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ABSTRACT

Silicon carbide (SiC) fiber-reinforced ceramic matrix (SiC¢/SiCy,) composites have been identified as poten-
tial materials for nuclear fuel cladding. These composites are fabricated by braiding the SiC fibers around
a mandrel into a cylindrical tube and then densifying this preform with SiC matrix using chemical vapor
infiltration (CVI). However, during this fabrication process residual stresses develop in the composite, ei-
ther due to the mechanical braiding process or due to high temperature CVI deposition of the SiC matrix
phase. Micro-Raman spectroscopy has been employed to measure the residual stress in the SiC fibers at
various stages of the fabrication process. Samples of the composite were analyzed after mechanical braid-
ing and at 33%, 66% and 100% CVI densification of the composites. Raman spectra obtained at the above
stages revealed significant band shifts of the SiC peaks and these peak-shift corresponded to -716 MPa of
residual stress following the braiding process and -1075 MPa after the densification process. Interestingly,
the Raman spectra also revealed carbon bands whose origin was traced to the presence of nanoscale tur-

bostratic graphite throughout the nanograined SiC microstructure.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Silicon carbide (SiC) is a structural ceramic material with ap-
plications in extreme environments including high pressure (e.g.,
ballistic impact [1,2]), high-temperature (e.g., turbine engines [3])
and extreme radiation (e.g., as cladding for nuclear fuel in light
water reactors and in-vessel components [4,5]). It has high thermal
resistance, low-thermal expansion coefficient, high oxidation resis-
tance, and high modulus and strength [1,6]. In addition to the su-
perior mechanical properties and chemical resistance, SiC also has
a small neutron absorption cross-section and exceptional inherent
radiation resistance, making it suitable for nuclear fuel cladding
which experiences severe irradiation during service [7]. Recent
research efforts have focused on development of accident toler-
ant fuel (ATF) cladding, motivated by the Fukushima-Daiichi nu-
clear power plant’s loss-of-coolant-accident [8]. However, the ma-
jor drawbacks of utilizing pure SiC in monolithic form in the afore-
mentioned application is its low fracture toughness and brittle be-
havior which may cause catastrophic failure. To alleviate these con-
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cerns, continuous SiC fiber-reinforced SiC matrix (SiC¢/SiCm) com-
posites have been pursued [8]. Newly developed Generation-III SiC
fibers used in these composites are nuclear-grade and have made
SiC¢/SiCy a viable candidate for ATF cladding. These SiC fibers with
a characteristic stoichiometric ratio of Si:C exhibit properties that
are much closer to that of bulk SiC compared to their predecessors
[9].

To fabricate SiC¢/SiCy, composite tubes, approximately 500 SiC
fibers of ~10 pm diameter are bundled together into a tow and
then each tow is braided at preferred angles around a cylindri-
cal mandrel to obtain the desired tubular fiber preform [10]. This
preform is placed in a coating chamber to deposit a thin (~250-
500 nm) pyrolytic carbon (PyC) interface layer around the fibers
using chemical vapor deposition (CVD). Then, the tubular structure
is densified with high-purity 8-SiC matrix using chemical vapor in-
filtration (CVI) [10]. During the CVI process SiC matrix is deposited
in the preform and around the SiC fibers to densify the compos-
ite structure. An X-ray computed tomography reconstruction of
the SiC¢/SiCyy composite tube and a micrograph of its typical mi-
crostructure revealing the fibers and the matrix material are shown
in Fig. 1. During the braiding process, the fibers are held in tension
as they are braided into an overlapping woven structure, resulting
in radial compression due to the overlap in the weave. This pro-
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Fig. 1. (a) XCT reconstruction of a section of a woven SiC/SiCy, composite and (b)
its microstructure revealing SiC fibers and the matrix material indicated by arrows.

cess induces complex mechanical stress state within the fibers and
these stresses may remain locked-in after the composite tube is
braided and densified. In addition, the high temperature deposi-
tion of B-SiC matrix onto the stoichiometric SiC fiber can induce
polymorphic configurations which may result in residual thermal
stresses upon cooling due to the mismatch in coefficients of ther-
mal expansion. Therefore, it is of interest to quantitatively assess
the magnitude of residual stresses in these SiC/SiCy, composites.
However, the small fiber diameter and limited matrix material (see
Fig. 1) between composites makes measuring these stresses a chal-
lenge. Residual stresses can vary dramatically over such a small
region within the microstructure of the fiber. Micro-Raman spec-
troscopy («RS) has been found to be an effective method to es-
timate local residual stresses within such small regions of a ce-
ramic [11,12,13,14]. Raman spectroscopy is a non-destructive tech-
nique that relies on vibrational modes of bonded atoms and pro-
vides information on the phase composition, residual stress, and
crystal structure of a material with a spatial resolution of approxi-
mately 1 pm. Of particular interest here is measurement of resid-
ual stress using Raman spectroscopy whose principle is based on
the following: In a stress-free system, the vibrational frequencies
of the crystal structure correspond to the equilibrium atomic spac-
ing. However, when the lattice of a crystal is deformed by stress,
its vibrational frequencies and hence the harmonic force constants
of the lattice are altered. As a result, the Raman bands (peaks or
wave numbers) are shifted in correspondence with the change in
phonon frequencies of the stressed crystal. The amplitude of the
shift of a specific peak (or band) in the Raman spectrum is pro-
portional to the magnitude of the residual stress at that location
[14].

In this work, we evaluated the magnitude of the residual stress
developed in a SiC fiber at various stages of the fabrication process
of SiC¢/SiCyy composites using Raman spectroscopy. Microstructural
characterization was performed to identify the origins of the resid-
ual stresses.

2. Experimental
2.1. Composite fabrication

Generation-III Hi-Nicalon Type-S SiC fibers were chosen as the
reinforcement for the SiC¢/SiCy, composites. All samples were fab-
ricated with the same fiber batch. These fibers were synthesized
by melt spinning of polycarbosilane followed by curing using elec-
tron beam irradiation and pyrolysis in a hydrogen gas flow [15].
The composite fabrication process begins with braiding SiC fiber
bundles around a cylindrical mandrel to the desired +45° rein-
forcement direction. After the first layer (ply) of fibers is braided
on the mandrel, a second layer may be braided on top to form
a 2-ply composite tube. For this study, a polymer matrix binder
(Fig. 2b) was used to keep the structure of the braided fiber bun-
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dles intact to measure the residual stress before any CVI deposi-
tion. The braided tube is then placed in a CVI chamber for the de-
position of a PyC interface around the individual fibers. Although
in literature BN coating was used in some composites [16], for
nuclear applications, boron compounds are not preferred due to
their large neutron absorption cross-section and their ability to
stop the nuclear reaction. A PyC interface was chosen for the com-
posites in this study due to the retention of mechanical properties
during significant radiation damage. The large porosity in the ini-
tial braided composite (see Fig. 2(a and b)) allows easy deposition
around individual fibers. This interface layer between the fiber and
the matrix facilitates transfer of load between the fiber and the
matrix, enabling the pseudoductile behavior of SiC¢/SiCy, compos-
ites [17]. The composite is then densified with B-SiC matrix de-
position through CVI, as discussed earlier. Further details of the
fabrication processes are described elsewhere [10]. Select samples
used in this study were removed during the CVI process at 33%,
66% and at 100% densification levels to examine the magnitude of
residual stresses as a function of process time. Note that the den-
sification with SiC matrix occurs mostly within each braid bundle
in one layup as seen in images of Fig. 2 (c and e). However, when
multiple lay ups exist in the composite, the inter layup space is
not fully densified. Fig. 2 illustrates the structure of the composite
samples at the five stages analyzed in this study.

2.2. Raman spectroscopy

Renishaw inVia Raman Microscope with a Si laser (532 nm) was
used in this study. The spectrometer was coupled to a Leica optical
microscope and was initially calibrated with a Si standard against
the Si band position at 520 cm~!. A 50 x objective lens was used
to focus the incident beam on the cross section of a SiC fiber at
each stage of the fabrication process (Figs. 2(c and e)) and collect
the scattered beam. For comparison purposes, a bare SiC fiber was
also analyzed (Fig. 2(a)), and the corresponding Raman peak po-
sitions were assumed to represent stress free measurements. All
the Raman spectra were collected at room temperature. On each
test sample, 10 different scans were collected from different fibers
and averaged into a single spectrum for each fabrication stage. As
narrated in the processing method, the SiC fibers were initially
braided and then infiltrated with B-SiC using CVI. Therefore, it is
hypothesized that the SiC fibers are subjected to residual stress
from both the mechanical braiding and then thermal stress due to
the mismatch in properties and microstructure of the stoichiomet-
ric SiC fiber and CVI infiltrated S-SiC matrix.

2.3. Transmission electron microscopy (TEM)

To understand the significance of the microstructure and its re-
lationship with the Raman spectra, high resolution TEM investiga-
tion was performed on the bare SiC fiber. The TEM specimens were
prepared from the cross section of an individual fiber using a fo-
cused ion beam (FEI Helios G4 PFIB CXe) and were observed in a
field-emission TEM Talos F200i.

3. Results and discussion
3.1. Raman spectra

Fig. 3 shows Raman spectra measured on the as-received bare
SiC fibers as well as on fibers after braiding into a preform, and
at various stages of densification (33%, 66% and 100%). Due to the
inability of being able to track an individual fiber throughout the
fabrication process, spectra are taken on cross-sections of ten dif-
ferent SiC fibers on each specimen at the above stages and aver-
aged. Interestingly, the observed Raman peaks in Fig. 3 not only
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Fig. 2. Different stages of the fabrication process of SiC/SiC composites: (a) As received Hi-Nicalon Type S fibers. Micrographs along the cross-section after (b) braided fiber
bundles with a polymer matrix binder as matrix before CVI, (c) after 33% of the CVI, (d) after 66% of the CVI, and (e) after 100% of the CVI.
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Fig. 3. Raman spectra of the SiC fiber at various stages during the CVI fabrication
process.

correspond to the vibrational modes of S-SiC but also those of
graphite. The $-SiC modes are identified by the low intensity 788
cm~! and the 955 cm~! peaks [18], while the graphitic modes are
distinguished by the high intensity 1349 cm~! and the 1578 cm™!
peaks, traditionally called the D and the G peaks, respectively [19].
The surprising appearance of dominant graphite peaks in the Ra-
man spectra of SiC leads us to believe that there may be residual
excess carbon in the so-called stoichiometric SiC. This aspect will
be explored later through transmission electron microscopy of the
fiber microstructure. The over-dominance of graphite peaks com-
pared to those of SiC is attributed to the extreme sensitivity of
Raman spectroscopy to the highly symmetric covalent bonds with
almost no dipole movement of graphite [20]. Also, note that the
heavier Si atoms in SiC slow the vibrational frequency of the crys-
tal and shift the corresponding Raman bands to lower frequency
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Fig. 4. Magnified view of the Raman spectra for the B-SiC section.

than those of graphite [20]. Due to the vast differences in intensi-
ties of SiC and graphite peaks, each section of the Raman spectrum
is magnified and plotted separately in Figs. 4 and 5 for further
analysis.

The 788 cm~! peak of B-SiC corresponds to the transverse op-
tical (TO) mode, while the 955 cm~! peak corresponds to the lon-
gitudinal optical (LO) mode of the vibrations [18]. These peak po-
sitions are different from the theoretical values of 796 cm~! and
971 cm~! for the TO and the LO phonon peaks of B-SiC, respec-
tively [21]. This deviation can be attributed to the observation that
Hi-Nicalon Type-S SiC fibers contain a mixture of polymorphs and
free carbon [9]. Therefore, in this study, the bare SiC fiber spec-
trum with the measured values above is taken as the stress-free
state for the purposes of residual stress calculations. From Fig. 4 it
is seen that the relative positions of both these peaks are shifted
to the right after each fabrication stage compared to those of the
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Fig. 5. Magnified view of the Raman spectra for the graphite section.

bare SiC fiber. The most significant shift in peak position for both
the TO mode and the LO mode happens after the braiding process.
This initial shift is 5 cm~! for the TO peak and 6 cm~! for the LO
peak. This peak shift increases by another 2 cm~! for both bands
during the densification. Furthermore, a broad band, identified by
an arrow in Fig. 4, begins to emerge at approximately 860 cm™!
during the CVI process. This could be the result of SiC polymorphs
being formed during the high temperature deposition (densifica-
tion) of matrix material [22].

Fig. 5 shows the magnified view of the d-peak (1349 cm™!)
and the G-peak (1578 cm~!) of graphite. These peaks are broader
(compare the base width) and not as sharp as the S-SiC peaks,
reflecting the dominance of defect evolution and loss of symme-
try in the crystal structure. The presence of the D and D’ bands in
the Raman spectrum are indicative of defect-induced Raman fea-
tures in the material [23] and this band will not exist in a pure
crystal with no defects. One possible explanation for the dominant
D-peak is the presence of turbostratic graphite within the SiC fiber.
Turbostratic graphite forms at temperatures of about 1000 °C (can
exist up to 2000 °C) and consists of roughly parallel stacked lay-
ers of graphene extending over relatively small length of 1-4 nm
[24]. There is no strict ordering between the adjacent layers, but
can have random rotations and translations between each pair of
layers. Turbostratic graphite has been shown in previous studies
to be a possible explanation for a dominant p-peak in the Raman
spectrum [25,26]. In the subsequent Raman analysis, the D-peak
shift is not considered as it is associated with defects, and not the
graphite crystal.

From Fig. 5, it is once again noted that, similar to the S-SiC
peaks (Fig. 4), the most significant shift in the G peak occurs after
the braiding process. This peak shift is 12 cm~! and implies that
the most influential processing step on the residual stresses in the
SiC fibers is the mechanical braiding. There is some movement of
this band beyond this processing step but it is within the statistical
variability due to averaging of ten Raman scans. Furthermore, the
presence of the D’ peak at 1620 cm~! even at the bare SiC fiber
stage indicates that the turbostratic graphite is inherent to the SiC
fiber [27], and this aspect will be explored next. However, during
the fabrication process, the D’ peak grows larger in intensity, in-
dicating a possible influence on the SiC fibers due to the CVI pro-
cess. To further confirm these features and understand the nature
of the initial microstructure, high resolution transmission electron
microscopy (HRTEM) was conducted of the cross-section of the SiC
fibers.
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Fig. 6. TEM micrograph of the cross-section of a bare SiC fiber revealing nanoscale
grains and grains with stacking faults (indicated by arrows).

5,

Fig. 7. High Resolution TEM micrograph revealing the presence of turbostratic
graphite dispersed throughout the microstructure containing nanosized SiC grains.
Spacing of the peak-intensity measurements (shown in the bottom inset) of the re-
gion (shown in the top inset) confirmed the presence of excess carbon.

3.2. HRTEM analysis

The nuclear-grade Hi-Nicalon Type-S SiC fiber is claimed to be
primarily B-SiC [28]. The TEM investigations have revealed that
the fiber consists of nanocrystalline 8-SiC crystals of approximately
10-15 nm in size, as shown in Fig. 6. The selected area electron
diffraction (SAED) pattern shows a circular ring pattern consistent
with the presence of nanocrystalline grains throughout the mi-
crostructure. The $-SiC grains show high-density stacking faults, as
indicated by arrows. Interestingly, the high-resolution TEM micro-
graph, shown in Fig. 7, reveals wavy features dispersed throughout
the microstructure. These regions fit the description of turbostratic
graphite (stacked parallel layers of graphene extending over 1 -
4 nm with no strict ordering, as discussed in the previous section).
Signal intensity measurements, shown in the top inset of Fig. 7,
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were taken across these wavy regions. The distance between the
peaks of intensity is approximately 0.35 nm, which correlates well
with the distance between layers of turbostratic graphite in the di-
rection perpendicular to the c-axis in a Bernal stacking arrange-
ment [29,30]. This observation, that there are multiple nano-scale
constituents in the SiC fiber, is important. The spot size of the Ra-
man laser is approximately one micron and the collected Raman
signal averages all the nano-scale constituents. This could be a pos-
sible explanation why the as-received SiC fiber peak wavenumber
is significantly different than the theoretical estimation for S-SiC
(e.g., 788 cm~! as opposed to 796 cm~! for the TO peak) [21]. Fur-
thermore, this observation also emphasizes the need to investigate
not only the B-SiC peaks, but also the carbon peaks for residual
stresses within the Hi-Nicalon Type-S SiC fibers.

3.3. Residual stress derivations and calculations

The shifts in the peak positions of the Raman spectra pre-
sented in Figs. 3-5 correspond to the residual stress induced in
the material at various stages of the fabrication process. To quan-
tify this stress, we will first derive the relationship between the
stress in the material and the peak-shift from the Raman spectra
through the well know phonon deformation potentials. Ganesan,
et al.,, [31] noted that if a material is deformed due to internal or
external stresses, a phenomenological approach may be adapted to
describe the phonon modes. The approach consists of subjecting
atoms in a crystal to generalized forces and then determining the
shift in the equilibrium positions. Assuming quasi-harmonic vibra-
tions, the new equilibrium positions of the atomic vibrations and
the strain induced frequency shifts can be determined [13,32,33].

Because there are multiple constituents in the SiC fiber, sepa-
rate derivations must be performed for the shifts associated with
the B-SiC bonds (Fig. 4) and with the C-C bonds (Fig. 5). There
are three optical phonon modes associated with 8-SiC bonds - two
transverse optical (TO) modes and one longitudinal optical (LO)
mode [18]. The corresponding frequencies may be calculated by
determining the Eigenvalues, A;, of the following secular equation
[30]:

pel +q(ef +e8) -1 v Ve
rvE pel +q(ef + e8) — 12 v =0
2 923 pel +q(ef +8) - 23

(1)

where p, ¢, and r are the phonon deformation potentials; &R and
y R are residual normal and shear strain tensor components, re-
spectively. For 8-SiC, a zinc-blende cubic crystal structure, this re-
lationship between stress and strain can be defined using the gen-
eralized Hooke’s Law given by [32]:

Ex S Sz S O 0 0 Ox
Ey 512 511 512 0 0 0 Oy
& | _|S2 Sz Su O 0 0 o; 2)
Ve 0 0 0 Sy 0 0|z
Ve 0 0 0 0 Su 0]z
Vi 0 0 0 0 0 Sullty

where, [S] is the compliance matrix and o and t represent the
residual normal and shear stress components, respectively. As pre-
viously described in Section 2.1, each individual SiC fiber is sur-
rounded by SiC matrix, and then 500 of these fibers are bundled
to form a yarn. This results in a statistically sufficient number of
fibers surrounding the central set of fibers in the yarn. In addition,
the beam size of the Raman is only 1 pum, whereas the diameter of
the fibers is approximately 10 pm. Considering both of these per-
spectives, it is reasonable to assume a biaxial stress state on the set
of fibers that are at the center of each yarn, where the measure-
ments for this study took place. Furthermore, because the stresses
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in the biaxial plane are significantly greater than the shear stresses,
the shear stresses in the subsequent discussion are neglected for
calculations (Txy = Tx; =Ty, = 0). Lastly, it is assumed that the
radial and tangential stresses are equal (ox = o). Such approxi-
mations are reasonable due to the fact that the laser beam spot
size on the surface is only 1 pm in diameter.

After considering the approximations, Eq. (2) reduces to:

5 = (Sno® +S10F) (3a)
85 = (SuaR + 5120R) (Bb)
85 = 25120R (BC)

By substituting Eqgs. (3a) - (3c) into Eq. (1), the Eigenvalues can be
solved as:

A= of[p(Sn +S12) + q(Su1 + 3S12)] (4a)
Ay = oR[p(Su +Si2) +q(Su +3512)] (4b)
)\_3 = 2 O’R[p512 + q(Sn + 512)] (4C)

Assuming small deformations, the frequency associated with each
mode (j = 1-3) is related to the unstrained frequency through the
following relationship [18,28,31,32,33]:

A
AWj = Wj — WjO ~ 72‘/‘,]]0 (5)

We can now define the equations that relate the shift in Raman
peak wavenumber, Aw;, to the residual stresses, oR, as:

1

Aw; = TVV]GR[P(SN +S12) +q (S + 3512)] (6a)
1

AW, = 50 R [p(S +S12) +4(Sn +351)] (6b)
1

Aws = W—30R[p512 +q(S11 + S12)] (6¢)

Egs. (6a) and (6b) correspond to the TO Raman mode and
Eq. (6¢) corresponds to the LO Raman mode for S-SiC. For sim-
plicity, in this study, only the TO band is used to calculate the
residual stress of the S-SiC, similar to previous studies [14]. Thus,
only Eqgs. (6a) and (6b) will be used to calculate the residual stress
from the experimental shift observed in Fig. 4. The last remain-
ing variables to be defined are the phonon deformation potentials
p and q. These values are not currently defined in literature for
a zinc-blende crystal structure, however, the mode Griineisen pa-
rameters, ¥ o and y g, can be used to estimate the values of p and
q with fairly accurate results [18,34]. The relationship between the
Griineisen parameter and the phonon deformation potentials are
given by [18]:

(p+29)

Yo=——F—5— (7a)
6w3
(p—29)
Vs =— (7b)
s 2w

The mode Griineisen parameter for the TO phonon is defined as y
o = 110, but the value of ys is not readily available in B-SiC litera-
ture, therefore it is assumed that y o = ¥ 5 = 1.10 [35]. From Fig. 4,
we measure wy for the bare SiC fiber in the stress-free state as 788
cm~! for the TO peak and 955 cm~! for the LO peak. The resulting
phonon deformation potentials (from Eq. (7)) are p = —4.554 x 10°
Jcm? and g = —1.821 x 108 /cm?2 for the TO mode. Using these val-
ues and the defined elastic constants of B-SiC, S; = 3.7 x 10713
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Table 1
Calculated residual stress based on TO mode for B-SiC.
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Fabrication stage(cm~1)

Shift from stress-free state (cm~1)

WavenumberResidual Stress (MPa)

Bare SiC fiber(stress-free state) 788 + 0.07 0 0

After braiding 792 + 0.14 +4 -716

33% CVI 793 + 0.14 +5 —895

66% CVI 794 + 0.08 +6 -1075

100% CVI 794 + 0.27 +6 -1075
Table 2

Residual stress calculations for turbostratic graphite.

Fabrication stage Wavenumber Shift from stress-free Residual Stress

(cm™1) state (cm~1) (MPa)

Bare SiC fiber 1578 + 0.05 0 0

(stress-free state)

After braiding 1590 + 0.15 +12 —4.31

33% CVI 1587 + 0.23 +9 -3.23

66% CVI 1589 + 0.17 +11 -3.95

100% CVI 1591 + 0.13 +13 —4.66

cm?/dyne and S;; = —1.05 x 10-13 cm2/dyne [36], we can now Eigenvalues, A;. By substituting the stress-strain relationships into

calculate the residual stress values for each shift in the Raman
spectra, as summarized in Table 1 for the TO peak for 8-SiC.

As indicated in Table 1, it seems that the largest influence on
the residual stress (about 65% of the total stress) in the S-SiC de-
velops during the mechanical braiding process. During the later
stages of CVI densification, the peak shift is significantly smaller.
The calculated residual stress is compressive in nature (indicated
by the negative sign) and these stress values are in good agree-
ment with similar work on this material. Xiao et al. determined
the residual stresses in Hi-Nicalon Type-S SiC fibers embedded in
TigAl4V matrix and found the average thermal residual stress in
the fibers to be —417 MPa for the TO peak shift [33]. The differ-
ence in the magnitude of the stress between our study and that
of Xiao’s can be attributed to the fact that the material examined
in the current study consists of a SiC matrix as opposed to a two-
phase composite with TigAl4V matrix.

m(ex+¢&y) — A
n(&x + &y)

n(ex + &y)

m(ex+¢&y) — A =0 (8)

For the turbostratic graphite peaks, a similar derivation is car-
ried out but with slight differences: (i) Modifying Hooke’s law for
hexagonal crystal system in turbostratic graphite, as opposed to
zinc blende structure of B-SiC; (ii) Only two phonon deformation
potentials instead of three. In this study, we will only be defining
the relationship between the Raman shift in the G-peak and the
residual stress. This is done because the G-Peak is the main indi-
cator of the presence of graphitic material in a sample and there-
fore gives a better representation of residual stress induced in the
lattice of the turbostratic graphite. Once again, assuming ox = oy
in the secular Eq. (1), we redefine the equation for the G-Peak as
in Eq 8, where m and n are the phonon phenomenological coeffi-
cients defined as m = —1.44 x 107cm~2 and n = 5.80 x 106 cm—2
[37,38]. Furthermore, the generalized Hooke’s law for a hexagonal
crystal system is now defined as:

Ex S Sz S3 O 0 0 Oy
Ex 512 511 513 0 0 0 Oy
Ex _ 513 513 533 0 0 0 (o
.| | O 0 0 Su O 0 Tyz
Vxz 0 0 0 0  Su 0 Txz
Vxy 0 0 0 0 0 20Gu-Sn)]Llwy
9)

where &x and ¢y are residual normal strain components. Follow-
ing similar methodology, as in the B-SiC case, we can define the

Eq. (9), and assuming small frequency deformation in Eq. 3, we can
define the relationship between the Raman shift and the residual
stresses as:

Aw= —Z[m+n)Sh + (m — n)Spa] (10)
2W0

After substituting the defined phenomenological coefficients, elas-

tic constants of Sy; = 1370 x 1076 MPa~! and S;;, = -148 x 10~

MPa-1! for isotropic graphite [37], and stress-free wave numbers

from Fig. 5 (wy = 1578 cm~!), we can now calculate the residual

stresses for each shift in Raman spectra for the G-peak, as:

Aw = 0.1180 (11)

These calculated values are summarized in Table 2.

Once again, the most significant shift of the graphitic peaks oc-
curs after the braiding of the fibers. There appears to be no sig-
nificant change in the stress level after the CVI process and hence
the thermal component of stress arising from the CVI processing
is negligible. The turbostratic carbon experiences a compressive
stress of approximately 4 MPa from mechanical braiding, while the
B-SiC grains experience 716 MPa. The reason for this difference in
stress level is that the graphite is surrounded by the high mod-
ulus SiC (440 GPa for SiC as opposed to 60 GPa for turbostratic
graphite) which accommodates most of the mechanical stress in-
duced by the braiding process.

We also note that both the fiber and the matrix materials being
SiC (see Fig. 1), the thermal stresses are also negligible at the ma-
trix level. Thus the compresive stress in each fiber comes from the
mechanical braiding process where each tow, consisting of hun-
dreds of fibers, is braided one over the other. However, it is diffi-
cult to assess the influence of these residual stresses on mechanical
properties because both the residual stress and the structure of the
composite evolve durig the fabrication process. Thus, it is difficult
to fabricate a composite without these residual stresses as they are
integral part of the braiding process.

Finally, we address the issue of excess carbon in the fiber mi-
crostructure. The Hi-Nicalon Type-S B-SiC fiber is promoted to be
a near-stoichiometric material. However, the findings in this study
reveal that there is still some turbostratic carbon dispersed at the
nanoscale throughout the microstructure. Our TEM observations of
excess carbon are consistent with the manufacturers data sheet
which states that C/Si atomic ratio in the fiber is 1.05 [39]. Thus,
there is at least 5% excess carbon in the fiber material. This study
also found that the residual stress of the turbostratic graphite
within the Hi-Nicalon Type-S fiber, as measured by the Raman
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peak shifts, is compressive in nature. Furthermore, the presence of
the turbostratic carbon in larger quantities may adversely influence
the stability of the fibers and the composite in aggressive irradia-
tion conditions [6]. Hence, manufacturers of SiC fibers should focus
on further enhancement in processing conditions to eliminate the
excess carbon for better radiation resistance of these composites.

4. Conclusions

Raman spectroscopic investigation of SiC¢/SiCy, composites has
revealed that residual stress develops in the SiC fibers during the
fabrication from two processing steps: (i) braiding of fiber bundles
into a composite skeleton and (ii) high temperature densification
of the composite with SiC matric using CVI. The former induces a
mechanical component of residual stress while the latter induces a
thermal component of residual stress upon cooling to room tem-
perature. At the composite level, both the matrix and the fibers
are made of silicon carbide and hence the residual stress from the
thermal expansion mismatch will be minimal. The majority of the
residual stress arises from the braiding process which induces lat-
eral compressive stress close to 716 MPa.

Despite the claim of high purity stoichiometric composition
of Hi-Nicalon Type-S SiC fibers, the Raman spectra have revealed
dominant p-peak and G-peak of graphite, suggesting the presence
of excess carbon in the SiC fiber. High resolution TEM analysis con-
firmed the presence of turbostratic graphite dispersed within the
nanoscale SiC grains. These graphitic regions are subjected to stress
levels in excess of 4 MPa, all of which arise from the mechanical
braiding process.
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