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In this study, we investigated the effect of thermal cycling on the mechanical properties of silicon carbide (SiC)-coated carbon/
carbon composites fabricated using different techniques. First, we prepared carbon/carbon composites using two fabrication
techniques: fiber-rod stacking (RS) and needle punching (NP). Second, each surface of the carbon/carbon composites was
coated with SiC using chemical vapor deposition (CVD) or chemical vapor reaction (CVR) to prevent oxidation in air
at high temperatures. We prepared three samples (denoted as RS-CVD, NP-CVR, and NP-CVD based on the combined
manufacturing and coating methods) and subjected them to 1-6 thermal shock cycles at 1500°C in air. NP-CVD exhibited
the highest oxidation resistance, as indicated by the minimal weight loss after thermal cycling. The coating layer of NP-CVD
exhibited a higher density than that of NP-CVR, allowing for effective protection of the carbon/carbon composite from high-
temperature oxidation. In addition, NP-CVD exhibited excellent mechanical properties, including hardness, elastic modulus,
and indentation strength. Furthermore, the sample showed only a slight decrease in hardness and indentation strength after
thermal cycling. These results indicate that carbon/carbon substrates prepared using NP and coated using CVD exhibit
excellent thermal and mechanical properties even after thermal cycling in air.
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Introduction surface of the carbon/carbon composites. For example,
carbon/carbon composites can be protected from oxygen
The demand for high-strength and lightweight aerospace by coating them with heat-resistant carbides or borides,
components has significantly increased with the growth of thereby delaying oxidation [7-9].
the aerospace industry [1-3]. Carbon/carbon composites However, the coating can cause damage to the
offer excellent mechanical and Iubrication properties composites because of the thermal and mechanical
owing to the stable covalent bonding of carbon and the mismatch between the composites and the coating
high thermal and mechanical performance of carbon layers [10-12]. The coating layers can be delaminated by
fibers. Furthermore, carbon/carbon composites have damage, thereby decreasing their performance [8]. Loads
attracted attention in aerospace rocket launchers owing are inevitably applied to mechanical components as they
to their excellent heat and thermal shock resistance at operate under constrained conditions. Differences in the
high temperatures [4-6]. These materials can withstand elastic moduli of the coating and substrate layers can
frictional heat at high temperatures and relatively low cause critical stress. When mechanical components are
pressures. subjected to thermal cycling, repeated thermal expansion
Carbon materials exhibit low ductility, making them or contraction in each layer can lead to differences in
susceptible to fracture under mechanical or thermal thermal stresses due to thermal expansion mismatch.
shock. Therefore, carbon fibers are woven into carbon A composite reinforced with fibers stacked in different
materials to prevent the destruction of the carbon matrix. directions can exhibit stress mismatch.
Although this can prevent the failure of carbon materials, In this study, we prepared carbon/carbon composite
their application is limited by their rapid oxidation in substrates using needle punching (NP) [13, 14] and
the presence of oxygen. This can be prevented by fiber-rod stacking (RS) and investigated the effect of
introducing an oxidation-resistant coating layer on the the substrate on the thermal/mechanical properties of
the composites. To produce preforms using NP, needles
*Corresponding author: are attached in different directions on the vertical axis,
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the composites. This process also allows for the rapid
production of complex-shaped preforms.

Hf, Ta, and Zr with carbides or nitrides have been
coated to prevent oxidation; however, the coating layers
are easily delaminated during thermal cycling because
of the difference in the properties of the layers and
the substrate. Therefore, we selected silicon carbide
(SiC) as a protective coating layer for carbon/carbon
composites. The difference between the elastic moduli
and thermal expansion coefficients of SiC and carbon
material in the horizontal direction is relatively low. In
our previous studies, we fabricated SiC coatings using
chemical vapor reaction (CVR) and chemical vapor
deposition (CVD) and investigated their thermal shock
and flame resistance, which indicate their resistance to
oxidation [15]. However, the thermal shock resistance of
SiC-coated composites fabricated using NP has not been
studied. In this study, we evaluated the thermal shock
resistance of SiC-coated carbon/carbon composites
fabricated using NP and RS methods. We performed
spherical indentation [11, 12] to evaluate the changes
in the mechanical properties before and after thermal
cycling.

Experimental

Two types of carbon/carbon fiber-reinforced composites
fabricated using two methods (NP and RS) and coated
with SiC using different techniques (CVD and CVR)
were prepared. The composites are disk-shaped with a
diameter of 25 mm and a thickness of 5 mm. For the
composites fabricated using the RS process, carbon fibers
were stacked in multidimensional directions. The other
sample was fabricated using the NP method. Fig. 1 shows
the scanning electron microscopy (SEM) images on the
surface of the carbon/carbon substrates manufactured
using RS (Fig. 1(a)) and NP (Fig. 1(b)). The substrate
fabricated using RS showed fibers stacked in different
directions. In contrast, fiber entanglement was observed in

RS-C/C surfite

the substrate fabricated using NP, indicating a relatively
high-density morphology. The fabricated samples are
denoted as RS-CVD, NP-CVR, and NP-CVD based on
the combined substrate fabrication and coating methods.
Fig. 2(a) shows the digital photographs of the surfaces of
the composite samples. The macroscopic images show
that a dense SiC film was formed on the surfaces of
the samples. The samples coated using CVD showed
higher surface densities than those coated using CVR.
The thicknesses of the coating layers were generally
uniform, varying from 50 to 100 um.

The surfaces of the samples were ground sequentially
using diamond suspensions with grit sizes of 25, 16, 6, 3,
and 1 um. To ensure uniform grinding, the thickness of
the samples was measured after each stage, and the final
samples were controlled to have a consistent coating
layer thickness.

To compare the hardness of the composites before
and after thermal cycling, Vickers hardness tests were
performed before and after thermal cycling. A Vickers
indenter made of diamond material was brought into
contact with the composite surface in air, and a load
of P =1 kgf was applied to induce plastic deformation.
The load was carefully controlled to minimize crack
formation. After removing the load, the diagonal length d
of the diamond-shaped indentation formed on the surface
was measured, and the hardness H, was calculated using
the following equation:

H, = P[2(d12)"]. (1)

After the thermal shock test, no additional flat grinding
was performed. Furthermore, to evaluate the mechanical
properties of the composites and their changes due to
thermal cycling, the samples were subjected to spherical
indentation before and after thermal cycling. For the
spherical indentation test, a tungsten carbide (WC)
sphere with a radius » of 3.98 mm was mounted onto
a universal testing machine (Instron 5567, UK). The

Fig. 1. Scanning electron microscopy (SEM) images of carbon/carbon fiber composites prepared using (a) fiber-rod stacking (RS)

and (b) needle punching (NP) before coating.
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Fig. 2. Optical micrographs of the coating surfaces of the as-prepared (a) RS-CVD, (b) NP-CVR, and (c) NP-CVD.

loading speed was controlled at 0.2 mm/min, and the
spherical indenter was brought into contact with the
sample surface. Next, a load P of 100-2000 N was
applied and removed at the same speed (unloading). The
diameter 2a of the indentation formed was measured
using an optical microscope, and the indentation stress
and strain were calculated as follows [10-12]:
Indentation stress, 6 = P/[na’],

@
(€)

Indentation strain, € = a/r.

For the thermal shock test, a thermal shock testing
machine that allows reciprocating movement of the
sample between the interior (high temperature) and
exterior (room temperature) of a high-temperature furnace,
driven by a mechanical motor, was designed and used.
First, the temperature of the high-temperature furnace
was increased to a target temperature of 1500°C at a
constant rate of 5°C/min in air and then maintained for
the desired duration. Subsequently, the coated composite
sample at room temperature was inserted into the hot
zone of the furnace using an elevator. After 10 min,

RS-CVD

(b)

the sample was returned to the room temperature zone
using the motor to subject it to thermal shock. Thermal
cycling, with exposure times of 10 min each for the hot
and cold zones, was repeated one to six times.

During the thermal shock test, the size and weight
of the specimens were measured after each cycle, and
Vickers and spherical indentation tests were conducted.
In addition, surface cracks were observed using a digital
microscope, and changes in the crystal structure and
microstructure after the thermal shock test were analyzed
using X-ray diffraction (XRD) and SEM.

Results and Discussion

Fig. 3 shows digital micrographs of the indentation on
the SiC-coated composites before thermal cycling. The
indentation load was increased from 500 to 1000 N in
increments of 100 N, and the areas of indentation on the
surface were observed using a digital microscope. Fine
cracks were observed on the RS-CVD and NP-CVD
surfaces after the coating process (Fig. 3(a) and (c)). In
addition, the coating layer on RS-CVD was delaminated
around the indentation. Under the same load, the size of

(c)

NP-CVD

Fig. 3. Digital micrographs of indentation damages on (a) RS-CVD and (b) NP-CVR (c) NP-CVD.
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the indentation recorded on the sample coated using CVR
(NP-CVR) was smaller than that of the samples coated
using CVD, as shown in Fig. 3(b). In addition, there was
no additional damage around the indentation marks, and
no cracks were observed on the coating layer, indicating
improved mechanical properties compared with those of
the samples. However, after six thermal cycles, NP-CVR
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disintegrated, and its mechanical properties could not be
measured. Consequently, it was excluded from further
comparative analysis.

The diameter, thickness, and mass of each sample were
measured after thermal cycling (Fig. 4). The three samples
showed minimal changes in diameter and thickness but a
decrease in weight. The weight decreased continuously
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Fig. 4. Change in mass during thermal cycling: (a) RS-CVD, (b) NP-CVR, and (b) NP-CVD. Rate of change in mass for (d) RS-

CVD, (e) NP-CVR, and (f) NP-CVD.
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Fig. 5. X-ray diffraction patterns of (a, d) RS-CVD, (b, ) NP-CVR, and (c, f) NP-CVD before (a, b, c) and after (d, e, f) thermal

cycling.
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Fig. 6. Variation of the Vickers hardness of (a) RS-CVD and (b) NP-CVD during thermal cycling.

with increasing thermal cycles for both RS-CVD and
NP-CVR (Fig. 4(a) and (b)), while there was no change
in the weight of NP-CVD (Fig. 4(c)). The observed
weight loss is attributed to the oxidation of carbon in air,
which releases gas, and chipping or delamination of the
coating layers. Fig. 4(d)-(f) shows the percentage weight
losses of the samples after each thermal cycle. RS-CVD
and NP-CVR showed a maximum weight loss of 20%,
whereas NP-CVD showed no weight loss, indicating its
relatively superior thermal shock resistance.

Fig. 5 shows the XRD patterns of the sample surfaces
before and after thermal cycling. As shown in Fig. 5(a)
and (c), when SiC was coated using CVD (i.e., RS-
CVD and NP-CVD), only SiC and carbon phases of the
substrate were detected. Oxides formed on the surface
were either lost or formed between the substrate and
the coating layer due to oxygen penetration through the
cracks; thus, no oxide layer was detected. On the other
hand, an oxide layer (SiO,) was detected on the NP-CVR
surface (Fig. 5(b)), resulting in a further decrease in the
weight of the coating layer.
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Micro-Vickers hardness tests were conducted after
each cycle, and the results are shown in Fig. 6. The
NP-CVR specimen was severely damaged after the
thermal cycles even though it showed higher mechanical
resistance; thus, it was excluded from further analysis.
At the beginning of the cycles, RS-CVD and NP-
CVD exhibited similar hardness within an error range
and showed a similar trend as the number of thermal
cycles increased (the hardness decreased with increasing
number of cycles). This indicates the occurrence of
material degradation during thermal cycling, which is
attributed to slight oxidation of the substrate despite the
presence of the SiC protective coating layer.

For the samples coated using CVD, cracks on the
surface allowed oxygen penetration, resulting in the
formation of oxides between the substrate and the
coating or on the fiber surface, which can affect the
hardness. Notably, the rate of decrease in the hardness of
RS-CVD was higher than that of NP-CVD (Fig. 6(a) and
(b)). This indicates that the NP-CVD sample exhibited
relatively high resistance to thermal shock.
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Fig. 7. Indentation stress—strain curves for (a) RS-CVD and (b) NP-CVD after thermal cycling.
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Fig. 8. SEM images of NP-CVD (a) before and (b) after thermal cycling.

During each thermal cycle, spherical indentation tests
were conducted, and the size of the contact area was
measured to calculate the indentation stress and strain
(Fig. 7). The RS-CVD sample supported higher stress
at smaller strains, but the stress decreased as the strain
increased. This behavior of the indentation stress—strain
curve is consistent with that reported in previous studies
[10, 11, 16] and is attributed to the influence of the
coating layer at lower load ranges and the substrate at
higher load ranges. The RS-CVD samples exhibited
a wider dispersion range, which is attributed to the
heterogeneity of the substrate. As the number of thermal
cycles increased, the stress at the same strain gradually
decreased, indicating mechanical property degradation
with increasing thermal cycles. The indentation stress—
strain curve of the RS-CVD sample decreased more
significantly than that of the NP-CVD sample. On the
other hand, NP-CVD showed a relatively small scatter
of data compared with that of the RS-CVD sample, and
the magnitude of changes in the stress—strain curve with
thermal cycles was not significant. These results indicate
that the NP-CVD sample exhibited less degradation due
to thermal shock than the RS-CVD sample.

The Vickers and spherical indentation tests results
revealed that the relatively homogeneous substrates
produced via NP and coated using CVD (NP-CVD)
underwent smaller degradation in mechanical properties
after thermal cycling, indicating its high resistance to
thermal shock and good mechanical properties.

Fig. 8 shows the SEM images of the NP-CVD surface
before and after thermal cycling. The crack spacing

decreased after the thermal cycles. This result shows
that cracks formed on the coating layer of the sample
during fabrication remained stable even when subjected
to thermal cycling.

The long-term stability and performance of NP-CVD
in the combustion environment is needed for further
study. As the application of UHTCMCs using C/C
composite with infiltrating UHTC materials to prevent
the delamination of UHTC coating due to mismatch
is being studied [17-19], more detailed and systematic
study on the coating materials is required in the future.

Conclusion

In this study, we investigated carbon/carbon composites
prepared using RS and NP processes and coated with
SiC using CVR or CVD. Each SiC-coated composite
was subjected to thermal cycling from room temperature
to 1500°C. The thermal cycle was repeated one to six
times, and the change in the mechanical behavior of
the samples was evaluated. The obtained results are
summarized as follows:

1) The NP-CVD sample showed minimal weight
loss, whereas the RS-CVD and NP-CVR samples
experienced severe weight loss. XRD revealed
oxide layers on the NP-CVR surfaces, which is
attributed to the oxidation of the substrate due to
oxygen penetration through the low-density regions.
The RS-CVD samples showed severe cracks and
delamination.

2) Vickers indentation tests revealed that the NP-CVD
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samples exhibited a lower decrease in hardness than
the RS-CVD samples as the number of thermal
cycles increased. The change in the indentation
stress—strain curve of NP-CVD was also relatively
small. These results indicate that the NP-CVD
samples exhibit high oxidation resistance and
mechanical properties even after thermal cycles in
air.
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