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Impact of the thermal treatment of the ex-PAN carbon fibers on the mechanical behavior of C/SIC composites
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Abstract

Ceramic matrix composites reinforced by external polymerization of acrylonitrile (ex-PAN)
carbon fibers with pyrocarbon (PyC) interphase are attractive materials for thermomechanical
applications. Nevertheless, C/SiC composites suffer from a low damage tolerance. A 1600°C
thermal pretreatment of the carbon fibers led to an improvement of the mechanical properties
of the composites. Even if this heat treatment was seen to modify the fiber microstructure and
texture, the changes were not sufficient to explain the observed improvements. The
consequences of the thermal treatment on carbon fibers were studied by high resolution
transmission electron microscopy and physicochemical analyses. The fiber/matrix debonding
was also apprehended by analyzing the interfacial regions of C/SiC composites. The key role
of the fiber surface structure on the fiber/matrix (F/M) coupling was highlighted. The
microstructural reorganization of the heat-treated fibers surfaces induces a high F/M bonding

strength and leads to better damage tolerance for the C/SiC composites.

Keywords: Ceramic-matrix composites (CMCs), Interface/Interphase, Microstructural

analysis
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1. Introduction

The C/SiC composites reinforced by high-strength carbon fibers provide a high mechanical
strength at high temperatures (900-1100°C in non-oxidative atmosphere) and have a good
resistance to thermal shocks [1]-[3]. Their mechanical properties allow them to be used in
aeronautics, aerospace and automotive industries [4]-[6]. However, these materials tend to

have a low damage tolerance [7], which reduces their use at high mechanical loads.

The damage tolerance of Ceramic Matrix Composites (CMC) is controlled by the fiber/matrix
(F/M) coupling mode [8]. An interphase, such as pyrolytic carbon (PyC), can be deposited
between the fiber surfaces and the SiC matrix to tune the fiber/matrix coupling of these
materials so as to prevent the matrix cracks to propagate into the fibers by deflecting them at
the interface [9], [10]. Matrix micro cracks can be caused by the composite manufacturing
process. The cooling down from the Chemical Vapor Infiltration (CVI1) process temperature
(900°C —1100°C) generates thermal residual stresses within the composite fibers, interphase
and matrix due to differences in thermomechanical properties of each components (Young’s
modulus, thermal expansion ,...) [11]. These stresses can lead to changes in the F/M coupling

and also impact the macroscopic mechanical behavior of the C/SiC composites.

To control the cracks propagation mode, in addition to the PyC interphase, a thermal
treatment of the ex-PAN fibers at 1600°C in argon atmosphere, prior the infiltration of the
PyC interphase and SiC matrix, was shown to improve the tensile properties of the fibers [12],
and consequently those of the C/SiC composite [13]-[15]. This heat treatment induces a
modification of the microstructure [16]-[18] and an increase in the fiber stiffness [19], [20].

These modifications of the heat treated ex-PAN fibers provide a pseudo-ductile mechanical
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behavior and a better damage tolerance to the C/SiC composites. Nevertheless, it is still
difficult to understand the damage mechanisms of heat treated C/SiC composites and the
parameters influencing these mechanisms and leading to the improvement of the mechanical
behavior of these materials. Therefore, the fibers surface characteristics are one of the
parameters to be investigated because they could have been changed after heat treatment. The
interfacial interactions in CMC between the interphase and the fiber surface could be

influenced by the microstructure and the chemistry of the fiber surfaces [21].

Model C/SiC composites reinforced by T300 fibers, highly common ex-PAN carbon fibers
[22], and a PyC interphase were produced for this study. The PyC interphase and the structure
and chemistry of the fibers surface roles have been analysed both on the residual stresses
development during the composites manufacturing and on the damage tolerance of these
materials during mechanical loading. This study has allowed a better understanding of the
carbon fibers thermal treatment impact on the mechanical behavior of C/SiC composites and

on the fiber/matrix coupling.

2. Experimental procedure

2.1 Materials

The properties of the T300 fibers (Toray Carbon), as given by the manufacturer [23], [24], are
listed in Table 1. During the polymer spinning, these ex-PAN carbon fibers undergo a
stretching leading to the orientation of the molecular chains along the fiber axis. These fibers
are bundled and made infusible by crosslinking at 200-300°C in air and under electric tension
in order to maintain the molecular orientation. They are then carbonized in nitrogen between
1000 and 1500°C [25]. The turbostratic structure of this carbon fiber is composed of a random

arrangement of graphene sheets (Csp?), cross-linked to each other [26]-[28]. The T300 fibers
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are coated with a polyepoxide resin sizing to protect them during the textile forming

processes.

Properties T300 fiber
Yarn type FT300B-3000-50B

Yield (g/km) 199

Density (g/cm®) 1.76
Sizing amount (%w.) 11
Ultimate tensile strength (MPa) 3813
Tensile modulus (GPa) 231
Ultimate tensile strain (%) 1.65

Table 1. Properties of T300 fibers.

Interlock 2.5D woven fabrics with 0° and 90° fiber orientations were produced. The sizing
was removed after the weaving by thermal treatment at temperature between 900°C and
1100°C. Some of the fabrics were then treated up to 1600°C for two hours after a heating rate
of 900°C/h in argon atmosphere. These fibers are named T300HT fibers to differentiate them

from only desized T300 fibers.

Then, the fiber fabrics, made of T300 or T300HT fibers were processed by CVI to deposit at
first a pyrocarbon interphase (PyC) from CsHg, then a SiC matrix from MTS + H, at
temperatures under 1100°C or only the SiC matrix (Figures 1la. — 1d.). The carbon precursor
gases were stopped a few minutes before introducing the SiC precursor gases. The fiber
volume fraction within these composites reached 30 - 40 %. The deposited pyrocarbon was

highly anisotropic and was ~ 50 nm thick to optimize the fiber/matrix coupling [29].
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Figure 1. TEM cross-section of the interface of T300/SiC (a.), T300/PyC/SiC (b.), T300HT/SIC (c.)

and T300HT/PyC/SiC (d.) composites.

The final C/SiC composites presented a porosity between 11 and 13.5 %. The porosity was
measured by optical microscopy of polished sections taken in the composites samples and
after processing of the images obtained by the Areas de MICROVISION Instrument™

software (Figure 2).
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Figure 2. Polished section of a composite processed by the MICROVISION
Instrument™ Areas software. The section is delimited in yellow and the porosities are

indicated in blue.

2.2 Chemical analysis

High Resolution X-Ray Photoemission Spectroscopy (HRXPS) was chosen to study the
chemistry and bonding configuration of T300 and T300HT fibers surface. These analyses
were performed on the TEMPO beamline (Time resolved Experiments on Materials with
Photoelectron Spectroscopy) of SOLEIL synchrotron (Paris-Saclay, France) [30]. The
synchrotron beam had a diameter of 100 um and its energy was tuned at 700 (baseline energy
for the experiment) and 1000 €V to probe any changes in chemistry in the near surface region
from 2 to 6 nm below the surface. This probing depth is considered to be three times the
inelastic mean free path of the photoelectrons [31]. High-resolution spectra of carbon core
level (Cys peak) were recorded and fitted using XPS CASA software. The XPS line shape was
represented by a symmetrical Gaussian-Lorentzian function. The Csp? component was fitted
by an asymmetrical model (Doniach-Sunjic function). A Shirley background subtraction was

applied for the high-resolution spectra.

2.3 Mechanical tests

Several studies have shown that the cooling at the end of the CVI process of C/SiC
composites leads to a high crack density [11], [32]-[34]. Differences between the fiber,

7
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interphase and matrix coefficients of thermal expansion (CTE) and thermomechanical
properties generate residual stresses. Longitudinal, radial and circumferential thermal residual
stresses were estimated using an analytical method on a micro-composite model as described
by A. Michaux [35], derived from Z. Haskin’s model [36], [37]. The C/SiC micro-composite
was supposed to be symmetrical along its axis and infinite in its length. The temperature field
in the composite was considered uniform, the interfacial bonds were perfect and the
mechanical behavior of the components was elastic. The model includes the
thermomechanical characteristics of each component: longitudinal and transversal moduli (E;
and E;), Poisson’s ratio (v), longitudinal and transversal CTE (o and o;). A polynomial

equation was used to describe these characteristics as a funiction of the temperature [35] :
Y=AT*+BT?+CT+D

Where A, B, C and D are constants, T the temperature (°C) between 25 and 1000 °C
(representative of the CVI infiltration temperature) and Y the thermomechanical
characteristics. The following table (Table 2) summarizes the set of the coefficients used for

this computation.

CVI SiC Matrix PyC T300 Fiber T300HT Fiber
A =-9.8510"
E, (MPa) g : ?'715? D = 115.10° D = 230.10° D = 250.10°
D = 418.10°
E: (MPa) =E D =30.10° D = 23.10° D =25.10°
v D=0.2 D=03 D=03 D=03
A=-516.10" A=119.10"

B=-451.10"%? B=-3.25.10"

w(CY)  C=903610° C=57110° B=984107 B =-417.10°7
oY e D =-4.05.10" D =-8.58.10"
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_ 9 B=4.77.10%* B =-6.03.10™"
@ (°CY) — @ CCAD c=326107 C=-1.17.10°
S D = 5,76.10° D = 7.65.107

Table 2. Coefficients used in analytical model for thermally induced residual stresses computation

[12], [38], [39].

An Instron 2404 tensile testing machine was used for tensile tests on C/SiC composites.
Tensile specimens were 55 mm in length, 8 mm in width and 1.5 mm thick [39], [40]. The
gauge length was 25 mm. Uniaxial tensile tests (using a 25 kN load cell) were performed
along the 0° fiber orientations at room temperature. The crosshead displacement rate was 0.05
mm/min to 0.2 mm/min and specimen elongation was measured with an extensometer fixed
onto the plates (Instron 2620-603). The displacement speed was raised during loading-
unloading tensile tests to limit the duration of tests. There was no influence of displacement
rate in this range (0.05 to 0.2mm/min). - The fracture surfaces were examined by scanning

electron microscopy (SEM FEI Nova NanoSEM 450).

2.4 Microstructural analysis

The structural organization of the interfaces of C / (PyC) / SiC composites was investigated
by high-resolution transmission electron microscopy (HRTEM). A FEI Tecnai F20 ST
operating at 200 kV was employed to record carbon (002) lattice fringe images of the
composite interface regions before and after mechanical loading. Thin foils of the surface of
T300 and T300HT fibers were prepared by Focused lon Beam (MEB-FIB Zeiss Auriga 40)
and those of C/SiC and C/PyC/SiC composites by lon Slicer (Jeol IS). Regions near the crack

propagation after tensile tests were also extracted by FIB following the lift-out method.

3. Results
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3.1 Characterization of carbon fibers surface

The carbon fibers surface chemistry after desizing (T300) and after thermal treatment at
1600°C (T300HT) was analyzed by XPS at 700 eV and 1000 eV (Table 3). Photoemission
spectra obtained at 700 eV are shown in Figure 3. All fibers surfaces are carbon-rich (> 90 %
at.) with a Cy5 peak at 285 eV and oxygen, nitrogen, silicon and calcium were also detected
(from Ogs, Nys, Sipy and Caypp peaks at 530, 410, 103 and 350 eV respectively). The peak
around 190 eV binding energy corresponds to the Oxygen Auger transitions and the one
around 437 eV to the Carbon Auger transitions. The photoelectrons kinetic energy axis was
introduced in the top of the Figure 2 to immediately identify C-N-O Auger lines. The peak at
25 eV binding energy comes from the superposition of s and p lower shell photoemission of
Ca, O and N. The nitrogen content was reduced for T300HT fibers surface in comparison with
T300 fibers surface (resp. 2.0 % at. for T300 fibers and 0.9 % at. for T300HT fibers at 700
eV) [41]-[43]. Moreover, nitrogen and oxygen concentration increase along with the probed
depth (higher incident energy) for the T300 fibers but remain constant for the T300HT fibers.
The calcium detected may originated from the aqueous bath in which the sizing was added.
The silicon, rarely mentioned in the composition of carbon fibers, could result from a
pollution during the desizing or heat treatment in the CVI chamber previously exposed to SiC

deposition, or come from the fibers sizing [44].

Energy Fibers Cys (% at.) Oy (% at.) Nis (% at.)
T300 96.3 17 2.0

700eV T300HT 97.2 1.9 0.9
T300 93.9 21 4.0

1000 eV T300HT 96.9 2.1 1.0

Table 3. Chemical composition of the T300 and T300HT fibers surface as a function of the incident

energy.

10
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Figure 3. Overview spectra of the T300 and T300HT fibers surfaces at 700 eV.

The Cy, peak deconvolution at 700 eV revealed different contributions of carbon bonds (Csp?,
Csp?, C-0, C-0O-C, C-N, C-0, C=0, COOR and COOH) [45]-[51] for both fibers as shown in
Figures 4a. and 4b. The sp? hybridized C-C was the major carbon bonding mode in T300 and
T300HT fiber surfaces. The C-N bonds were more prevalent for T300 fibers surface. Carbon-
oxygen bonds were also observed, and were attributed to pollution of the fiber extreme
surface. This contamination carbon, named “adventious carbon” by T. L. Barr and S. Seal
[52], could deposit on the fibers surface when exposed to air through hydrocarbons containing
many C-O-C and C-O bonds. Moreover, the ratio of C=0, COOR and COOH functional
groups was significantly higher at the T300HT fibers surface. The proportion of C=0, COOR
and COOH bonds, which significantly promote fiber surface reactivity and fiber/matrix bonds
within composites [53], is higher on the surface of T300HT fibers and can be partially

attributed to plasmonic excitations present in a graphite phase [54].

11
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Figure 4. High-resolution spectra of carbon (C;s peak) on the surface of the desized T300 (a.) and

T300HT (b.) fibers at 700 eV.

The HRTEM in Figures 5a. and 5b. show the carbon restructuration after the 1600°C heat
treatment. The decrease in the inter-reticular distance of T300HT fibers and the formation of
nanopores are observed. The value of this distance is 0.36 nm for T300 fibers and 0.352 nm
for T300HT fibers. This reorganization is correlated with the nitrogen loss at the edges of
isolated USBs (basic structural unit) described by M. Guigon [18], leading to the stacking of
the graphene sheets and their lateral connections. The carbon plans on the T300HT fibers

surface are more organized than the T300 fibers one, based on the Fast Fourier Transform

12
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(FFT) obtained from HRTEM images. The diffraction rings in the FFT of T300HT fiber are

more oriented and thinner.

b.

Figure 5. HRTEM images and FFT (top left) of the surface of T300 fiber (i.e. without heat treatment)
(a.) and T300HT fiber (after 1600°C heat treatment) (b.). The platinum layer (Pt) was applied for the

preparation of these samples by FIB.

3.2 F/M coupling of C/SiC and C/PyC/SiC composites

The strength of the fiber/matrix coupling in the four studied composites were investigated.

The thermal residual stresses were estimated using the model presented in section 2.3 and the

13
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phase cohesions in the interfacial regions prior to any external loading were characterized

using TEM.

3.2.1 Thermal residual stresses distribution

The axial, radial and hoop residual stresses estimated in the different components of the
T300/SiC and T300/PyC/SiC microcomposites are presented Figures 6a. and 6b. [35], [55].
The fiber and the matrix are subjected to strong residual thermal axial stresses, respectively in
compression (-550 MPa) and tension (above 300 MPa) in C/SiC composites. In comparison,
the radial and the hoop stresses are very low with values below 20 MPa. As expected, given
the thickness of the PyC interphase (50 nm), no change in the stresses values were noticed for
T300/PyC/SiC microcomposites. The residual radial and hoop stresses at the interphase of

T300/PyC/SiC composite are also very low.

The thermal residual stresses were also investigated in the T300HT-reinforced composites to
evaluate any changes coming from the fibers thermal treatment (Figures 6c. and 6d.). The
residual stresses, especially the axial ones (above 550 MPa compression in the fiber), are
slightly higher in the composite reinforced by T300HT fibers than the one reinforced by T300
fibers due to the T300HT fiber microstructural reorganization of the carbon planes in the
direction of the fiber axis. This reorganization increased both the fiber stiffness and the CTE,
and amplified the differences with the SiC ones resulting in higher residual stresses in
T300HT-based composites. Once again, the residual stresses did not change significantly with

the presence of a PyC interphase.

14
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Figure 6. Distribution of the radial, hoop and axial residual stresses for T300/SiC (a.), T300/PyC/SiC
(b.), T300HT/SIC (c.) and T300HT/PyC/SiC (d.) composites. The red curve of the radial stress is

below the blue hoop stress one.

3.2.2 Interfacial microstructural analysis

TEM and HRTEM observations were conducted on the 2.5D composites prior loading. Some
local interfacial debondings between T300 fibers and SiC matrix for T300/SiC composite
were revealed (Figures 7a. and 70.). The mounting resin is embedded in these interfacial
debondings regions during thie sample preparation. The strong axial residual stresses within
the SiC matrix of these C/SiC composites (> 300 MPa) exceeding the failure stress of the CVI
SiC matrix, matrix cracks were generated on cooling. In the T300/SiC composite, the matrix

cracks reaching the fiber resulted in fiber/matrix decohesions.

In the T300/PyC/SiC composite, a decohesion of the PyC interface was observed, one side
attached to the fiber (Figure 7c.) the other to the matrix (Figure 7d.). This highlights the
strong interfacial bonds between the fiber and the PyC as well as between the PyC and the
matrix. These observations indicate that the integrity of PyC interphase was compromised

prior to external loading, during composites processing cool-down step.

16
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The matrix cracks propagation also resulted in local interfacial debonding between T300HT
fibers and SIiC matrix for T300HT/SIC manufacturing composite. However, some
discrepancies regarding the damage mechanisms on interfacial regions were observed. A
weakly organized phase, with density variations, was detected within the interfacial debonded
region (Figure 7e.). The bonds between the graphene layers of the T300HT fiber surface and
the SiC matrix broke heterogeneously. A clear decohesion was not obtained in these regions,
on the contrary to what was observed in T300/SiC composite. Furthermore, thin carbon layers
attached to the SiC matrix indicates the debonding could have occured in the first ten
nanometers below the T300HT fiber surface (Figure 7f.). The carbon-rich regions derived
from the fiber are distinguished by EDX from the embedding resin by a lower oxygen and

nitrogen content.

For the T300HT/PyC/SiC composite, the debonding was observed at the T300HT/PyC
interface although the precise location of the fiber/PyC interface on the HRTEM cross-section
in Figure 7g. is not clear. The damage mechanisms were similar to those observed for
T300HT/SIC composite. A weakly organized phase with density variations was also observed
in the T300HT/PyC interfacial region denoting its partial debonding (Figure 7h.). The PyC
interface remained bonded to the SiC matrix, indicating that the PyC/SiC interface was

stronger than the T300HT/PyC one.

17
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SiC matrix

g. |
Figure 7. HRTEM cross-section of the F/M debonding prior to external loading of T300/SiC (a. and
b.), T300/PyC/SiC (c and d), T300HT/SIiC (e and f) and T300HT/PyC/SiC (g and h) composites at

different scales.

3.3 Mechanical behavior of C/SiC and C/PyC/SIC composites

3.3.1 Tensile tests

The room temperature tensile properties of the C/SiC and C/PyC/SiC composites reinforced
by T300 or T300HT fibers are presented in Table 4. The stress-strain curves of these

composites at room temperature are shown in Figure 8.

The T300/SiC and T300/PyC/SiC composites exhibited a nonlinear elastic domain and brittle
mechanical behavior . On the contrary to what was expected, the PyC interface did not
increase the damage tolerance of the T300/PyC/SiC compared to the T300/SiC one: the
failure strain (g ~ 0.03%) and failure stress (o, ~ 28 MPa) of the two composites were
equivalent. When the composites were reinforced by T300HT fibers, the mechanical behavior
was significantly improved, with a tolerance to mechanical strain and stress that increased by
one order of magnitude (& ~ 0.5 % and o, ~ 190 MPa). Once again the failure characteristics

of the T300HT/SIC and T300HT/PyC/SiC composites were equivalent. These result firstly

19
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show that the PyC interphase does not play a major role on the fracture modes of the

composite, since the two composites have similar mechanical behaviors, and secondly that the

heat treatment of the carbon fibers has a beneficial effect on the strength and damage

tolerance of the composites [12].

E (GPa) o, (MPa) & (%)
T300/SiC 103 28 0.03
T300HT/SiIC 102 193 0.50
T300/PyC/SiC 98 29 0.03
T300HT/PyC/SiC 94 193 0.51

Table 4. Main mechanical properties of T300 and T300HT reinforced composites: E, o, and &,.
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Figure 8. Tensile stress-strain curves for C/SiC and C/PyC/SiC composites reinforced by T300 (a.)

and T300HT (b.) fibers with and without a PyC interphase.

It must be noticed that the four composites have similar Young’s moduli, lower than those of
T300 fibers (~ 230 MPa) and SiC matrix (~ 410 MPa) and that the stiffness increase of the
T300HT is not translated to the composite. This is explained by the thermal residual stresses
that have generated multi-cracking and fiber/matrix decohesions before tensile loading in the

2.5 D composites.

3.3.2 Fracture morphologies

As expected, due to fragile mechanical behavior, no fiber pull-outs were observed on the
fracture surfaces in the T300-reinforced composites (Figure 9a.). Failure surfaces are flat,
matrix cracks propagated without being deflected around the fibers even in the presence of

PyC, which thereby did not play its role of crack deflector (Figures 9b., 9c. and 9d.).
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SiC matrix

Dan aged PyC

d.
Figure 9. Fracture surface of T300/PyC/SiC composite by SEM (a. and b.) and TEM cross-section of

the F/M interface of T300H/SiC (c.) and T300/PyC/SiC (d.) composites after tensile tests.
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On the contrary, T300HT fiber pull-outs were observed for both T300HT/SIC and
T300HT/PyC/SiC composites (Figure 10a.). In the T300HT/SIC composite, the
heterogeneous debonding that was noticed prior to loading was no more observed in the thin
foil extracted just below the failure surfaces, where the fiber and SiC matrix were entirely
debonded (Figure 10b.). For the T300HT/PyC/SiC composite, the debonding occurred
between the pyrocarbon interphase and the fibers surface, where a weakly organized carbon
phase with density variations was noticed prior to the loading (Figure 10c.). The matrix cracks
deflection took place within this interfacial damaged region. It was difficult to determine,
even using HRTEM, the exact location of the crack path with respect to the two carbon

phases, the PyC, the T300HT fiber, or their interface.

SiC matrix
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T300HT fiber

SiC matrix

C.

Figure 10. Fracture surface of T300THT/PyC/SiC composite by SEM (a.) and TEM cross-section of

the F/M interface of T300HT/SIiC (b.) and T300HT/PyC/SiC (c.) composites after tensile tests

4. Discussion

The characterization of the T300 fibers by high-resolution photoemission spectroscopy and
TEM showed that the microstructural organization and the chemistry of the fibers surface
change after a heat treatment at 1600°C for 2h in argon. During this treatment, the decrease in
the C-N bonds fraction in T300 fibers leads to a growth of coherent domains resulting in a
higher microstructural crganization and anisotropy of the carbon fiber. In addition, the higher
ratio of carbon-oxygen bonds on the T300HT fibers surface, C=0, COOH and C-O, could
improve its surface reactivity. These surface characteristics have an impact on the
organization and the microstructural parameters of the first pyrocarbon planes deposited on

the fibers during the manufacture of C/PyC/SiC composites.

The high residual thermal stresses, particularly in the axial direction, explain the SiC matrix
cracking occuring during the cooling of the composites. These residual stresses are equivalent

in the T300/SiC and the T300HT/SIC composites. Nevertheless, regardless to the presence of
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PyC, T300/SiC composites exhibit a brittle behavior without fiber pull-out, whereas

T300HT/SIC develop a higher damage tolerance with fiber debonding.

A strong cohesion is promoted between the T300HT fibers and the PyC through the
functional groups on the fibers surface. After heat treatment, the fiber stiffness increased but
the fibers become more brittle in shear due to their greater orientation anisotropy. A partial
failure is induced below the surface of the T300HT fibers, with or without PyC, before
mechanical loading, due to the strong interfacial cohesion. This failure below the fibers
surface leads to a highly damaged interfacial region driven by the presence of the
nanoporosities in the microstructure of these fibers. During mechanical tests, matrix cracks
could be deflected in this intermediate weakly organized region between T300HT fibers and
PyC (or SiC). Consequently, the T300HT/SiC and T300HT/PyC/SiC composites both exhibit
a moderate to high F/M coupling and similar mechanical properties with a fracture strain of

0.5%.

This damage mechanism is not possible for the T300 fibers, which are weakened by the
interfacial decohesions induced prior the mechanical test during the composite cool-down.
The T300 fibers/PyC interfacial coupling does not prevent the penetration of matrix cracks
within the fibers. Indeed, the intensity of the T300/PyC fiber coupling is strong due to the
high microstructural organization of the deposited PyC first planes and the chemical
compatibility between the T300 fibers and the carbon interphase. The PyC interphase is
damaged and partial debonded from the SiC matrix before any external loading. The
mechanical load on the T300 fibers is then stronger, which causes the early failure of the
fibers. The PyC interphase does not allow improving the failure properties of these
composites and does not ensure its function of cracks deflector within these composites. This
leads to a very low damage tolerance for T300/PyC/SiC composite similar to that of T300/SiC

composite.
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5. Conclusion

This study has led to understand the impact of the carbon fibers thermal treatment on the
mechanical behavior and on the fiber/matrix coupling of C/SiC composites. When these
composites are manufactured with T300 fibers heat-treated at 1600°C (T300HT), the bond

strength and the failure mode of the carbon-rich interfaces are optimized.

The improvement of the fiber/matrix coupling of the T300HT/SiC composites was influenced
neither by the thermal residual stresses from the C/SiC manufacturing process nor by the
increase in fiber stiffness due to heat treatment. The study also revealed the negligible effect

of the PyC interphase on the mechanical behavior.

However, we could identify the key role of the surface characteristics on the damage
mechanisms of C/SiC composites. The surface reactivity of these fibers, which increases due
to heat pretreatment, results in strong interfacial cohesion. After mechanical loading, favored
by the nanoporosities and the orientation anisotropy of the structure of the T300HT fiber, the

F/M interface becomes a highly damaged region where the matrix cracks are better deflected.
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