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Summary

Graphite-reinforced aluminum alloy (Gr/Al)
metal-matrix composites are leading candidates for
structural components in high precision space struc-
tures. This application requires materials with low
values of thermal expansion and high specific stiff-
nesses, which must remain stable during exposures
to the space environment for periods extending to
20 years. The effects of thermal cycling on the ther-
mal expansion behavior and mechanical properties of
Gr/6061 Al composites, as fabricated and after ther-
mal processing to eliminate thermal strain hysteresis,
have been investigated. Two groups of composites
were studied; one group was fabricated by hot roll
bonding and the other by diffusion bonding. Process-
ing significantly reduced the strain hysteresis during
thermal cycling in both groups of composites and im-
proved the ultimate tensile strength and modulus in
the diffusion-bonded material. Thermal cycling sta-
bilized the as-fabricated composites by reducing the
residual fabrication stress and also increased the ma-
trix strength by metallurgical aging. The thermal ex-
pansion behavior of both groups of composites after
processing was insensitive to thermal cycling. Data
scatter was too large to determine effects of ther-
mal cycling on the mechanical properties. The pri-
mary effects of processing and thermal cycling can be
attributed to changes in the metallurgical condition
and stress state of the matrix.

Introduction

Graphite-fiber-reinforced aluminum alloy metal-
matrix composites are among the material systems
being considered for structural components in dimen-
sionally stable space structures, such as large anten-
nas. This application requires materials with low
values of thermal expansion and high specific stiff-
nesses, which must remain stable during exposures
to the space environment for periods extending to 20
years (ref. 1). The temperature range over which a
composite must be dimensionally stable in Earth or-
bit can be as wide as —250°F to 250°F, depending
upon the thermal control systems used. Initial ther-
mal expansion testing of graphite fiber/aluminum al-
loy (Gr/Al) materials over this temperature range re-
vealed significant thermal strain hysteresis and resid-
ual dimensional changes (ref. 2). Subsequent studies
(ref. 3) demonstrated that postfabrication process-
ing can eliminate the residual dimensional changes
and significantly reduce thermal strain hysteresis,
thereby providing a more stable expansion behavior.
Since the use of composites in dimensionally critical
space structures also requires that thermal expansion

properties remain constant Lthroughout the lifetime of -

the structure, further study was necessary to assess
the long-term stability of thermal expansion and me-
chanical properties.

This report presents the results of a study of
the effects of thermal cycling on properties of Gr/Al
composites, both as fabricated and after processing
to stabilize the thermal expansion behavior. The
objectives of the study were to determine if crit-
ical composite properties would change with ther-
mal cycling and to provide insight into the mech-
anisms responsible for any observed changes. The
coefficient of thermal expansion, the ultimate tensile
strength, the microhardness, and the elastic prop-
erties of 6061 aluminum composites reinforced with
continuous Thornel P100 graphite fibers were mea-
sured as a function of thermal cycles between —250°F
and 250°F for up to 500 cycles. Changes in the prop-
erties of the as-fabricated and processed composites
with thermal cycling, as related to the metallurgical
temper of the aluminum matrix are discussed.

Materials and Procedures

Materials and Specimens

Single-ply, unidirectionally reinforced Gr/Al pan-
els, fabricated by two methods, were studied. These
composite panels consisted of a matrix of 6061 alu-
minum alloy reinforced with continuous Thornel
P100 graphite fibers bonded between two 6061 alu-
minum foils. One set of panels was fabricated by
DWA Composite Specialities, Inc., using a diffusion
bonding process. A second set was fabricated by
Material Concepts, Inc. (MCI), using a hot isother-
mal roll bonding technique (Rapi-Press). The pre-
cursor composite tows (metal-impregnated graphite
fiber bundles) used by both manufacturers in these
composites were fabricated by MCI and consisted of
0.00043-in.-diameter pitch-base graphite fibers from
Union Carbide Corporation impregnated with 6061
aluminum alloy. Each tow contained approximately
2000 separate fibers.

Typical optical micrographs of the cross sections
of the composite laminates are shown in figure 1.
Each panel had 0.0015-in.-thick surface foils of unre-
inforced 6061 aluminum. The diffusion-bonded pan-
els measured 12 in. by 12 in., with a nominal thick-
ness of 0.025 in. and a fiber volume fraction of about
0.41. The Mg and Si levels in the Al matrix after
diffusion bonding were 0.35 percent by weight and
0.35 percent by weight, respectively (ref. 4). The
hot-roll-bonded panels measured 3 in. by 13 in., with
a nominal thickness of 0.025 in. and a fiber volume
fraction of about 0.39. The Mg and Si levels in the Al
matrix after roll bonding were 0.33 percent by weight
and 0.39 percent by weight, respectively (ref. 4). The



elemental analyses of the composites were performed
using atomic absorption spectroscopy.

The measured concentrations of Mg and Si in
both the diffusion-bonded and hot-roll-bonded
Gr/Al composites were less than those nominally
specified for wrought 6061 Al. Although the rea-
sons for the below nominal matrix chemistries are
not fully understood, the segregation of solute ele-
ments back into the melt during the manufacturing
of the composite tows is one theory being advanced.
Another theory attributes the losses of important el-
ements to a vaporization mechanism. Since the de-
pleted elements are the primary constituents respon-
sible for the strength of 6061 Al, their below nominal
concentrations result in below nominal values of the
mechanical properties of the matrix (ref. 4).

Tensile-test specimens were machined from the
panels of each composite. Longitudinal specimens
were 6.0 in. long by 0.5 in. wide and transverse
specimens were 6.0 in. long by 1.0 in. wide. A
schematic diagram of a typical specimen with ad-
hesively bonded fiberglass gripping tabs is shown in
figure 2(a). Gripping tabs were not used on the trans-
verse specimens because the applied loads were much
lower than on the longitudinal specimens, and there-
fore less gripping pressure was necessary. Thermal
expansion specimens were approximately 3.0 in. long
by 1.0 in. wide, with the fibers oriented longitudi-
nally as shown in figure 2(b). The ends of each spec-
imen were rounded and beveled to provide single-
point contact in the dilatometer.

Selected specimens were processed with a heat
treatment and a cryogenic stress relief treatment (as
detailed in ref. 3) to stabilize their thermal expansion
characteristics prior to tensile or thermal expansion
testing. Specimens which received these treatments
were designated “processed,” and all other specimens
which did not undergo these treatments were desig-
nated “as fabricated.”

Experimental Procedures

Thermal cycling. Specimens from both the pro
cessed and as-fabricated specimen groups were ther-
mally cycled between —250°F and 250°F for up to
500 cycles. This temperature range is considered to
represent the extremes the materials might experi-
ence in Earth orbit. The cycling was performed in
a facility consisting of a hot chamber heated with
electric resistance heaters and a cold chamber cooled
with liquid nitrogen. The chambers are located side
by side, separated by an insulating wall (fig. 3(a)).
Each chamber contains two fans for rapid air cir-
culation to minimize spatial temperature deviations.
The specimens were automatically transferred from
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chamber to chamber in a sliding transfer compart-
ment. A timer controlled the time the specimen
rack remained in each chamber and the full cycle
was recorded with a counter. A typical tempera-
ture profile, measured on a specimen instrumented
with a chromel-alumel thermocouple, is shown in fig-
ure 3(b). A complete cycle lasted about 15 minutes,
which included a period of approximately 5 minutes
at both the maximum and minimum temperatures.
The balance of the time (approximately 5 minutes)
was required for the specimen temperature to come
to equilibrium after transfers between chambers.

Thermal expansion. Thermal expansion mea-
surements were made with a laser interferomet-
ric dilatometer specifically developed for measuring
small thermal strains in composites (ref. 5). The
strain resolution with the specimen geometry used in
this study is approximately 1 x 1076, The thermal
expansion test cycle for all specimens began by first
heating each specimen from room temperature to the
maximum test temperature, then cooling the speci-
men to the minimum temperature, and then heating
the specimen to room temperature. One complete
thermal expansion test cycle lasted about 18 hours.
Thermal strain data were taken at approximately
40°F increments. There was a 30-minute hold at each
temperature to allow the specimen and the dilatome-
ter to reach thermal equilibrium. Expansion mea-
surements were made over the temperature ranges of
—200°F to 200°F and —250°F to 250°F. Two tem-
perature ranges were used to help define and under-
stand the observed expansion behavior.

Tensile tests. Tensile properties were determined
for both the as-fabricated and processed specimens
before and after thermal cycling. At least three
specimens were tested for each composite condition.
All specimens were instrumented with back-to-back
strain gages attached with a room-temperature ad-
hesive. Testing was performed at room temperature
with closed-loop servohydraulic test machines. The
longitudinal and transverse specimens were tested
at constant strain rates of 0.0010 per minute and
0.0013 per minute, respectively, until failure.

An automated data acquisition system was used
to monitor and record specimen load, strain-gage
output, and strain-gage bridge voltage. The system
included a desktop computer, digital voltmeters, and
a scanner. Tensile-test data were collected through
the use of a computer program. A computer was
also used for data reduction to provide stress-strain
curves, ultimate strengths, and moduli.




Metallographic analyses. Representative as-
fabricated and processed specimens, both before
and after thermal cycling, were selected for metal-
lographic analyses. Scanning electron microscope
(SEM) examinations of the fracture surfaces were
conducted to characterize the failure modes of the
fibers, matrix, and surface foils. The SEM energy
dispersive analysis of X-rays (EDAX) was used to in-
vestigate possible reactions between the matrix and
fibers resulting from the thermal processing of the
composite.

Microhardness measurement. Microhardness
measurements in the surface foils of metallographi-
cally prepared laminate cross sections were used to
assess the effects of processing and thermal cycling on
the matrix elastic strength. The test procedure used
was ASTM E 384—73, The Standard Test Method
for Microhardness of Materials (ref. 6). Most micro-
hardness measurements were made within the surface
foils using a 15-g Knoop indenter. Only limited hard-
ness measurements were made in the matrix because
of interference with the graphite fibers. Increases in
the microhardness of the surface foils on Gr/Al com-
posites have been shown to correlate with reduced
thermal strain hysteresis, which implies an increased
matrix elastic strength (ref. 3). Reported microhard-
ness values (in Knoop hardness number (KHN)) are
averages of at least 10 separate measurements, each
at random locations on the specimen.

Results and Discussion

Thermal Expansion and Microhardness

As-fabricated specimens. The thermal expansion
behavior of as-fabricated P100 Gr/6061 Al compos-
ite specimens over the test temperature ranges in-
vestigated in this study is typically characterized by
elastic and plastic deformations of the matrix alloy
during thermal cycling. This results in thermal strain
hysteresis and residual strain. The magnitude of the
hysteresis depends upon the amount of plastic defor-
mation during each cycle, which is directly related to
the elastic limit of the matrix alloy. Figure 4 shows
the thermal expansion of an as-fabricated diffusion-
bonded P100 Gr/6061 Al composite during the first
and second thermal expansion test cycles between
—250°F and 250°F and after 500 thermal cycles be-
tween —250°F and 250°F. After the first thermal ex-
pansion test cycle, the as-fabricated composite shows
a large residual strain (fig. 4(a)). This is attributed to
a small plastic deformation during the initial heating
from room temperature and a much larger plastic de-
formation during the subsequent cooling. The defor-

mations suggest that a larger thermal load is accom-
modated before compressive yielding (during heat-
ing) than that accommodated before tensile yielding
(during cooling). This implies that a high residual
tensile stress is present after fabrication. If the resid-
ual fabrication stress were zero, then the plastic de-
formations associated with heating and cooling from
the median temperature of the thermal cycle would
be equal, and therefore no residual strain would exist
after the first thermal expansion test cycle. This un-
balanced plastic deformation in tension and compres-
sion during the first thermal expansion cycle reduces
the residual fabrication stress in the as-fabricated
composite to about zero at the median temperature.
As a result, the second thermal expansion test cycle
(fig. 4(b)) over the same temperature range shows
no additional residual dimensional changes. There-
fore, an equal partitioning of the matrix elastic range
is brought about by the first thermal expansion cy-
cle, so that the plastic deformation in compression
(during heating) is offset by the plastic deformation
in tension (during cooling), resulting in zero residual
strain.

Figure 4(c) shows a reduction in the magnitude of
thermal strain hysteresis after 500 cycles compared
with that which occurs during the second thermal
expansion test cycle. This indicates that the matrix
elastic range has increased with thermal cycling. The
most likely cause for this increase is the continued
aging and strain hardening of the matrix during
thermal cycling.

An increase in the matrix elastic range also affects
the average coeflicient of thermal expansion (CTE)
in the longitudinal direction (table I). These values
are calculated from the thermal strains € at the max-
imum and minimum temperatures Tmax and Tinin a8
follows:

€ — € i
CTE = T,max T, min

Tmax — Tmin

The CTE’s for the as-fabricated diffusion-bonded
and hot-roll-bonded composite specimens are 0.23 x
10~ per °F and 0.16 x 1076 per °F, respectively,
for their first thermal expansion test cycle between
—250°F and 250°F. For the second thermal ex-
pansion test cycle, the CTE for the as-fabricated
diffusion-bonded composite is larger (0.50 x 1076
per °F) because of the reduction of the residual fab-
rication stress during the first thermal expansion
test cycle. After 500 thermal cycles, the CTE for
the diffusion-bonded composite is about 0.94 x 1076
per °F, about two times greater than that for the sec-
ond cycle, with a significantly reduced thermal strain
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hysteresis. (The hot-roll-bonded composite could not
be similarly tested because of insufficient material;
however, similar changes would be expected.) The
increase in CTE and decrease in the magnitude of
hysteresis is the result of an increase in the elastic
range of the matrix by thermal aging during thermal
cycling. This reduces the plastic deformations which
occur during thermal cycling, resulting in a smaller
thermal strain hysteresis. The reduced plastic defor-
mations also increase the importance of the matrix
CTE and decrease the dominance of the fiber neg-
ative CTE, and hence the composite CTE becomes
larger.

The effects of thermal cycling on the thermal
expansion behavior of the as-fabricated P100 Gr/
6061 Al composites (fig. 4) are consistent with
changes in their microhardnesses (fig. 5). In this
study, the elastic limit of the matrix is assumed to
vary with the hardness in the same manner as the
ultimate tensile strength varies with the hardness
(fig. 6, from ref. 7). The increases in microhardness
reflect the increases in elastic limit which resulted in
a higher composite CTE and a lower thermal strain
hysteresis with thermal cycling. The hot-roll-bonded
composite would respond in a similar manner.

The larger average CTE of P100 Gr/6061 Al com-
posites after thermal cycling would initially appear
to be adverse to their potential applications in di-
mensionally critical structures. The significant re-
duction in thermal strain hysteresis, however, helps
to compensate for the larger average CTE, since
the initial large strain hysteresis would have ren-
dered these materials totally unacceptable for use in
space structures. The potential for microstructural
changes to occur through metallurgical aging during
the elevated-temperature portion of each thermal cy-
cle is of concern since it could lead to increased ther-
mal strain hysteresis if the elastic limit of the matrix
is lowered by overaging.

Processed specimens. The thermal expansion be-
havior of processed P100 Gr/6061 Al composite spec-
imens is typically characterized by a small thermal
strain hysteresis, with little or no residual dimen-
sional changes. Figures 7 and 8 show typical thermal
expansion behaviors over two temperature ranges for
processed diffusion-bonded and hot-roll-bonded com-
posite specimens, respectively, before and after ther-
mal cycling between —250°F and 250°F. The magni-
tude of the thermal strain hysteresis in figures 7(c)
and 8(c) is significantly smaller than the hystere-
sis in the as-fabricated condition (fig. 4(b)). The
hysteresis over the two temperature ranges used for
the expansion measurements (—200°F to 200°F and
—250°F to 250°F) is not eliminated by processing
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(figs. 7(a), 7(c), 8(a), and 8(c)). Plastic deformation
occurs even though the nominal elastic limit of heat-
treated 6061 aluminum is larger than the estimated
maximum thermal stresses generated during thermal
cycling between —250°F and 250°F, as discussed in
reference 4. The hysteresis is not eliminated because
the concentration of the alloying constituents impor-
tant to the precipitation hardening of the matrix was
below their specified levels, which results in a below
nominal matrix strength (ref. 4).

Increasing the temperature range over which the
expansion is measured by 100°F (from —200°F to
200°F to —250°F to 250°F) increases the magnitude
of thermal strain hysteresis and reduces the average
CTE in both specimen groups (figs. 7(a), 7(c), 8(a),
and 8(c), and table II). These differences are expected
because of the increased amount of plastic deforma-
tion resulting from the larger thermal strains associ-
ated with the higher temperature range.

The thermal expansion behavior of the hot-roll-
bonded and diffusion-bonded composites between
—200°F and 200°F and between —250°F and 250°F
is qualitatively very similar, both before and after
thermal cycling. This indicates that the same mecha-
nisms are active in both materials, with the difference
in the magnitudes of hysteresis attributed to the dif-
ference in the elastic limits of each matrix. There are
no significant differences between the expansion be-
havior of the diffusion-bonded composites before and
after thermal cycling for either temperature range
(compare figs. 7(a) and 7(b) and figs. 7(c) and 7(d)).
The same is true for the hot-roll-bonded composites
(figs. 8(a) to 8(d)).

The average CTE of the processed composites be-
tween —200°F and 200°F and between —250°F and
250°F before and after thermal cycling are shown
in figure 9 and table II. The CTE of the diffusion-
bonded composite between —200°F and 200°F and
between —250°F and 250°F and the CTE of the hot-
roll-bonded composite between —200°F and 200°F
do not significantly change after 500 thermal cy-
cles. The data indicate that the CTE of the hot-roll-
bonded composite between —250°F and 250°F de-
creases slightly. In general, no significant changes in
the elastic range with thermal cycling are indicated.
This is consistent with the microhardness measure-
ments shown in figure 10, which do not show any
significant changes in the hardness (elastic limit) of
either processed diffusion-bonded or hot-roll-bonded
composites after 500 thermal cycles.

Any reductions in CTE would indicate an increase
in the plastic deformation of the matrix because of
a decrease in the elastic limit of the matrix. Since
the CTE (fig. 9) and the microhardness (fig. 10) do
not significantly change after 500 thermal cycles, the




matrix properties after processing may be considered
more stable than for as-fabricated composites. It
should be pointed out, however, that 500 thermal cy-
cles as performed in this study translates to a total of
only about 42 hours at the maximum temperature.
Also, thermal control coatings may be used to keep
the temperature below 250°F. Since a 10-year appli-
cation would amount to 5 years, or about 43 800 hr,
at the maximum temperature in Earth orbit, much
work is still needed to assess the long-term stability of
the thermal expansion behavior of P100 Gr/6061 Al
composites.

Tensile Properties

Diffusion-bonded composites—longitudinal prop-
erties.  Typical longitudinal tensile stress-strain
curves for as-fabricated and processed diffusion-
bonded composites before thermal cycling are shown
in figure 11. Each curve is bilinear, typical of Gr/Al
composites (ref. 8), with the regions referred to as
stage I and stage II. These regions are separated by
the stage I-to-stage II transition point marked on
each curve. These transition points are located at
the point of initial deviation from the linear stage I
behavior. The stage I-to-stage II transition stress is
between 60 ksi to 70 ksi for the as-fabricated compos-
ites. The transition stress is generally within 5 ksi of
the ultimate tensile strength (UTS) for the thermally
cycled composites and for all processed composites.
The increase in the transition stress from cycling or
processing can be attributed to the increase in the
elastic limit of the matrix by either the heat treat-
ment or the aging during thermal cycling and by the
reduction of the residual tensile fabrication stresses
by the cryogenic stress relief of the first thermal cycle.

The longitudinal UTS and tensile modulus values
for the as-fabricated and processed composites as a
function of the number of thermal cycles are given in
table III and figure 12. Each data point of figure 12 is
the average of three tests, and curves have been faired
through the data averages for a particular composite
condition. The large standard deviation bars shown
in figure 12(a) indicate a high amount of variability to
the UTS data. This may suggest a highly nonuniform
bonding within the composites fabricated through
diffusion bonding. The average UTS of the as-
fabricated specimens increases by about 13 percent
after 100 thermal cycles but does not significantly
change with further cycling up to 500 cycles, as
shown in figure 12(a). This is consistent with the
metallurgical aging of these specimens during the
high-temperature end of each thermal cycle, which
strengthened the matrix. The uncycled processed
specimens showed a higher UTS than the uncycled

as-fabricated specimens (by about 18 percent), and
this UTS did not significantly change with thermal
cycling.

Before thermal cycling, the processed specimens
show a stage I modulus about 9 percent higher than
that of the as-fabricated specimens (fig. 12(b)). The
modulus of the processed specimens is not affected
by thermal cycling. After 100 thermal cycles, the
as-fabricated specimens attain about the same aver-
age stage I modulus as the processed specimens, and
the modulus remains essentially unchanged with fur-
ther cycling. The increase in the stage I modulus
of the as-fabricated composites with thermal cycling
or processing cannot be reasonably attributed to an
increase in the modulus or the work hardening co-
efficient of the metal-matrix alloy, since the Young’s
modulus of aluminum alloys is considered indepen-
dent of the metallurgical temper. A possible reason
for this higher modulus could be a straightening of
fibers during plastic deformation of the matrix, which
would increase the number of load-carrying fibers.
However, the real mechanism responsible for the ob-
served increase in modulus is not understood.

The strain at failure for the diffusion-bonded
specimens is also presented in table III. The small
changes in the strain at failure as a result of thermal
cycling and processing are consistent with those ex-
pected based upon the observed changes in the UTS
and modulus. For example, if the modulus remains
constant, any increase in the UTS would be accom-
panied by an increase in the strain at failure of about
the amount predicted by Hooke’s law.

Typical fracture profiles of the diffusion-bonded
composite specimens are shown in figure 13(a), and
representative SEM fractographs are shown in fig-
ure 13(b). The fracture profiles and surface mor-
phologies of the specimens show no indication of a
change in the fracture mode as a result of thermal
cycling or thermal processing. All failures are char-
acterized by ductile necking of the face sheets and the
matrix alloy and by brittle fracture of the graphite
fibers. Fiber pullout is evident in all fractures, indi-
cating a weak bond between the graphite fibers and
the aluminum matrix in both the as-fabricated and
processed composites. The SEM EDAX examina-
tions of fracture surfaces show no evidence of any re-
action between the graphite fibers and the aluminum
matrix in any of the composites.

Diffusion-bonded composites—transverse proper-
ties. Typical transverse tensile stress-strain behavior
of as-fabricated and processed diffusion-bonded com-
posite specimens, before and after thermal cycling,
is shown in figure 14. Ultimate tensile strength and
modulus data are given in table IV. The specimens
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for transverse tensile tests had a residual curvature
along their transverse direction as a result of fabri-
cation. This curvature caused through-the-thickness
stress gradients to develop during the initial tensile
loading which straightened the specimen. Since these
stress gradients affect the measured properties, these
data are presented for completeness and caution must
be used in their interpretation.

The transverse tensile specimens show continu-
ous plastic ylelding until failure at stresses of less
than 4 ksi. The tensile loads at which both the
as-fabricated and processed composites fail are less
than those which should easily be supported by only
the cross-sectional area of the aluminum face sheets
themselves. These low strengths may be related to
the through-the-thickness stress gradient.

Typical fracture profiles of the as-fabricated and
processed composite specimens are shown in fig-
ure 15(a). Typical high-magnification SEM frac-
tographs are shown in figure 15(b). These fracture
profiles and fracture morphologies indicate no change
in the failure modes from either thermal cycling or
thermal processing. Specimen fractures are charac-
terized by ductile necking of the foil face sheets with
partial delamination at the diffusion bond line be-
tween the face sheets and the composite tows. Clean
separation of the graphite fibers from the aluminum
matrix is also observed, with all specimens indicat-
ing a weak graphite-matrix interfacial bond. This
bond is not significantly changed by the thermal
processing.

Hot-roll-bonded composites. Typical longitudi-
nal tensile stress-strain curves of the as-fabricated
and processed hot-roll-bonded composites are shown
in figure 16. Each curve is bilinear, similar to those
for the diffusion-bonded composites. The stage I-
to-stage Il transition stress is higher after process-
ing, as was noted for the diffusion-bonded compos-
ites. There is not as much difference between curves
for the as-fabricated and processed composites as
there is for the diffusion-bonded composites (fig. 11).
In general, the longitudinal tensile propertics of the
hot-roll-bonded composites (table V) are lower than
those of the diffusion-bonded composites (table III).
The variability of the UTS data for the hot-roll-
bonded composites is higher than that observed for
the diffusion-bonded composites. The UTS data for
as-fabricated specimens have a range of 65 ksi for the
hot-roll-bonded composites compared with 26 ksi for
the diffusion-bonded composites. For processed spec-
imens, the UTS data vary by about 28 ksi for the hot-
roll-bonded composites and by about 15 ksi for the
diffusion-bonded composites. The larger scatter in
the UTS data for the hot-roll-bonded composites may
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indicate that they are less uniformly bonded than
the diffusion-bonded composites. However, since the
data scatter in both composites is large, both fabrica-
tion techniques should be improved to provide more
reproducible tensile properties.

The effects of thermal cycling on the stage I mod-
ulus and UTS are shown in figure 17 and in table V.
The strain at failure data are also presented in ta-
ble V. Each data point in figure 17 is the average
of three tests and curves have been faired through
cach set of data. Because the data scatter is-large
(indicated by the standard deviation bars), no sig-
nificant changes in the UTS and in the modulus of
the hot-roll-bonded composites by thermal process-
ing or thermal cycling can be inferred.

Typical fracture profiles of as-fabricated, pro-
cessed, and thermally cycled processed composite
specimens loaded in the fiber direction are shown
in figure 18(a). These profiles are not smooth com-
pared with those of the diffusion-bonded composite
specimens (fig. 13(a)). These profiles, together with
the larger scatter in the tensile data for the hot-
roll-bonded composites, may indicate a poorer uni-
formity in bonding throughout the hot-roll-bonded
composites compared with the diffusion-bonded com-
posites. This may account for the generally lower
strength of the hot-roll-bonded composites. The
SEM fractographs of the hot-roll-bonded composites
are shown in figure 18(b). The fracture profiles and
surface morphology of these specimens do not indi-
cate any significant changes in the failure mode as
a result of processing or thermal cycling of the pro-
cessed specimens. The failures are characterized by
ductile necking of the face sheets and the matrix al-
loy, with brittle fracture of the graphite fibers similar
to that observed in the diffusion-bonded composites.
Fiber pullout is also evident in all fractures. High-
magnification SEM EDAX examinations show no evi-
dence of any reaction between the graphite fibers and
the matrix resulting from the thermal processing.

Concluding Remarks

The effects of thermal cycling on the thermal ex-
pansion behavior and mechanical properties of Thor-
nel P100 graphite fiber/6061 aluminum (P100 Gr/
6061 Al) composites, as fabricated and after process-
ing to eliminate thermal strain hysteresis, have been
investigated. Two groups of composites were studied:
one was fabricated by hot roll bonding and the other
by diffusion bonding. The effects of thermal process-
ing and thermal cycling on the thermal expansion
and mechanical properties can be summarized as fol-
lows:

The first thermal cycle of the as-fabricated
diffusion-bonded composite resulted in considerable




residual strain. This cycle reduces the residual fab-
rication stress to about zero at the median temper-
ature of the cycle. This was inferred by the absence
of residual strains after further cycling over the same
temperature range and indicated an equal partition-
ing of the matrix elastic range, so that at tempera-
tures greater than the median temperature the ma-
trix is under compressive thermally induced loads
and at temperatures less than the median temper-
ature the matrix is under tensile thermally induced
loads.

Thermal cycling of as-fabricated diffusion-bonded
P100 Gr/6061 Al composites improved the tensile
strength and stiffness and reduced the thermal strain
hysteresis. An increase in the average coefficient of
thermal expansion accompanied the reduced hystere-
sis. This was attributed to aging of the aluminum
matrix alloy during thermal cycling.

The processed diffusion-bonded and hot-roll-
bonded composites exhibited significantly reduced
thermal strain hysteresis from that of the as-
fabricated composites. The thermal processing of the
diffusion-bonded composites significantly increased
their strength and stiffness. Scatter in the data ob-
scured any effects of thermal processing on the me-
chanical properties of the roll bonded composites.

The thermal expansion behavior of the processed
composites was not significantly affected by thermal
cycling. In both the processed diffusion-bonded and
hot-roll-bonded composites, the large scatter in the
data (because of material variability) may have pre-
vented the observation of any effects of thermal cy-
cling on mechanical properties.

In general, the processed diffusion-bonded com-
posites were stronger and stiffer than the processed
hot-roll-bonded composites and exhibited much
more uniform fracture profiles. The diffusion-bonded
composites may therefore have been more uniformly
bonded than the hot-roll-bonded composites. The
scatter in the mechanical property data was sig-
nificant in both the hot-roll-bonded and diffusion-
bonded composites, but was greater with the hot-
~ roll-bonded composites. The large scatter in the data
indicates the need to improve composite fabrication
techniques to provide more reproducible properties.

The importance of the metallurgical condition of
the composite matrix to composite properties re-
quires that the effects of thermal cycling of the Al
matrix properties be more closely examined. The
strengthening of the matrix in the as-fabricated com-
posites by metallurgical aging during thermal cycling
shows a potential for aging during prolonged expo-
sure in Earth orbit if the temperature extremes reach
—250°F to 250°F. If the elastic limit of the matrix is
lowered by overaging, thermal stability and mechan-
ical properties could be degraded.

NASA Langley Research Center
Hampton, VA 23665-5225
July 2, 1986
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Table I. Effects of Thermal Cycling on CTE of As-Fabricated Composites

CTE, per °F, for temperature range of —

Fabrication Number of
process thermal cycles —200°F to 200°F —250°F to 250°F

Diffusion bonding 1 0.38 x 1076 0.23 x 1076
2 0.50 x 107°

500 0.86 x 107°

1.02
Average . 0.94 x 107°
Hot roll bonding 1 0.16 x 1076

Table II. Effects of Thermal Cycling on CTE of Processed Composites

CTE, per °F, for temperature range of —

Fabrication Number of
process thermal cycles —200°F to 200°F —250°F to 250°F
Diffusion bonding 1 0.72 x 107 059 x 1076
67
a3
Average . 0.71 x 107° 059 x 107°
100 0.80 x 107°
a1
.76
Average . 0.76 x 107°
500 069 x 107° 059 x 107°
.79
.70
Average . 0.73 x 10°° 0.59 x 107°
Hot roll bonding 1 1.06 x 1076 1.04 x 1076
79 75
Average . 0.93 x 107° 0.90 x 10°°
100 0.93 x 1078
500 0.84 x 107° 0.66 x 107°
83
Average . 0.84 x 107% 0.66 x 107°
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Table IV. Room-Temperature Transverse Tensile Properties of Thermally
Cycled Diffusion-Bonded Composite Specimens

As-fabricated composite values of — Processed composite values of —
Number of cycles Ultimate tensile Ultimate tensile
between —250°F strength, Modulus,* strength, Modulus,*
and 250°F ksi psi ksi psi
0 3.2 3.13 x 108 2.0 2.50 x 106
t13 ts
1.9 4.01 1.6 2.48
2.6 2.96
Average . . . 2.6 3.37 x 10° 1.8 2.54 x 10°
100 3.6 3.70 x 108
500 0.8 1.8 3.17 x 106
3.6 3.54 x 108 1.6 2.87
3.5 3.25
Average . . . 3.6 3.39 x 10% 1.7 3.02 x 10°

*Secant modulus at strain of 0.04 percent.
TNot included in average.
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(a) Diffusion bonded.

Figure 1. Optical micrographs of single-ply P100 Gr/6061 Al composites.
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Figure 2. Schematic diagrams of tensile-test and thermal expansion specimens. Dimensions in inches.
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Figure 5.
P100 Gr/6061 Al composites.

Effect of thermal cycling between —250°F and 250°F on microhardness of as-fabricated
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Figure 6. Tensile strength vs hardness for various aluminum alloys and tempers. (From p. 715, ref. 7.)
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Figure 9. Effect of thermal cycling between —250°F and 250°F on CTE of processed P100 Gr/6061 Al

composites.
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Figure 10. Effect of thermal cycling between ~250°F and 250°F on microhardness of processed P100 Gr/6061
Al composites. Average of at least 10 data points.
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Figure 11. Typical longitudinal tensile stress-strain curves for diffusion-bonded P100 Gr/6061 Al composites.
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Figure 12. Longitudinal tensile properties for thermally cycied diffusion-bonded P100 Gr/6061 Al composites.
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Figure 14. Effect of thermal cycling on transverse tensile stress-strain behavior of diffusion-bonded P100

Gr/6060 Al composite.
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Figure 16. Typical longitudinal tensile stress-strain curves for hot-roll-bonded P100 Gr/6061 Al composites.

25



110
| O as fabricated
O\ Processed
100 [~
- [
Ultimate tensile o T Standard deviation
strength, ksi 90
- ——{5
80 I
. L
70 L L 1 | I J ]
0 100 200 300 400 500
Number of cycles
(a) Ultimate tensile strength.
s X 10°

Stage I modulus, $ 4’ {
40 j-

psi
0 As fabricated
[\ Processed

30 . ] ] ] ] | ]
0 100 200 300 400 500

Number of cycles

(b) Stage I modulus.’

Figure 17. Tensile properties for thermally cycled hot-roll-bonded P100 Gr/6061 Al composites.
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