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temperatures

H. MAHFUZ, P. S. DAS, S. JEELANI

Materials Research Laboratory, Tuskegee University, Tuskegee, AL, USA

D. M. BAKER, S. A. JOHNSON
General Dynamics, Fort Worth, TX, USA

The response of quasi-isotropic laminates of SiC coated carbon/carbon (C/C) composites
under flexural load was studied. Mission-cycled as well as virgin specimens were tested to
compare the thermal- and pressure-cycling effects. Variation of flexural strength and stiffness
with temperature was investigated to study the load—-deflection behaviour and the thermal
stability of C/C composites up to 1371 °C. Increase in flexural strength and stiffness were
observed with the rise in temperature. A distinct shift in failure modes from compressive to
tensile was found with the mission-cycled specimens with the increase in test temperatures,
while the failure mode for virgin material was found always on the tensile side. Change in the
load—deflection behaviour was examined and increase in non-linearity of the stress—strain
behaviour with the mission cycling was observed. Although the number of test specimens was
few, Weibull characterization on the flexure data was performed tc study the variation of
Weibull modulii and the characteristic lives. Failed, as well as untested, specimens were C-
scanned to identify the location and the extent of the damaged zone. Post-faiiure analyses
through optical microscopy and scanning electron microscopy were performed to study the
damage growth and failure mechanisms. Degradation and separation of the porous matrix
structure, localized damage of the reinforcing fibres in the transverse direction, complete fibre
bundle failure in the mission-cycled specimens, and delamination near the loading zone were

observed.

1. Introduction

Research on carbon/carbon C/C composites goes
back almost two decades, but only after its successful
use as thermal protection system in the wing leading
edge and nose cap of the space shuttle, did it come into
prominence. These earliest forms of C/C are well
characterized and, in fact, were the first to show that
C/C composites remain viable structural materials at
temperatures up to 2204 °C (4000 °F) [1-3], including
the unusual attribute of increasing strength with in-
creasing temperature up to 2204 °C [4]. This unique
behaviour combined with resistance to catastrophic
failure by fibre toughening, good thermal shock resist-
ance and densities below 2 gem™? makes C/C com-
posites the primary candidate for application where
operating temperature exceeds 1093 °C (2000 °F). This
high-temperature capability and its low atomic num-
ber gives C/C much superior resistance to both laser
and nuclear weapon X-ray threats [5].

Although C/C composites possess attractive mech-
anical and physical properties at high temperature,
their application as structural materials is currently
limited by the susceptibility of carbonaceous materials
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to oxidation and gasification at elevated temperature.
In the absence of a protective coating to inhibit oxida-
tion reactions, carbon fibres can begin to degrade
considerably in air at temperatures as low as 400°C
[6]. Therefore, the use of graphitic C/C composites in
applications such as rocket nozzles, gas turbine blades,
automobile and aeronautical disc brakes necessitates
the development of oxidation-resistant composites
which are capable of resisting oxidation at temper-
atures in excess of 1500 °C [7]. Much effort is therefore
needed to develop techniques for protecting carbon
fibre-reinforced materials against oxidation at high
temperatures. A potential problem concerning the
oxidation protection is the thermal expansion mis-
match between the coating and the substrate. Damage
initiation in C/C composites during flexural loading
has been reported by some researchers [8]. The ana-
lysis has been performed at room temperature with
uncoated specimens. Two fundamental aspects,
namely, the effects of coating and temperature, have
not been studied, which we believe will have con-
siderable influence in the damage mechanisms of C/C.
A thorough understanding of the surface chemistry
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and the oxidation kinetics related to the substrate is
therefore required. The matrix in C/C composites is
produced either by chemical vapour deposition (CVD)
or by impregnation with a carbonaceous liquid pitch
or resin followed by carbonization and graphitization.
Both methods produce porosity during the carboniza-
tion process [9]. In addition, cracks are produced
because of the thermal expansion mismatch between
the fibre and the carbon matrix. Several infiltration
cycles are usually employed, often using successively
less viscous infiltrants to obtain materials with desired
density. However, the problem of porosity and crack
generation at the interface still exists to this day.
Moreover, two-dimensional composites which are
most generally used because of their cost and fabric-
ation flexibility, have inherent anisotropy including
poor mechanical properties in the interlaminar direc-
tion [10].

The response of composite materials to any applied
load is dependent on the fibre, matrix and the fabric-
ation process, and their performance has been ob-
served to scatter to a large extent [11]. This is because
of the fact that flaws are inherent in the composite
material from the very fabrication process. From this
point of view, the Weibull analysis on the performance
of the material is an important area of investigation. It
is also well known that a complex damage state is
developed in the composite during mechanical load-
ing [12]. To asses this damage, either during fabric-
ation or loading, non-destructive evaluation (NDE) is
a reliable technique [13]. In this paper the flexural
response of SiC coated C/C composites (ACC-4) is
presented at room and elevated temperatures. Virgin
and mission-cycled specimens have been tested in
three-point bending. The variation in flexural strength
and stiffness were examined. The load—deflection be-
haviour of the material at various temperatures has
been investigated, and the Weibull [ 14] analysis of the
flexural data has been performed. Micrographs of
various cross-sections were taken in the damaged zone
using OM and SEM, and the failure mechanisms were
discussed. Untested as well as fractured specimens
have been C-scanned to identify the damaged zone
and visualize the extent of the damage. Failure ana-
lyses on the basis of the NDE, micrographs and
experimental data are presented.

2. Experimental procedure

2.1. Material and specimen preparation

The fabrication of the material began with satin
woven cloth of 3k T-300 yarns which was converted
into graphite and impregnated with a phenolic resin.
This impregnated cloth was laid up in [ + 45, 90,
— 45, 0], sequence to form the laminate, and was
cured in an autoclave. After curing, the laminate was
pyrolysed at high temperature to convert the resin to
carbon. To improve the structure of the porous matrix
the laminate was then carbon impregnated. This im-
pregnation and pyrolysis was repeated four times to
achieve the desired density of about 1.6 gem™3. A
fibre volume fraction of 64 % was maintained in the
final uncoated specimens. The specimens were then

pack cemented with SiC coating which was embedded
with glass sealants. The coating thickness was main-
tained between 100 and 120 um. To simulate the
effects of temperature and pressure in a typical ground
to orbital flight of a hypersonic vehicle, a number of
specimens were test cycled through a pres-
sure—temperature cycle as shown in Fig. 1. Test cycles
were limited to 5 and 10, and these specimens were
termed 5 or 10 “mission-cycled specimens”. On the
other hand, the specimens that were not mission-
cycled were termed “virgin”. All flexure tests were
conducted on a three-point beam. The loading and the
specimen dimensions are shown in Fig. 2.

2.2. Flexure test

The flexural strength and stiffness for virgin as well as
mission-cycled specimens were determined at room
temperature, 649 °C (1200 °F) and 1371 °C (2500 °F) in
air by using a three-point bend test. All the flexural
tests were carried out according to ASTM standard
D-790. An Instron 8502 test machine with series-IX
data acquisition system was used. For high-temper-
ature tests, the three-point bend fixture was fabricated
from cast SiC and the push rods were made of alu-
mina. The outer and inner spans of the specimen are
shown in Fig. 2. The crosshead speed for all tests was
0.05 in. min~?! (1.27 mm min~?). The equations used
for evaluating the flexural strength and stiffness were
the typical three-point beam equations derived from
the Euler-Bernoulli beam theory [15]. During the
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high-temperature tests, the furnace was heated gra-
dually at a rate of 10 °C min ~!. After reaching the test
temperature, the isothermal condition was maintained
for about half an hour during which the test was
conducted and then the furnace was cooled down,

again at 10°C min~ 1.

2.3. Optical microscopy and scanning
electron microscopy

The failed specimens were cut into small samples using
an Excel diamond cutter along the longitudinal and
transverse directions. The fractured surfaces were then
exposed to the optical microscope, using polarized
light. For scanning electron micrographs, these sam-
ples were mounted on an aluminium stub and coated
with gold to prevent charging during the subsequent
examination by SEM.

2.4. Non-destructive evaluation

The non-destructive evaluation of the fractured as well
as untested specimens was performed in a Test Tech
ultrasonic scanning machine equipped with DAS-100
data acquisition system. Sound in the 10 MHz fre-
quency range was produced by pulsing a lithium
sulphite transducer which also functioned as the re-
ceiver element. The resulting waveform was digitized
to 8 bits and processed by the microcomputer. The
microcomputer also controlled the movement of the
x—y scanner. The imaging of the data obtained
through the ultrasonic scanning for various specimens
was stored and eventually plotted via a TEK 4696
colour printer with an intensity of 120x 120 DPIL

3. Results and discussion

Flexural tests were conducted at room temperature
(RT), 649 °C (1200 °F) and 1371 °C (2500 °F) to deter-
mine the flexural strength as well as stiffness of virgin,
5 and 10 mission-cycled specimens. The variation of
flexural strength with temperatures for three types of
specimens is shown in Fig. 3. Considerable increase in
strength from room temperature to 1371°C is ob-
served with all categories of materials. Visual observa-
tions indicated that all failures were on the tensile side
for virgin specimens. For mission-cycled specimens,
failure was on the compression side at RT, and on the
tensile side at elevated temperatures. Both at RT and
at elevated temperatures, a crack initiated in the virgin
specimens from the outer surface of the tensile face due
to its coating failure. The crack could not penetrate
through the fibre bundle because of the weak inter-
facial bonding between the fibre and the matrix. Be-
cause of this weak interface, load is not transferred
efficiently from the matrix to the fibres; thus properties
of the reinforcement are not utilized, which gives low
matrix fracture stress and low ultimate strength at RT
[16]. At high temperature, the matrix expands, giving
the load-carrying fibres more support, and simultan-
eously helps increase the strength. However, the case is
completely different for mission-cycled materials. In-
terfacial bonding becomes stronger and stronger
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Figure 3 Flexural strength variation with temperatures. (@) Virgin,
(M) 5, and (A) 10 mission specimens.

because of the mission cycling, which causes both the
fibres and matrix to be responsible for carrying the
load. At RT with the mission-cycled specimens, it was
observed that the crack also initiated on the tensile
side similar to what was found with the virgin speci-
mens. But the final failure of the specimens was
noticed on the compression side. At elevated temper-
ature, expansion of the matrix increases its com-
pressive load-carrying capability and simultaneously
allows the initial crack on the tensile side to propagate
along the fibre bundle through the matrix region. This
helps the fibre bundle to carry the load for a longer
period of time before the crack can penetrate through
it, thus increasing the strength. At higher temperatures
the failure of the specimen is clearly due to the tensile
failure of the fibre. This gives higher strength at elev-
ated temperatures. A similar phenomenon in the case
of three-dimensional C/C has been reported by Robin-
son [17]. The 5 and 10 mission-cycled specimens do
not show any variation in strength within the test-
temperature range. This leads to the conclusion that
once cycled, the number of cycles has negligible effect
on the flexural strength. Moreover, the load-carrying
capability up to 1371 °C shows the thermal stability of
SiC-coated C/C up to this temperature in air.

The load—deflection behaviour of virgin material at
various temperatures is shown in Fig. 4. Brittle beha-
viour of the material at all temperatures is noticeable
from the extreme linear curves. Strain to failure is
observed to decrease with the rise in temperatures.
Because the failure was always on the tensile side with
the virgin materials, increase in slopes indicates the
increase in fibre stiffening with the rise in temper-
atures. The same trend of fibre stiffening has been
observed with mission-cycled materials. This can be
explained from the fact that the thermal expansion of
the yarn is negative along the longitudinal axis and
positive in the transverse direction [18]. The negative
thermal expansion makes the fibre bundle stiffer at
higher temperatures, causing the fibre-deflection to
decrease, without decreasing its load-carrying
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Figure 4 Load—deflection behaviour of virgin specimens at various
temperatures: (@) RT, (H) 649°C, (A) 1371 °C.

capacity. This leads to the increase in stiffness at
elevated temperatures, as shown in Fig. 5. The dis-
tribution of stiffness with temperatures for all types of
material is shown in this figure. Load—deflection beha-
viour of virgin and mission-cycled materials at 649 °C
is shown in Fig. 6. It is observed that the mission-
cycled materials tend to fail in a ductile manner at that
temperature. The ductile failure of mission cycled
two-dimensional C/C is contradictory to the cata-
strophic failure of three-dimensional C/C during com-
pression as reported by Robinson and Francis [17].

Weibull analyses of flexural strength and stiffness
for 5 mission-cycled specimens at various temper-
atures are shown in Figs 7 and 8, respectively. This
analysis has been performed to determine the
scattering in the flexural data. In Fig. 7, the Weibull
distribution, B, lies between 11.82 and 1847. The
Weibull distribution, B, is the slope of straight line and
is termed as shape factors (SF) in the figures. These
values of B suggest moderate scattering of flexural
data, both at room and elevated temperatures. The
Weibull distribution for flexural stiffness varies be-
tween 14.69 and 19.56. Weibull distribution in the
similar range was also observed with whisker-rein-
forced ceramic matrix composites in a previous study
[19]. Figs 7 and 8 also show the characteristic lives
(CL) of the material at various temperatures. These
characteristic lives are taken at 63.2% of the stress
distribution, and are independent of the Weibull
modulus. The CL also suggest the increase in flexural
strength and stiffness with increasing temperature. It
should be mentioned here that more meaningful
Weibull analysis could be obtained using more sample
data points. However, the high cost of C/C specimens
limited the number of specimens to only four at each
stress level during the current research.

The inherent problem of having porous matrix in
C/C composites due to the fabrication or manufac-
turing process is shown in Fig. 9. The clearly visible
pores in the matrix region suggests that the improve-
ment in manufacturing processes is still needed. The
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Figure 5 Flexural stiffness variation with temperatures. (@) Virgin,
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Figure 9 Porous matrix structure.

scattering of the data which has been found in the
Weibull analysis, is mainly due to these types of defect
or discontinuity in the matrix structure. As mentioned
before, the major damage was found to be only on the
tensile side of the specimen. In all cases, except for
mission-cycled at RT, the crack, as shown in Fig. 10,
has initiated from the outermost layers, propagated
through the coating in the thickness direction, been
impeded at the fibre bundle and then deflected to-
wards the supporting ends. This crack propagation
towards the ends has been observed to be along the
fibre bundle, near the matrix fibre interface, but within
the matrix region. From this observation, it can be
concluded that the bonding between the fibre bundles
and the matrix region is stronger than the matrix
shear strength. Both at room and elevated temper-
atures, the crack stops well before reaching the sup-
port point suggesting that the damaged zone is
centred in the vicinity of the loading plane. The com-
plete failure of a fibre bundle at elevated temperature
is shown in Fig. 11. The fibre bundle in the picture is in
the longitudinal cross-section, and on the tensile side
of the specimen. Such complete failure of the fibre
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Figure 10 Typical crack
flexural test.

Figure 11 Complete fibre bundle failure at 649 °C-(tensile side, 10
mission).

bundie has not been observed in any other specimen
except those at high temperature. Fibres in a trans-
verse cross-section of the same specimen is shown in
Fig. 12. A parallel finite element study [20] of this
laminate has shown positive strains and tensile
stresses in the transverse direction. The numerous
micro failures in the filament (fibre), as shown in
Fig. 12, are believed to be due to this positive trans-
verse strain. The fibre bundle did not fail completely
because of the lesser strain in that direction. Com-
pressive failure of mission-cycled specimens at room
temperature is shown in Fig. 13. Few fibre breakages
can be seen; however, the failure took place mainly
because of the matrix separation and this type of
failure was only observed in the mission-cycled mater-
ials at RT. The extent of damage in the laminate
during the room-temperature test is shown in Fig: 14.
This figure shows the ultrasonic C-scan of the
failed specimen. The damaged zone, as stated earlier, is
within the vicinity of the loading plane, and is nearly
symmetrical about that plane. This also confirms the
previous FEM study [20]. It is interesting to note that
the areas near the support ends of the laminate show
no indication of damage during flexure tests. This is



Figure 12 Filament failures in the fibre bundle (10 mission, 649 °C).

Figure 13 Failure on the compression side (5 mission, RT).

Figure 14 Ultrasonic C-scan of failed specimen (virgin, 1371 °C).

contrary to what has been reported by Copp et al. [8].
It is believed that the higher span to depth ratio (L/d
= 37.5) used in the current research is the reason for
localizing the damage only near the loading plane.

4. Conclusions

1. Virgin as well as mission-cycled carbon/carbon
appears to be a stable system up to 1371 °C (2500 °F)
under flexural load. '

2. Flexural strength and stiffness increase for both
virgin and mission-cycled specimens as temperature
increases from room temperature to 1371 °C (2500 °F).

3. Once mission-cycled, the number of mission
cycles has negligible effects on the flexural strength of
C/C.

4. At elevated temperature, the failure mode is
always tensile, while at room temperature, it is com-
pressive for mission-cycled and tensile for virgin speci-
mens.

5. The Weibull analysis shows moderate scatter in
flexural strength as well as in stiffness, and predicts

characteristic lives close to the average values. The
Weibull distribution of C/C was also found to be
similar to those of whisker-reinforced ceramics.

6. The extent of the damaged zone in the laminate
is found to be within the vicinity of the loading plane
and is uniformly distributed throughout the width of
the specimen.
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