only
552-03 33.7% B0432004-101-182 600 0.05 strain gage 20.4 75.8 90.4 104.3 Note 11 Note 11
623-05 33.6% B0432004-101-189 600 0.05 strain gage 19.5 64.7 82.1 96.7 Note 11 Note 11
652-03 33.7% B0432004-101-197 600 0.05 strain gage 22.3 57.3 83.9 99.5 Note 11 Note 11
823-05 33.2% B0432004-101-219 600 0.05 strain gage 20.1 75.5 90.2 101.2 Note 11 Note 11
852-03 34.1% B0432004-101-227 600 0.05 strain gage 22.9 65.4 88.3 103.4 Note 11 Note 11
33.5% AVERAGE 20.8 68.0 86.9 100.9
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(d) (3 of 3)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Straight sided Transverse Compression
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [90]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.500 inches (average) UDRI/TRL
LAY-UP: [90]16 (Unidirectional) TEST METHOD: ASTM D 3410-03 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
TEST DATES: Feb 07 - Jan 09
Note 1: Stress-strain behavior was linear to termination of test
Note 2: Did not reach 0.02 offset before failure
Note 3: Did not reach 0.2 offset before failure
Note 4: Value not reported, anomalies in digital stress-strain data
Note 5: No stress-strain digital data available
Note 6: Specimen broke outside gage length; value for max strain at failure is measured
Note 7: Value not reported, extensometer slipped near end of test
Note 8: Proportional limit was manually determined
Note 9: Insufficient number of data points to calculate value
Note 10:  Did not reach 0.06 offset before failure
Note 11: Test stopped prior to fracture
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(e) (1 of 5)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: V-notch beam Longitudinal Shear
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.134 inches (average) [0]16
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.443 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM D 5379-98 (composites) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
TEST DATES: Jan 07 - Feb 09
Specimen Fiber Lot I.D. Test Stroke Strain G Prop. YS Comments
No. v/o (Panel) Temp. Rate Sensor Limit 0.2%
(°F) (in/min) (Msi) (ksi) (ksi)
231-14A 34.2% B0432004-101-130 -65 0.01 strain gage 8.1 67.3 72.5 Test stopped prior to fracture
231-14B 34.1% B0432004-101-130 -65 0.01 strain gage 8.0 62.1 71.6 Test stopped prior to fracture
233-03A 33.3% B0432004-101-132 -65 0.01 strain gage 7.6 62.6 Note 4  Test stopped prior to fracture; Note 4 - lost
gages
233-03B 33.0% B0432004-101-132 -65 0.01 strain gage 7.7 61.5 76.8 Test stopped prior to fracture; 1 gage failed;
YS calculated manually w/1 gage; Note 8
242-12A 33.4% B0432004-101-134 -65 0.01 strain gage 7.7 71.8 75.8 Test stopped prior to fracture
242-12B 33.5% B0432004-101-134 -65 0.01 strain gage 7.4 68.5 75.2 Test stopped prior to fracture
722-03A 34.2% B0432004-101-203 -65 0.01 strain gage 8.0 67.5 73.3 Test stopped prior to fracture
722-03B 33.9% B0432004-101-203 -65 0.01 strain gage 7.8 67.0 75.0 Test stopped prior to fracture
743-09A 33.2% B0432004-101-210 -65 0.01 strain gage 8.0 69.2 76.1 Test stopped prior to fracture
743-09B 33.1% B0432004-101-210 -65 0.01 strain gage 7.9 72.6 76.7 Test stopped prior to fracture
33.6% AVERAGE 7.8 67.0 74.8
112-06A 33.8% B0432004-101-110 70 0.01 strain gage 7.9 51.5 64.2 Data truncated @ 1.6% shear strain (lost
one gage); test stopped prior to fracture
112-06B 33.4% B0432004-101-110 70 0.01 strain gage 7.4 39.8 55.2 Test stopped prior to fracture
122-02A 33.6% B0432004-101-113 70 0.01 strain gage 7.6 47.9 54.7 Test stopped prior to fracture
122-02B 33.4% B0432004-101-113 70 0.01 strain gage 7.6 56.0 62.0 Test stopped prior to fracture
132-04A 33.0% B0432004-101-116 70 0.01 strain gage Note 5 Note 5 Note 5
132-04B 33.0% B0432004-101-116 70 0.01 strain gage 7.9 56.2 64.1 Test stopped prior to fracture
151-07A Note 5 B0432004-101-121 70 0.01 strain gage Note 5 Note 5 Note 5
151-07B 32.8% B0432004-101-121 70 0.01 strain gage 12.2 60.8 66.2 Test stopped prior to fracture
213-02A 33.5% B0432004-101-126 70 0.01 strain gage 7.2 62.3 67.9 Test stopped prior to fracture
213-02B 33.3% B0432004-101-126 70 0.01 strain gage 7.9 54.6 63.2 Test stopped prior to fracture
241-14A 33.6% B0432004-101-133 70 0.01 strain gage 8.0 51.9 61.3 Test stopped prior to fracture
241-14B 34.1% B0432004-101-133 70 0.01 strain gage 7.4 58.5 64.8 Test stopped prior to fracture
252-02A 33.1% B0432004-101-137 70 0.01 strain gage 7.6 59.5 67.2 Test stopped prior to fracture
252-02B 33.2% B0432004-101-137 70 0.01 strain gage 7.5 58.7 67.2 Test stopped prior to fracture
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MATERIAL: Titanium Matrix Composite Panels

FIBER:
MATRIX:

SCS-6 (Silicon Carbide)

Ti-6Al-4V

SPECIMEN GEOMETRY:

SPEC THICKNESS:

V-notch beam
0.134 inches (average)

Table C4.3(e) (2 of 5)
SCS-6/Ti-6Al-4V
Longitudinal Shear
[0]16

PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.443 inches (average) UDRI/TRL

LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM D 5379-98 (composites) Raw Data

MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating

TEST DATES: Jan 07 - Feb 09
Specimen Fiber Lot I.D. Test Stroke Strain G Prop. YS Comments
No. v/o (Panel) Temp. Rate Sensor Limit 0.2%
(°F) (in/min) (Msi) (ksi) (ksi)

331-05A 34.2% B0432004-101-145 70 0.01 strain gage 8.0 66.8 714 Test stopped prior to fracture
331-05B 34.0% B0432004-101-145 70 0.01 strain gage 8.2 60.7 65.9 Test stopped prior to fracture
341-05A 34.0% B0432004-101-148 70 0.01 strain gage 7.5 55.0 62.6 Test stopped prior to fracture
341-05B 34.2% B0432004-101-148 70 0.01 strain gage 7.8 59.8 66.1 Test stopped prior to fracture
351-08A 34.0% B0432004-101-151 70 0.01 strain gage 8.0 54.3 62.4 Test stopped prior to fracture
351-08B 34.0% B0432004-101-151 70 0.01 strain gage 7.9 61.5 68.2 Test stopped prior to fracture
412-04A 33.6% B0432004-101-155 70 0.01 strain gage 7.7 61.5 67.3 Test stopped prior to fracture
412-04B 33.1% B0432004-101-155 70 0.01 strain gage 6.0 26.9 45.5 Test stopped prior to fracture
432-11A Note 5 B0432004-101-161 70 0.01 strain gage 7.6 58.4 65.0 Test stopped prior to fracture
432-11B Note 5 B0432004-101-161 70 0.01 strain gage 7.7 60.7 67.8 Test stopped prior to fracture
442-09A 33.6% B0432004-101-164 70 0.01 strain gage 8.0 51.8 60.3 Test stopped prior to fracture
442-09B 33.7% B0432004-101-164 70 0.01 strain gage 7.7 60.5 66.8 Test stopped prior to fracture
512-02A 35.0% B0432004-101-170 70 0.01 strain gage 7.9 65.1 70.9 Test stopped prior to fracture
512-02B 34.7%  B0432004-101-170 70 0.01 strain gage 8.2 61.5 64.1 Test stopped prior to fracture
523-02A 34.9% B0432004-101-174 70 0.01 strain gage 7.8 64.6 69.1 Test stopped prior to fracture
523-02B 34.9% B0432004-101-174 70 0.01 strain gage 7.8 55.5 65.4 Test stopped prior to fracture
533-01A 35.0% B0432004-101-177 70 0.01 strain gage 8.1 48.3 58.4 Test stopped prior to fracture
533-01B 35.1% B0432004-101-177 70 0.01 strain gage 7.5 55.1 64.3 Test stopped prior to fracture
612-02A 32.7% B0432004-101-185 70 0.01 strain gage 7.6 62.4 67.8 Test stopped prior to fracture
612-02B 33.3% B0432004-101-185 70 0.01 strain gage 8.3 56.1 63.7 Test stopped prior to fracture
623-10A 35.4% B0432004-101-189 70 0.01 strain gage 7.9 58.1 66.7 Test stopped prior to fracture
623-10B 35.6% B0432004-101-189 70 0.01 strain gage 7.7 54.3 66.0 Test stopped prior to fracture
633-01A 33.0% B0432004-101-192 70 0.01 strain gage 8.1 63.0 67.2 Test stopped prior to fracture
633-01B 32.6% B0432004-101-192 70 0.01 strain gage 7.7 58.8 70.3 Test stopped prior to fracture
722-04A 34.0% B0432004-101-203 70 0.01 strain gage 7.6 60.0 Note 4  Test stopped prior to fracture
722-04B 33.9% B0432004-101-203 70 0.01 strain gage 8.0 58.9 63.6 Test stopped prior to fracture
723-03A 34.0% B0432004-101-204 70 0.01 strain gage 7.7 54.7 66.4 Test stopped prior to fracture
723-03B 33.8% B0432004-101-204 70 0.01 strain gage 7.8 58.1 66.7 Test stopped prior to fracture
733-02A 34.4% B0432004-101-207 70 0.01 strain gage 8.3 61.5 64.5 Test stopped prior to fracture
733-02B 33.9%  B0432004-101-207 70 0.01 strain gage 7.8 61.1 68.1 Test stopped prior to fracture
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(e) (3 of 5)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: V-notch beam Longitudinal Shear
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.134 inches (average) [0]16
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.443 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM D 5379-98 (composites) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
TEST DATES: Jan 07 - Feb 09
Specimen Fiber Lot I.D. Test Stroke Strain G Prop. YS Comments
No. v/o (Panel) Temp. Rate Sensor Limit 0.2%
(°F) (in/min) (Msi) (ksi) (ksi)
812-02A  34.3% B0432004-101-215 70 0.01 strain gage 7.8 58.9 67.0 Test stopped prior to fracture
812-02B  34.3% B0432004-101-215 70 0.01 strain gage 8.0 57.5 63.3 Test stopped prior to fracture
823-02A  33.7% B0432004-101-219 70 0.01 strain gage 7.8 64.0 68.7 Test stopped prior to fracture
823-02B  34.0% B0432004-101-219 70 0.01 strain gage 7.8 62.5 68.7 Test stopped prior to fracture
843-11A  33.5% B0432004-101-225 70 0.01 strain gage 7.8 55.1 61.5 Test stopped prior to fracture
843-11B  33.1% B0432004-101-225 70 0.01 strain gage 7.5 57.7 65.9 Test stopped prior to fracture
33.9% AVERAGE 7.8 57.3 64.8
412-02A  33.4% B0432004-101-155 400 0.01 strain gage 7.4 42.0 48.8 Test stopped prior to fracture
412-02B  33.5% B0432004-101-155 400 0.01 strain gage 11.3 Note 4 Note 4  Test stopped prior to fracture
422-04A  33.3% B0432004-101-158 400 0.01 strain gage 7.6 43.9 48.0 Test stopped prior to fracture
422-04B  33.1% B0432004-101-158 400 0.01 strain gage 7.6 43.6 49.6 Test stopped prior to fracture
432-01A  34.5% B0432004-101-161 400 0.01 strain gage 7.8 471 54.5 Test stopped prior to fracture
432-01B  34.8% B0432004-101-161 400 0.01 strain gage 7.6 46.2 51.1 Test stopped prior to fracture
823-10A 33.9% B0432004-101-219 400 0.01 strain gage 7.5 46.0 50.6 Test stopped prior to fracture
823-10B  33.4% B0432004-101-219 400 0.01 strain gage 7.8 46.1 50.8 Test stopped prior to fracture
833-09A  34.6% B0432004-101-222 400 0.01 strain gage 7.7 42.3 50.9 Test stopped prior to fracture
833-09B  34.4% B0432004-101-222 400 0.01 strain gage 7.5 41.2 49.7 Test stopped prior to fracture
852-09A  33.4% B0432004-101-227 400 0.01 strain gage 7.5 41.2 49.7 Test stopped prior to fracture
852-09B  33.5% B0432004-101-227 400 0.01 strain gage Note 5 Note 5 Note 5
33.8% AVERAGE 7.9 44.0 50.4
112-08A  32.9% B0432004-101-110 600 0.01 strain gage 9.3 401 Note 4  Strain gages failed before 0.06% yield
112-08B  33.7% B0432004-101-110 600 0.01 strain gage Note 5 Note 5 Note 5  Specimen lost
122-04A  33.9% B0432004-101-113 600 0.01 strain gage 4.1 16.2 32.4 Test stopped prior to fracture
122-04B  33.8% B0432004-101-113 600 0.01 strain gage 4.4 411 Note 4  Strain gages failed before 0.06% yield
132-06A 33.4% B0432004-101-116 600 0.01 strain gage 8.5 41.3 Note 4  Strain gages failed before 0.2% yield
132-06B  33.1% B0432004-101-116 600 0.01 strain gage 8.9 43.4 Note 4  Strain gages failed before 0.2% yield
233-02A  33.5% B0432004-101-132 600 0.01 strain gage 9.4 42.7 Note 4  Strain gages failed before 0.2% yield
233-02B  33.5% B0432004-101-132 600 0.01 strain gage 11.6 41.0 43.8 Test stopped prior to fracture
242-13A 33.9% B0432004-101-134 600 0.01 strain gage 15.3 45.7 Note 4  Test stopped prior to fracture
242-13B  33.7% B0432004-101-134 600 0.01 strain gage 6.1 42.5 441 Test stopped prior to fracture
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(e) (4 of 5)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: V-notch beam Longitudinal Shear
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.134 inches (average) [0]16
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.443 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM D 5379-98 (composites) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
TEST DATES: Jan 07 - Feb 09
Specimen Fiber Lot I.D. Test Stroke Strain G Prop. YS Comments
No. v/o (Panel) Temp. Rate Sensor Limit 0.2%
(°F) (in/min) (Msi) (ksi) (ksi)
252-03A 33.0% B0432004-101-137 600 0.01 strain gage 4.7 21.9 39.9 Test stopped prior to fracture
252-03B 33.2% B0432004-101-137 600 0.01 strain gage 23.2 36.8 Note 4  Test stopped prior to fracture
312-04A 33.6% B0432004-101-140 600 0.01 strain gage 8.7 41.9 45.8 Test stopped prior to fracture
312-04B 33.5% B0432004-101-140 600 0.01 strain gage 5.7 39.9 Note 9  Gage failed during test
341-01A 34.5% B0432004-101-148 600 0.01 strain gage 11.3 17.7 442 Test stopped prior to fracture
341-01B 34.8% B0432004-101-148 600 0.01 strain gage 12.5 42.8 471 0.2% offset YS determined manually
351-10A 34.1% B0432004-101-151 600 0.01 strain gage 6.0 38.9 42.8 Test stopped prior to fracture
351-10B 33.7%  B0432004-101-151 600 0.01 strain gage 29.5 34.7 Note 4  Test stopped prior to fracture
422-07A 33.4% B0432004-101-158 600 0.01 strain gage 9.9 19.2 46.5 Data from 1 gage only; other gage failed
early in test
422-07B 33.1% B0432004-101-158 600 0.01 strain gage 5.2 Note 5 Note 5  Strain gage failed early; E computed with
data to 1 ksi
442-07A 33.4% B0432004-101-164 600 0.01 strain gage 9.0 42.2 45.9 Test stopped prior to fracture
442-07B 33.8% B0432004-101-164 600 0.01 strain gage 9.0 431 45.3 Test stopped prior to fracture
452-02A 33.1% B0432004-101-167 600 0.01 strain gage 6.1 36.5 401 Test stopped prior to fracture
452-02B 34.3% B0432004-101-167 600 0.01 strain gage 10.5 291 Note 4  Test stopped prior to fracture
512-03A 34.3% B0432004-101-170 600 0.01 strain gage 12.4 26.4 Note 4  Test stopped prior to fracture
512-03B 34.4% B0432004-101-170 600 0.01 strain gage Note 4 Note 4 Note 4  Problems with data from strain gages; not
useful
523-10A 34.2% B0432004-101-174 600 0.01 strain gage 12.4 26.9 Note 4  Test stopped prior to fracture
523-10B 34.8% B0432004-101-174 600 0.01 strain gage 12.3 18.7 46.6 PL and YS values computed from back
gage
533-09A 33.3% B0432004-101-177 600 0.01 strain gage 7.4 Note 5 Note 5  Strain gage failed early; E computed with
data to 2 ksi
533-09B 33.3% B0432004-101-177 600 0.01 strain gage 8.7 41.8 44.8 Test stopped prior to fracture
612-03A 32.4% B0432004-101-185 600 0.01 strain gage 7.3 36.9 45.7 Test stopped prior to fracture
612-03B 33.1% B0432004-101-185 600 0.01 strain gage 4.5 18.4 401 Test stopped prior to fracture
623-02A 33.2% B0432004-101-189 600 0.01 strain gage 11.6 17.7 44.2 Test stopped prior to fracture
623-02B 33.2% B0432004-101-189 600 0.01 strain gage 9.2 40.3 44.0 Test stopped prior to fracture
633-09A 33.2% B0432004-101-192 600 0.01 strain gage 5.7 39.5 46.7 Test stopped prior to fracture
633-09B 33.1%  B0432004-101-192 600 0.01 strain gage 14.5 41.3 Note 4  Test stopped prior to fracture

405




CMH-17-4B

Volume 4, Appendix C Raw Data Tables for Titanium Matrix Composites

MATERIAL: Titanium Matrix Composite Panels

Table C4.3(e) (5 of 5)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: V-notch beam Longitudinal Shear
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.134 inches (average) [0]16
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.443 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM D 5379-98 (composites) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
TEST DATES: Jan 07 - Feb 09
Specimen Fiber Lot I.D. Test Stroke Strain G Prop. YS Comments
No. v/o (Panel) Temp. Rate Sensor Limit 0.2%
(°F) (in/min) (Msi) (ksi) (ksi)
722-05A 33.6% B0432004-101-203 600 0.01 strain gage 7.3 37.7 44.9 Test stopped prior to fracture
722-05B 33.9% B0432004-101-203 600 0.01 strain gage 6.5 34.7 42.4 Test stopped prior to fracture
723-02A 34.6% B0432004-101-204 600 0.01 strain gage 8.7 42.0 46.4 Test stopped prior to fracture
723-02B 34.4%  B0432004-101-204 600 0.01 strain gage 8.0 41.4 45.8 Test stopped prior to fracture
743-01A 34.3% B0432004-101-210 600 0.01 strain gage 59 36.6 42.4 Test stopped prior to fracture
743-01B 34.2% B0432004-101-210 600 0.01 strain gage 7.8 42.5 47.4 Test stopped prior to fracture
812-03A 33.9% B0432004-101-215 600 0.01 strain gage 10.1 35.4 46.2 Test stopped prior to fracture
812-03B 34.2% B0432004-101-215 600 0.01 strain gage 4.3 16.8 36.3 Gage wire lost on first loading; retested after
fixing wire
833-01A 35.0% B0432004-101-222 600 0.01 strain gage 9.8 18.5 Note 4  Too much bending; invalid YS for 0.06%
and 0.2% offset
833-01B 34.9% B0432004-101-222 600 0.01 strain gage 11.9 Note 4 Note 4  Test stopped prior to fracture; both gages
failed before yield
843-12A 33.7%  B0432004-101-225 600 0.01 strain gage 7.3 31.2 42.4 Test stopped prior to fracture
843-12B 33.7%  B0432004-101-225 600 0.01 strain gage 11.2 Note 4 45.8 test stopped prior to fracture; 1 gage failed;
YS calculated w/1 gage
33.7% AVERAGE 8.4 34.4 43.8
Note 1: Stress-strain behavior was linear to termination of test
Note 2: Did not reach 0.02 offset before failure
Note 3: Did not reach 0.2 offset before failure
Note 4: Value not reported, anomalies in digital stress-strain data
Note 5: No stress-strain digital data available
Note 6: Specimen broke outside gage length; value for max strain at failure is measured
Note 7: Value not reported, extensometer slipped near end of test
Note 8: Proportional limit was manually determined
Note 9: Insufficient number of data points to calculate value
Note 10:  Did not reach 0.06 offset before failure
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(f) (1 of 6)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Longitudinal Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]16
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: 0.1 TEST DATES: Aug 06 - Mar 09
Specimen Fiber Lot I.D. Test Frequency Strain t t . Nf Comments
No. vio (Panel) Temp. Sensor E| E| Omax  Omin
at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)

811-01 34.2% B0432004-101-214 -65 1,5 extensometer 30.1 30.4 170 17 16,530

811-04 33.7% B0432004-101-214 -65 1,5 extensometer 28.7 29.5 150 15 40,745

811-09 33.7% B0432004-101-214 -65 1,10 extensometer 28.3 Note 5 130 13 121,572

811-13 33.4% B0432004-101-214 -65 15-20 extensometer 30.1 Note 5 110 11 363,531

813-01 34.7% B0432004-101-216 -65 1,10 extensometer 28.4 Note 5 90 9 531,222

813-03 33.6% B0432004-101-216 -65 1 extensometer 28.7 28.6 170 17 13,527

813-06 32.9% B0432004-101-216 -65 1,10 extensometer 29.0 Note 5 130 13 56,471

813-11 33.2% B0432004-101-216 -65 1,10 extensometer 27.9 Note 5 130 13 84,619

821-02 33.8% B0432004-101-217 -65 1,10 extensometer 29.0 27.6 110 11 78,925

821-04 33.2% B0432004-101-217 -65 1,10 extensometer 29.0 Note 5 90 9 610,189

821-06 33.3% B0432004-101-217 -65 1 extensometer 28.6 28.5 170 17 15,529

821-09 33.2% B0432004-101-217 -65 1,5 extensometer 28.7 29.0 150 15 24,591

831-02 33.9% B0432004-101-220 -65 1,10 extensometer 29.8 Note 5 130 13 76,190

831-04 33.2% B0432004-101-220 -65 1,10 extensometer 26.8 Note 5 110 11 249,806

831-06 32.8% B0432004-101-220 -65 1,10 None Note 5 Note 5 90 9 Ran out of LN2; number of cycles at

-65F unknown

831-08 32.8% B0432004-101-220 -65 1 extensometer 28.2 28.3 170 17 7,773

841-03 33.9% B0432004-101-223 -65 1,5 extensometer 27.4 27.5 150 15 36,822

841-05 33.9% B0432004-101-223 -65 1,10 extensometer 30.1 Note 5 130 13 108,634

841-07 33.2% B0432004-101-223 -65 1,10 extensometer 27.4 29.2 110 11 215,622

841-09 33.1% B0432004-101-223 -65 1,10 extensometer 30.6 Note 5 90 9 1,000,000

842-02 34.4% B0432004-101-224 -65 1 extensometer 28.4 28.0 170 17 12,268

851-05 33.5% B0432004-101-226 -65 1 extensometer 29.0 28.1 150 15 39,900

851-07 33.6% B0432004-101-226 -65 1,10 extensometer 29.4 Note 5 130 13 99,901

851-09 33.8% B0432004-101-226 -65 1,5,10 extensometer 28.7 28.2 110 11 173,797

851-11 33.9% B0432004-101-226 -65 1,10 extensometer 30.4 Note 5 90 9 590,567

33.6% AVERAGE 28.9
111-04 33.7%  B0432004-101-109 70 20 extensometer 30.6 31.2 110 11 294,833
111-08 33.5% B0432004-101-109 70 20 Strain Gage 33.6 32.8 150 15 62,130 Modulus data for Nf/2 obtained @
20K cycles

111-12 33.6% B0432004-101-109 70 20 None Note 5 Note 5 130 13 129,984

112-01 33.8% B0432004-101-110 70 20 extensometer 29.2 28.1 110 11 254,971

121-06 34.2% B0432004-101-112 70 20 extensometer 30.6 29.3 110 11 1,000,000  Run-out
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(f) (2 of 6)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Longitudinal Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]16
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: 0.1 TEST DATES: Aug 06 - Mar 09
Specimen Fiber Lot I.D. Test Frequenc Strain t t . Nf Comments
No. v/o (Panel) Temp. y Sensor Ej Ej Omax  Omin
at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)

121-10 33.8% B0432004-101-112 70 20 Strain Gage 33.9 33.5 90 9 1,000,000  Run-out

121-13 34.4% B0432004-101-112 70 1-10 extensometer 39.5 37.2 130 13 425,482

122-10 33.4% B0432004-101-113 70 1-20 None Note 5 Note 5 170 17 21,104

131-02 33.6% B0432004-101-115 70 5-20 None Note 5 Note 5 130 13 171,087

131-07 34.3% B0432004-101-115 70 20 Strain Gage 33.7 33.5 150 15 36,387

131-11 34.2% B0432004-101-115 70 1-10 extensometer 38.6 39.1 170 17 20,198

132-01 33.2%  B0432004-101-116 70 20 Strain Gage 29.6 Note 5 90 9 1,000,000  Run-out

141-01 34.1% B0432004-101-116 70 1-10 extensometer 37.2 35.5 100 11 1,000,000

141-03 33.3% B0432004-101-116 70 1-20 None Note 5 Note 5 170 17 28,641

141-07 33.3% B0432004-101-118 70 5-20 None Note 5 Note 5 130 13 202,776

141-09 33.5% B0432004-101-118 70 20 None Note 5 Note 5 60 6 1,000,000

141-11 33.6% B0432004-101-118 70 1-10 extensometer 38.7 39.3 110 11 555,198

142-02 33.2%  B0432004-101-118 70 1-10 extensometer 37.5 37.2 170 17 22,817

142-06 33.2% B0432004-101-118 70 20 Strain Gage 31.7 32.0 90 9 1,000,000 Run-out

151-01 33.9%  B0432004-101-119 70 1-20 None Note 5 Note 5 170 17 18,537

151-04 33.2% B0432004-101-119 70 20 Strain Gage 30.0 30.6 150 15 28,155

151-05 33.3% B0432004-101-121 70 1-10 extensometer 38.6 39.7 130 13 62,385

411-04 32.7% B0432004-101-169 70 1-10 extensometer 35.6 35.9 170 17 20,811

411-07 33.2% B0432004-101-169 70 1-10 extensometer 36.7 38.1 150 15 36,002

411-12 32.8% B0432004-101-169 70 1-20 extensometer 29.9 29.5 130 13 120,552

412-07 32.7%  B0432004-101-171 70 1-20 extensometer 29.0 28.9 90 9 1,000,000

412-10 32.6% B0432004-101-171 70 20 extensometer 28.7 28.0 110 11 257,745

421-01 32.7%  B0432004-101-171 70 1-10 extensometer 37.8 37.8 170 17 18,557

421-06 32.5% B0432004-101-172 70 1-10 extensometer 37.0 37.2 150 15 36,838

421-10 33.1%  B0432004-101-172 70 1-10 extensometer 371 37.7 130 13 73,223

422-02 34.3% B0432004-101-172 70 1-20 extensometer 29.7 29.2 90 9 599,082

422-09 32.7%  B0432004-101-172 70 20 extensometer 28.8 28.6 110 11 155,638

431-01 33.9% B0432004-101-173 70 1-10 extensometer 35.0 34.3 170 17 14,010

431-08 33.1%  B0432004-101-173 70 1-10 extensometer 34.9 35.0 150 15 24,356

431-12 33.6% B0432004-101-175 70 1-10 extensometer 35.5 34.8 130 13 80,623

432-02 33.6% B0432004-101-175 70 1-20 extensometer 28.5 28.3 90 9 1,000,000

432-10 32.8% B0432004-101-175 70 20 extensometer 29.1 29.1 110 11 250,724

441-03 33.9% B0432004-101-175 70 1-10 extensometer 36.6 36.4 170 17 25,220
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(f) (3 of 6)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Longitudinal Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: 0.1 TEST DATES: Aug 06 - Mar 09
Specimen Fiber Lot 1.D. Test Frequenc Strain t t . Nf Comments
No. v/o (Panel) Temp. y Sensor Ej Ej Omax  Omin
at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)

441-08 33.1%  B0432004-101-176 70 1-10 extensometer 374 37.2 150 15 46,632

441-13 34.7% B0432004-101-178 70 1-10 extensometer 36.7 33.7 130 13 147,083

442-01 34.8%  B0432004-101-178 70 1-20 extensometer 294 29.2 90 9 1,000,000

442-04 33.8% B0432004-101-178 70 20 extensometer 29.3 28.6 110 11 246,258

451-03 33.9% B0432004-101-178 70 1-10 extensometer 36.6 371 170 17 19,297

451-07 34.0% B0432004-101-179 70 1-10 extensometer 36.0 35.7 150 15 37,847

451-11 34.2%  B0432004-101-179 70 1-10 extensometer 355 334 130 13 85,696

452-07 33.5% B0432004-101-181 70 1-20 extensometer 27.3 27.9 90 9 788,072

452-10 33.4% B0432004-101-181 70 20 extensometer 29.7 29.9 110 11 81,310

611-02 33.1% B0432004-101-199 70 20 extensometer 29.2 29.5 170 17 11,274

611-05 32.9% B0432004-101-199 70 1-10 extensometer 36.2 36.1 150 15 14,790

611-08 32.8% B0432004-101-199 70 1-10 extensometer 35.2 34.2 110 11 88,063

611-11 33.0% B0432004-101-200 70 20 extensometer 29.7 30.0 130 13 37,824

613-05 32.5% B0432004-101-200 70 1-10 extensometer 34.9 324 90 9 298,170

613-09 33.0% B0432004-101-200 70 1-10 extensometer 36.3 36.1 150 15 20,022

613-13 33.5% B0432004-101-201 70 20 extensometer 29.0 28.1 170 17 11,845

621-01 32.4%  B0432004-101-201 70 1-10 extensometer 35.2 341 110 11 116,063

621-04 32.9% B0432004-101-201 70 1-10 extensometer 35.7 36.4 90 9 331,427

621-08 33.6% B0432004-101-201 70 20 extensometer 29.7 29.7 130 13 37,125

621-13 33.6% B0432004-101-202 70 1-10 extensometer 34.7 34.0 150 15 20,045

622-01 32.2%  B0432004-101-202 70 1-10 extensometer 36.0 34.9 110 11 75,640

622-02 33.1% B0432004-101-202 70 20 extensometer 29.0 29.3 170 17 7,471

622-04 32.6% B0432004-101-205 70 1-10 extensometer 36.0 36.1 150 15 21,844

631-02 33.2% B0432004-101-205 70 1-10 extensometer 35.6 35.4 110 11 53,782

631-06 33.2%  B0432004-101-205 70 20 extensometer 28.9 27.6 130 13 41,201

631-10 34.3% B0432004-101-205 70 1-10 extensometer 37.8 38.1 90 9 258,558

641-02 33.7%  B0432004-101-208 70 1-10 extensometer 36.8 36.6 90 9 383,564

641-05 33.2% B0432004-101-208 70 20 extensometer 29.1 28.4 170 17 12,139

641-08 32.6% B0432004-101-208 70 1-10 extensometer 33.8 33.5 150 15 25,849

642-02 33.9% B0432004-101-208 70 20 extensometer 29.0 27.0 130 13 29,823

642-12 34.9%  B0432004-101-211 70 20 extensometer 30.3 30.8 170 17 12,980

651-02 34.1% B0432004-101-211 70 1-10 extensometer 36.8 35.7 110 11 140,951

651-06 33.5% B0432004-101-211 70 1-10 extensometer 354 34.7 90 9 399,582
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(f) (4 of 6)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Longitudinal Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]16
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: 0.1 TEST DATES: Aug 06 - Mar 09
Specimen Fiber Lot I.D. Test Frequency Strain t t . Nf Comments
No. v/o (Panel) Temp. Sensor Ej Ej Omax  Omin
at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)
651-10 33.3% B0432004-101-211 70 20 extensometer 30.0 30.0 130 13 44,386
334% AVERAGE 33.4 33.1

311-01 33.4% B0432004-101-139 600 20 Strain gage 31.9 31.7 140 14 95,650

311-05 33.9% B0432004-101-139 600 3 extensometer 27.3 26.9 160 16 44,495

311-11 33.5% B0432004-101-139 600 3,10 extensometer 26.3 259 120 12 263,481

311-13 33.5% B0432004-101-139 600 1 None Note 5 Note 5 100 10 913,058 Replacement for #349

312-07 33.9%  B0432004-101-140 600 20 None Note 5 Note 5 80 8 1,000,000

312-09 33.9% B0432004-101-140 600 1 None Note 5 Note 5 100 10 322,075 Power outage - bad test

312-11 34.0% B0432004-101-140 600 20 extensometer 26.6 26.1 140 14 112,877

321-01 34.1% B0432004-101-142 600 3,20 None Note 5 Note 5 100 10 1,000,000 Replacement for #385

321-03 33.6% B0432004-101-142 600 20 extensometer 26.9 26.6 80 8 1,000,000

321-06 33.2% B0432004-101-142 600 3 extensometer 28.7 28.3 160 16 37,659

321-13 33.4% B0432004-101-142 600 3 extensometer 28.0 27.9 120 12 360,609

322-02 35.0% B0432004-101-143 600 20 extensometer 29.0 28.3 140 14 55,298

322-11 33.4% B0432004-101-143 600 3,20 None Note 5 Note 5 100 10 Power outage - bad test

322-12 34.2% B0432004-101-143 600 3 extensometer 28.9 29.1 160 16 66,598

331-02 34.5%  B0432004-101-145 600 20 None Note 5 Note 5 80 8 1,000,000

331-11 33.8% B0432004-101-145 600 20 extensometer 29.3 28.6 120 12 472,884

332-09 33.6% B0432004-101-146 600 3,10 extensometer 25.8 259 100 10 924,285

332-11 33.9% B0432004-101-146 600 20 None Note 5 Note 5 140 14 17,659

332-12 34.3%  B0432004-101-146 600 1 extensometer 26.4 Note 5 160 16 37,884

341-02 34.4% B0432004-101-148 600 20 extensometer 28.0 Note 5 120 12 415,420

341-04 34.1%  B0432004-101-148 600 20 None Note 5 Note 5 80 8 1,000,000

341-10 33.6% B0432004-101-148 600 3,20 extensometer 28.2 28.1 100 10 1,000,000

342-01 34.8%  B0432004-101-149 600 20 extensometer 271 Note 5 160 16 92,716

342-04 34.1% B0432004-101-149 600 20 extensometer 29.5 28.8 140 14 98,211

351-01 34.7%  B0432004-101-151 600 20 extensometer 27.2 Note 5 120 12 318,645

351-03 34.5% B0432004-101-151 600 3,20 extensometer 25.8 25.4 100 10 928,011

351-05 34.9%  B0432004-101-151 600 20 None Note 5 Note 5 80 8 1,000,000

511-02 34.8% B0432004-101-169 600 1,3 extensometer 27.8 Note 5 160 16 41,508

511-05 33.7%  B0432004-101-169 600 1,3 extensometer 32.7 Note 5 140 14 96,681

511-09 33.5% B0432004-101-169 600 20 None Note 5 Note 5 100 10 476,688

513-03 33.7%  B0432004-101-171 600 1,3 extensometer 31.3 Note 5 120 12 143,848

410




CMH-17-4B

Volume 4, Appendix C Raw Data Tables for Titanium Matrix Composites

MATERIAL: Titanium Matrix Composite Panels

Table C4.3(f) (5 of 6)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Longitudinal Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: 0.1 TEST DATES: Aug 06 - Mar 09
Specimen Fiber Lot 1.D. Test Frequency Strain t t . Nf Comments
No. v/o (Panel) Temp. Sensor Ej Ej Omax  Omin
at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)

513-06 33.4% B0432004-101-171 600 1,20 extensometer 30.9 30.4 90 9 913,292

513-10 33.3% B0432004-101-171 600 20 None Note 5 Note 5 100 10 376,677

521-02 34.3% B0432004-101-172 600 1,3 extensometer 25.8 257 160 16 38,361

521-04 33.1% B0432004-101-172 600 1,3 extensometer 23.8 Note 5 140 14 66,759

521-06 33.2% B0432004-101-172 600 1,3,20 extensometer 31.8 Note 5 120 12 187,379

521-10 33.3% B0432004-101-172 600 1,3,20 extensometer 25.9 26.0 90 9 1,000,000

522-01 34.5%  B0432004-101-173 600 1,3 extensometer 26.5 27.0 160 16 36,712

531-01 33.4% B0432004-101-175 600 20 extensometer 25.9 26.1 100 10 103,086

531-04 33.2%  B0432004-101-175 600 1,3 extensometer 26.2 257 140 14 75,977

531-08 33.2% B0432004-101-175 600 1,3 extensometer 26.4 26.0 120 12 116,448

531-12 33.5% B0432004-101-175 600 1,3,20 extensometer 27.2 27.4 90 9 887,007

532-01 34.5% B0432004-101-176 600 1 extensometer 24.9 Note 5 160 16 15,937

532-11 34.3% B0432004-101-176 600 1,3 extensometer 26.7 26.7 140 14 75,031

541-03 33.9% B0432004-101-178 600 20 extensometer 26.9 Note 5 100 10 Bad test

541-06 34.2%  B0432004-101-178 600 1,3,20 extensometer 26.2 26.1 120 12 256,682

541-10 33.9% B0432004-101-178 600 1,3,20 extensometer 27.4 Note 5 90 9 1,000,000

541-13 34.2%  B0432004-101-178 600 20 None Note 5 Note 5 100 10 469,526

542-09 34.2% B0432004-101-179 600 1,3 extensometer 27.0 Note 5 160 16 32,415

551-04 33.3% B0432004-101-181 600 1,3 extensometer 26.7 Note 5 140 14 46,977 E computed to 115 ksi only; data

beyond invalid

551-07 33.4% B0432004-101-181 600 1,3,20 extensometer 25.3 Note 5 120 12 215,974

551-10 33.5% B0432004-101-181 600 1,20 extensometer 23.6 Note 5 90 9 1,000,000

711-07 32.7%  B0432004-101-199 600 1,3 extensometer 29.8 Note 5 140 14 57,116

711-09 32.6% B0432004-101-199 600 20 extensometer 24.5 24.2 160 16 16,383

711-11 32.6% B0432004-101-199 600 1,3,20 extensometer 27.6 Note 5 100 10 489,156

713-01 34.2% B0432004-101-201 600 1,20 extensometer 271 Note 5 80 8 1,000,000

713-05 33.4% B0432004-101-201 600 20 None Note 5 Note 5 120 12 83,573

713-09 33.7% B0432004-101-201 600 1,3 extensometer 271 Note 5 140 14 77,147

713-12 32.9%  B0432004-101-201 600 1,3,20 extensometer 28.5 Note 5 100 10 456,313

721-03 32.8% B0432004-101-202 600 20 None Note 5 Note 5 160 16 18,002

721-08 33.3% B0432004-101-202 600 1,3,20 extensometer 281 28.4 90 9 916,973

721-12 33.5% B0432004-101-202 600 1,3 extensometer 26.7 25.2 140 14 65,442

731-02 33.5%  B0432004-101-205 600 20 None Note 5 Note 5 120 12 226,093
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(f) (6 of 6)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Longitudinal Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: 0.1 TEST DATES: Aug 06 - Mar 09
Specimen Fiber Lot I.D. Test Frequenc Strain t t . Nf Comments

P No. v/o (Panel) Temp. aueney Sensor Ej Ej Omax  Omin

at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)

731-04 32.8%  B0432004-101-205 600 1,3,20 extensometer 26.2 254 100 10 583,953

731-08 32.8% B0432004-101-205 600 20 None Note 5 Note 5 160 16 27,500

731-11 33.0% B0432004-101-205 600 20 extensometer 26.0 25.3 120 12 131,772

732-02 33.5% B0432004-101-206 600 1,3,20 extensometer 27.0 27.0 90 9 723,680

741-01 34.0% B0432004-101-208 600 1,3 extensometer 27.3 26.4 140 14 70,676

741-03 33.2% B0432004-101-208 600 20 None Note 5 Note 5 160 16 59,874

741-08 33.1%  B0432004-101-208 600 1,3,20 extensometer 253 29.8 100 10 494,899

741-10 32.9% B0432004-101-208 600 1,3,20 extensometer 26.3 25.6 101 10 655,290

742-02 34.7%  B0432004-101-209 600 20 None Note 5 Note 5 120 12 336,640

742-11 33.6% B0432004-101-209 600 1,20 extensometer 28.4 Note 5 140 14 53,916

751-01 34.5%  B0432004-101-211 600 1,3 extensometer 28.7 Note 5 100 10 626,019

751-04 33.3% B0432004-101-211 600 20 extensometer 27.7 27.4 160 16 23,970

751-08 33.3% B0432004-101-211 600 1 extensometer 24.7 Note 5 90 9 Power failure; bad test

751-11 33.2% B0432004-101-211 600 20 None Note 5 Note 5 120 12 215,171

33.7% AVERAGE 27.3 271

Note 1 Stress-strain behavior was linear to termination of test
Note 2 Did not reach 0.02 offset before failure
Note 3 Did not reach 0.2 offset before failure
Note 4 Value not reported, anomalies in digital stress-strain data
Note 5 No stress-strain digital data available
Note 6 Specimen broke outside gage length; value for max strain at failure is measured
Note 7 Value not reported, extensometer slipped near end of test
Note 8 Proportional limit was manually determined
Note 9 Insufficient number of data points to calculate value
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(g) (1 of 6)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Longitudinal Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]16
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: -1 TEST DATES: Oct 06 - Apr 09
Specimen Fiber Lot I.D. Test Frequenc Strain t t . Nf Comments
No. v/o (Panel) Temp. Y Sensor Ej Ej Omax Omin
at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)

811-03 34.1% B0432004-101-214 -65 1,5 extensometer 28.7 28.4 120 -120 31,817

811-05 33.8% B0432004-101-214 -65 1,5 extensometer 28.4 27.0 100 -100 61,552

811-10 33.8% B0432004-101-214 -65 5 extensometer 26.5 Note 5 80 -80 157,546

811-12 34.2% B0432004-101-214 -65 1,5 extensometer 28.6 Note 5 70 -70 212,719

813-07 33.5% B0432004-101-216 -65 1,5 extensometer 26.9 Note 5 60 -60 587,922

813-08 33.4% B0432004-101-216 -65 1,3 extensometer 28.5 27.3 120 -120 31,172

813-12 33.0% B0432004-101-216 -65 1,3, extensometer 27.4 26.3 100 -100 63,548

813-13 33.4% B0432004-101-216 -65 1,5 extensometer 28.4 Note 5 80 -80 111,680

821-01 33.6% B0432004-101-217 -65 1,5 extensometer 31.0 Note 5 70 -70 227,045

821-05 33.1% B0432004-101-217 -65 1,5 extensometer 26.4 Note 5 60 -60 361,436

821-11 33.1% B0432004-101-217 -65 1 extensometer 28.7 28.7 120 -120 35,509

821-13 33.5% B0432004-101-217 -65 1,5 extensometer 27.4 27.4 100 -100 68,268

822-12 34.6% B0432004-101-218 -65 5 None Note 5 Note 5 60 -60 341,963

831-01 33.3% B0432004-101-220 -65 1,5 extensometer 28.8 Note 5 80 -80 118,775

831-03 33.3% B0432004-101-220 -65 1,5 extensometer 28.3 Note 5 70 -70 244,206

831-07 32.7% B0432004-101-220 -65 1,5 extensometer 26.1 Note 5 60 -60 Ran out of LN2; Number of

cycles at -65F unknown

831-09 32.8% B0432004-101-220 -65 1 extensometer 27.5 27.7 120 -120 30,681

841-01 34.3% B0432004-101-223 -65 1,5 extensometer 28.3 28.1 100 -100 56,376

841-04 33.5% B0432004-101-223 -65 1,5 extensometer 26.9 Note 5 80 -80 153,681

841-08 33.4% B0432004-101-223 -65 5 None Note 5 Note 5 70 -70 875,842

841-10 33.6% B0432004-101-223 -65 5 extensometer 29.3 Note 5 60 -60 629,255

842-12 34.6% B0432004-101-224 -65 1,5 extensometer 28.1 27.9 120 -120 41,743

851-02 34.0% B0432004-101-226 -65 1,5 extensometer 28.7 27.8 100 -100 61,529

851-04 33.3% B0432004-101-226 -65 5 extensometer 28.5 Note 5 80 -80 135,818

851-06 33.7% B0432004-101-226 -65 1,5 None Note 5 Note 5 70 -70 218,330

851-10 34.0% B0432004-101-226 -65 1,5 extensometer 28.0 Note 5 60 -60 479,395

33.6% AVERAGE
111-05 33.7% B0432004-101-109 70 3-5 None Note 5 Note 5 90 -90 167,753 Extended tabs
111-10 33.4% B0432004-101-109 70 5 strain gage 32.3 Note 5 110 -110 34,850 Extended tabs; on fracture -
buckled and broke in 3 places
111-11 33.4% B0432004-101-109 70 1-3 None Note 5 Note 5 120 -120 20,743 Extended tabs
112-02 33.6%  B0432004-101-110 70 1,5 None Note 5 Note 5 70 -70 1,000,000
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(g) (2 of 6)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Longitudinal Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]16
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: -1 TEST DATES: Oct 06 - Apr 09
Specimen Fiber Lot I.D. Test Frequency Strain t t . Nf Comments
No. v/o (Panel) Temp. Sensor Ej Ej Omax Omin
at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)

112-03 33.3% B0432004-101-110 70 2 extensometer 31.6 31.3 120 -120 21,153

112-11 33.5% B0432004-101-110 70 5 extensometer 28.6 28.3 60 -60 1,000,000

113-09 34.0% B0432004-101-111 70 5 None Note 5 Note 5 100 -100 33,990

121-01 33.2% B0432004-101-112 70 1-3 None Note 5 Note 5 100 -100 99,391 Extended tabs

121-04 34.1%  B0432004-101-112 70 1,5 None Note 5 Note 5 70 -70 1,000,000

122-06 33.9% B0432004-101-113 70 2 extensometer 28.4 25.6 80 -80 299,968

122-08 33.1%  B0432004-101-113 70 2 extensometer 27.5 27.0 120 -120 19,443

122-09 33.2% B0432004-101-113 70 5 None Note 5 Note 5 60 -60 1,000,000

122-11 33.3% B0432004-101-113 70 1-5 None Note 5 Note 5 90 -90 51,848 Extended tabs

131-05 33.6% B0432004-101-115 70 1,5 None Note 5 Note 5 70 -70 1,000,000

131-12 33.9% B0432004-101-115 70 1-3 None Note 5 Note 5 120 -120 23,021 Extended tabs

132-02 33.2% B0432004-101-116 70 5 strain gage 31.0 Note 5 110 -110 33,256 Extended tabs

132-03 33.2%  B0432004-101-116 70 5 None Note 5 Note 5 80 -80 303,334

132-09 33.2% B0432004-101-116 70 1-3 None Note 5 Note 5 100 -100 60,983 Extended tabs

132-11 33.6% B0432004-101-116 70 1,5 None Note 5 Note 5 70 -70 449,750

141-02 33.4% B0432004-101-118 70 5 strain gage 32.2 Note 5 110 -110 45,510 Extended tabs

141-05 33.2% B0432004-101-118 70 2 extensometer 31.2 32.7 120 -120 20,506

141-06 33.5% B0432004-101-118 70 1-5 None Note 5 Note 5 90 -90 279,084 Extended tabs

141-08 33.2%  B0432004-101-118 70 5 None Note 5 Note 5 70 -70 1,000,000

141-09 33.5% B0432004-101-118 70 5 None Note 5 Note 5 60 -60 1,000,000

141-10 B0432004-101-118 70 5 None Note 5 Note 5 80 -80 87,672

141-12 33.7% B0432004-101-118 70 1-3 None Note 5 Note 5 120 -120 30,906 Extended tabs

141-13 33.7%  B0432004-101-118 70 5 extensometer 27.9 27.6 70 -70 1,000,000

142-10 33.1% B0432004-101-119 70 1-3 None Note 5 Note 5 100 -100 51,498 Extended tabs

142-11 33.3% B0432004-101-119 70 5 extensometer 28.9 28.0 80 -80 294,366

151-02 33.5% B0432004-101-121 70 5 None Note 5 Note 5 70 -70 597,835

151-10 33.4% B0432004-101-121 70 5 extensometer 31.9 32.6 80 -80 110,439

153-12 33.3% B0432004-101-123 70 5 None Note 5 Note 5 60 -60 1,000,000

511-01 34.3%  B0432004-101-169 70 5 None Note 5 Note 5 60 -60 1,000,000

511-10 33.6% B0432004-101-169 70 1 extensometer 28.7 28.3 120 -120 25,631

511-13 33.3% B0432004-101-169 70 10 None Note 5 Note 5 70 -70 625,438

513-01 34.3% B0432004-101-171 70 5 None Note 5 Note 5 60 -60 1,000,000

513-04 33.3% B0432004-101-171 70 1,3 extensometer 31.8 32.3 100 -100 58,038
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(g) (3 of 6)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Longitudinal Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: -1 TEST DATES: Oct 06 - Apr 09
Specimen Fiber Lot I.D. Test Frequenc Strain t t . Nf Comments
No. v/o (Panel) Temp. Y Sensor Ej Ej Omax Omin
at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)
513-11 33.3% B0432004-101-171 70 1,3 None Note 5 Note 5 80 -80 278,185
521-03 33.6% B0432004-101-172 70 1 extensometer 28.9 Note 5 120 -120 13,798
521-05 33.2% B0432004-101-172 70 1,10 None Note 5 Note 5 70 -70 1,000,000
521-07 33.3% B0432004-101-172 70 1 extensometer 29.7 29.0 100 -100 79,576
521-13 33.5% B0432004-101-172 70 5 None Note 5 Note 5 60 -60 1,000,000
522-02 34.2% B0432004-101-173 70 1,3 extensometer 27.3 27.6 80 -80 148,094
522-12 34.6% B0432004-101-173 70 1 extensometer 30.2 30.7 120 -120 23,488 Data very noisy
531-02 34.5% B0432004-101-175 70 1,10 None Note 5 Note 5 70 -70 647,194
531-05 33.4% B0432004-101-175 70 1 extensometer 294 29.2 100 -100 36,918 Data very noisy
531-09 33.1% B0432004-101-175 70 1,3 extensometer 33.0 Note 5 80 -80 296,243
531-13 33.5% B0432004-101-175 70 2 extensometer 28.7 28.7 60 -60 1,000,000
532-12 34.7% B0432004-101-176 70 1 extensometer 30.2 Note 5 120 -120 19,641
541-01 35.2%  B0432004-101-178 70 1,10 None Note 5 Note 5 70 -70
541-04 33.6% B0432004-101-178 70 1,3 extensometer 30.8 Note 5 100 -100 67,113
541-09 34.0% B0432004-101-178 70 1,3 extensometer 29.2 Note 5 80 -80 371,395
541-12 33.5% B0432004-101-178 70 1 extensometer 30.2 Note 5 120 -120 23,091
542-10 34.2%  B0432004-101-179 70 1,10 None Note 5 Note 5 70 -70 1,000,000
542-12 34.6% B0432004-101-179 70 1,3 extensometer 30.1 Note 5 100 -100 46,816
551-02 34.3% B0432004-101-181 70 1,3 extensometer 29.8 29.1 80 -80 285,590
551-05 33.6% B0432004-101-181 70 5 None Note 5 Note 5 60 -60 1,000,000
711-02 33.8%  B0432004-101-199 70 5 None Note 5 Note 5 120 -120 17,132
711-08 32.7% B0432004-101-199 70 1,10 None Note 5 Note 5 70 -70 202,783
711-13 32.7%  B0432004-101-199 70 2 None Note 5 Note 5 100 -100 22,172
712-09 33.4% B0432004-101-200 70 1,3,5 extensometer 28.4 Note 5 60 -60 1,000,000
712-10 33.2%  B0432004-101-200 70 1,3 extensometer 28.6 30.5 80 -80 121,487
712-11 33.1% B0432004-101-200 70 5 None Note 5 Note 5 120 -120 18,241
713-02 34.2%  B0432004-101-201 70 1,10 None Note 5 Note 5 70 -70 301,355
713-07 33.5% B0432004-101-201 70 1,3 None Note 5 Note 5 60 -60 1,000,000
713-11 33.0% B0432004-101-201 70 5 None Note 5 Note 5 100 -100 40,587
713-13 33.0% B0432004-101-201 70 1,3 None Note 5 Note 5 80 -80 54,280
721-01 32.9%  B0432004-101-202 70 1,10 None Note 5 Note 5 70 -70 637,658
721-11 33.2% B0432004-101-202 70 5 None Note 5 Note 5 120 -120 20,691
721-13 33.1%  B0432004-101-202 70 1,3 None Note 5 Note 5 60 -60 859,305
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(g) (4 of 6)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Longitudinal Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: -1 TEST DATES: Oct 06 - Apr 09
Specimen Fiber Lot I.D. Test Frequenc Strain t t . Nf Comments
No. v/o (Panel) Temp. Y Sensor Ej Ej Omax Omin
at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)

731-03 33.2%  B0432004-101-205 70 1 None Note 5 Note 5 80 -80 229,679

731-05 32.7%  B0432004-101-205 70 5 None Note 5 Note 5 100 -100 43,362

731-09 32.7%  B0432004-101-205 70 1,10 None Note 5 Note 5 70 -70 346,823

731-12 33.0% B0432004-101-205 70 1,3,5 extensometer 31.8 31.7 60 -60 838,766

741-02 33.8%  B0432004-101-208 70 2 None Note 5 Note 5 120 -120 24,423

741-04 33.1% B0432004-101-208 70 1,3 extensometer 28.9 27.7 80 -80 376,587

741-12 32.9%  B0432004-101-208 70 1,10 None Note 5 Note 5 70 -70 596,011

741-13 33.1% B0432004-101-208 70 5 None Note 5 Note 5 100 -100 50,460

751-02 34.9%  B0432004-101-211 70 5 None Note 5 Note 5 120 -120 21,188

751-05 33.4% B0432004-101-211 70 1,3 extensometer 33.1 33.7 60 -60 950,562

751-09 33.4% B0432004-101-211 70 5 None Note 5 Note 5 100 -100 32,447

751-12 33.4% B0432004-101-211 70 1,3 extensometer 26.2 25.9 80 -80 300,232

33.5% AVERAGE 29.9 294

211-09 34.2% B0432004-101-124 600 None Note 5 Note 5 110 -110 107,738

211-11 34.2%  B0432004-101-124 600 5 None Note 5 Note 5 80 -80 470,327

212-10 33.3% B0432004-101-125 600 None Note 5 Note 5 90 -90 306,774

212-11 33.8% B0432004-101-125 600 None Note 5 Note 5 70 -70 1,000,000

212-12 33.7% B0432004-101-125 600 5 extensometer 27.2 26.9 80 -80 495,131

243-07 33.4% B0432004-101-135 600 None Note 5 Note 5 110 -110 92,253

243-12 33.5% B0432004-101-135 600 5 extensometer 25.6 25.8 100 -100 118,839

253-02 33.8% B0432004-101-138 600 5 None Note 5 Note 5 80 -80 424,310

253-03 33.2% B0432004-101-138 600 None Note 5 Note 5 90 -90 250,760

253-04 33.5% B0432004-101-138 600 None Note 5 Note 5 70 -70 784,650

231-03 32.9% B0432004-101-130 600 5 None Note 5 Note 5 100 -100 150,158

231-08 32.9%  B0432004-101-130 600 None Note 5 Note 5 110 -110 107,405

231-10 33.2% B0432004-101-130 600 None Note 5 Note 5 90 -90 274,267

231-11 32.9%  B0432004-101-130 600 5 None Note 5 Note 5 80 -80 348,944

231-12 33.0% B0432004-101-130 600 None Note 5 Note 5 70 -70 614,439

231-13 33.1%  B0432004-101-130 600 5 None Note 5 Note 5 100 -100 156,709

241-01 33.1% B0432004-101-133 600 5 None Note 5 Note 5 80 -80 361,633

241-02 33.3% B0432004-101-133 600 1,3 extensometer 23.7 23.0 110 -110 90,691

241-04 33.1% B0432004-101-133 600 1,3 extensometer 27.8 26.7 90 -90 305,367

241-07 33.4% B0432004-101-133 600 5 None Note 5 Note 5 100 -100 155,603
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(g) (5 of 6)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Longitudinal Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]16
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: -1 TEST DATES: Oct 06 - Apr 09
Specimen Fiber Lot I.D. Test Frequenc Strain t t . Nf Comments
No. v/o (Panel) Temp. Y Sensor Ej Ej Omax Omin
at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)

241-10 33.4% B0432004-101-133 600 1,3 extensometer 251 25.8 70 -70 1,000,000

241-12 33.3% B0432004-101-133 600 1,3 extensometer 26.2 24.7 110 -110 88,894

251-02 33.0% B0432004-101-136 600 5 None Note 5 Note 5 80 -80 443,608

251-11 33.4% B0432004-101-136 600 1,3 extensometer 271 25.8 90 -90 258,241

251-12 33.5% B0432004-101-136 600 1,3 extensometer 274 26.5 70 -70 1,000,000

411-08 33.3% B0432004-101-154 600 5 None Note 5 Note 5 110 -110 79,162

411-09 33.5% B0432004-101-154 600 5 None Note 5 Note 5 100 -100 139,864

411-13 32.9% B0432004-101-154 600 5 None Note 5 Note 5 90 -90 225,165

412-08 32.8%  B0432004-101-155 600 5 None Note 5 Note 5 70 -70 647,321

412-11 32.8% B0432004-101-155 600 5 None Note 5 Note 5 80 -80 373,420

421-07 32.8%  B0432004-101-157 600 5 None Note 5 Note 5 100 -100 94,743

421-11 32.8% B0432004-101-157 600 5 None Note 5 Note 5 100 -100 115,737

421-13 33.2%  B0432004-101-157 600 5 None Note 5 Note 5 90 -90 157,958

422-01 34.2% B0432004-101-158 600 5 None Note 5 Note 5 70 -70 760,863

422-10 33.0% B0432004-101-158 600 5 None Note 5 Note 5 80 -80 383,713

431-02 33.6% B0432004-101-160 600 5 None Note 5 Note 5 110 -110 74,268

431-09 33.2%  B0432004-101-160 600 5 None Note 5 Note 5 100 -100 120,419

431-11 34.3% B0432004-101-160 600 5 None Note 5 Note 5 90 -90 230,611

432-04 33.3% B0432004-101-161 600 5 None Note 5 Note 5 70 -70 517,295

432-06 32.8% B0432004-101-161 600 5 None Note 5 Note 5 80 -80 250,594

441-02 34.3%  B0432004-101-163 600 5 None Note 5 Note 5 110 -110 87,745

441-09 33.1% B0432004-101-163 600 5 extensometer 26.1 25.2 100 -100 134,875

441-12 33.5% B0432004-101-163 600 5 extensometer 251 245 90 -90 217,108

442-02 34.8% B0432004-101-164 600 5 extensometer 25.4 25.6 70 -70 706,221

442-05 33.4% B0432004-101-164 600 5 None Note 5 Note 5 80 -80 357,972

451-04 33.7% B0432004-101-166 600 5 extensometer 24.6 23.8 110 -110 73,713

451-08 34.1%  B0432004-101-166 600 5 extensometer 24.8 21.7 100 -100 89,511

451-12 34.4% B0432004-101-166 600 5 extensometer 25.3 24.3 90 -90 183,727

452-08 33.5% B0432004-101-167 600 5 extensometer 24.2 23.9 70 -70 476,175

452-11 33.4% B0432004-101-167 600 5 extensometer 25.2 241 80 -80 275,411

611-03 33.1%  B0432004-101-184 600 5 None Note 5 Note 5 110 -110 33,911

611-06 33.1% B0432004-101-184 600 5 None Note 5 Note 5 100 -100 49,268

611-12 33.2% B0432004-101-184 600 5 None Note 5 Note 5 90 -90 67,906
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(g) (6 of 6)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Longitudinal Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]16
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: -1 TEST DATES: Oct 06 - Apr 09
Specimen Fiber Lot I.D. Test Frequency Strain t t . Nf Comments
No. v/o (Panel) Temp. Sensor Ej Ej Omax Omin
at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)

613-01 33.2% B0432004-101-186 600 5 None Note 5 Note 5 80 -80 172,745

613-03 32.0% B0432004-101-186 600 5 None Note 5 Note 5 70 -70 264,383

613-07 32.6% B0432004-101-186 600 5 None Note 5 Note 5 110 -110 39,606

613-12 33.2% B0432004-101-186 600 5 None Note 5 Note 5 108 -108 30,978

621-05 33.0% B0432004-101-187 600 5 None Note 5 Note 5 80 -80 237,937

621-06 33.4% B0432004-101-187 600 5 None Note 5 Note 5 90 -90 125,452

621-09 33.6% B0432004-101-187 600 5 None Note 5 Note 5 70 -70 468,676

631-01 32.5% B0432004-101-190 600 5 None Note 5 Note 5 100 -100 43,695

631-05 33.5% B0432004-101-190 600 5 None Note 5 Note 5 110 -110 19,939

631-08 33.6% B0432004-101-190 600 5 None Note 5 Note 5 80 -80 151,590

631-13 33.7% B0432004-101-190 600 5 None Note 5 Note 5 70 -70 283,217

632-01 33.0% B0432004-101-191 600 5 extensometer 26.7 26.8 90 -90 124,015

632-02 33.0% B0432004-101-191 600 5 extensometer 24.6 244 100 -100 35,014

632-12 34.1% B0432004-101-191 600 5 extensometer 24.8 24.5 80 -80 107,249

641-04 33.1% B0432004-101-193 600 5 extensometer 26.7 26.6 110 -110 31,589

641-07 33.5% B0432004-101-193 600 5 extensometer 25.6 25.8 70 -70 190,637

641-09 33.8% B0432004-101-193 600 5 None Note 5 Note 5 90 -90 112,743

641-11 32.5% B0432004-101-193 600 5 None Note 5 Note 5 110 -110 35,907

642-01 33.5% B0432004-101-194 600 5 extensometer 24.6 252 100 -100 42,772

651-03 33.4% B0432004-101-196 600 5 extensometer 25.3 25.3 80 -80 186,901

651-07 33.5% B0432004-101-196 600 5 None Note 5 Note 5 90 -90 112,075

651-11 32.7% B0432004-101-196 600 5 extensometer 26.4 25.8 70 -70 288,986

33.3% AVERAGE 25.7

Note 1 Stress-strain behavior was linear to termination of test

Note 2 Did not reach 0.02 offset before failure

Note 3 Did not reach 0.2 offset before failure

Note 4 Value not reported, anomalies in digital stress-strain data

Note 5 No stress-strain digital data available

Note 6 Specimen broke outside gage length; value for max strain at failure is measured
Note 7 Value not reported, extensometer slipped near end of test

Note 8 Proportional limit was manually determined

Note 9 Insufficient number of data points to calculate value
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(h) (1 of 3)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Transverse Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [90]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: 0.1 TEST DATES: Sep 06 - Apr 09
Specimen Fiber Lot I.D. Test Frequenc Strain t t . Nf Comments
No. v/o (Panel) Temp. Y Sensor Ej Ej Omax Omin
at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)

612-08 33.6% B0432004-101-185 -65 1,3 extensometer 20.2 19.9 38.0 3.8 96,418

612-10 33.7% B0432004-101-185 -65 1,3, 15 extensometer 20.7 211 35.0 3.5 789,988

622-12 33.9% B0432004-101-188 -65 1,3,15 extensometer 21.0 20.9 32.0 3.2 1,000,000

623-07 33.9% B0432004-101-189 -65 1,3,15 extensometer 20.9 21.0 29.0 29 1,000,000

623-09 33.9% B0432004-101-189 -65 1,3,15 extensometer 20.4 20.7 26.0 2.6 1,000,000

632-03 33.0% B0432004-101-191 -65 1,3 extensometer 19.7 18.3 38.0 3.8 102,209

633-06 33.7% B0432004-101-192 -65 1,3,15 extensometer 19.8 19.4 35.0 3.5 234,612

633-08 33.8% B0432004-101-192 -65 1,3, 15 extensometer 19.5 19.7 32.0 3.2 1,000,000

642-03 34.0% B0432004-101-194 -65 1,3,15 extensometer 19.7 19.8 29.0 29 1,000,000

642-05 34.2% B0432004-101-194 -65 1,3 extensometer 22.7 Note 5 26.0 2.6 Damaged during run

643-01 33.1% B0432004-101-195 -65 1,3 extensometer 18.8 18.2 38.0 3.8 42,202

643-03 33.6% B0432004-101-195 -65 1,3,15 extensometer 20.9 20.7 35.0 3.5 1,000,000

643-06 33.9% B0432004-101-195 -65 1,3,15 extensometer 201 20.0 32.0 3.2 1,000,000

643-09 33.5% B0432004-101-195 -65 1, 3,10 extensometer 20.0 22.2 26.0 2.6 751,006

652-04 34.2% B0432004-101-197 -65 1,3,5 extensometer 22.9 21.6 29.0 29 1,000,000

652-06 34.3% B0432004-101-197 -65 1,3,5 extensometer 19.9 20.9 26.0 2.6 1,000,000

33.8% AVERAGE

113-04 33.6% B0432004-101-111 70 1-20 extensometer 20.8 21.4 28 2.8 699,244

113-06 34.0% B0432004-101-111 70 20 extensometer 22.5 21.2 34 3.4 91,240

123-02 33.4% B0432004-101-114 70 1-20 extensometer 22.9 22.8 28 2.8 316,860

123-04 33.5% B0432004-101-114 70 20 extensometer 20.2 20.2 25 2.5 1,000,000

133-06 33.3% B0432004-101-117 70 1-20 extensometer 22.6 22.4 28 2.8 157,706

133-10 33.1% B0432004-101-117 70 20 extensometer 20.0 19.7 34 3.4 171,377

143-02 33.3% B0432004-101-120 70 1-20 extensometer 23.4 23.0 37 3.7 30,359

143-05 34.0% B0432004-101-120 70 20 extensometer 22.5 221 25 2.5 1,000,000

152-08 34.4% B0432004-101-122 70 1-20 extensometer 23.3 23.3 37 3.7 32,682

152-10 34.2% B0432004-101-122 70 20 extensometer 20.0 201 34 3.4 1,000,000

153-05 32.7% B0432004-101-123 70 20 extensometer 19.8 19.8 25 2.5 1,000,000

153-08 32.8% B0432004-101-123 70 1-20 extensometer 22.7 21.8 37 3.7 11,793

213-09 33.2% B0432004-101-126 70 20 extensometer 20.2 19.2 37 3.7 17,190

253-11 33.6% B0432004-101-138 70 20 None Note 5 Note 5 31 3.1 709,192

232-04 33.6% B0432004-101-131 70 20 extensometer 19.9 20.0 37 3.7 41,094

233-07 33.6% B0432004-101-132 70 20 extensometer 201 20.0 31 3.1 864,579
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(h) (2 of 3)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Transverse Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [90]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: 0.1 TEST DATES: Sep 06 - Apr 09
Specimen Fiber Lot I.D. Test Frequenc Strain t t . Nf Comments
No. v/o (Panel) Temp. Y Sensor Ej Ej Omax Omin
at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)

242-06 33.6% B0432004-101-134 70 20 extensometer 20.4 19.9 37 3.7 41,911

252-09 33.2% B0432004-101-137 70 20 extensometer 20.9 20.5 31 3.1 1,000,000

522-09 34.6%  B0432004-101-173 70 20 extensometer 20.9 21.7 28 2.8 1,000,000

533-06 34.0% B0432004-101-177 70 20 extensometer 22.2 Note 5 28 2.8 1,000,000

542-08 33.2% B0432004-101-179 70 20 None Note 5 Note 5 31 3.1 43,524

543-03 33.5% B0432004-101-180 70 20 extensometer 21.0 20.4 28 2.8 1,000,000

33.6% AVERAGE 21.3 21.0

313-07 32.7% B0432004-101-141 600 1,3,20 extensometer 18.7 17.7 24.0 2.4 1,000,000

322-03 33.9%  B0432004-101-143 600 5,20 extensometer 17.4 17.2 21.0 21 114,628

323-02 32.8% B0432004-101-144 600 5,20 extensometer 17.6 17.2 12.0 1.2 1,000,000

323-06 33.1%  B0432004-101-144 600 1 extensometer 171 15.5 30.0 3.0 12,337

332-04 33.4% B0432004-101-146 600 20 None Note 5 Note 5 21.0 2.1 1,000,000

332-07 33.5% B0432004-101-146 600 1 extensometer 21.5 20.3 27.0 2.7 41,732

333-05 33.2% B0432004-101-147 600 1,3,20 extensometer 19.6 19.6 24.0 2.4 1,000,000

333-07 33.1%  B0432004-101-147 600 20 None Note 5 Note 5 12.0 1.2 1,000,000

342-08 33.3% B0432004-101-149 600 1 extensometer 20.3 19.3 30.0 3.0 12,369

342-10 33.4% B0432004-101-149 600 1 extensometer 22.2 21.7 27.0 2.7 39,232

343-07 33.0% B0432004-101-150 600 1,3,20 extensometer 19.5 Note 5 24.0 2.4 no data Power failure lost furnace after

15866 cycles, test stopped

352-09 33.2% B0432004-101-152 600 1 extensometer 18.0 17.6 30.0 3.0 11,903

353-02 33.6% B0432004-101-153 600 20 None Note 5 Note 5 12.0 1.2 1,000,000

353-04 33.2% B0432004-101-153 600 1 extensometer 19.5 Note 5 27.0 2.7 204,988

712-04 33.0% B0432004-101-200 600 1,3,20 extensometer 21.3 Note 5 24.0 2.4 1,000,000

712-06 33.0% B0432004-101-200 600 1,3 extensometer 17.8 17.3 27.0 2.7 50,895

712-08 32.6% B0432004-101-200 600 1 extensometer 21.7 17.2 30.0 3.0 11,032

723-07 33.6% B0432004-101-204 600 1,20 extensometer 19.0 18.4 21.0 2.1 1,000,000

723-09 33.6% B0432004-101-204 600 1,3,20 extensometer 19.2 17.8 24.0 2.4 1,000,000

723-10 33.8% B0432004-101-204 600 1 extensometer 171 171 27.0 2.7 23,758

732-08 33.2%  B0432004-101-206 600 1 extensometer 17.7 16.7 30.0 3.0 12,324

733-08 32.6% B0432004-101-207 600 1,3,20 extensometer 24.7 Note 5 21.0 2.1 1,000,000

733-09 32.5% B0432004-101-207 600 1,3 extensometer 19.7 19.5 24.0 2.4 93,377

742-03 33.7% B0432004-101-209 600 5,20 extensometer 17.0 16.9 15.0 15 1,000,000

742-05 33.8%  B0432004-101-209 600 1 extensometer 21.3 Note 5 27.0 2.7 20,219
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MATERIAL: Titanium Matrix Composite Panels Table C4.3(h) (3 of 3)
SCS-6/Ti-6Al-4V
FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Transverse Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [90]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: 0.1 TEST DATES: Sep 06 - Apr 09
Specimen Fiber Lot I.D. Test Frequency Strain t t . Nf Comments
No. v/o (Panel) Temp. Sensor Ej Ej Omax Omin
at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)

742-10 33.1%  B0432004-101-209 600 1,20 extensometer 16.2 Note 5 30.0 3.0 9,467

752-05 33.2% B0432004-101-212 600 20 None Note 5 Note 5 15.0 15 1,000,000

752-09 33.1%  B0432004-101-212 600 1,3,20 extensometer 19.5 19.1 21.0 2.1 1,000,000

812-10 34.9% B0432004-101-215 600 5 extensometer 16.1 15.5 24.0 2.4 21,327

822-08 33.5% B0432004-101-218 600 1,3,20 extensometer 18.0 17.7 21.0 2.1 1,000,000

823-06 33.6% B0432004-101-219 600 1,3 extensometer 20.0 19.6 27.0 2.7 105,368

832-08 33.7%  B0432004-101-221 600 1 extensometer 18.9 18.1 30.0 3.0 7,519

832-10 34.1% B0432004-101-221 600 1,3,20 extensometer 18.4 18.5 21.0 21 1,000,000

833-02 34.9%  B0432004-101-222 600 5,20 extensometer 18.3 18.7 18.0 1.8 1,000,000

842-03 33.0% B0432004-101-224 600 1,3 extensometer 18.7 18.6 27.0 2.7 91,357

842-09 33.4% B0432004-101-224 600 1 extensometer 18.5 17.6 30.0 3.0 23,016

843-02 33.8% B0432004-101-225 600 5,20 None Note 5 Note 5 24.0 2.4 1,000,000

843-05 33.9%  B0432004-101-225 600 1,20 extensometer 16.0 Note 5 21.0 2.1 1,000,000

852-07 32.9% B0432004-101-227 600 1,20 extensometer 19.4 Note 5 27.0 2.7 47,442

853-04 33.2% B0432004-101-228 600 5 extensometer 17.0 17.1 18.0 1.8 100,000 Broke during test setup

changeover
853-07 33.1% B0432004-101-228 600 1,20 extensometer 214 Note 5 30.0 3.0 18,537
33.4% AVERAGE 19.0 18.0

Note 1 Stress-strain behavior was linear to termination of test

Note 2 Did not reach 0.02 offset before failure

Note 3 Did not reach 0.2 offset before failure

Note 4 Value not reported, anomalies in digital stress-strain data

Note 5 No stress-strain digital data available

Note 6 Specimen broke outside gage length; value for max strain at failure is measured
Note 7 Value not reported, extensometer slipped near end of test

Note 8 Proportional limit was manually determined

Note 9 Insufficient number of data points to calculate value
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(i) (1 of 4)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Transverse Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [90]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: 0.1 TEST DATES: Nov 06 - Apr 09
Specimen Fiber Lot I.D. Test Frequenc Strain t t . Nf Comments
No. v/o (Panel) Temp. Y Sensor Ej Ej Omax Omin
at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)

413-06 34.2%  B0432004-101-156 -65 1,3 extensometer 224 21.7 35.0 -35 44,102

413-08 34.8% B0432004-101-156 -65 1 extensometer 23.7 22.7 32.0 -32 47,214

423-04 33.1%  B0432004-101-159 -65 1,5 extensometer 22.6 24.0 29.0 -29 230,630

423-06 33.1% B0432004-101-159 -65 1,5 extensometer 19.9 20.4 26.0 -26 678,678

423-08 33.0% B0432004-101-159 -65 1,3,5 extensometer 20.0 20.4 23.0 -23 1,000,000

433-04 33.1% B0432004-101-162 -65 1,3 extensometer 21.4 21.5 35.0 -35 37,785

433-05 33.0% B0432004-101-162 -65 1,3 extensometer 231 259 32.0 -32 113,903

433-07 33.1% B0432004-101-162 -65 1,5 extensometer 20.1 20.3 29.0 -29 96,263

443-01 34.0% B0432004-101-165 -65 1,5 extensometer 214 21.5 26.0 -26 121,654

443-02 34.2% B0432004-101-165 -65 1,3,5 extensometer 18.6 18.6 23.0 -23 1,000,000

443-05 33.6% B0432004-101-165 -65 1,3 extensometer 21.2 Note 5 35.0 -35 42,955

443-06 33.4% B0432004-101-165 -65 1,3 None Note 5 Note 5 32.0 -32 102,924

453-04 34.2%  B0432004-101-168 -65 1,5 extensometer 21.3 211 29.0 -29 169,658

453-08 33.7% B0432004-101-168 -65 1,3,5 extensometer 18.1 20.4 26.0 -26 873,808

453-12 33.9% B0432004-101-168 -65 1,3,5 extensometer 18.0 19.1 23.0 -23 1,000,000

33.6%

113-05 33.9%  B0432004-101-111 70 None Note 5 Note 5 29 -29 31,893 Extended tabs

113-07 33.8% B0432004-101-111 70 1-5 None Note 5 Note 5 23 -23 156,758 Extended tabs

123-03 33.3% B0432004-101-114 70 1-5 None Note 5 Note 5 26 -26 70,870 Extended tabs

123-07 Note 5 B0432004-101-114 70 None Note 5 Note 5 20 -20 122,964

133-07 33.1%  B0432004-101-117 70 1-5 None Note 5 Note 5 32 -32 12,984 Extended tabs

133-11 33.0% B0432004-101-117 70 1-5 None Note 5 Note 5 23 -23 253,585 Extended tabs

133-12 33.1% B0432004-101-117 70 strain gage 211 18.1 29 -29 41,728 Extended tabs

143-06 33.5% B0432004-101-120 70 1-5 None Note 5 Note 5 26 -26 110,133 Extended tabs

143-07 33.5% B0432004-101-120 70 1-5 None Note 5 Note 5 32 -32 12,664 Extended tabs

143-10 Note 5 B0432004-101-120 70 5 None Note 5 Note 5 29 -29 27,112

152-07 33.7%  B0432004-101-122 70 5 extensometer 20.9 20.6 20 -20 1,000,000

152-09 34.2% B0432004-101-122 70 1-5 None Note 5 Note 5 23 -23 328,834 Extended tabs

153-04 Note 5 B0432004-101-123 70 5 None Note 5 Note 5 20 -20 1,000,000

153-06 33.1% B0432004-101-123 70 1-5 None Note 5 Note 5 26 -26 172,894 Extended tabs

153-10 33.0% B0432004-101-123 70 1-5 None Note 5 Note 5 32 -32 36,211 Extended tabs

212-04 34.6% B0432004-101-125 70 1-3 None Note 5 Note 5 32 -32 26,923

212-07 34.0%  B0432004-101-125 70 1-3 extensometer 20.2 20.5 29 -29 107,821
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(i) (2 of 4)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Transverse Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [90]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: 0.1 TEST DATES: Nov 06 - Apr 09
Specimen Fiber Lot I.D. Test Frequenc Strain t t . Nf Comments
No. v/o (Panel) Temp. y Sensor Ej Ej Omax Omin
at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)

213-10 33.3% B0432004-101-126 70 1,3,5 extensometer 20.9 215 26 -26 182,763

213-12 33.0% B0432004-101-126 70 1,3,5 extensometer 20.5 19.7 20 -20 1,000,000

232-11 33.8% B0432004-101-131 70 1- extensometer 19.3 19.0 29 -29 24,729

232-06 34.0% B0432004-101-131 70 5 None Note 5 Note 5 23 -23 1,000,000

232-08 34.1%  B0432004-101-131 70 1-3 None Note 5 Note 5 32 -32 31,875

233-09 33.7% B0432004-101-132 70 1,3,5 extensometer 19.3 Note 5 26 -26 66,444 E data for R=0.1

233-12 33.2%  B0432004-101-132 70 1,3,5 extensometer 19.6 19.3 20 -20 1,000,000

242-10 33.2% B0432004-101-134 70 1- extensometer 20.9 Note 5 29 -29 41,154

242-05 33.6% B0432004-101-134 70 2,5 extensometer Note 5 Note 5 23 -23 1,000,000

242-07 33.8% B0432004-101-134 70 1-3 None Note 5 Note 5 32 -32 16,801

251-05 33.4% B0432004-101-136 70 1 extensometer 224 231 26 -26 43,706

252-08 33.0% B0432004-101-137 70 1-5 extensometer 19.4 Note 5 20 -20 1,000,000

512-09 34.2%  B0432004-101-170 70 5 None Note 5 Note 5 32 -32 36,040

522-05 34.2% B0432004-101-173 70 1,3 extensometer 18.9 18.3 29 -29 66,336

523-07 33.1%  B0432004-101-174 70 5 None Note 5 Note 5 26 -26 63,011

523-09 34.1% B0432004-101-174 70 1,3,5 extensometer 19.4 19.5 20 -20 590,927

532-03 33.9%  B0432004-101-176 70 1,3 extensometer 22.0 23.0 29 -29 21,940

532-07 34.3% B0432004-101-176 70 2 None Note 5 Note 5 32 -32 18,398

533-04 34.0% B0432004-101-177 70 1,3,5 extensometer 23.7 20.3 23 -23 501,458

533-08 33.8% B0432004-101-177 70 1,3,5 extensometer 20.0 20.4 20 -20 1,000,000

542-04 34.3%  B0432004-101-179 70 5 None Note 5 Note 5 26 -26 90,672

542-06 34.4% B0432004-101-179 70 1,5 extensometer 22.7 Note 5 29 -29 46,796

543-04 33.4% B0432004-101-180 70 1,3,5 extensometer 19.2 17.8 23 -23 258,314 Data @ Nf/2 very erratic

543-07 33.5% B0432004-101-180 70 2 None Note 5 Note 5 32 -32 36,049

553-03 33.8%  B0432004-101-183 70 1,5 extensometer 20.3 Note 5 20 -20 1,000,000

553-05 34.3% B0432004-101-183 70 2,5 None Note 5 Note 5 26 -26 372,568

33.7% AVERAGE 20.6 20.1

313-08 33.0% B0432004-101-141 600 1,3,5 extensometer 19.0 19.7 20.0 -20.0 22,982

322-10 34.3%  B0432004-101-143 600 5 None Note 5 Note 5 17.5 -17.5 161,229

323-04 32.7% B0432004-101-144 600 5 extensometer 17.6 17.8 10.0 -10.0 1,000,000

323-08 32.9% B0432004-101-144 600 1,3,5 extensometer 17.2 no data 15.0 -15.0 1,000,000

332-05 33.5% B0432004-101-146 600 5 None Note 5 Note 5 17.5 -17.5 1,000,000

332-08 33.8%  B0432004-101-146 600 1,3,5 extensometer 18.2 17.4 12.5 -12.5 1,000,000
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(i) (3 of 4)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Transverse Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [90]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: 0.1 TEST DATES: Nov 06 - Apr 09
Specimen Fiber Lot I.D. Test Frequenc Strain t t . Nf Comments
No. v/o (Panel) Temp. y Sensor Ej Ej Omax Omin
at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)

333-06 32.7%  B0432004-101-147 600 1,3,5 extensometer 171 17.8 20.0 -20.0 123,029

342-09 33.6% B0432004-101-149 600 5 None Note 5 Note 5 10.0 -10.0 1,000,000

342-12 33.5% B0432004-101-149 600 1,3,5 extensometer 15.7 16.6 15.0 -15.0 1,000,000

343-06 33.2% B0432004-101-150 600 1,3,5 extensometer 17.8 Note 5 12.5 -12.5 1,000,000

343-09 33.4% B0432004-101-150 600 5 None Note 5 Note 5 17.5 -17.5 1,000,000

352-04 33.2% B0432004-101-152 600 1,3 extensometer 15.5 Note 5 20.0 -20.0 1,000,000

352-09 33.2%  B0432004-101-152 600 1,3,5 extensometer 18.3 17.9 15.0 -15.0 11,903

353-03 33.7% B0432004-101-153 600 5 None Note 5 Note 5 10.0 -10.0 1,000,000

353-08 34.6%  B0432004-101-153 600 1,3,5 extensometer 18.0 18.3 12.5 -12.5 1,000,000

622-08 33.9% B0432004-101-188 600 1,3,5 extensometer 18.6 no data 20.0 -20.0 137,855

622-09 33.9% B0432004-101-188 600 5 None Note 5 Note 5 12.5 -12.5 1,000,000

622-11 33.9% B0432004-101-188 600 1,3,5 extensometer 191 Note 5 17.5 -17.5 1,000,000

632-04 33.6% B0432004-101-191 600 1,3,5 extensometer 19.0 Note 5 15.0 -15.0 1,000,000

632-05 34.3% B0432004-101-191 600 1,3,5 extensometer 17.5 Note 5 10.0 -10.0 1,000,000

632-10 33.1% B0432004-101-191 600 1,3,5 extensometer 171 16.9 20.0 -20.0 28,856

642-07 34.2% B0432004-101-194 600 1,3,5 extensometer 17.5 17.2 17.5 -17.5 33,721

642-10 34.0% B0432004-101-194 600 5 extensometer 18.1 21.3 12.5 -12.5 1,000,000

643-02 33.3% B0432004-101-195 600 1,3,5 extensometer 17.2 17.2 15.0 -15.0 1,000,000

643-07 33.9%  B0432004-101-195 600 1,3,5 extensometer 16.7 16.2 10.0 -10.0 1,000,000

652-05 34.2% B0432004-101-197 600 1,3,5 extensometer 15.5 14.9 20.0 -20.0 16,977

652-07 34.0% B0432004-101-197 600 1,3,5 extensometer 14.8 15.3 17.5 -17.5 14,036

653-04 32.8% B0432004-101-198 600 1,3,5 extensometer 15.2 14.5 15.0 -15.0 92,959

653-06 33.5% B0432004-101-198 600 5 None Note 5 Note 5 12.5 -12.5 1,000,000

653-10 33.5% B0432004-101-198 600 1,3,5 extensometer 15.6 15.4 10.0 -10.0 1,000,000

812-07 34.6% B0432004-101-215 600 1,3,5 extensometer 19.1 18.8 17.5 -17.5 21,887

812-09 34.8% B0432004-101-215 600 2 None Note 5 Note 5 20.0 -20.0 75,734

822-05 34.1%  B0432004-101-218 600 1,3,5 extensometer 17.4 17.5 12.5 -12.5 1,000,000

823-09 33.2% B0432004-101-219 600 1,3,5 extensometer 18.3 18.0 10.0 -10.0 1,000,000

832-09 34.3% B0432004-101-221 600 5 None Note 5 Note 5 15.0 -15.0 1,000,000

832-11 34.2% B0432004-101-221 600 1,3,5 extensometer 18.6 Note 5 17.5 -17.5 145,385

833-04 35.0% B0432004-101-222 600 1,3,5 extensometer 16.2 Note 5 12.5 -12.5 1,000,000

842-04 33.3% B0432004-101-224 600 5 None Note 5 Note 5 20.0 -20.0 1,000,000

842-10 33.3% B0432004-101-224 600 1,3,5 extensometer 16.1 Note 5 10.0 -10.0 1,000,000
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(i) (4 of 4)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Transverse Fatigue
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [90]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.401 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 466-96 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: LN2/Lab air/resistance heating
LOAD RATIO: 0.1 TEST DATES: Nov 06 - Apr 09
Specimen Fiber Lot I.D. Test Frequenc Strain t t . Nf Comments
No. v/o (Panel) Temp. y Sensor Ej Ej Omax Omin
at N=1 at N=Nf/2
(°F) Hz (Msi) (Msi) (ksi) (ksi)
843-03 34.2%  B0432004-101-225 600 1,3,5 extensometer 16.8 17.6 17.5 -17.5 58,755
843-06 33.9% B0432004-101-225 600 5 none Note 5 Note 5 15.0 -15.0 1,000,000
843-08 34.2%  B0432004-101-225 600 5 none Note 5 Note 5 20.0 -20.0 76,562
852-04 34.7% B0432004-101-227 600 1,3,5 extensometer 17.3 17.9 12.5 -12.5 1,000,000
852-06 33.0% B0432004-101-227 600 5 extensometer 18.3 18.3 15.0 -15.0 1,000,000
853-02 33.2% B0432004-101-228 600 1,3,5 extensometer 16.8 16.8 10.0 -10.0 1,000,000
33.7% AVERAGE 17.3 17.4

Note 1 Stress-strain behavior was linear to termination of test
Note 2 Did not reach 0.02 offset before failure
Note 3 Did not reach 0.2 offset before failure

Note 4 Value not reported, anomalies in digital stress-strain data

Note 5 No stress-strain digital data available

Note 6 Specimen broke outside gage length; value for max strain at failure is measured
Note 7 Value not reported, extensometer slipped near end of test

Note 8 Proportional limit was manually determined
Note 9 Insufficient number of data points to calculate value
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MATERIAL: Titanium Matrix Composite Panels Table C4.3(j) (1 of 3)
SCS-6/Ti-6Al-4V
FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Longitudinal Crack Growth
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.750 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 647-00 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: Lab air/resistance heating
TEST DATES: Jun 07 - Apr 09
Specimen Fiber Lot I.D. Test Frequency R o Notch Crack Bridging N Comments
No. v/o (Panel) Temp. Mmax | ength f
(°F) Hz (ksi) (in) (full, partial, none)

113-10 33.5% B0432004-101-111 70 5 0.1 80 0.0772 partial 9,099

122-05 33.4% B0432004-101-113 70 5 0.1 55 0.0735 full 1,993,139

123-12 34.4% B0432004-101-114 70 5 0.1 100 0.0778 none 3,071

132-08 33.4% B0432004-101-116 70 5 0.1 80 0.0775 partial 8,610

133-03 33.8% B0432004-101-117 70 5 0.1 55 0.0730 full 3,365,134

142-01 33.6% B0432004-101-119 70 5 0.1 100 0.0745 none 3,314

143-11 33.5% B0432004-101-120 70 5 0.1 100 0.0778 none 2,761

143-12 33.3% B0432004-101-120 70 1 0.1 95 0.0812 none 2,006

151-08 33.2% B0432004-101-121 70 5 0.1 55 0.0735 full 938,888

152-03 33.2% B0432004-101-122 70 5 0.1 80 0.0778 none 4,095

313-10 33.1% B0432004-101-141 70 5 0.1 100 0.0768 none 4,982

323-01 34.3% B0432004-101-144 70 5 0.1 55 0.0730 full 1,993,139

331-03 34.3% B0432004-101-145 70 5 0.1 70 0.0778 partial 402,198

331-08 33.7% B0432004-101-145 70 5 0.1 80 0.0769 partial 15,683

333-09 33.0% B0432004-101-147 70 5 0.1 100 0.0774 none 2,552

341-07 33.0% B0432004-101-148 70 5 0.1 80 0.0770 partial 29,977

341-11 34.0% B0432004-101-148 70 5 0.1 55 0.0771 full 965,766

343-11 33.2% B0432004-101-150 70 5 0.1 95 0.0774 none 5,707

351-07 33.9% B0432004-101-151 70 5 0.1 80 0.0765 partial 16,710

352-03 33.5% B0432004-101-152 70 5 0.1 55 0.0772 full 1,710,493

353-12 33.6% B0432004-101-153 70 5 0.1 100 0.0767 none 3,415

33.7% AVERAGE 0.0765

312-01 33.7% B0432004-101-140 600 10 0.1 65 0.0771 full 357,868

312-03 33.6% B0432004-101-140 600 1 0.1 95 0.0774 partial 18,020

313-02 34.1% B0432004-101-141 600 10 0.1 55 0.0773 full 512,895

323-09 32.5% B0432004-101-144 600 1 0.1 110 0.0770 none 30

331-04 34.3% B0432004-101-145 600 10 0.1 85 0.0777 partial 95,100

331-07 33.9% B0432004-101-145 600 1 0.1 105 0.0772 partial 9,891

333-10 33.8% B0432004-101-147 600 10 0.1 85 0.0774 partial 20,945

341-03 34.0% B0432004-101-148 600 5 0.1 65 0.0775 full 466,692
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(j) (2 of 3)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Longitudinal Crack Growth
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.750 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 647-00 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: Lab air/resistance heating
TEST DATES: Jun 07 - Apr 09
Specimen Fiber Lot I.D. Test Frequency R G Notch Crack Bridging N Comments
No. v/o (Panel) Temp. max Length f
(°F) Hz (ksi) (in) (full, partial, none)

341-09 33.4% B0432004-101-148 600 1 0.1 115 0.0770 none 1

343-12 33.4% B0432004-101-150 600 5 0.1 55 0.0776 full 71,091

351-06 34.6% B0432004-101-151 600 1 0.1 105 0.0776 none 588

351-09 33.8% B0432004-101-151 600 10 0.1 85 0.0773 partial 97,303

352-02 33.9% B0432004-101-152 600 1 0.1 115 0.0770 none 1

353-01 34.0% B0432004-101-153 600 10 0.1 65 0.0790 full 380,394

412-01 33.8% B0432004-101-155 600 1 0.1 95 0.0772 partial 16,710

412-05 33.5% B0432004-101-155 600 2 0.1 85 0.0773 partial 23,000

413-02 34.4% B0432004-101-156 600 10 0.1 65 0.0779 full 304,012

422-03 33.2% B0432004-101-158 600 Note 5 0.1 75 0.0770 partial Note 5

422-05 33.1% B0432004-101-158 600 10 0.1 65 0.0778 full 415,736

423-01 34.5% B0432004-101-159 600 1 0.1 105 0.0776 none 183

432-03 33.4% B0432004-101-161 600 2 0.1 85 0.0781 partial 21,456

432-09 33.2% B0432004-101-161 600 10 0.1 75 0.0778 partial 106,348

433-09 33.3% B0432004-101-162 600 1 0.1 105 0.0772 none 320

442-06 33.3% B0432004-101-164 600 5 0.1 55 0.0776 full 352,452

442-10 33.3% B0432004-101-164 600 2 0.1 85 0.0773 partial 12,652

452-01 33.9% B0432004-101-167 600 5 0.1 65 0.0779 full 137,233

452-04 33.5% B0432004-101-167 600 1 0.1 105 0.0770 none 30

453-02 34.6% B0432004-101-168 600 5 0.1 55 0.0776 full 35,454

33.7% AVERAGE 0.0776

122-03 33.6% B0432004-101-113 600 1 0.5 110 0.0774 none 1,113

123-11 33.9% B0432004-101-114 600 10 0.5 95 0.0776 partial 49,941

142-03 33.2% B0432004-101-119 600 1 0.5 110 0.0774 partial 5,692

142-07 33.0% B0432004-101-119 600 1 0.5 95 0.0770 partial 210,538

151-06 33.0% B0432004-101-121 600 1 0.5 110 0.0768 partial 3,117

152-02 34.0% B0432004-101-122 600 1 0.5 95 0.0767 partial 77,071

412-06 33.7% B0432004-101-155 600 1 0.5 95 0.0772 partial 56,546

413-10 32.7% B0432004-101-156 600 1 0.5 110 0.0825 partial 12,833

422-06 33.1% B0432004-101-158 600 5 0.5 65 0.0777 full 763,069
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(j) (3 of 3)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone Longitudinal Crack Growth
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.135 inches (average) [0]46
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.750 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM E 647-00 (metals) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: Lab air/resistance heating
TEST DATES: Jun 07 - Apr 09
Specimen Fiber Lot 1.D. Test Frequency R G Notch Crack Bridging N Comments
No. v/o (Panel) Temp. max Length f
(°F) Hz (ksi) (in) (full, partial, none)

422-08 32.6% B0432004-101-158 600 1 0.5 110 0.0775 none 1,282

423-09 32.9% B0432004-101-159 600 1 0.5 115 0.0770 none 1

432-07 33.3% B0432004-101-161 600 5 0.5 75 0.0776 partial 393,761

433-10 33.3% B0432004-101-162 600 1 0.5 95 0.0765 partial 29,950

442-08 33.2% B0432004-101-164 600 5 0.5 65 0.0775 full 428,388

443-12 33.5% B0432004-101-165 600 1 0.5 95 0.0767 partial 66,930

452-03 33.9% B0432004-101-167 600 1 0.5 115 0.0770 none 1

452-06 33.6% B0432004-101-167 600 5 0.5 75 0.0776 partial 45,630
Note 1: Stress-strain behavior was linear to termination of test

Note 2:
Note 3:
Note 4:
Note 5:
Note 6:
Note 7:
Note 8:
Note 9:

Did not reach 0.02 offset before failure

Did not reach 0.2 offset before failure

Value not reported, anomalies in digital stress-strain data
No stress-strain digital data available

Specimen broke outside gage length; value for max strain at failure is measured
Value not reported, extensometer slipped near end of test

Proportional limit was manually determined
Insufficient number of data points to calculate value
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MATERIAL: Titanium Matrix Composite Panels Table C4.3(k) (1 of 3)
SCS-6/Ti-6Al-4V
FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone shape Longitudinal Tension
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.134 inches (average) [0]46, with cladding
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.400 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM D 3553-96 (MMC'’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: Lab air/resistance heating
TEST DATES: Jun 06 - Apr 07
Specimen No. Fiber Lot I.D. Test Strain  Strain E Prop. YS YS UTS & Comments
v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.2%
(°F) (1/s) (Msi)  (ksi) (ksi) (ksi) (ksi) (%)
1-6107-1-2 30.1% 6107-1 70 0.01 extensometer  28.6 153.2 180.5 226.7 2251 Note 4 Adjusted 3 jumps in the data
1-6107-1-3 29.9% 6107-1 70 0.01 extensometer  30.6 Note 2 Note 2 Note 3 219.2 Note 4
1-6107-1-4 29.7% 6107-1 70 0.01 extensometer  26.7 230.0 244.0 Note 2 244.0 0.970
1-6107-3-3 30.1% 6107-1 70 0.01 28.4 148.0 180.4 Note 3 233.2 1.017
1-6107-3-4 30.1% 6107-3 70 0.01 28.0 152.1 176.3 233.2 233.2 1.057
70 loaded twice; E determined from
2-6550-1-1 28.4% 6107-3 0.01 extensometer  29.8 203.4 221.4 224 .4 254.6 Note 4 1st loading
2-6550-1-2 28.5% 6550-1 70 0.01 extensometer 31.0 158.7 190.2 Note 3 252.8 1.038
2-6550-1-3 28.6% 6550-1 70 0.01 extensometer  30.4 159.1 188.3 243.5 248.9 1.053
2-6550-1-4 28.4% 6550-1 70 0.01 extensometer  29.1 164.0 188.2 242.2 237.1 Note 4
2-6550-2-9 29.0% 6550-1 70 0.01 extensometer  28.3 157.9 183.4 Note 4 239.6 1.071
2-6550-2-10 28.6% 6550-2 70 0.01 extensometer  27.5 150.2 175.3 231.6 234.5 1.113
4-6872-2-8 28.4% 6550-2 70 0.01 extensometer  32.3 157.2 188.8 218.2 247.4 0.962
5-6886-1-2 28.8% 6872-2 70 0.01 extensometer 31.4 154.4 184.7 245.6 241.8 0.978
5-6886-1-5 28.9% 6886-1 70 0.01 extensometer  30.2 167.3 187.8 238.0 239.0 0.986
5-6886-1-8 29.0% 6886-1 70 0.01 extensometer 30.3 165.6 188.1 Note 3 236.9 0.966
5-6886-2-3 28.6% 6886-1 70 0.01 extensometer  32.1 152.7 182.2 Note 3 229.9 0.913
5-6886-2-7 28.8% 6886-2 70 0.01 extensometer 31.3 160.4 185.7 229.7 229.4 0.929
5-6886-2-9 28.5% 6886-2 70 0.01 extensometer  30.8 150.5 178.6 Note 3 230.7 0.960
6-7286-1-3 28.6% 6886-2 70 0.01 extensometer  29.5 156.0 176.1 227.4 195.2 0.794
6-7286-1-7 28.7% 7286-1 70 0.01 extensometer  29.1 142.8 170.2 Note 3 192.3 0.801
7-7356-1-5 29.4% 7286-1 70 0.01 extensometer 30.2 150.7 176.5 Note 3 208.9 0.846
7-7356-1-8 29.1% 7356-1 70 0.01 extensometer  30.4 154.0 179.4 Note 3 220.4 0.898
7-7356-2-3 28.7% 7356-1 70 0.01 extensometer 31.0 144.7 172.7 Note 3 225.7 0.947
7-7356-2-7 29.0% 7356-2 70 0.01 extensometer  30.3 153.2 176.1 221.0 219.2 0.908
7-7356-2-9 29.8% 7356-2 70 0.01 extensometer 30.4 151.9 176.0 Note 3 215.7 0.882
8-7546-1-3 29.3% 7356-2 70 0.01 extensometer  30.6 154.5 181.3 Note 3 242.0 1.020
8-7546-1-7 29.0% 7546-1 70 0.01 extensometer 30.5 150.7 176.8 232.2 228.8 0.965
8-7546-1-9 29.3% 7546-1 70 0.01 extensometer  31.3 153.0 183.5 224.0 241.6 0.989
8-7546-2-2 28.5% 7546-1 70 0.01 extensometer 31.5 154.1 184.5 235.6 249.5 1.010
8-7546-2-5 28.6% 7546-2 70 0.01 extensometer  31.1 154.0 181.8 241.4 248.9 1.042

29.0% AVERAGE
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MATERIAL: Titanium Matrix Composite Panels

FIBER:
MATRIX:

SCS-6 (Silicon Carbide)
Ti-6Al-4V

SPECIMEN GEOMETRY:
SPEC THICKNESS:

Dogbone shape
0.134 inches (average)

Table C4.3(k) (2 of 3)
SCS-6/Ti-6Al-4V
Longitudinal Tension
[0]46, with cladding

PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.400 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM D 3553-96 (MMC’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: Lab air/resistance heating
TEST DATES: Jun 06 - Apr 07
Specimen  Fiber Lot I.D. Test Strain  Strain E Prop. YS YS UTS & Comments
No. v/io (Panel) Temp. Rate Sensor Limit 0.06% 0.2%
(°F) (1/s) (Msi)  (ksi) (ksi) (ksi) (ksi) (%)
Data extremely noisy, YS & E
1-6107-1-5 29.7% 6107-1 600 0.01 Note 4 Note 4 Note 4 Note 4 180.5 1.050 values invalid
1-6107-1-6 29.7% 6107-1 600 0.01 24.0 107.9 127.2 169.8 175.4 0.958
1-6107-1-7 29.6% 6107-1 600 0.01 25.8 106.9 133.5 184.3 199.5 1.030
1-6107-1-8 30.2% 6107-1 600 0.01 25.0 103.3 128.5 175.2 197.4 1.066
1-6107-3-1 6107-3 600 0.01
1-6107-3-2 6107-3 600 0.01
1-6107-3-5 30.0% 6107-3 600 0.01 23.7 100.9 127.9 168.8 193.6 1.108
1-6107-3-6 29.8% 6107-3 600 0.01 24.9 104.3 128.7 173.5 194.2 1.056
2-6550-1-5 28.1% 6550-1 600 0.01 25.4 112.2 135.0 186.8 202.7 Note 4 Adjusted 1 jump in the data
2-6550-1-6 28.2% 6550-1 600 0.01 26.1 99.6 134.3 187.1 196 Note 4 Adjusted 1 jump in the data
2-6550-1-7 28.3% 6550-1 600 0.01 25.3 102.0 135.1 179.7 201.4 1.085
2-6550-1-8 28.5% 6550-1 600 0.01 25.9 98.6 134.3 185.8 196.6 Note 4 Adjusted 1 jump in the data
2-6550-3-1 28.3% 6550-3 600 0.01 22.4 103.1 116.4 148.9 171.9 1.073
2-6550-3-2 28.8% 6550-3 600 0.01 22.7 100.7 119.6 155.0 175.8 1.085
3-6722-1-3 28.8% 6722-1 600 0.01 25.5 98.9 131.0 179.4 196.4 1.029
3-6722-1-6 28.9% 6722-1 600 0.01 25.9 120.9 139.4 184.3 201.6 1.044
3-6722-1-9 29.2% 6722-1 600 0.01 25.4 104.5 128.8 181.1 192.8 1.002
3-6722-2-1 28.6% 6722-2 600 0.01 26.2 106.9 131.3 184.5 202.3 1.016
3-6722-2-4 28.5% 6722-2 600 0.01 24.8 103.6 134.2 179.8 199.7 1.068
3-6722-2-10 28.7% 6722-2 600 0.01 25.7 105.3 132.5 183.9 200.2 1.037
4-6872-1-1 29.2% 6872-1 600 0.01 28.2 102.6 126.5 177.5 189.6 0.911
4-6872-1-4 28.8% 6872-1 600 0.01 30.0 96.7 130.9 187.4 193.5 0.855
4-6872-1-10 29.4% 6872-1 600 0.01 29.4 101.2 133.2 188.8 190.6 0.849
4-6872-2-3 28.3% 6872-2 600 0.01 29.2 108.7 133.0 188.4 215 1.031
4-6872-2-6 28.2% 6872-2 600 0.01 28.9 106.1 130.0 185.8 206.5 0.984
4-6872-2-9 28.5% 6872-2 600 0.01 30.1 105.5 135.4 190.7 2071 0.945
5-6886-1-3 28.7% 6886-1 600 0.01 28.8 108.9 Note 7 Note 7 187 Note 7
5-6886-1-6 29.0% 6886-1 600 0.01 281 107.0 131.0 175.2 175.6 0.834
5-6886-1-9 29.2% 6886-1 600 0.01 28.5 110.0 133.9 183.3 183.3 0.837
5-6886-2-1 29.5% 6886-2 600 0.01 30.2 101.8 135.7 Note 7 160.4 Note 7
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MATERIAL: Titanium Matrix Composite Panels

Table C4.3(k) (3 of 3)
SCS-6/Ti-6Al-4V

FIBER: SCS-6 (Silicon Carbide) SPECIMEN GEOMETRY: Dogbone shape Longitudinal Tension
MATRIX: Ti-6Al-4V SPEC THICKNESS: 0.134 inches (average) [0]16, with cladding
PRODUCT FORM: HIP’d Panels (6x9 inches) SPEC WIDTH: 0.400 inches (average) UDRI/TRL
LAY-UP: [0]16 (Unidirectional) TEST METHOD: ASTM D 3553-96 (MMC’s) Raw Data
MANUFACTURE: FMW Composite Systems TEST ENVIRONMENT: Lab air/resistance heating
TEST DATES: Jun 06 - Apr 07
Specimen  Fiber Lot I.D. Test Strain  Strain E Prop. YS YS UTS & Comments
No. v/o (Panel) Temp. Rate Sensor Limit 0.06% 0.2%
(°F) (1/s) (Msi)  (ksi) (ksi) (ksi) (ksi) (%
6-7286-1-1 29.6%  7286-1 600 0.01 281 80.2 121.7 Note 3 148.4 0.729
6-7286-1-4 28.6%  7286-1 600 0.01 27.5 104.6 125.6 Note 3 149.5 0.707
6-7286-1-10 29.0%  7286-1 600 0.01 22.3 92.7 115.2 Note 3 148.9 0.865
6-7286-2-3 28.1%  7286-2 600 0.01 28.6 103.9 133.7 Note 3 1721 0.800
6-7286-2-6 28.5%  7286-2 600 0.01 30.1 108.3 138.1 176.6 180.7 0.814
6-7286-2-9 28.3%  7286-2 600 0.01 28.1 104.8 130.0 171.7 172.2 0.813
7-7356-1-3 29.6%  7356-1 600 0.01 271 105.7 125.5 174.2 175.8 0.858
7-7356-1-6 29.3%  7356-1 600 0.01 27.2 106.5 128.2 Note 3 177.6 0.840
7-7356-1-9 29.5%  7356-1 600 0.01 271 102.6 123.8 167.8 167.8 0.815
7-7356-2-1 29.5%  7356-2 600 0.01 27.7 97.0 120.9 172.3 181.1 0.887
7-7356-2-4 28.8%  7356-2 600 0.01 28.0 104.1 128.5 Note 3 170.9 0.764
7-7356-2-10 29.7%  7356-2 600 0.01 28.4 99.7 130.0 Note 3 163.3 0.720
8-7546-1-1 29.6%  7546-1 600 0.01 27.6 101.9 126.8 174.7 197 0.983
8-7546-1-4 29.4%  7546-1 600 0.01 28.2 102.6 129.4 180.3 196.5 0.948
8-7546-1-10 29.5%  7546-1 600 0.01 28.3 100.5 127.9 181.5 194.2 0.924
8-7546-2-3 28.9%  7546-2 600 0.01 28.0 108.2 134.3 192.3 207.5 0.984
8-7546-2-6 28.9%  7546-2 600 0.01 28.8 110.4 134.7 194.7 221 1.039
8-7546-2-9 28.7%  7546-2 600 0.01 28.6 106.4 130.6 185.2 211.9 1.014
29.0% AVERAGE

Note 1: Stress-strain behavior was linear to termination of test

Note 2: Did not reach 0.02 offset before failure
Note 3: Did not reach 0.2 offset before failure

Note 4: Value not reported, anomalies in digital stress-strain data

Note 5: No stress-strain digital data available
Note 6: Specimen broke outside gage length; value for max strain at failure is measured

Note 7: Value not reported, extensometer slipped near end of test
Note 8: Proportional limit was manually determined
Note 9: Insufficient number of data points to calculate value

Note 10: Did not reach 0.06 offset before failure
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