
" 

l':, 1: 

'. 

'-i 

,> 

I:: l-{ j .. fqJ e -f. ct I 
NASA-Cf<- J~~, 9/t! 

CCMS-87-08 
VPI-E-87-8 

i 

l€Lttf • DqeltfJ.J.Y1-f J~flle.,f- S~ /!.2sfCJtA-(J 

of G;/ I'r ( . / 
VIRGINIA TECH ('1:..1. Teet. f 

CENTER FOR ! ~ASA-CR-182914CCMS-87-
Vl~Cb 00 l(P \ O() 

COMPOSITE MA TERI}{[S-----------

AND STRUCTURES 

Temperature-Dependent Tensile and 
Shear Response of Graphite/Aluminum 

Takahiro Fujita 
Marek-Jerzy Pindera 
Carl T. Herakovich ,· .... ,.···M., ,' ..... ""'.-- ................ -- ......... ~"" ,"'-'-. __ .. _ ...... ,'" ..... I', "., 

i ,_ 

I" ":;~,,::.~": .\ J...._., J' , 
I I' /' 

I 1 1 
, I JUN 2 4 £92 i 
! l 
f ,I 

I L rw"-:,:::~~:-: ~·I·I- i':~:-;'Jlt-f) t~I"';"LL: j ,",::,"\ •. 1 •• ','" l ". :i ("~l 

i , . , Li _,' . '-:' ';,~ \ 
I. , ,,j '--......... _-, .... _ ... ,.-

Virginia Polytechnic 
Institute 

and 
State University 

Blacksburg, Virginia 
24061 

, ~ ... ,,~ •.• • ... r.' ....... . 

n 1I~lllIlllflllflllllnrllllllllllllllllllll~ l' NF00917 



.' ... -



College of Engineering 
Virginia Polytechnic Institute and State University 
Blacksburg, Virginia 24061 

May 1987 

CCMS-87-08 
VPI-E-87-8 

Temperature-Dependent Tensile and 

Shear Response of Graphite/Aluminum 

Takahiro Fujita1 

Marek-Jerzy Pindera2 

Carl T. Herakovich3 

Department of Engineering Science & Mechanics 

Prepared for: 

National Aeronautics and Space Administration 
Goddard Space Flight Center 
Greenbelt, MD 20771 

Materials Sciences Corporation 
Gwynedd Plaza 2 
Bethlehem Pike 
Spring House, PA 19477 

Center for Innovative Technology 
Institute for Materials Science & Engineering 
Virginia Polytechnic Institute & State University 
Blacksburg, VA 24061 

1 Graduate Student, Department of Engineering Science & Mechanics 

2 Assistant Professor, Department of Engineering Science & Mechanics 

3 Professor, Department of Engineering Science & Mechanics 

N y?- c154 Ptf #-



Temperature-Dependent Tensile and Shear Response of Graphite/Aluminum 

by 

Takahiro Fujita 

Carl T. Herakovich, Co-Chairman 

Engineering Science and Mechanics 

(ABSTRACT) 

The thermo-mechanical response of unidirectional P100 graphite fiber/6061 aluminum 

matrix composites (v, = 0.47) was investigated at four temperatures: -150°F, + 75°F, 

+ 250°F and + 500°F, using test methods developed at Virginia Tech. Two types of 

tests, off-axis tension and losipescu shear, were used to obtain the desired proper

ties. Good experimental-theoretical correlation was obtained for Exx, Vxy and G12 • It 

is shown that Ell is temperature independent, but E22 , V12 and G12 generally decrease 

with increasing temperature. Compared with rather high longitudinal strength, very 

low transverse strength was obtained for the graphite/aluminum. The poor trans

verse strength is believed to be due to the low interfacial bond strength In this ma

terial. The strength decreases significantly with increasing temperature. The tensile 

response at various temperatures Is greatly affected by the residual stresses caused 

by the mismatch in the coefficients of thermal expansion of fibers and matrix. The 

degradation of the aluminum matrix properties at higher temperatures has a delete

rious effect on composite properties. The composite has a very low coefficient of 

thermal expansion in the fiber direction. 
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1.0 Introduction 

1.1 High Temperature Composites 

Metal-matrix composites (MMC) have the potential to offer many advantages of com

posite materials such as high strength-to-weight and stiffness-to-weight ratios at high 

temperatures [1-3]. Although their use has been limited because of the high cost of 

raw materials and manufacturing, efforts continue to be given to the development and 

application of metal-matrix composites. Graphite-reinforced aluminum is one type 

of metal matrix composite which has been studied' [4-7]. Graphite fibers have many 

advantages such as high strength, high stiffness, low density and the potential of 

low-cost manufacturing. Likewise, aluminum is relatively low cost and readily avail

able. Graphite/aluminum composites have been applied to defense endeavors such 

as tactical missile skins, stiffeners, rocket launch tubes, armor components, and light 

weight field erectable assault bridges [2]. There can be little doubt that their appli

cation will increase in the future. 
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In space, the temperature rises to + 250°F in the sun while it drops to -250°F In the 

shade. Structural components in high precision space structures must be not only 

heat-resistant but also dimensionally stable in such an environment. Because of their 

low thermal expansion properties and high specific stiffnesses, graphite/aluminum 

composites are leading candidates for space structural applications. 

1.2 Fabrication of Graphitel Aluminum Composites 

Although graphite/aluminum composites are very attractive materials for many ap

plications, there are major difficulties with their fabrication process. Molten alumi

num does not normally wet as-received graphite, and when it does, aluminum 

carbide (A/4C3), which can severely degrade filament strength [8, 9], is readily formed. 

Thus, most studies have been devoted to improving the wettability between alumi

num and graphite fibers as well as preventing the formation of A/4C3• There are se

veral methods currently in use for making uniaxial graphite/aluminum composites. 

An infiltrationlliquid phase vacuum hot pressing technique was pioneered by Pepper 

et al [10, 11] and has been refined and examined by several investigators In the U.S. 

[12-16]. This technique consists of chemical treatment of fiber surfaces followed by 

infiltration of fibers by liquid aluminum and subsequent vacuum hot pressing. Figure 

1 shows the surface treatment and infiltration process. As mentioned previously, 

surface treatment is performed in order to improve wettability. Chemical vapor de

position (CVD) of titanium-boron (6, 14, 17-19] or electroplating of nickel (14, 20, 21] 

are alternative methods of chemical surface treatment. They provide a coating to fi-
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bers which is intended to prevent chemical interaction as well as to promote 

wettability. There have been numerous other attempts to deposit aluminum on fibers 

other than liquid aluminum infiltration. They are electrodeposition of aluminum [22], 

CVD of aluminum [23, 24] and ion-plating of aluminum [25]. Coated fibers are called 

precursor wires. 

There are various techniques to fabricate graphite/aluminum. A forced impregnation 

or forced infiltration, which is similar to the infiltrationlliquid phase vacuum hot 

pressing, has been developed in the U.S.S.R. [26-28]. Plasma spray of aluminum 

powder on fibers to form pre-preg sheets followed by hot pressing [29, 30] or roll 

diffusion bonding [31, 32] was introduced in Japan. Powder metallurgy was applied 

to manufacture the composites in West Germany [33]. 

Because graphite fibers are available in yarn form rather than monofilament form, fi

ber distribution can be nonuniform and the maximum fiber volume fraction is limited 

to 50% by the above mentioned methods. Two methods of manufacturing 

aluminum/graphite composites with fiber volume fraction of 70% have been dis

closed recently; one is the electric-discharge sintering (EDS) method [34] and the 

other is the squeeze casting method [35]. 

1.3 Material 

The material used for this study was unidirectional Thornel P100 graphite fiber/6061 

aluminum composite manufactured by infiltration/liquid phase hot pressing. Impor-
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Table 1. Properties of P100 graphite fiber at room temperature [36) 

Density 0.078 Ib/in3 

Ultimate Tensile Stress 325.0 ksi 

Ultimate Tensile Strain 0.31 % 

Longitudinal Tensile Modulus 105.0 msj 

Longitudinal Thermal Expansion Coefficient -0.78 x 10-& inlin/oF 

tant properties of P100 graphite fiber [36] and 6061 aluminum [7] at room temperature 

are listed in Tables 1 and 2. Since no particular heat treatment was given to the 

present material, judging from the heat history during the fabrication process, 6061-0 

(annealed) data are chosen as the aluminum matrix properties. Figure 2 illustrates 

the tensile response of aluminum 2024-T4 at + 70°F, + 120°F, +400°F + 500°F and 

+ 700°F [37, 38]. Since no data could be found for 6061-0, available data of 2024-T4 

Table 2. Properties of 6061·0 aluminum at room temperature 

Density· 0.098 Iblin3 

Ultimate Tensile Stress· 18.0 ksi 

Ultimate Tensile Strain· 30.0 % 

Yield Stress·· 5.0 ksi 

Tensile Modulus" 9.9 msi 

Poisson's Ratio" 0.309 

Thermal Expansion Coefficient· 13.0 x 10- 8 inlin/oF 

Shear Modulus·· 3.78 msi 

• Ref. 7 
.. Experiments by Mark Lin - private communication 
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Figure 2. Tensile response of 2024·T4 aluminum at several temperatures [37, 38) 
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, 

were used to show temperature-dependent aluminum properties. It is seen that 

stress-strain behavior of aluminum is significantly affected by temperature. On the 

other hand, it can be assumed that the properties of graphite fibers do not change in 

this temperature range. 

The precursor wires used in this study were produced by Material Concepts, Inc. and 

provided by the U.S. Navy. The wire was manufactured by infiltrating P100 fiber 

bundles with molten 6061 aluminum. Each wire consisted of 2000 graphite filaments; 

the average wire fiber volume fraction was 50.07 %. Average wire strength was 213 

ksi and average wire diameter was 0.024 in. Utilizing these precursor wires, DWA 

Composite Specialties, Inc. fabricated unidirectional panels using liquid phase vac-

uum hot pressing. The unidirectional panels consisted of 0.0018 in. thick 6061 foils 

on the top and bottom surfaces with two layers of the precursor wire sandwiched 

between these foils as illustrated in Fig. 3. The consolidated panels were 12 in. by 

12 in. by 0.040 in. thick. The average fiber volume fraction of the panels was 46.57 

%. 

1.4 Objective of the Study 

Typical stress-strain responses of P100 graphite fiber and 6061 aluminum are shown 

in Fig. 4; obviously, the diff~rences are quite significant. The fiber exhibits high

stiffness, high-strength and brittle behavior whereas the aluminum exhibits low-

stiffness, low-strength and ductile behavior. Although it is important to know and 
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understand the behavior of graphite/aluminum composite composed of these quite 

different constituents, this material has not been well-characterized by a systematic 

study. 

Most studies thus far have measured ultimate tensile strength and tensile moduli in 

the fiber direction. A few studies have obtained transverse strength, but little atten

tion has been given to off-axis tensile and shear properties. One paper has pre

sented tensile and shear strength variation with regard to fiber orientation [16]. 

Apparently, there has been no report which deals with off-axis tensile modulus. One 

paper reported G12 value using 15° off-axis tension test at room temperature [15]. A 

number of efforts have been devoted to the study of high temperature performance 

of this material. The effect of thermal cycling on ultimate strength has been a prime 

interest, but modulus values and nonlinear response at elevated and cold temper

atures have not been well-documented. 

Residual stress developed during the fabrication process Is another matter of con

cern for this material. As shown in Tables 1 and 2, considerable mismatch of the 

coefficient of thermal expansion in the fiber direction exists between the graphite fi

bers (-0.78 x 10-s/oF) and the aluminum matrix (13.0 x 10-s/oF). This mismatch may 

result in significant residual stresses upon cool-down from the fabrication temper

ature. Hoover [18] suggested the presence of residual stress to explain the exper

imental result that T50 graphite/201 aluminum yielded in tension before it yielded in 

compression. A continuum theory has been applied to estimate the effect of residual 

stresses on the material response of graphite/aluminum. Min and Crossman [39] 

showed that the residual stress greatly affects the yield stress of VS0054 

graphite/6061-T6 aluminum on the basis of experimental results and theoretical ana-
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lyses. Aboudi [37, 38] predicted the residual stresses and their effect on the overall 

behavior of T50 graphite/2024-T4 aluminum under various types of applied stresses. 

The present study is an investigation of the material properties of unidirectional 

P100/6061 graphite/aluminum composite in the temperature range from -150°F to 

+ 500°F using test methods developed atVirginia Tech. The research is divided into 

three phases: monotonic response, cyclic response and thermo-mechanical re

sponse. The monotonic and cyclic tests were conducted at four temperatures; -150°F, 

+ 75°F, + 250°F and + 500°F. Three types of tests, on-axis and off-axis tension, and 

losipescu shear were used to obtain the desired properties. 
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2.0 Experimental Program 

Details of the experimental program are described in this chapter. First, the test 

methods used to obtain the material behavior of each phase are outlined. At least 

two tests were conducted for each test configuration. Precise strain measurement is 

required to characterize the thermo-mechanical properties of the material. Detailed 

strain gage procedures and methods of apparent strain compensation and shear 

strain calculation are explained. Next, each test method and the equations used to 

determine the material properties from the test results are described. Particular 

emphasis is placed on an explanation of the end-constraint effect of the off-axis ten

sion test and the method of correcting measured values. A brief introduction is given 

to the losipescu shear test. Finally, the testing system and temperature control 

methods are introduced. 
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2.1 Testing Program 

2.1.1 Monotonic Tests 

Monotonic tests were conducted at -150°F, + 15°F, + 250°F and + 500°F to obtain in

plane elastic properties such as Ell' E22 , VU and Gu , and subsequent nonlinear behav

ior including failure. Theoretically, only three specimen configurations, i.e. 0°, 90° 

and one off-axis specimen, are required to obtain these properties. The 15° off-axis 

specimen was chosen because it exhibits extensive nonlinear response. The 0° 

losipescu tests were conducted to obtain initial shear modulus, extensive nonlinear 

shear deformation and shear strength. 

At room temperature only, 10° and 45° off-axis tension tests and 90° losipescu tests 

were conducted in addition to the above mentioned tests. The 10° off-axis specimen 

is often employed as the off-axis specimen rather than the 15° specimen. The change 

in lamina moduli near this fiber angle is so great that the several fiber angles provide 

a good check on the applicability of the transformation equations. The 45° off-axis 

specimen provides a very accurate shear modulus G12 [40]. The 90° losipescu test 

was used in conjunction with the off-axis and 0° losipescu to compare the shear re

sponse from different test methods. 

Table 3 shows the test matrix for monotonic tests. 
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Table 3. Test matrix for monotonic tests 

Temperature 
Fiber 

Orientation 
-150°F +75°F + 250°F + 500°F 

Tension 

0° 2 3 2 2 

10° - 2 - - I 

15° 2 2 2 2 

45° - 3 - -

90° 2 2 2 2 

losipescu 

0° 2 3 2 2 

90° - 4 - -

2.1.2 Cyclic Tests 

Cyclic tests were performed at the same temperatures as the monotonic tests to de

termine the unloading and reloading response of the material. Only three specimen 

configurations (0°, 15° and 90°) were used for these tests. Based on the monotonic 

test results, load reversal levels were chosen as 80% of the tensile strength for each 

configuration and each temperature. Each specimen was loaded to the reversal level, 
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then completely unloaded (i.e. until no load was observed) and finally reloaded to 

failure. 

Table 4 shows the test matrix for cyclic tests. 

Table 4. Test matrix for cyclic tests (tension) 

Temperature 
Fiber 

Orientation 
-150°F +75°F +250°F + 500°F 

0° 2 2 2 2 

15° 2 3 2 2 

90° 2 2 2 2 

2.1.3 Thermo-Mechanical Tests 

The thermo-mechanical tests consisted of tensile loading up to 75% of the ultimate 

strength at ro~m temperature (+ 75°F) followed by thermal loading to either + 500°F 

or -150°F while maintaining constant tensile load. Two configurations, 15° and 90° 

specimens, were used for these thermo-mechanical tests. 

Table 5 shows the test matrix for thermo-mechanical tests. 
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Table 5. Test matrix for thermo-mechanical tests (tension) 

Temperature 
Fiber 

Orientation ! 

+ 75°F to + 500°F + 75°F to -150°F 

15° 2 2 

90° 2 2 

2.2 Strain Measurement 

2.2.1 Gage Selection 

Lamina Young's modulus Ell' Poisson's ratio V12, and the in-plane shear modulus G12 

were determined using three-element 45° rectangular stacked rosette strain gages. 

For some specimens - usually off-axis specimens -, significant initial curvature was 

present prior to testing. A single-element longitudinal gage was installed on the back 

surface to measure the bending effects. 

Micro-Measurements gages were used for all the tests. For tensile specimens, 

gages, 0.06 In. long, were employed. For losipescu specimens, smaller gages, 0.03 

in. long, were used because the region of uniform shear stress is quite small. Self

temperature-compensating (S-T-C) gages with the S-T-C number of 06 were used for 

all the tests. The S-T-C number (X 1Q-s/oF) should match the approximate thermal 
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expansion coefficient of the material to eliminate apparent strain errors which are 

caused by the temperature-induced resistance change. 

For the room temperature tests, constantan (A-alloy) gages (WA series) were used. 

The tension specimens were instrumented with a WA-06-060WR-120 rosette and a 

WA-06-062AP-120 uniaxial gage. The losipescu specimens were instrumented with 

a WA-06-030WR-120 rosette and a WA-06-031CF-120 uniaxial gage. 

For high and low temperature tests, K-alloy gages (WK series) were employed since 

they provide more accurate correction for apparent strain errors at the temperature 

extremes. The tension specimens were instrumented with a WK-06-060WR-350 

rosette and a WK-06-062AP-350 uniaxial gage. The losipescu specimens were in

strumented with a WK-06-030WR-120 rosette and a WK-06-031CF-350 uniaxial gage. 

The method of correction for apparent strain errors will be described later. 

2.2.2 Gage Installation 

2.2.2.1 Room Temperature Specimens 

Techniques presented in M-M Instruction Bulletin B-127 were employed for gage in

stallation. M-Bond 200 catalyst was applied to the bond surface of the gage and ter

minal while one or two drops of M-Bond 200 adhesive were applied to the specimen 

surface. Firm thumb pressure was given to the gage and terminal area for at least 

one minute to obtain good bonding between gage/terminal and specimen. 
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The soldering techniques given in M-M TECH TIP TT-606 were followed for attaching 

leads to gages. After M-FLUX AR was added to the tips of the gage leads, leadwires, 

and terminals, with a temperature-controlled soldering iron of Mark V Soldering Sta

tion, gage leads and leadwires were soldered at the terminals using a 361-20R solder. 

2.2.2.2 ·150°F and + 250°F Specimens 

Techniques given in M-M Instruction Bulletin B-130 were used for gage installation 

at -150°F and + 250°F specimens. A thin layer of M-Bond 610 adhesives was applied 

to the backing of the gage/terminal and specimen sUrface and then dried in the air for 

15 to 30 minutes. After the gage/terminal assembly was placed on the specimen, a 

piece of thin Teflon sheet, a thick silicone gum pad and a metal back plate were 

placed over the gage/terminal area. A spring clamp was used to apply pressure on 

the gage/specimen during the curing cycle. The clamped gage/specimen was placed 

into a cool oven and the temperature was raised to 350°F. After curing for one hour, 

the gage/specimen was gradually cooled to room temperature in the oven. The gage 

leads and lead wires were then soldered in the same way as for the room temper

ature specimens. 

2.2.2.3 +500°F Specimens 

The gage installation procedures for these elevated temperature specimens were al

most the same as -150°F and + 250°F specimens. The difference in procedure was 

that the terminals were not installed and a postcure was required. After the initial 

curing, the clamping fixture was removed from the gage/specimen. The specimen 
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was then put into the oven again and postcured for two hours at + 575°F (+ 75°F 

above the test temperature). 

Since the melting point of 361-20R solder is + 361°F, this solder could not be used for 

+ 500°F specimens. Instead, the silver soldering technique presented in M-M TECH 

TIP TT-602 was employed. First, the gage lead exit area was covered with a piece 

of masking tape. This was done to avoid separating the gage lead from the specimen 

during the following procedures. After the leadwires were anchored to the specimen 

surface, both gage leads and leadwires were carefully lifted. Next, each gage lead 

and stripped end of the corresponding lead wire were knitted together by using a pair 

of tweezers. A small portion of M-M 570-28R solder was then applied to the solder 

joint. Using the resistance soldering unit M-M WRS-1, the end of knitted gage 

wire/leadwire was grasped firmly with the clean electrodes. Then, the unit was en

ergized by pressing the footswitch of the M-M WRS-1. After the water in the solder 

boiled away, the actual flow of solder was accomplished. Since there is no terminal 

for this soldering, the entire assembly should be handled very carefully during 

soldering and testing in order to prevent damage to the gages. 

2.2.3 Temperature-Induced Apparent Strain 

A strain gage on a specimen responds not only to the applied strain, but also to any 

temperature change. A change in the temperature causes a resistance change in the 

gage and a differential thermal expansion between the grid conductor and the testing 

material. Thus the temperature change results in apparent strain. If no temperature 

change occurs during the test, strain measurements can be accomplished without 
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compensating for apparent strain. For low and high temperature tests, however, it is 

difficult to maintain the temperature in the chamber uniformly constant. Therefore, 

temperature compensation should be included in the measurement procedure. 

A method of compensation for apparent strain is described in M-M TECH NOTE 

TN-S04. The apparent strain can be compensated by employing a compensating or 

"dummy" strain gage which is identical to the "active" gage. This gage is mounted 

on an unstrained or "dummy" specimen made from the same material as the test 

specimen and is subjected to the same temperature as the active gage. Since the 

thermal expansion of a unidirectional composite varies with the change of fiber ori

entation, a different type of dummy specimen should be used for each test specimen 

configuration. Once the dummy gage is connected in an adjacent arm of the 

Wheatstone bridge circuit, the apparent strain in the active and dummy gages cancel 

exactly since identical resistance changes in adjacent arms of the Wheatstone bridge 

do not cause any imbalance in the circuit. Thus, only the stress-induced strain in the 

active strain gage is recorded. Furthermore, as mentioned above, since the S-T-C 

gages were used in this research, excellent temperature compensation could be 

achieved over a wide temperature range. 

The coefficient of thermal expansion of graphite/aluminum was measured by moni

toring temperature induced strains. The strain gage output of the stress-free speci

men subjected to the temperature change include apparent strain of the gage as well 

as thermal strain of the specimen. The apparent strain of the gage can be obtained 

by measuring the strain of the gage mounted on a piece of ultralow expansion glass. 

Subtracting the apparent strain from the total strain of the specimen gives the thermal 

strain of the specimen. 
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2.2.4 Shear Strain 

Hereafter, a 1-2 coordinate system is used in the principal material directions and an 

x-y coordinate system is used in the lamina coordinates. The angle from the x-axis 

to the 1-axis, 8, is defined as shown in Fig. 5. 

In order to obtain the in-plane shear modulus G12 using the off-axis tension test or the 

losipescu shear test, the shear strain in the principal material direction Y12 must be 

determined. Consider a 3-element 450 rectangular stacked rosette whose x-direction 

gage is oriented at the angle 8 with respect to the principal material direction. If the 

normal strains along the gage are designated as 80,845 and ~o as shown in Fig. 5, from 

elementary mechanics, 

8 +~ 8 -~ Y eo = 1,., + 1,., cos 28 + ~2 sin 28 

8 +~ 8 -~ Y 
e45 = 1,., + 1,., cos 2(8 + 450

) + ~2 sin 2(8 + 450
) 

= 81 + 82 

2 

8 - 8 Y 
1 2 sin 28 + ~2 cos 28 

egO = 8
1 

: ~ + 81 : 82 cos 2(8 + 900 ) + Y~2 sin 2(8 + 900 ) 

= 81 + ~ 
2 

81 - 82 Y12 
~~cos28 --sin28 

2 2 

From Eqs. (2.1), (2.2) and (2.3), 

eo - Ego = (81 -~) cos 28 + Y12 sin 28 
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Figure 5. Definition of rotation of 1-2 axes from x-y axes and a 3-element 45 0 rosette for shear 
strain measurement 
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eo + egO - 2e45 = (e1 - E:!) sin 28 - Y12 cos 28 

Solving for Y1Z. 

Y12 = (eo - ego) sin 28 - (eo + Ego - 2e45) cos 28 (2.4) 
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2.3 Test Methods 

2.3.1 Tension Test 

2.3.1.1 Longitudinal and Transverse Loading 

Since 0° and 90° specimens are orthotropic In the plane, the so called "shear

coupling effect" does not occur even if these specimens are loaded with the ends of 

the specimen rigidly gripped and prevented from rotation. Thus Instron grips which 

rigidly grip the specimen were used for room temperature test. However, for the low 

and high temperature tests in a chamber, the Instron grips were too large. Therefore, 

small rotating end grips (Fig. 6), originally designed for off-axis tension tests, were 

used. Typical specimen size for the 0° and 90° tests was 0.5 in. wide and 6 in. long 

with 1.5 in. at either end reserved for gripping. Rather short specimens can be used 

since stress and strain distributions are uniform throughout the specimen even if 

their ends are rigidly gripped. 

Since there is no shear deformation for this specimen configuration, only tensile re-

sponse and Poisson's response of the material were obtained. The axial stress O'xx 

in the loading direction is calculated as 

Experimental Program 
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where P is the axial load and A, is the cross-sectional area of the specimen. The 

strain in the longitudinal (loading) direction and that in the transverse direction are 

designated as Exx and Eyy , respectively. Then, Young's modulus In the x-direction and 

Poisson's ratio are defined as 

fJxx 
Exx = &xx 

Vxy = 
Eyy 

Exx 

(2.6) 

(2.7) 

For 0° test, Exx and VX}' correspond to Ell and V12 ' respectively, and for 90° test, En and 

VX}' correspond to E22 and V2l ' respectively. 

2.3.1.2 Off-Axis Test 

If a unidirectional composite is subjected to tension under off-axis loading conditions, 

the specimen behavior is not orthotropic. Instead, coupling between normal stress 

and shear strain is introduced. If the specimen is stressed without any lateral con-

straint, it distorts into a parallelogram (Fig. 7a). However, it is almost impossible to 

pull the specimen under such ideal conditions. In most cases, the ends of the spec-

imens are firmly gripped during the test. This prevents free deformation, induces 

shear force at the ends and results in in-plane bending as schematically shown in Fig. 

7b. This has been called the end-constraint effect [41]. Its extent is a function of as-

peet ratio of the specimen, material properties and off-axis orientation. 
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Pagano and Halpin [41] gave a closed-form approximate solution to the end-constraint 

problem. They introduced the apparent Young's modulus E;x which is erroneously 

estimated under end-constraint conditions. In a later paper, Pindera and Herakovich 

[42] discussed the apparent shear modulus G;2 and the apparent Poisson's ratio v:
Y

• 

In the end-constrained specimen, stress and strain distributions are non-uniform. At 

the midpoint of the specimen, the relationship between stresses and strains is ex-

pressed as 

r &xx 1 r 511 812 ~6 rxx 
C
yy 

( = 512 5 22 5 26 o ? (2.8) 

Yxy 516 826 866 I I 'txy 

with crxx and 'txy given by 

crxx = C2 (2.9) 

t xy = ~crxx (2.10) 

where 

C
2 

= - . &0 
~ (h)2 - - ~ 
S11 + 6 T (511566 - S16) 

- (h )2-511 + 6 -, S66 

(2.11 ) 

6{~ )2~16 
P = _ S11 

1 + 6(+y~66 
S11 

(2.12) 
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En is the applied center-line strain, 5;, are the transformed compliances in the lamina 

coordinates and h and I are the half-width and length of the specimen, respectively. 

In the experiment, though, we measure the average axial stress crxx which is defined 

as Eq. (2.5). In Pagano and Halpin's solution, this is expressed in terms of crxx as 

crxx = (1 - ; 11 )crxx 

where 

6(+),(t. )' 
11=-

1 + 6{~ y~66 
S11 

Noting that 

- - ~16 J3 
11 - S11 

from Eqs. (2.8), (2.10) and (2.15), 

Exx = (~1 + J3~6)crXX 

= ~1(1 - l1)crxx 

Eyy = (~2 + J3~6)crXX 

Equation (2.16) can be rewritten as 

crxx 1 
= 

ExX S11(1 - 11) 
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(2.15) 

(2.16) 

(2.17) 

(2.18) 
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By using Eqs. (2.13) and (2.18), the expression for the apparent Young's modulus C.X 

becomes 

2 - 1 --11 
" cr xx ( 2) cr xx 3 

Exx = Exx = 1 -"311 Exx = 1 - 11 Exx 

Finally, the ratio of the true modulus to the apparent modulus is obtained as 

Exx 
" 

Exx 
= L=...!1 

2 
1 --11 

3 

(2.19) 

(2.20) 

Similarly, from Eqs. (2.16) and (2.17), the apparent Poisson's ratio can be expressed 

as 

5 826 1 + ~ _26 1 + ~ 8 
" Eyy 512 512 _ 12 

v = - - = - -=- - vxy 5 
xy Exx 5 11 516 1 + p~ 

1 + p-=- _ 
5 11 5 11 

Then the ratio of vxy to v~ becomes 

1 + ~ ~16 
vxy 5 11 

v:y = 1 + ~ :'26 

5 12 

(2.21) 

(2.22) 

By using the stress transformation equations, the shear stress 't12 in the 1-2 coord i-

nate system at the midpoint of the end-constraint specimen is 

't12 = - crxx sin e cos e + 'txy( cos2e - sin2e) (2.23) 
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Substituting Eqs. (2.10) and (2.13) in (2.23), 

cr 
't12 = - x~ [ sin e cos e - P( cos2e - sin2S)) 

1 --11 
3 

(2.24) 

However, in the experiment, the shear stress 'txy induced by the end-constraint effect 

is generally ignored and only the average axial stress crJO( is used to obtain the ap-

parent shear stress 't~2 as follows: 

* 
't12 = - crxx sin e cos e (2.25) 

If the apparent shear modulus is defined by G;2 = y't~2 ,dividing Eq. (2.24) by Eq. (2.25) 
12 

gives 

G 12 't12_ 
--.- = -.--
G 12 't12 

_1 -[1 _ P (cos
2e - sin

2e) ] 
1 2 sin e cos e 

- -11 
3 

(2.26) 

In this research, the average stress crxx defined by Eq.(2.5) was obtained and the ap

parent shear stress 't~2 defined by Eq. (2.25) was computed for all the off-axis tension 

tests. Then, crxx vs EJO(' Eyy VS EJO( and 't~2 vs Y12 relations were plotted for each test. Es-

timating initial tangents of these curves graphically, E:x , v:y and G;2 were obtained. 

Finally, by the use of Eqs. (2.20), (2.22) and (2.26), the true modulus values EJO(' Vxy and 

G12 were determined, respectively. 

In the experiment, in order to reduce the end-constraint effect, two important meas-

ures were employed: the use of high aspect ratio specimens, and the use of a ro-

tating, fixed-grip fixture. It has been shown that the end-constraint effect decreases 

with the increase in specimen aspect ratio [40,41]. Therefore, specimens with gage 
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length of 7 in. were used for all the off-axis tension tests. As the specimen width was 

0.5 in., the specimen aspect ratio was 14. The rotating end grips used in the exper

iments were originally designed by Pindera and Herakovich [40]. The grips not only 

reduce the end-constraint effects but also eliminate alignment problems. 

2.3.2 losipescu Test 

It has been shown that the 45° specimen is the best off-axis tension specimen to de

termine the in-plane shear modulus G'2 [40, 42]. However, the 45° off-axis specimen 

is not good for determination of shear strength. It has been reported by several in

vestigators that an excellent test method to determine both the initial shear modulus 

and ultimate shear strength is the losipescu test [43-47]. The losipescu shear test 

was originally proposed by Nicolae losipescu of Bucharest, Rumania in the early 

1960's. Although his primary interest was to test isotropic materials, several investi

gators have applied this test method to composite materials. Complete details are 

described by Walrath and Adams [45]. 

Figure 8 shows the losipescu specimen configuration which was proposed by Walrath 

and Adams [46] and used by Pindera et al [47]. It is 3 in. long and 0.75 in. wide with 

an 'as-received' thickness of 0.040 ± 0.001 in. A 110° notch is cut on each edge of 

the specimen at the midlength to a depth of 0.15 in. Notch tips are rounded to avoid 

the complex stress state which may contribute to failure, as suggested by Herakovich 

et al [43, 44]. Specimens with fibers oriented parallel and perpendicular to the lon

gitudinal axis were designated as 0° and 90° losipescu specimen, respectively. The 

test fixture used for the losipescu test is shown in Fig. 9. This is a modification of the 
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Figure 8. loslpescu shear test configuration 
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original model designed by Walrath and Adams [46]. A state of nearly pure shear 

stress can be obtained at specimen mid-length by application of two counteracting 

moments produced by two force couples. During the test, the average shear stress 

t12 is obtained by 

P 
t12 = A; (2.27) 

where P is the vertical force applied to the losipescu specimen and AI is the cross-

sectional area between the V-notches. The shear strain Y12 is obtained from the three 

normal strains as indicated by Eq. (2.4). The apparent shear modulus G;2 is defined 

by 

-
* "[12 

G12 = Y12 
(2.28) 

Pindera et at [47] have carried out finite element calculations for aramid/epoxy and 

graphite/polyimid losipescu specimens and obtained shear stress distributions along 

the test section. For the 00 specimen, it was shown that the shear stress at the center 

of the specimen is lower than the average shear stress t12 for both materials and that 

the apparent shear modulus G;2 becomes seven percent higher than the true G12 ob-

tained from the 450 off-axis tension test. For the 900 specimen, on the other hand, the 

opposite results are obtained; the shear stress at the center is higher than t12 and 

G;2 is 17% lower than G12. The 00 specimen was recommended as the preferred 

specimen because the 900 specimen gives very low apparent shear strength. To 

confirm this for the present material, several 900 losipescu tests were conducted at 

room temperature. 
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2.4 Testing Procedure 

2.4.1 Testing System 

All the tests were conducted on a United Testing System (UTS) screw-driven, dis

placement controlled testing machine. Load was introduced at a constant crosshead 

speed and measured by a load cell. An IBM-XT personal computer with a Data 

Translation DT 2805/5716 board controlled the tests and acquired the data from load 

cell and strain gages. Computer control was accomplished using the software pro

gram MATPAC2 [48]. This program also has a post processor which enables calcu

lation of stresses and strains, and display of several types of graphs. After local 

processing, the data were transferred to the IBM main frame computer for additional 

plotting and data analysis. The entire testing system is shown in Fig. 10. 

2.4.2 Temperature Control 

All the room temperature tests were performed at ambient room conditions. The 

laboratory was air-conditioned and the temperature was maintained at approximately 

75°F. All high and low temperature tests were conducted using an environmental 

chamber capable of controling the temperature range from -300°F to + 800°F. The 

load cell was located outside the chamber and isolated from temperature variations. 

For high temperature tests, an electric heater and an internal fan were used to raise 

the temperature at a rate of about + 5°F/min. As mentioned previously, the rotating 
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Figure 10. Test system consisting of UTS machine, IBM·Xl computer and signal conditioner 
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grips were used for the tests in the chamber. These grips were tightened by bolts 

and nuts which were made from high strength steels. Because the bolts expand in 

their axial direction when heated, the gripping force decreases remarkably for high 

temperature tests. This may result in slipping between test specimen and grips. In 

fact, all the 0° specimens started to slip at a stress level of 60 to 70 ksi which is far 

lower than the ultimate tensile strength. All the 15° and 90° specimens failed prior 

to slippage because their ultimate strengths are rather low. To overcome the prob

lem for 0° tests, the grips/specimen assembly, tightened at room temperature, was 

heated up to the test temperature in the chamber, removed from the chamber and 

retightened quickly while still hot. By employing this procedure, all the 0° tension 

specimens failed successfully at high temperature. 

For low temperature tests, liquid nitrogen was used to cool the specimen at a rate 

of -5°F/min. Since steel bolts shrink when they are cooled, grips/specimen assembly 

tightened at room temperature would be further tightened at lower temperature. 

Thus all the low temperature tests were conducted without any difficulty. 

As mentioned in the previous section, correction for apparent strain errors was made 

for high and low temperature tests. The "dummy" specimen was placed on a porti~n 

of the grips nearest to the specimen in order to ensure that the temperature of both 

specimens was the same. The temperature was monitored by means of a 

thermocouple placed on the grip surface near the specimen. The thermocouple was 

not attached directly to the specimen because if attached it sometimes resulted in 

significant noise to the output. 
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3.0 Results and Discussion 

Experimental results are discussed in the following three parts: 

• Room temperature properties: the variation of moduli and strengths with the fiber 

angle (Section 3.1). 

• The effect of temperature on moduli and strengths: the effect of residual stress 

on material behavior (Section 3.2). 

• Thermo-mechanical response: the effect of thermo-mechanical history on mate

rial behavior (Section 3.3). 

Average values of experimental data and soine representative data are presented in 

this chapter. Individual data are summarized in Appendix A. Although stress and 

modulus are expressed in terms of ksi and msi, respectively, in the text and tables, 

MPa and GPa are used in the figures together with ksi and msi. Strain scales of cyclic 

test results at different temperatures given in 3.2 are shifted for the comparison. 
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3.1 Modulus and Strength at Room Temperature 

. 3.1.1 Modulus 

Figures 11 and 12 show representative tensile responses (O'xx vs. Exx) and Poisson's 

responses {Eyy vs. ExJ of different off-axis specimens. Figure 13 shows representative 

shear responses ('t12 vs. Y12) obtained from 10°, 15° and 45° off-axis tension tests and 

0° and 90° losipescu shear tests. Initial slopes of each curve corresponds to laminate 

Young's modulus Exx , Poisson's ratio v.,. and shear modulus G12, respectively. These 

modulus values were estimated graphically. The average values of these moduli as 

well as ultimate stresses and strains are listed in Tables 6 and 7. Average modulus 

values include the results of the initial loading of cyclic tests and all the moduli listed 

here are apparent values. However, only monotonic data are included in average 

Ultimate stress and strain because in general ultimate strength increases after a 

loading/unloading cycle. 

Lamina moduli E11 , V12' E22 and G12 can be defined by Exx for 00
, Vxy for 0°, Exx for 90° and 

G12 for 45°, respectively. The determination of G12 from 45° tests is based on the dis

cussion that the error in G12 caused by the end-constraint effect (Eq. (2.26)) is negli

gible for this configuration (Pindera and Herakovich [42]). 

Longitudinal tensile modulus E11 can be estimated by the rule of mixture 

E11 = v,E, + (1 - v,)Em (3.1) 
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Figure 11. Tensile response of different off·axis specimens under monotonic loading at room 
temperature 
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Figure 12. Poisson's response of different off·axls specimens under monotonic loading at room 
temperature 
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Table 6. Tensile properties at room temperature 

Fiber Elastic Poisson's Ultimate Ultimate 
Orientation Modulus, Ratio, Stress, Strain, 

Exx(msi) vl<)' oxx(ksi) &xA%) 

0° 58.4 0.291 118.1 0.205 

10° 36.6 0.267 23.7 0.086 

15° 27.9 0.263 15.6 0.065 

45° 6.0 0.175 3.4 0.066 

90° 3.5 0.028 1.3 0.042 

Table 7. Shear properties at room temperature 

Fiber Shear Ultimate Ultimate 
Orientation Modulus, Stress, Strain, 

G12(msi) 't12(ksi) Y12(%) 

Tension 

10° 2.73 4.4 0.221 

15° 2.80 4.0 0.176 

45° 2.46 1.7 0.074 

losipescu 

0° 2.76 5.1 0.484 

90° 1.78 2.9 0.184 
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where v" E, and Em are the fiber volume fraction, the longitudinal tensile modulus of 

fiber and the tensile modulus of matrix, respectively. From Tables 1 and 2, 

E, = 105.0 ms; 

Em = 9.9ms; 

and 

v, = 0.4657 

Substituting these values in Eq. (3.1), 

E11 = 54.2 ms; 

It can be said that the prediction of Ell by the rule of mixture agrees with the exper-

imental value of 58.4 msi fairly well. 

Using the lamina moduli, E110 E22 , V12, G12 , off-axis moduli can be predicted by the 

transformation law: 

1 
Exx(9) = ---------""""-----------

-E
1 

cos
4
e + (-G1 - 2EV12 ) sin

2
e cos

2
e + -E

1 
sin

49 
11 12 11 22 

(3.2) 

e 9 
[ 

V12 • 4e 4e (1 1 1). 29 2] VXy( ) = Exx( ) -E (Sin + cos ) - E + E - -G Sin cos e (3.3) 
11 11 22 12 

These off-axis moduli can be converted to correct values using Eqs.(2.20) and (2.22). 

Figures 14 and 15 show Exx and Vxy as a function of the off-axis angle, respectively. 

Vertical lines with tick marks, solid lines and dotted lines designate experimental 

values, predicted values by Eqs. (3.2) and (3.3), and corrected values by Eqs. (2.20) 
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and (2.22), respectively. The end-constraint effect is negligible for Exx whereas it is 

significant for Vxy at the angle between 00 and 300• Although data scatters exist es

pecially for vxy, experimental values agree with theoretical ones very well. 

Unlike Exx and vxy, G12 is a material constant; in other words, G12 should not depend on 

the off-axis angle. Figure 16 shows measured values of G12 as a function of the off

axis angle. The vertical lines with tick marks and solid line indicate experimental 

values and the theoretical prediction by Pagano-Halpin model (Eq. (2.26)), respec

tively. It is seen that the end-constraint effect is not insignificant for the low off-axis 

angle between 00 and 150. Although G12 for the 150 tests exhibit higher values than 

theoretical predictions, as a whole, discrepancies in G12 values obtained by different 

types of off-axis tests are explained by the end-constraint effect. The 00 and 900 

losipescu shear test results are also included in Fig. 16. The 00 losipescu test gives 

a high G12 value while the 900 losipescu test results in very low G12 • The result co

incides with the discussion obtained by Pindera et al [47]. The correct value of G12 

could be obtained from both losipescu tests through the use of correction factors 

obtained from finite element analysis [47]. 

3.1.2 Strength 

Figure 17 shows the variation of failure stresses of tension tests as a function of fiber 

orientation. The strength decreases dramatically with the increase in fiber angle. 

Transverse strength is very low; the average value is 1.3 ksi. The recent work on 

P100/6061 composites by Dries and Tompkins [49] has reported average transverse 

strength of 2.6 ksi. It is most likely that this poor transverse strength is due to low 
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interfacial bond strength. The improvement of transverse strength has been a prime 

concern for aluminum/graphite composites. 

The maximum stress theory and the Tsai-Wu tensor polynomial are often applied to 

predict the failure stress of unidirectional off-axis composite. The strength data used 

from this study are listed in Table 8. In the maximum stress theory, failure occurs if 

one of the stresses in the principal material directions satisfies one of 

0'1 = Xt 

0'2 = Yt 

1t121 = S 

(3.4) 

By the Tsai-Wu theory, an orthotropic lamina under plane stress condition fails if 

2 2 2 
F1CJ1 + F20'2 + F11 CJ1 + F22CJ2 + F66't12 + 2F12CJ1CJ2 = 1 (3.5) 

where 

Results and Discussion 

__ 1_ + _1_ 
F1 - X

t 
Xc 

1 1 
F =-+-y 

2 Yt c 

1 
F11 = - XtX

c 

1 
F22 = ---

1 
F66 = S2 

YtYc 

F12 = - .JF11F22 
2 

(3.6) 
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Table 8. Strength at room temperature 

XI = 118.1 ksi 

YI = 1.3 ksi 

X* = -42.1 ksi c 

Y* = -14.8 ksi c 

S** = 5.1 ksi 

* Experiments by James M. Starbuck 
- private communication 

** 00 losipescu test results 

The last relation in Eq. (3.6) is obtained by assuming the criterion (3.5) is a gener-

alization of the von Mises criterion. In the end-constrained specimen, as discussed 

in 2.3.1.2, the stresses in the principal material directions are obtained as 

0'1 

0'2 = 

't12 

cos2e 
sin2e 

sin2e 
cos2e 

2 sin e cos e 
-2 sin e cos e 

- sin e cos e sin e cos e cos2e - sin2e 

CJxx 

o 
'txy 

(3.7) 

where 'txy is the shear stress induced by the end-constraint effect. Using Eq. (2.10) 

with Eq. (2.12), Eq. (3.7) can be rewritten as 

0'1 = O'xx [ cos2e + 2P sin e cos e] 
0'2 = O'xx [ sin2e - 2p sin e cos e] 
't12 = O'xx [ - sin 9 cos e + P( cos2e - sin2e)] 

Then, the maximum stress theory (3.4) becomes 
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Xt uxx = ---------
cos28 + 2P sin 8 cos 8 

Yt 
Uxx = ----~----

sin28 - 2P sin 8 cos 8 

S 
Uxx = 2 2 

sin 8 cos 8 - P( cos 8 - sin 0) 

Substituting Eq. (3.8), the Tsai-Wu criterion (3.5) is expressed as 

2 Auxx + Buxx - 1 = 0 

where 

A = F11 ( cos48 + 4P sin 8 cos38 + 4p2 sin28 cos2S) 

+ F22( sin48 - 4P sin3S cos S + 4p2 sin 8 cos S) 

(3.9) 

(3.10) 

+ F66 [ sin2e cos2S - 2P sin S cos S( cos2S - sin2S) + J32( cos2S - sin2S)2] 

+ 2F12 [ sin28 cos28 - 213 sin 8 cos S( cos28 - sin2S) - 4132 sin2S cos2S] 

B = F1( cos2S + 2P sin S cos 8) + F2( sin28 - 213 sin S cos 8) 

Solving Eq. (3.10), 

uxx = - B + JB2 + 4A 
2A 

(3.11 ) 

Predictions by two failure theories are included in Fig. 17. The solid line and the 

dotted line designate Tsai-Wu and maximum stress theory, respectively. It is seen 

that the Tsai-Wu theory predicts very accurate failure stresses while the maximum 

stress theory gives higher - in other words, unconservative - values at fiber angles 

of 10° and 15°. 
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Figure 18 shows shear stresses at failure obtained by 10°, 15° and 45° off-axis tension 

tests and 0° and 90° losipescu shear tests. Although the edges of specimens were 

crushed at some stage of the test, the 0° losipescu test shows the highest average 

shear strength. Also, this test exhibits extensive nonlinear response as shown in Fig. 

13. On the other hand, the 90° losipescu test results in low shear strength. The 45° 

off-axis test, which is the best off-axis test to obtain G12 values [42], shows the lowest 

strength. Therefore, it is concluded that the 0° losipescu test is the best test method 

to obtain shear strength. 

Results and Discussion 54 



50 
7 

1 I 
q5 

J I 
6 

qO ~ /OOIOSIPESCU 

3S I ~S 
,... 
f:CS 

~ 30 

Q 
CfJ - ~ -m q UJ 

g 25 
900 IOSIPESCU fa 

CfJ 
~ 

.... -
CD 1 w - .! 
~ 20 

3 as 

~ 
.E 
S 

15 
2 

1 ) I 
10 

I 
\ ...,. 

OFF-AXIS ~ 1 
5 

o 0 
o 10 20 30 qO 50 60 70 80 90 

FIBER ANGLE (OEGl 

Figure 18. Shear strength as a function of fiber orientation at room temperature 

Results and Discussion 55 



3.2 Effect of Temperature on Modulus and Strength 

3.2.1 Elastic Modulus 

3.2.1.1 0° Specimen 

Representative tensile response of 0° specimens under monotonic loading for all 

temperatures are shown in Fig. 19. It is seen that the initial slope of -150°F test result 

is remarkably low compared with those of other higher temperature results. The in

itial modulus Ell of -150°F test is 83% of + 75°F test. Each result is so consistent that 

this reduction in Ell at -150°F may not be explained by experimental errors. 

Figure 20 shows representative tensile response of 0° specimens under cyclic load

ing for all temperatures. Again, it is observed that the slope of the first loading curve 

of -150°F test is low. However, the slope of the subsequent unloadinglloading curve 

is quite different from that of the first loading curve; it is almost parallel to the 

unloading/loading curves of other higher temperature tests. It is assumed that unless 

the material has yielded before loading, the unloading/loading curve in a cyclic test 

is parallel to the initial elastic portion of the first loading curve. Although this be

havior is observed for other high temperature results, there is not such a portion 

parallel to the unloading/loading curve in the first loading curve of -150°F test. The 

only meaningful explanation for this -150°F test result is that the specimen had 

yielded prior to mechanical loading and that it exhibited strain hardening behavior 
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Figure 20. Tensile response of 00 tension specimens under cyclic loading for all temperatures 
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immediately after being subjected to load. In other words, the specimens had yielded 

in the cooling process. 

Using a continuum theory, Min and Crossman [39] and Aboudi [37, 38] predicted the 

development of tensile residual stress in the aluminum matrix when being cooled 

down from the fabrication temperature. As stated in Section 1.4, this residual stress 

is caused by the mismatch in the coefficient of thermal expansion of fiber and matrix. 

The tensile residual stress in the matrix lowers the yield point of the composite when 

subjected to tensile load. The predicted tensile responses in the above references 

are quite similar to the present experimental results. 

At + 75°F, the initial portion of the first loading curve is parallel to the 

unloading/loading curve up to 54.8 ksi. Beyond this stress, the material exhibits 

nonlinear or strain hardening behavior. Thus, this stress can be defined as the yield 

stress of the composite. At + 250°F, the initial loading and the subsequent 

unloading/loading curves are almost overlaid, which means the specimen exhibited 

elastic behavior and did not yield prior to the reversal point. Moreover, the specimen 

continued to exhibit elastic behavior until it failed. Thus, it is concluded that the yield 

stress is larger than failure stress at 250°F. At + 500°F, a small amount of permanent 

strain is observed after unloading. As shown in Fig. 2, the properties of aluminum 

do not change much in the temperature range from + 70°F to + 400°F, but they exhibit 

very ductile behavior above + 500°F. Although the residual stress becomes smaller 

at this higher temperature, the matrix properties are so deteriorated that the com

posite exhibits yielding at 60.5 ksi. 
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3.2.1.2 15° Specimen 

Almost the same tensile response as 0° specimen is observed for 15° off-axis speci

men as shown in Fig. 21. At -150°F, the material exhibits elastic behavior over a 

small portion of the first loading curve. However, due to the tensile residual stress 

developed in the matrix, the material soon yields at 1;8 ksi and strain hardens there

after. At + 75°F, where the residual stress are smaller, the material exhibits more 

elastic behavior than -150°F; the yield stress is 4.8 ksi at + 75°F. At + 250°F, the 

material exhibits the smallest permanent strain, indicating that the material yields 

just prior to the reversal stress. The yield stress is estimated to be 7.4 ksi for this 

case. At + 500°F, the properties of aluminum are deteriorated so that the composite 

exhibits strain hardening earlier. The material yields at 2.6 ksi. 

3.2.1.3 90° Specimen 

Figure 22 shows representative tensile responses of 90° specimens under cyclic 

loading for all temperatures. As is the case with 0° and 15° specimens, changes in 

residual stress and aluminum properties with regard to temperature affect tensile 

response of 90° specimens. Since residual stress is high at -150°F, the material 

yields at an early stage: 0.18 ksi. As the temperature Increases, the residual stress 

decreases, which results in an increase in yield stress. The yield stress is 0.32 ksi 

at + 75°F and 0.62 ksi at + 250°F. Although the residual stress becomes much 

smaller at 500°F, aluminum matrix properties are so deteriorated, as stated above, 

that the yield stress drops to 0.35 ksi. 
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Table 9. Effect of temperature on yield stress 

Yield Stress, (j~x(ksi) 
Temperature 

(OF) 
0° 15° 90° 

I 

-150 0.0 1.8 0.18 I 
I 

+75 54.8 4.8 0.32 

+250 > 116.5* 7.4 0.62 

+500 60.5 2.6 0.35 

* Failure stress 

3.2.1.4 Yield stress 

Table 9 summarizes the axial stress at yield for each tensile test configuration. Fig-

ures 23 - 25 show yield stresses of 0°, 15° and 90° specimen as a function of tem-

perature, respectively. As explained in 3.2.1.1, for the 0° specimen, the composite 

exhibits thermal yielding at -150°F and does not exhibit yielding prior to failure at 

+ 250°F. Thus, zero and failure stresses are plotted at these temperatures in Fig. 23. 

The highest yield stress is obtained at + 250°F for all three configurations. Figure 26 

illustrates the yield stress as a function of fiber angle for all temperatures. Drastic 

effects of residual stress and aluminum matrix properties are clearly seen in these 

figures. Due to the residual stress caused by the mismatch in coefficient of thermal 

expansion, the lowest yield stress is obtained at -150°F. As the temperature in-

creases to + 250°F, the residual stress becomes smaller and the yield stress in-

Results and Discussion 63 



1000 
no 

900 J ~J30 
I I 
I \ ~120 

800 -I 10\ 
I \ 

~ 110 / \ 
/ \ 

700 -I / \ ~100 
/ \ 

/ \ 

~ 
/ \ 90 m 600 / \ 

/ \ ~ - I \ 80 -
m / \ th 

\ th 
CD 500 / \ CD .... / \ 70 i8 -U) / \ 
3! / b 60 i ~OO / .!R 

P 
.-

> > 
/ 50 

300 -I / 
/ 

/ ~ ~o 
I 

/ 0 Initial yielding ~ 30 200 i 

/r /). Prior thermal yielding 
~ 20 

100 -I 0 No yielding 

/ I ~ 10 / 
/ 

o I At i 
I , 0 

-200 -100 a 100 200 300 ~oo 500 600 

TEMPERATURE ( F ) 

Figure 23. Yield stress of 00 tension specimens as a function of temperature 

Results and Discussion 64 



70 i 10 

9 
60 

I r 
8 

I n l 
50 

7 

Gi 
6 53 ~ .,0 ~ - -

I In 
In 

g 5 .: 
en en 
:s! 30 "0 

~ ., ~ 

20 3 

2 
I [j 

10 
I 

1 

0+1~~~~r-T-~ ____ ~~ __ ~--______ 4 o 
-200 -100 o 100 200 300 .,00 500 600 

TEMPERATURE ( F ) 

Figure 24. Yield stress of 150 tension specimens as a function of temperature 

Results and Discussion 65 



7 1.0 

0.9 
6 

I f 
0.8 

I l 
5 

0.7 

~ m 
:::ell 

0.6 ~ - -
I UJ 

G) S 
II.. 0.5 .b -en en 
j3 "C 

0.11 ~ > 

2 0.3 

0.2 

1 

0.1 

01 I 10.0 
-200 -100 0 100 200 300 1100 500 600 

TEMPERATURE ( F ) 

Figure 25. Yield stress of 90 0 tension specimens as a function of temperature 

Results and Discussion 66 



1000 
1110 

900 J l130 

800 ~o \.- No yielding 
t-120 

\ 250°F ~1l0 

700 -I \ 
\ ~100 
\ 

as \ 90 Q 
600 \ 

~ \ ~ - \ 80 -
I \ til 

500 \ m CD \ J:: \ 
70 .b 

rJ) rJ) 

3! \ 500°F 
60 i 1100 

rt7so F ~ >= 
\ 50 
\ 

300 -I \\ \ 
\ ~ 110 
\ 
\ 

200 -I ~ \ ~ 30 
\ 
\ 

~ 20 \ 
100 -I \ \ 

\ • 10 

o I, -r=j ~ , I i i i i i i i " 0 
0 10 20 30 110 50 60 70 80 90 

FIBER ANGLE (DEal 

Figure 26. Yield stress as a function of fiber orientation for all temperatures 

Results and Discussion 67 



creases rapidly. After showing a maximu m value at + 250°F, however, the yield 

stress starts to decrease although the residual stress becomes further smaller. This 

is assumed to be due to deterioration of the aluminum matrix properties. 

3.2.1.5 Summary 

Table 10 summarizes tensile modulus of each specimen configuration. For 0° speci-

men at -150°F only, the slope of loading/unloading curve was estimated other than 

the initial slope of the first loading. Figures 27 - 29 illustrate elastic moduli of 0°, 15° 

and 90° specimen as a function of temperature, respectively. It is seen that little 

temperature dependency is observed for each configuration. 

Table 10. Effect of temperature on elastic modulus 

Elastic Moduli, Exx(msi) 
Temperature 

(OF) 
0° 15° 90° 

-150 55.1 27.3 4.3 
I 
I 

I 

+75 58.4 27.9 3.5 

+250 56.9 26.4 4.1 

+500 57.0 26.1 3.5 

-
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3.2.2 Poisson's Ratio 

3.2.2.1 0° Specimen 

Figure 30 shows representative Poisson's response of 0° specimens under cyclic 

loading for a" temperatures. The effect of residual stress is clearly seen and con

firmed by this figure. At -150°F, since the material already yielded prior to loading 

as described in 3.2.1.1, the first loading and the subsequent unloading/loading curves 

have no para"el part. At + 75°F, the first loading curve up to Eyy of -0.028% is para"el 

to the unloading/loading curve and the slope of the curve starts to increase beyond 

this point, which means that the material yields and starts strain hardening. This 

yield pOint exactly corresponds to the yield point obtained by the tensile response in 

Fig. 20. At + 250°F, since the material did not yield up to the stress reversal point, 

the first loading curve exactly matches the unloadinglloading curve. At + 500°F, a 

sma" amount of permanent strain is observed, which means that the material yielded 

just below the reversal point. As is the case for tensile response, this is because 

aluminum properties are deteriorated at this temperature. As a whole, it seems that 

Poisson's ratio V12 decreases slightly with the increase in temperature. 

3.2.2.2 15° Specimen 

Poisson's response of 15° specimens, as shown in Fig. 31, also can be explained by 

temperature dependent residual stress and aluminum properties as is the case of 
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tensile response. For -150°F test, the tensile residual stress is large. The material 

yields at an early stage and the linear elastic portion is small. For + 75°F test, as the 

residual stress becomes smaller with increasing temperature, the material exhibits 

more elastic behavior. For + 250°F test, the material did not yield up to the reversal 

stress and the first loading curve overlaid the subsequent unloading/loading curve. 

For + 500°F test, a small amount of permanent strain indicates that the material 

yielded below the reversal point. This is due to deterioration of aluminum matrix 

property. 

All the facts shown above are consistent with the tensile responses stated in 3.2.1.2. 

As a whole, Poisson's ratio of 15° specimen decreases with increasing temperature. 

3.2.2.3 90° Specimen 

Figure 32 shows representative Poisson's response of 90° specimens under cyclic 

loading for all temperatures. All the curves are not as smooth as those of 0° and 15° 

tests. The eyy value is so small that the output is easily affected by noise and amplifier 

resolution level. As stated before, transverse strength is so low that it is difficu It to 

discuss the effect of residual stress and aluminum properties by this figure. In gen

eral, however, it is observed that Poisson's ratio V21 decreases as the temperature 

increases. 

3.2.2.4 Summary 
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Average values of Poisson's ratio of different specimens are listed in Table 11. Var-

iations of Poisson's ratio of 00
, 150 and 900 specimens with regard to temperature are 

shown in Figs. 33 - 35, respectively. Although large scatters are observed for 

Poisson's ratio, it is seen that Poisson's ratio decreases with the increase in tem-

perature especially for 150 and 900 tests. 

Table 11. Effect of temperature on Poisson's ratio 

Poisson's Ratio 
Temperature 

(OF) 
00 150 900 

-150 0.328 0.288 0.051 
I 

+75 0.291 0.263 0.028 

+250 0.297 0.180 0.022 

+500 0.294 0.130 0.033 

3.2.3 Shear Modulus 

3.2.3.1 15° Off-Axis 

Representative shear response of 150 off-axis tension tests under cyclic loading for 

all temperatures are shown in Fig. 36. The characteristics of shear response are al

most the same as tensile response as described in 3.2.1.2. The material has already 

yielded prior to loading at -150°F. The yield point increases significantly and the 
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material exhibits a large amou nt of elastic behavior at + 75°F. Overlap of the loading 

and unloadinglloading curves of + 250°F test indicates that the material does not 

yield prior to the reversal point. There exists a certain amount of permanent strain 

at + 500°F, which indicates that the material yields below the reversal stress. All the 

phenomena may be explained by variation of residual stress and aluminum matrix 

properties with regard to temperature as is the case with tensile response. 

When obtaining modulus values, it is sometimes difficult to find an initial linear elastic 

portion of the stress-strain curve. On the first loading curves of Fig. 36, for example, 

a linear elastic range is limited to a small portion for the -150°F test and it is hard to 

define a linear region from nonlinear initial response of + 500° test. 'In these cases, 

the unloading/loading curve in a cyclic test can be used as an alternative for deter

mining the elastic modulus. Compared with the first loading curve, the subsequent 

unloading/loading curve usually has a longer linear portion, which results in more 

precise modulus determination. This is demonstrated in the shear modulus of cyclic 

test results (Tables A.9 - A.12 in Appendix A). It is obvious that the modulus values 

obtained by the unloadinglloading curves are very reproducible whereas those by the 

first loading curves have large scatter. 

3.2.3.2 0° /osipescu 

Representative shear response of 0° losipescu shear tests under monotonic loading 

for all temperatures are shown in Fig. 37. The losipescu tests give quite different 

results from the 15° off-axis test. Unlike 15° off-axis tension tests, the" specimens 

exhibit much more extensive nonlinear behavior especially at elevated temperatures. 

Two results of 500° tests are included in Fig. 37; the first test exhibits over 2% shear 
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strain at failure. In the 15° off-axis tension tests, on the other hand, the highest ulti-

mate shear strain is only 0.13%. Based on these experimental results, it can be 

concluded again that the 0° losipescu test is an excellent test method to obtain non-

linear shear response. 

Figure 38 illustrates an enlargement of initial shear response of 0° losipescu tests. 

The effect of temperature on G12 is profound. It is seen from Fig. 38 that as the tem-

perature increases, G12 decreases significantly, but not monotonically. Although there 

exists significant data scatter, a small increase in G12 is observed as the temperature 

increases from + 75°F to + 250°F. Similar results were predicted theoretically by 

Aboudi [37]. In Aboudi's predictions, as the temperature increases, not only initial 

modulus decreases monotonically but, also, the specimen exhibits nonlinear behav-

ior at a lower stress level; these are almost the same phenomena obtained in the 

present losipescu tests. It can be presumed that this temperature effect is charac-

terized by change in residual stresses as well as aluminum properties. Unlike E11 

expressed by Eq. (3.1), the matrix shear modulus is the dominant term in G12 of the 

composite. For the isotropic material, shear modulus can be expressed in terms of 

Young's modulus E and Poisson's ratio v, 

E 
G = 2(1 + v) 

Assuming that Poisson's ratio is temperature independent, the shear modulus of the 

aluminum is proportional to Young's modulus at each temperature. As shown in Fig. 

2, Young's modulus of aluminum decreases as the temperature increases. There-

fore, it is likely that a decrease in elastic modulus of aluminum at high temperature 

Results and Discussion 83 



75------------------------------1 

10 

8 

50 - -150°F 

Q 

~ 75°F 
6 ~ -t\I ,... 

~ 500°F11J 

25 · I I I / ---- 500°F12J ~ 

2 

O+I-r~~~,-~~~r_~~~~~~~~~+ o 
2.0 0.0 0.5 1.0 1.5 

GAJ.A.AA 12 ( 1.. ) 

-
~ 
:::> 
i5 

Figure 37. Overall shear response of 00 loslpescu specimens under monotonic loading for all 
temperatures 

Results and Discussion 84 



30 ) 

".0 

25 
3.5 

20 . I I . ., . 3.0 

~ -2.5 US 
~ - -N 15 N 

T- T-

~ 
2.0 ::> 

< 
l- I-

10 1.5 

1.0 

5 

0.5 

o r ' ii' ii' iii ii' ,I 0.0 
0.00 0.05 0.10 0.15 0.20 0.25 

GA~A 12 (Y.) 

Figure 38. Initial shear response of 0° losipescu specimens under monotonic loading for all tem
peratures 

Results and Discussion 85 



is related to the present decrease in shear modulus of the composite, as shown in 

Fig. 38 .. 

The cause of a small increase in G12 with increasing temperature from + 75°F to 

+ 250°F, which is obtained in the present experiments, is uncertain. Although con

flicting with 15° Off-axis results and Aboudi's predictions, this trend is also observed 

for E22 (Fig. 29) and V12 (Fig. 33). Considering that they are all matrix dominated 

properties, it is probable that some phenomenon takes place inside the material in 

the temperature range between + 75°F and + 250°F. 

3.2.3.3 Yield Stress 

Table 12 summarizes the results for yield stresses obtained from the 15° off-axis and 

0° losipescu tests. Figure 39 illustrates yield shear stress of both specimens as a 

function of temperature. The 15° off-axis test result shows almost the same behavior 

as tensile yield stress shown in Fig. 24, whereas the losipescu test exhibits a different 

trend; the yield stress is rather high at -150°F and the maximum value appears at 

+ 75°F instead of + 250°F. It is possible that this difference is caused by stress 

interaction of the 15° off-axis specimen, but further experiments and analyses are 

necessary to confirm this. 

3.2.3.4 Summary 

Average values of shear modulus obtained by both test methods are listed in Table 

13. Results of 15° off-axis tension tests are estimated by the unloading/loading curve 
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Table 12. Effect of temperature on yield shear stress 

Yield Stress, 'tMksi) 
Temperature 

(OF) 
15° Off-Axis 0° losipescu 

-150 0.0 1.44 

+75 1.73 2.53 

+250 >2.35 1.26 

+500 0.77 1.02 

of cyclic tests whereas those of 0° losipescu shear tests are obtained from monotonic 

tests. 

Variations of shear modulus from 15° off-axis tension and 0° losipescu specimens as 

a fu nction of temperature are shown in Figs. 40 and 41, respectively. It is seen in Fig. 

40 that the shear modulus from the off-axis test decreases almost linearly with the 

Table 13. Effect of temperature on shear modulus 

Shear Modulus, G1z(msi) 
Temperature 

(OF) 
15° Off-Axis 0° losipescu 

I 
I 

-150 3.07 3.45 

+75 2.87 2.76 

+250 2.75 3.03 

+500 2.52 2.56 
, 
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increase in temperature and that there is little data scatter. The unloadlnglloading 

curves of the 15° tension tests are used to estimate these moduli. On the other hand, 

the monotonic 0° losipescu test results are used to obtain the results in Fig. 41. As 

pointed out in 3.2.3.1, it is difficult to determine the elastic portion of the stress-strain 

curve in monotonic losipescu test. As a result, there is significant data scatter in Fig. 

41. However, decrease in G1Z with increasing temperature is also generally observed. 

It is desirable to conduct cyclic losipescu tests to obtain more precise modulus and 

yield stress. 

3.2.4 Strength 

3.2.4.1 Tensile Strength 

Monotonic Loading: Average values of tensile strength In monotonic loading are 

listed in Table 14. Variations of tensile strength of 0°, 15° and 90° specimens with 

regard to temperature are shown in Figs. 42 - 44, respectively. The effect of temper

ature on strength is significant for 0° and 15° specimens. Although there exists con

siderable data scatter for 00 specimens, significant reduction in strength is observed 

at + 500°F. One of the specimens failed at 69.7 ksi which is almost half the highest 

strength of 137.2 ksi obtained at -150°F. It is suspected that this degradation of ulti

mate strength at + 500°F is closely related to the deterioration of aluminum matrix 

property as shown in Fig. 2. The temperature effect is more significant for the 15 0 

tests. The ultimate strength decreases sharply as the temperature increases. The 

ultimate strength at -150°F is more than two and one half times that at + 500°F. 
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Figure 42. Tensile strength of 00 tension specimens as a function of temperature 
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However, such a drastic effect is not observed for 90° tests. As mentioned in 3.1.2, 

transverse strength is so low that it is likely that interfacial bond strength is the more 

influential factor than temperature for this configuration. 

Table 14. Effect of temperature on tensile strength (monotonic loading) 

Tensile Strength, (j~x(ksi) 
Temperature 

(OF) 
0° 15° 90° 

-150 124.0 23.5 1.5 

+75 118.1 15.6 1.3 

+250 116.5 12.6 1.0 

+500 89.8 9.0 1.3 

Cyclic Loading: Average values of tensile strength in cyclic loading are listed in Ta

ble 15. These values are plotted in Figs. 42 - 44 by bars and compared with 

monotonic test results. There is little difference between monotonic and cyclic load-

ing for the 0° test results. However, significant increase in strength is observed at 

elevated temperatures for 15° and 90° tests. 

3.2.4.2 Maximum Shear Stress/Strain 

As described briefly in 3.1.2, it is not easy to obtain shear strength for the present 

graphite/aluminum composite. The stress state of the off-axis tension specimen is 

not pure shear and the specimen fails at a lower stress level. The losipescu spec i-

men cannot sustain' the applied load until the test section fails; the edges of the 
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Table 15. Effect of temperature on tensile strength (cyclic loading) 

Tensile Strength, cr~x(ksi) 
Temperature 

(OF) 
0° 15° 90° 

I 

-150 122.5 23.8 1.6 

+75 116.1 15.5 1.2 

+250 115.5 15.0 1.9 

+500 88.2 11.7 1.4 

specimen are always crushed beforehand. Therefore, the terms, maximum stress 

and strain, are used here as a lower bound on the shear strength of the material. 

Average values of maximum shear stresses are listed in Table 16. Variations of 

maximum shear stress of 15° off-axis and 0° loslpescu specimens as a function of 

temperature are shown in Fig. 45. It is seen that the losipescu test results show 

higher maximum stresses than the 15° off-axis test results and that the maximum 

shear stress decreases with increasing temperature for both tests. 

However, the maximum shear strain, shown in Table 17 and Fig. 46, exhibits quite 

different behavior. The 15° off-axis test results give the same trend as maximum 

stress but for losipescu test results, increase in maximum strain with increasing 

temperature is observed except for the + 250°F results. Values of two + 250°F 

losipescu tests are rather low because the edges of specimens were crushed during 

the tests at early stage, as mentioned in 3.1. The apparent conflicting trend between 

maximum stress and strain reveals another evidence of the quality of the 0° losipescu 
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Table 16. Effect of temperature on maximum shear stress 

Maximum Shear Stress, l~(msi) 
Temperature 

(OF) 
15° Off-Axis 0° losipescu 

-150 5.9 7.4 

+75 4.0 5.1 

+250 3.2 4.5 
I 

+500 2.2 3.9 

test. Decrease in maximum stress and increase in maximum strain clearly indicate 

the development of ductility with increasing temperature, which may not be observed 

in 15° off-axis test. 

Table 17. Effect of temperature on maximum shear strain 

Maximum Shear Strain, y~(%) 
Temperature 

(OF) 
15° Off-Axis 0° losipescu 

-150 0.354 0.431 

+75 0.176 0.484 

+250 0.123 0.223 

+500 0.101 1.574 
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3.3 Thermo-Mechanical Properties 

3.3.1 Thermal Expansion 

Figure 47 shows the thermal response of graphite/aluminum parallel and perpendic

ular to the fiber direction. The results of two tests are included in the one figure; in 

one test the specimen was heated from + 75°F to + 500°F and in the other test the 

specimen was cooled from + 75°F to -150°F. 

Strain along the fiber direction, Ell' decreases slightly as the temperature increases 

from -150°F to + 350°F. The coefficient of thermal expansion in the fiber direction, 

0.11 , is estimated as -0.74 x 10-s/oF in this temperature range. On the other hand, 

strain perpendicular to the fiber direction E22 increases almost linearly with the in

crease in temperature. The coefficient of thermal expansion perpendicular to the fi

ber direction, 0.22 , is 13.2 x 1Q-s/oF. 

It is obvious that graphite/aluminum has a low coefficient of thermal expansion in the 

fiber direction, all' which means that the composite does not expand much in the fiber 

direction even if being subjected to a large temperature change. As stated in Chapter 

1, this is one of the advantages of this material when applied to structures in space 

where the temperature change is quite large. The coefficient of thermal expansion 

perpendicular to the fiber, 0.22 , is almost equal to that of aluminum matrix as shown 

in Table 1. 
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3.3.2 Effect of Thermo-Mechanical History 

3.3.2.1 15° Specimen 

Figures 48 and 49 show representative thermo-mechanical response of 15° off-axis 

specimens when subjected to thermal loading from + 75°F to + 500°F and from 

+ 75°F to -150°F, respectively, under constant tensile mechanical loading 

(mechanical/thermal loading). In these figures, monotonic test results at + 500°F and 

-150°F including thermal strain induced during heating or cooling process prior to 

loading (thermal/mechanical loading) are also illustrated to examine prior history ef

fect on material response. It is seen that the final points of both loading cases almost 

overlap. Therefore, it can be said that thermo-mechanical behavior of this test con

figuration is history independent under the present conditions. 

3.3.2.2 90° Specimen 

Figures 50 and 51 shows representative response of 90° specimens for 

mechanical/thermal loading of + 75°F to + 500°F and + 75°F to -150°F, respectively. 

Thermal/mechanical loading results are also included in the figures. When the 

specimen was cooled either before or after mechanical loading, as shown in Fig. 51, 

the final points of both loading cases exactly overlap, which indicates that these 

loading cases are also history independent. 

However, when the specimen was heated from + 75°F to + 500°F under constant 

mechanical loading, as shown in Fig. ~O, the final strain is a little larger than that of 
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thermal/mechanical loading. Based on their thermo-mechanical tests and analyses 

on graphite/aluminum composite, Min and Crossman [39] stated that in the plastic 

range transverse thermal expansion is affected by the applied stress level and the 

direction of the temperature change. Also, the possibility of transverse creep was 

suggested by the same authors [50]. Since applied constant stress of 0.75 ksi was 

beyond the yield stress at + 500°F, it is possible that the above stated phenomena 

occurred during thermal loading. In other words, the material may exhibit history 

dependent behavior for transverse loading at elevated temperatures. Further exper

iments and analyses will be needed to confirm this. 
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4.0 Conclusions 

The response of P100/6061 graphite/aluminum composite under mechanical and 

thermal loading was studied by conducting a series of tensile and shear tests at cold, 

room and elevated temperatures. The major results obtained from this research are: 

1. In-plane elastic properties over the temperature range from -150°F to + 500°F are 

characterized as follows: 

• At room temperature, Ell and E22 are 58.4 msi and 3.5 msi, respectively. The 

ratio El,1E22 is 16.7. 

• Ell is temperature independent (Fig. 27). 

• E22 , v12 and G12 generally exhibit small decreases with increase in temperature 

(Figs. 29, 33, 40, 41). A slight increase in these moduli is observed as the 

temperature increases from + 75°F to + 250°F. 

• Off-axis moduli are well-predicted by theoretical transformation (Figs. 14 - 16). 

2. The strength shows a strong dependency on fiber orientation and temperature. 
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• At room temperature, Xr and Yr are 118.1 ksi and 1.3 ksi. respectively. The 

ratio Xr/Yr is 90.8. 

• Xr and S decrease with increase in temperature (Figs. 43 and 45). This is 

believed to be due to deterioration of the matrix properties at higher tem

peratures. 

• Yr is very low; it Is suspected that poor interfacial bond strength is the reason 

for the low transverse strength. 

• Off-axis strength is well-predicted by the Tsai-Wu tensor polynomial (Fig. 17). 

3. P100/6061 graphite/aluminum composite has very low thermal expansion in the 

fiber direction (Fig. 47). From thermo-mechanical off-axis and transverse tension 

tests, only transverse tension at elevated temperature shows history dependent 

behavior (Fig. 50). 

4. The tensile response is strongly influenced by residual stresses which are 

caused by the mismatch in coefficient of thermal expansion between fiber and 

matrix (Figs. 20 - 22). 

• The composite exhibits thermal yielding prior to loading or low yield stress 

at -150°F. 

• The yield stress of the composite increases as the test temperature in

creases from -150°F to + 250°F, but it drops significantly at + 500°F because 

of deterioration of the aluminum matrix properties. 

5. Test methods developed at Virginia Tech were successfully applied to the char

acterization of graphite/aluminum composite. 
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• The rotating-end grip fixture reduces the end-constraint effect and gives sat

isfactory tensile properties. 

• The 0° losipescu test is an excellent method to obtain shear strength. Ex

tensive nonlinear behavior is observed by this test method. 

6. Several recommendations for future study are: 

• More complete characterization of the material response using tension, 

compression and tension-compression test data. 

• Theoretical prediction of residual stresses in the composite and overall re

sponse of the composite at various temperatures. 

• Clarification of the cause of poor transverse strength and suggestion for im

provement of transverse strength. 
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Table A.1 Off-axis tension test results at -150°F: 
initial moduli and ultimate strengths 

Specimen Specimen 
Group Number 

0° 
monotonic 

1 
2 

cyclic 
1 
2 

mean 
15° 
monotonic 

1 
2 

cyclic 
1 
2 

mean 
90° 
monotonic 

1 
2 

cyclic 
1 
2 

mean 

--------

* Not applicable 
Data not available 

Elastic Poisson's 
Modulus, Ratio, 
Exx(msl) Vxy 

48.9 0.286 
48.9 0.329 

47.2 0.381 
48.6 0.314 

. 48.4 0.328 

26.4 0.307 
27.8 0.270 

27.3 0.262 
27.6 0.314 

27.3 0.288 

4.6 0.064 
4.2 0.042 

4.1 0.042 
4.3 0.055 

4.3 0.051 

*** Only monotonic data included in average 

Appendix A. Summary of Individual Test Results 

Shear Ultimate 
Modulus, Stress, 
G12(msi) cr~(ksi) 

• 110.7 
• 137.2 

• 115.5 
• 129.5 
• 124.0*** 

2.96 24.6 
** 22.4 

2.49 24.7 
3.78 22.9 

3.08 23.5*** 

• 1.6 
* 1.3 

1.7 
* 1.4 

1.5*** 

Ultimate 
Strain, 
E~x(%) 

0.221 
0.278 

0.239 
0.262 

0.250*** 

0.141 
0.113 

0.137 
0.116 

0.127*** 

0.047 
0.039 

0.053 
0.035 

0.043*** 

116 . 



Table A.2 Off-axis tension test results at + 75°F: 
initial moduli and ultimate strengths 

Specimen Specimen Elastic Poisson's Shear Ultimate 
Group Number Modulus, Ratio, Modulus, Stress, 

Exx(msi) Vxy G12(msi) cr~Aksi) 

0° 
monotonic 

1 59.8 0.288 113.4 
2 57.8 0.275 106.3 
3 62.3 0.290 * 134.6 

cyclic 
1 56.3 0.295 118.2 
2 55.9 0.308 * 114.0 

mean 58.4 0.291 118.1 *** 
10° 
monotonic 

1 31.2 0.312 2.55 23.7 
2 42.0 0.222 2.90 23.7 

mean 36.6 0.267 2.73 23.7 
15° 
monotonic 

1 27.5 0.212 2.75 14.6 
2 28.4 0.321 2.80 16.6 

cyclic 
1 27.5 0.493** 6.01** 14.6 
2 27.8 0.287 2.79 16.0 
3 28.1 0.233 2.84 15.9 

mean 27.9 0.263 2.80 15.6*** 
45° 
monotonic 

1 6.0 0.209 2.39 3.2 
2 6.3 0.209 2.55 3.5 
3 5.8 0.107 2.45 3.6 

mean 6.0 0.175 2.46 3.4 
90° 
monotonic 

1 3.6 0.034 * 1.1 
2 3.4 0.020 * 1.4 

cyclic 
1 3.4 0.038 * 1.3 
2 3.7 0.018 * 1.1 

mean 3.5 0.028 * 1.3*** 

* Not applicable 
** Abnormal data (not averaged) 
*** Only monotonic data included in average 

Appendix A. Summary of Individual Test Results 

Ultimate 
Strain, 
&~(%) 

0.197 
0.190 
0.228 

0.216 
0.211 

0.205*** 

0.092 
0.080 

0.086 

0.061 
0.069 

0.060 
0.074 
0.073 

0.065*** 

0.064 
0.064 
0.070 

0.066 

0.036 
0.047 

0.045 
0.035 

0.042*** 
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Table A.3 Off-axis tension test results at + 250°F: 
initial moduli and ultimate strengths 

Specimen Specimen Elastic Poisson's Shear Ultimate 
Group Number Modulus, Ratio, Modulus, Stress, 

Exx(msi) Vxy G12(msi) cr~(ksi) 

0° 
monotonic 

1 56.9 0.245 * 122.8 
2 56.8 0.323 * 110.2 

cyclic 
1 56.4 0.319 * 110.8 
2 57.5 0.302 * 120.1 

mean 56.9 0.297 * 116.5*** 
15° 
monotonic 

1 25.9 0.142 2.73 12.4 
2 26.0 0.180 2.67 12.8 

cyclic 
1 27.5 0.192 2.69 14.9 
2 26.0 0.204 2.75 15.0 

mean 26.4 0.180 2.71 12.6*** 
90° 
monotonic 

1 4.0 0.018 * 1.0 
2 4.4 0.030 * 0.9 

cyclic 
1 4.0 0.027 * 1.8 
2 3.8 0.012 * 2.0 

mean 4.1 0.022 * 1.0*** 

* Not applicable 
*** Only monotonic data included in average 

Appendix A. Summary of Individual Test Results 

Ultimate 
Strain, 
E~(%) 

0.212 
0.192 

0.194 
0.206 

. 0.202*** 

0.051 
0.057 

0.069 
0.069 

0.054*** 

0.026 
0.022 

0.052 
0.064 

0.024*** 
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Table A.4 Off-axis tension test results at + 500°F: 
initial modu.1I and ultimate strengths 

Specimen Specimen Elastic Poisson's Shear Ultimate 
Group Number Modulus, Ratio, Modulus, Stress, 

E",,{msi) Vxy G12{msi) cr~{ksi) 

0° 
monotonic 

1 56.3 0.314 * 69.7 
2 56.9 0.322 * 109.9 

cyclic 
1 56.6 0.210 * 85.6 
2 58.0 0.331 * 90.8 

mean 57.0 0.294 * 89.8*** 
15° 
monotonic 

1 26.1 ** ** 8.2 
2 26.1 0.146 2.82 9.7 

cyclic 
1 26.1 0.170 2.86 12.3 
2 25.9 0.076 2.84 11.1 

mean 26.1 0.130 2.84 9.0*** 
90° 
monotonic 

1 3.4 0.035 * 1.3 
2 3.3 0.058 * 1.2 

cyclic 
1 3.9 0.000 * 1.3 
2 3.5 0.037 * 1.5 

mean 3.5 0.033 * 1.3*** 

~~ -

* Not applicable 
** Data not available 

Only monotonic data included in average 

Appendix A. Summary of Individual Test Results 

Ultimate 
Strain, 
E~(%) 

0.135 
0.192 

0.165 
0.152 

0.164*** 

0.037 
0.047 

0.086 
0.066 

0.042*** 

0.048 
0.039 

0.042 
0.055 

0.044*** 

---------
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Table A.5 losipescu shear test results at -150°F: 
initial moduli and ultimate strengths 

Specimen Specimen Shear Ultimate Ultimate 
Group Number Modulus, Stress, Strain, . 

G12(msi) 'tV2(ksi) yV2(%) 

0° 
1 3.45 7.4 0.431 
2 5.60* 17.3* 0.888* 

mean 3.45 7.4 0.431 

* Abnormal data (not averaged) 

Table A.6 losipescu shear test results at + 75°F: 
initial moduli and ultimate strengths 

Specimen Specimen Shear Ultimate Ultimate 
Group Number Modulus, Stress, Strain, 

G12(msi) 'tV2(ksi) yV2(%) 

0° 
1 3.15 4.9 0.243 
2 2.74 5.6 0.888 
3 2.40 4.9 0.322 

mean 2.76 5.1 0.484 
90° 

1 2.16 3.5 0.175 
2 1.70 2.6 0.165 
3 1.66 2.6 0.170 
4 1.59 2.8 0.225 

mean 1.78 2.9 0.184 
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Table A.7 losipescu shear test results at + 250°F: 
initial moduli and ultimate strengths 

Specimen Specimen Shear Ultimate Ultimate 
Group Number Modulus, Stress, Strain, 

G12(msi) 'tY2(ksi) YY2(%) 

0° 
1 2.77 4.3 0.260 
2 3.29 4.6 0.185 

mean 3.03 4.5 0.223 

Table A.8 losipescu shear test results at +500°F: 
initial moduli and ultimate strengths 

Specimen Specimen Shear Ultimate Ultimate 
Group Number Modulus, Stress, Strain, 

G12(msi) tY2(ksi) YY2(%) 

0° 
1 2.72 3.8 1.060 
2 2.40 3.9 2.087 

mean 2.56 3.9 1.574 
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Table A.9 Cyclic test results at -150°F 

Initial Loading 

Specimen Specimen Elastic Poisson's Shear 
Group Number Modulus, Ratio, Modulus, 

Exx(msi) VJ<)' 

0° 
1 47.2 0.381 
2 48.6 0.314 

mean 47.9 0.348 
15° 

1 27.3 0.262 
2 27.6 0.314 

mean 27.5 0.288 
90° 

1 4.1 0.042 
2 4.3 0.055 

mean 4.2 0.049 

Second Loading 

Permanent Elastic Poisson's 
Group Number Strain, 

(%) 

0° 
1 0.023 
2 0.022 

mean 0.023 
15° 

1 0.022 
2 0.022 

mean 0.022 
90° 

1 0.006 
2 0.003 

mean 0.005 

-----_._- --

* Not applicable 
Data not available 

Modulus, 
Ex.(msi) 

54.6 
55.6 

55.1 

27.2 
28.2 

27.7 

4.0 
4.4 

4.2 
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Ratio, 
Vxy 

0.371 
0.320 

0.346 

0.318 
0.344 

0.331 

0.039 
0.035 

0.037 

G12(msi) 

• 
· 
• 

2.49 
3.78 

3.14 

* 
• 
• 

Shear 
Modulus, 
G12(msi) 

* 

· 
• 

2.96 
3.17 

3.07 

• 
• 
• 

Yield Reversal 
Stress, Stress, 
O":x(ksi) (ksi) 

•• 102.4 
** 102.8 

** 102.6 

1.9 19.2 
2.6 19.1 

2.3 19.2 

0.2 1.3 
0.4 1.2 

0.3 1.3 

Ultimate Ultimate 
Stress, Strain, 
O"~x(ksi) E~(%) 

115.5 0.239 
129.5 0.262 

122.5 0.251 

24.7 0.137 
22.9 0.116 

23.8 0.127 

1.7 0.053 
1.4 0.035 

1.6 0.044 

-----
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Table A.10 Cyclic test results at + 75°F 

Initial Loading 

Specimen Specimen Elastic Poisson's Shear Yield Reversal 
Group Number Modulus, Ratio, Modulus, Stress, Stress, 

E",,(msl) Vxy G12(msi) cr~x(ksi) (ksi) 

0° 
1 56.3 0.295 * 57.0 95.1 
2 55.9 0.308 * 56.9 95.2 

mean 56.1 0.302 " 57.0 95.2 
150 

1 27.5 0.493*" 6.01** 5.1 12.2 
2 27.8 0.287 2.79 4.9 12.4 
3 28.1 0.233 2.84 5.4 12.2 

mean 27.8 0.260 2.82 5.1 12.3 
900 

1 3.4 0.038 * 0.4 0.8 
2 3.7 0.018 * 0.4 0.8 

mean 3.6 0.028 * 0.4 0.8 

Second Loading 

Permanent Elastic Poisson's Shear Ultimate Ultimate 
Group Number Strain, Modulus, Ratio, Modulus, Stress, Strain, 

(%) E",,(msi) Vxy G12(msi) cr~(ksi) E~(%) 

0° 
1 0.009 58.7 0.294 * 118.2 0.216 
2 0.008 55.4 0.314 * 114.0 0.211 

mean 0.009 57.1 0.304 * 116.1 0.214 
150 

i 
1 0.004 28.6 0.493*· 5.00** 14.6 0.060 
2 0.004 26.7 0.269 2.83 16.0 0.074 
3 0.003 27.7 0.241 2.91 15.9 0.073 

mean 0.004 27.7 0.255 2.87 15.5 0.069 
900 

1 0.003 3.8 0.038 * 1.3 0.045 
2 0.003 3.9 0.017 * 1.1 0.035 

mean 0.003 3.9 0.028 * 1.2 0.040 
- - ----------------

* Not applicable 
** Abnormal data (not averaged) 
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Table A.11 Cyclic test results at +2500 F 

Initial Loading 

Specimen Specimen Elastic Poisson's Shear Yield Reversal 
Group Number Modulus, Ratio, Modulus, Stress, Stress, 

Exx(msi) Vxy G12(msi) (J~(ksi) (ksi) 

0° 
1 56.4 0.319 * ** 96.3 
2 57.5 0.302 * ** 96.1 

mean 57.0 0.311 * ** 96.2 
15° 

1 27.5 0.192 2.69 3.7 9.4 
2 26.0 0.204 2.75 3.4 10.3 

mean 26.8 0.198 2.72 3.6 9.9 
90° 

I 

1 4.0 0.027 * 0.2 0.8 
2 3.8 0.012 * 0.3 0.8 

mean 3.9 0.020 * 0.3 0.8 

Second Loading 

Permanent Elastic Poisson's Shear Ultimate Ultimate 
Group Number Strain, Modulus, Ratio, Modulus, Stress, Strain, 

(%) Exx(msi) Vxy Glz(msi) (J~(ksl) E~(%) 

0° 
1 0.001 56.4 0.317 * 110.8 0.194 
2 0.000 57.5 0.302 * 120.1 0.206 

mean 0.001 57.0 0.310 * 115.5 0.200 
15° 

1 0.001 26.5 0.195 2.74 14.9 0.069 
2 0.001 25.2 0.216 2.76 15.0 0.069 

mean 0.001 25.9 0.206 2.75 15.0 0.069 
90° 

1 0.001 3.8 0.032 * 1.8 0.052 
2 0.001 3.7 0.017 * 2.0 0.064 

mean 0.001 3.8 0.025 * 1.9 0.058 

- ----- - ---

* Not applicable 
** Data not available 
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Table A.12 Cyclic test results at +5000 F 

Initial Loading 

Specimen Specimen Elastic Poisson's Shear Yield Reversal 
Group Number Modulus, Ratio, Modulus, Stress, Stress, 

E",,(msi) vl!)' . G1z(msi) cr~(ksi) (ksi) 

0° 
1 56.6 0.210 * ** 73.1 
2 58.0 0.331 * ** 72.8 

mean 57.3 0.271 * ** 73.0 
15° 

1 26.1 0.170 2.86 2.4 7.7 
2 25.9 0.076 2.84 2.6 7.7 

mean 26.0 0.123 2.85 2.5 7.7 
90° 

1 3.9 0.000 * 0.4 1.0 
2 3.5 0.037 * 0.4 1.0 

mean 3.7 0.019 * 0.4 1.0 

Second Loading 

Permanent Elastic Poisson's Shear Ultimate Ultimate 
Group Number Strain, Modulus, Ratio, Modulus, Stress, Strain, 

(%) E •• (msi) vl!)' G12(msi) cr~.(ksi) E~.(%) 

0° 
1 0.002 56.9 0.208 * 85.6 0.165 
2 -0.001 57.7 0.321 * 90.8 0.152 

mean 0.001 57.3 0.265 * 88.2 0.159 
15° 

1 0.003 25.3 0.202 2.57 12.3 0.086 
2 0.004 25.3 0.094 2.46 11.1 0.066 

I 

mean 0.004 25.3 0.148 2.52 11.7 0.076 
I 90° 

1 0.002 3.7 0.015 * 1.3 0.042 
2 0.004 3.3 0.038 * 1.5 0.055 

mean 0.003 3.5 0.027 * 1.4 0.049 

* Not applicable 
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Table A.13 Thermo-mechanical test results 

+75°F to -150°F 

Specimen Specimen Elastic Poisson's Shear Constant Final 
Group Number Modulus, Ratio, Modulus, Stress, Strain, 

Exx(msi) Vxy G12(msl) (ksi) (%) 

15° 
1 26.7 0.315 2.83 6.7 0.124 
2 26.1 0.241 2.87 6.7 0.095 

mean 26.4 0.278 2.85 6.7 0.110 
90° 

1 5.0 0.030 • 0.75 -0.174 
2 4.9 0.018 * 0.75 -0.189 

mean 5.0 0.024 * 0.75 -0.182 

+ 75°F to + 500°F 

Specimen Specimen Elastic Poisson's Shear Constant Final 
Group Number Modulus, Ratio, Modulus, Stress, Strain, I 

Exx(msi) Vxy G12(msi) (ksi) (%) 
! 

15° 
1 28.7 0.316 2.95 6.7 -0.048 
2 27.8 0.230 2.98 6.7 -0.075 

mean 28.3 0.273 2.97 6.7 -0.062 
90° 

1 4.7 0.063 * 0.75 0.575 
2 4.8 0.066 * 0.75 0.508 

mean 4.8 0.065 * 0.75 0.542 

-- -----_._--- - -- ---- -- --

* Not applicable 
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