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1 | INTRODUCTION

Silicon carbide fibers-reinforced silicon carbide matrix
composites, referred as SiC/SiC, show outstanding prop-
erties at high temperature under oxidative atmosphere,"?
arousing interest for a wide range of high value-added

Clémentine Fellah? |

Christine Labrugere® |

Cédric Sauder*

Abstract

While presenting similar properties, the Hi-Nicalon Type S (HNS) and Tyranno
SA3 (TSA3) SiC fibers exhibit different mechanical behaviors when used as
reinforcement in SiC/SiC composites. Indeed, the HNS-reinforced composites
exhibit a pseudoductile mechanical behavior whereas the TSA3-based compos-
ites show low ductility. Even though the differences in their grain size and
surface roughness could explain a part of this phenomenon, the chemical com-
position and microstructure of the fibers outermost surface play a key role. The
recent availability of the new Tyranno SA4 (TSA4) SiC fiber allowed the pro-
cessing of composites showing the expected pseudoductile mechanical behavior
in ceramic matrix composites, even without an interphase. Therefore, this result
shows that the TSA4 surface should be different from its predecessors. In order to
characterize the surface, X-ray photoelectron spectroscopy (XPS), auger electron
spectroscopy (AES), and transmission electron microscopy (TEM) were per-
formed on the HNS, TSA3, and TSA4 fibers. The presence of an organized boron
nitride layer of dozens of nanometers in thickness on the TSA4 fiber surface was
evidenced. This layer already acts as an interphase material, guaranteeing cracks
deflection, and is responsible for the pseudoductile behavior of composites made
of this new fiber, reducing the interfacial shear stress at the fiber/matrix interface.

KEYWORDS
AES, chemical analysis, SiC fibers, TEM, XPS

applications, such as the flight>* or nuclear industries.>’

It took several decades but the development of nearly
stoichiometric SiC fibers, referred as third generation
fibers, allowed an increase in their thermal stability as
well as their thermomechanical behavior under harsh
environments.® Two main third generation commercial
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TABLE 1 Main properties of the different third generation SiC fibers (suppliers data).
Fiber Hi-Nicalon Type S Tyranno SA3 Tyranno SA4
Type 539341 SA3-S1FO8PX SA4-8PW
Filament/yarn 500 800 800
Mean diameter (um) 13 10 10
Sizing agent Polyvinyl alcohol (PVA) Polyethylene oxide (PEO) PEO + wax
Sizing content (Wt%) 0.9 0.59 0.78
Tensile strength at room temperature (GPa) 3.2 2.24 3.08
Elastic modulus at room temperature (GPa) 371 368 399
TEX (g/km) 198 175 176
Density (g/cm?) 3.02 3.1 3.09
Thermal conductivity at 25°C (W/m/K) 18 45 45

fibers have widely been studied in the last decades: the Hi-
Nicalon Type S (HNS) and the Tyranno SA3 (TSA3). Their
main properties are summarized in Table 1. Both fibers
exhibit advantages and drawbacks. The TSA3 grain size
is larger, leading to higher thermal conductivity’ and bet-
ter thermal stability after annealing at high temperature.'’
The carbon content of the TSA3 fiber at the core is rela-
tively high, in comparison with the HNS one.'"'? However,
HNS fiber exhibits a better creep behavior under inert
atmosphere.”>'* The main drawback of the TSA3 fibers
lies in the too strong bonding with the SiC matrix in
SiC/SiC composite, leading to materials with low damage
tolerance.'>!® These discrepancies in mechanical behav-
ior, aside from the effect of higher surface roughness,'? are
attributed to difference in the morphology and chemical
composition of the fibers outermost surface.' To solve this
issue, a successor of the TSA3 fiber has been developed,
named Tyranno SA4 (TSA4).

An improvement of the mechanical properties (ultimate
tensile strength and Young’s modulus) has been observed
on the TSA4 fiber (Table 1) and could come from the
application of previous solutions to reduce abnormal SiC
grain growth and free carbon in SA3."” However, the ther-
mal conductivity did not change. Recently, mechanical
tests conducted on TSA4-based composites with the same
interphase and matrix materials as TSA3 ones have high-
lighted pseudoductile mechanical behavior and equivalent
ultimate tensile strength than HNS-based composites.'® A
clear influence of the interphase thickness on the Young’s
modulus was also observed. This improvement suggests
a strong effect of the fibers outermost surface on the
mechanical properties.

Indeed, the composition of the fibers surface has been
identified as one of the key factor to obtain the expected
bonding between the fiber and the matrix in carbon
fibers-based polymers,'*° C/C,*! or C/SiC.?’ Chemical
treatments can be employed to modify the fibers surface
chemical composition to achieve the fiber/interphase

or fiber/matrix optimal bonding strength.”*** In order
to characterize the fibers surface, X-ray photoelectron
spectrometry (XPS) was employed either on sized or
unsized fibers,?>?° as well as auger electron spectroscopy
(AES).””?® Raman spectroscopy can also determine
the Polyacrylonitrile- or pitch-based carbon fibers
microstructure?” and mechanical properties.>’ Lately, the
interfaces between fibers, interphases, and the matrix
have also been characterized through the emergence of
new techniques, such as the focused ion beam (FIB),
which can be combined with in situ mechanical tests in a
scanning electron microscope (SEM).’!

Therefore, XPS, AES as well as transmission electron
microscopy (TEM) were employed to assess the chemi-
cal composition and microstructure of the HNS, TSA3,
and TSA4 fibers surface. Since the HNS and TSA3 fibers
have already been extensively studied,®'>?® the same fiber
batches used for manufacturing the composites in ref.,”
describing the interfaces and interphase microstructures
in HNS- and TSA3-based composites and their effect on the
macroscopic mechanical behavior, are investigated in the
present study. As far as the TSA4 fibers are concerned, the
same fiber lot than in ref.'® was characterized.

2 | MATERIALS AND METHODS

HNS fibers were provided by NGS Advanced Fibers Co.,
Ltd and TSA3 and TSA4 fibers by UBE Corporation,
respectively. The sizing agent of the HNS fibers corre-
sponds to polyvinyl alcohol (PVA) and polyethylene oxide
(PEO) for TSA3 and TSA4 fibers. In addition, wax is added
on the TSA4. Before the fiber surface analyses, the sam-
ples sizing was removed by heat treatment at 900°C under
reducing atmosphere (H,) for 1 h. Previous studies showed
that the mechanical properties, microstructure, and grain
size do not evolve after similar heat treatments.'*!* The
chemical composition of HNS, TSA3, and TSA4 fibers was
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measured by glow discharge mass spectrometry (GDMS;
Astrum GD-MS, Nu Instruments) and instrumental gas
analysis (IGA), with LECO CS844 instrument for C and
S elements and LECO ONHS36 instrument for O, N, and
H elements analyses, respectively. Several tows, consti-
tuted of hundreds of fibers, of dozens of centimeters were
analyzed to reduce the uncertainties.

A K-Alpha ThermoFisher Scientific XPS spectrometer
was used with a 1486.6 eV monochromatized Al source
and a 200 um X-ray spot size to determine the fibers outer-
most surface chemical composition. Initially, full spectra
(0-1150 eV) were collected with constant pass energy of
200 eV, while high-resolution spectra (i.e., Cls, Ols, Si2p,
Bls, and Nl1s) were recorded with a constant pass energy
of 40 eV. Quantification and fitting were reached with the
AVANTAGE software from ThermoFisher Scientific.

A PHI 710 Scanning Auger Nanoprobe equipped with a
cylindrical mirror analyzer (CMA) coaxially mounted with
respect to the electron column was used to conduct the
AES measurements on the fibers. Thanks to this partic-
ular system geometry, the take-off angle of the analyzed
Auger electrons is below 30° from the primary electron
beam and thus permits to avoid shadowing effects. The
primary electron beam voltage and current were set at
10&amp;#x000A0;kV and 10&amp;#x000A0;nA to obtain
an approximately 20&amp;#x000A0;nm diameter spot
size, respectively. Specific areas of a few micron-square
were selected for scanning and spectra acquisition in order
to optimize the signal-to-noise ratio and limit the charging
phenomenon of the surface. Measurement was conducted
on a dozen of each fibers. Spectra were acquired in direct
mode with a step of 2&amp;#x000A0;eV. The C, O, N,
B, and Si KLL peaks were considered. Spectra fitting was
performed with MultiPak software using a Shirley-type
background subtraction.

Ar* ion etching was employed during both the XPS
and AES analyses to determine the fibers in-depth chemi-
cal composition (%800 nm and 60 nm maximum depths,
respectively). The ion gun was set at 2 kV acceleration
voltage and 1 pA current on a 1 X 1 mm? surface. The sput-
tered depth was calibrated on SiO, substrate prior to the
measurements. The change in the peaks intensities was
reported as a function of the equivalent sputtered depth in
SiO,.

TEM was also utilized to characterize the fibers surface.
A detailed analysis of the HNS and TSA3 fibers can be
found in ref.,> where carbon (002) lattice fringe images
were recorded to analyze the structural organization of the
carbon-rich surfaces on these fibers. HNS and TSA3 fibers
were thinned by FIB (Zeiss Auriga 40) and TSA4 fibers by
Gatan precision ion polishing system (PIPS) II. PIPS etch-
ing was conducted at 5 keV and finished at 0.5 keV in the
fibers longitudinal direction. Thin foils of TSA4 fibers were

TECH

TABLE 2
discharge mass spectrometry (GDMS) and instrumental gas analysis

Chemical composition of each fiber from glow

(IGA; C, N, S, O, and H elements) analyses given in ppm wt, except
if mentioned in wt%.

Element HNS TSA3 TSA4

H <10 <10 <10

B 0.24 ~0.15 wt% ~0.56 wt%

C 32 wt% 33 wt% 33 wt%

N 110 440 3200

(0] 4500 360 62

F ~0.31 <0.1 <0.1

Na 6.6 5.5 2.0

Mg 0.62 0.68 2.6

Al 2.9 ~0.21 wt% ~0.25 wt%

Si Matrix Matrix Matrix
0.98 5.2 3.5

S 45 41 10

Cl 70 5.1 1.8

Ca 45 59 52

Ti 0.41 65 2.4

Cr <0.3 1.0 0.9

Fe 31 14 1.6

Ni 0.51 0.24 0.66

Cu <0.05 0.17 0.18

Zr <0.05 7.6 0.2

Hf <0.05 0.12 <0.05

Abbreviations: HNS, Hi-Nicalon Type S; TSA3, Tyranno SA3; TSA4, Tyranno
SA4.

also prepared by FIB (Zeiss NVision 40) to identify and get
rid of artifacts due to preparation techniques during TEM
analysis.*> Unlike PIPS, FIB also allows to extract samples
in the transverse direction of the fibers. A 10 nm gold and a
tungsten layers were deposited by sputtering on the fibers
surface to limit charging effects and to protect them from
the gallium etching ions, respectively. A 30 kV tension and
13 nA intensity were set to take a 20 X 20 X 2 um?> cross-
section of the fibers. The current was successively reduced
from 700 pA to 10 pA to reach a thickness below 100 nm.
The HNS and TSA3 fiber surfaces were investigated by a
FEI Tecnai F20 ST TEM and TSA4 by a JEOL 2010 F TEM,
both operating at 200 kV.

3 | RESULTS AND DISCUSSION
3.1 | Bulk chemical composition
Chemical composition of the fibers assessed from GDMS

and IGA (C, N, S, O, and H elements) analyses are pre-
sented in Table 2. The TSA4 fiber still contains aluminum,
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(A)

FIGURE 1 Scanning electron microscope (SEM) micrographs
of Hi-Nicalon Type S (HNS) (A), Tyranno SA3 (TSA3) (B), and
Tyranno SA4 (TSA4) (C) fibers cross-sections.

which was already employed in TSA3 fibers as a sin-
tering agent and to improve the SiC precursor polymer
cross-linking,** as well as boron but its concentration is
significantly higher. However, other impurities concentra-
tions, such as S, Cl, Fe, Ti, Zr, and Hf, were reduced to low
levels. The main difference with the HNS fiber lies, on the
one hand, in the oxygen concentration, which is really low
in TSA4 (62 ppm), in comparison with HNS (4500 ppm)
and TSA3 (360 ppm) but, on the other hand, in a nitrogen
concentration markedly higher (3200, 110, and 440 ppm,
respectively).

The fibers cross-sections observed by SEM are presented
in Figure 1. The microstructure of TSA4 fibers (Figure 1C)
seems homogeneous, as for the HNS (Figure 1A), even
though elongated grains are present, while its grain size
seems smaller than TSA3 one (Figure 1B). Moreover, the
edge region of the TSA4 also seems more dense, in other
words contains less free carbon than its core, even if

this difference between the core and the edge is less
pronounced than in SA3 fiber.

3.2 | X-ray photoelectron spectroscopy
measurements

XPS surveys are presented in Figure 2. Major peaks of car-
bon, silicon, and oxygen are detected on each fibers, with
additional boron and nitrogen ones (respectively, 190 eV
and 398 eV) for the TSA4 fibers.'>!> Calcium (~345 eV)
is only detected as a trace and should come from the
water contamination, either during or after the manufac-
turing process. Indeed, the sizing is applied in water baths
that may not have been completely deionized, leading to
trace contamination. Chemical composition of the surface
was deduced from the areas of the high-resolution spec-
tra. Depth profiles are presented in Figure 3. As the X-ray
source is larger than the fibers diameter (i.e., 200 pm), only
a qualitative composition can be obtained in depth.

For each fiber, carbon is the main constituent of the out-
ermost surface. For the HNS and TSA3 fibers, its concen-
tration decreases exponentially with depth, while for TSA4
fibers, it remains constant. On the contrary, the silicon con-
tent increases with depth, to reach similar concentrations
than C, exhibiting the presence of SiC in the bulk. The
most noticeable information on TSA4 fibers is the presence
of boron, together with nitrogen at the outermost surface.
On the contrary, nitrogen was not detected on the HNS
and TSA3 fibers surfaces but its content increases with
depth. Remaining nitrogen is detected in the fibers core
from precursor filaments spinning under N, atmosphere
at the beginning of the manufacturing process.® Therefore,
the nitrogen concentration is higher than the boron one
in TSA4 but their concentrations remain constant after a
certain sputtering depth (x350 nm).

After fitting, atomic ratio of the different element and
each chemical environments on the outermost surface of
each fiber are given in Table 3 and specific spectra of
Cls and Si2p are presented in Figures S1 and S2, respec-
tively. SiC is almost undetectable on the HNS fibers surface
because of a significant carbon layer, mainly Csp2, on the
contrary to TSA3 and TSA4 fibers, confirming previous
results.'>!> The amounts of free carbon, in the form of Csp2
and Csp3, are also lower on TSA4 fibers since boron nitride
(BN) is present.

3.3 | Auger electron spectroscopy

To focus the analysis on a single fiber, AES was performed.
The AES depth profiles are presented in Figure 4 on one
of the dozen of tested fibers. Only silicon, carbon, and
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FIGURE 2 X-ray photoelectron spectroscopy (XPS) survey for each fiber.
TABLE 3 Atomic ratio of each element and their chemical environment on the fibers surface.
Element (at%) HNS TSA3 TSA4 Bonding (at%) HNS TSA3 TSA4
Si 10.8 12.8 8.3 Si-C 4.6 64.8 83.1
Si-C-0 80.6 7.0 8.4
Si-0, 14.8 28.1 8.4
C 82.3 73.1 40.4 Si-C 1.2 10.4 14.6
Si-C-0 10.2 3.6 2.5
Csp2 53.1 44.0 46.8
Csp3 19.1 259 24.0
C-0 7.0 7.9 5.4
C=0 2.9 2.7 3.0
0-C=0 2.3 1.8 1.2
-t 4.1 3.7 2.5
Ca 0.4 0.6 0.4 Ca-O 100 100 100
N 0.4 0.2 21.8 N-B 100 100 89.9
N-B(O) 0.0 0.0 10.1
O 6.0 13.2 6.6 0=C 23.3 22.7 31.8
0-C, O-Si 55.0 54.5 36.4
H,0 21.7 22.7 31.8
B 0 0 22.5 B-N 0 0 100

Abbreviations: HNS, Hi-Nicalon Type S; TSA3, Tyranno SA3; TSA4, Tyranno SA4.

oxygen are detected for HNS and TSA3 fibers, with a sig-
nificant C-rich surface layer before reaching the expected
SiC composition (around 30 nm for both fibers). For HNS
fibers, the oxygen rate tends to zero in depth, while a
higher amount of oxygen is detected on the TSA3 fiber sur-
face, linked to the SiO, bonding, previously determined by
XPS (Table 3). Moreover, this thin carbon layer can also

correspond to adventitious carbon, coming from hydrocar-
bons surface contamination. Dong et al.?® showed that the
C was in strong excess in comparison with Si (respectively,
60/40 at%) in HNS and that aluminum, a sintering additive
of the TSAS3 fiber,® was detected. These discrepancies can
be attributed to the optimization of the fibers manufactur-
ing process since the early 2000s. The XPS analyses have
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FIGURE 3 X-ray photoelectron spectroscopy (XPS) depth
profiles of Hi-Nicalon Type S (HNS) (A), Tyranno SA3 (TSA3) (B),
and Tyranno SA4 (TSA4) (C) fibers.

suggested the presence of BN on the TSA4 fibers surface.
AES depth profiles focused on one single fiber confirm
a ~30 nm rich BN surface layer before reaching the SiC
composition (Figure 4C).

3.4 | Transmission electron microscopy

TEM analysis enables to observe the surface of SiC
fibers at high resolution (Figure 5A,B). The black layer
is the platinum deposit used for FIB etching to protect
the surface of the fibers from artifacts linked to ion-
matter interactions. The HNS fibers surface exhibits a
weakly organized outer carbon layer, approximately ten
nanometers thick (Figure 5C). Composed mainly of Csp2
and Csp3 carbon bonds, this carbon is found all over
the fibers surface and is derived from residues resulting

0 20 40 60
Etch depth (nm)
FIGURE 4 Auger electron spectroscopy (AES) depth profiles

on Hi-Nicalon Type S (HNS) (A), Tyranno SA3 (TSA3) (B), and
Tyranno SA4 (TSA4) (C) fibers.

from pyrolysis of the sizing."® The carbon on the sur-
face of TSA3 fibers has been associated with the free
carbon growing around SiC grains during fiber process-
ing (Figure 5D). It is highly organized and rich in C-C
bonds (Csp2). These stripes of turbostratic carbon are
made of ~10 graphene sheets and form a discontinuous
layer.

A scheme of the fiber PIPS etching in the longitudinal
direction is given Figure 6A and the TSA4 fibers surface
in the longitudinal direction is presented in Figure 6B.
On the inner side, SiC grains are observed. On the sur-
face, an amorphous layer is noticed, which could come
from the amorphization by PIPS etching of the sur-
face. In between these two layers, a highly organized
layer is observed by high-resolution transmission electron
microscopy (HRTEM). The lattice parameters obtained by
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TSAS3 fiber
Carbon layer
HNS fiber
FIGURE 5 Surface of Hi-Nicalon Type S (HNS) fibers (A and C) and Tyranno SA3 (TSA3) fibers (B and D) at different magnifications.

fast Fourier transform (FFT) in this organized region were
compared and are estimated to be close to the value of
the inter-reticular distance (0.333 nm), deduced from the
JCPDS file, for the hexagonal BN. These results confirm
the presence of BN on the surface of TSA4 fibers, as iden-
tified by AES and XPS. (002) hexagonal BN layers show
also in HRTEM image an average stacking sequence close
to graphite and tend to fold randomly with thickness.

To avoid amorphization issues, TEM observations were
also conducted on the samples prepared by FIB in cross-
fiber direction (Figure 7). The black layer on the fibers
surface corresponds to the deposited gold to avoid charge
effects and the one in surface to tungsten to protect the
surface from the ion irradiation during the FIB prepara-
tion (as platinum layer in Figure 5). From Figure 7A, it is
observed that the SiC grain size of TSA4 and TSA3 fibers
are similar, with dimensions ranging from 150 to 450 nm
and 200-350 nm, respectively.'* In addition, a layer about
10 nm thick is observed on the entire surface of TSA4 fibers
(Figure 7B). It is difficult at the TEM scale to know if this
layer is homogeneous but it covers most of the SiC grains
present on the surface of the studied samples. HRTEM
images of the near surface of the fibers confirm the results
previously obtained and identify the associated FFT to

the presence of a highly organized layer of hexagonal BN
(Figure 7C).

Therefore, the presence of an even and homogeneous
BN layer on the TSA4 fibers can explain the mechan-
ical behavior of the TSA4-based SiC/SiC composites.
Indeed, it was previously observed that HNS/SiC"” and
TSA4/SiC'® composites without a deposited interphase
material already present a pseudoductile mechanical
behavior. The ultimate tensile strength and strain is how-
ever improved with the deposition of an additional pyro-
carbon interphase. This thin BN layer ensures adequate
bonding between the fiber and the matrix or the additional
interphase and deviates the cracks to avoid fibers break-
age. Therefore, a parallel can be drawn between the TSA4
fiber and the Sylramic i-BN fiber, forming pseudoductile
composites,** presenting a thin (30-100 nm) BN layer syn-
thesized by a high temperature nitrogen heat treatment on
a Sylramic fiber.>>3¢

In comparison with PyC interphases in SiC/SiC com-
posites that are usually thin,>*’-*® the BN interphases
ranges from 200 nm to few um. However, the effect of
the BN thickness on the mechanical properties of SiC/SiC
composites has not clearly been assessed yet. Delpouve
et al.*° showed that a more anisotropic BN interphase
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(A) lon milling
TSA4 fiber
FIGURE 6 Scheme of the precision ion polishing system (PIPS) etching in the longitudinal direction (A) and high-resolution

transmission electron microscopy (HRTEM) image of Tyranno SA4 (TSA4) fibers with fast Fourier transform (FFT) pattern of BN layer (B).

confers better mechanical properties but also that thicker
(respectively, 500 and 200 nm) interphases leads to better
mechanical properties. In HNS/ or TSA3/BN/SiC com-
posites, De Meyere et al.*’ highlighted that thinner (200
vs. 600 nm) interphases leads to higher shear stresses
and more matrix compressive stresses. It was therefore
also highlighted that a 500 nm BN interphase leads to
higher ultimate tensile strength and Young’s modulus than
200 nm, but data are missing on the SiC fibers used
(supplied by the Xiamen University).*' In first generation
Nicalon fibers, Norton and Streckert evidenced that the
optimum thicker is greater than 0.12 um but should be
lower than 0.55 um in SiC/BN/Si;N, composites.** Regard-
ing the fibers without a matrix, a layer limited in thickness
(90 nm) is better because it heals the fibers flaws and lim-
its the decrease in the mechanical properties because of the
interphase lower rigidity.*?

In a previous work, the influence of the PyC thickness
deposited on the TSA4 fibers on the mechanical behavior
was studied.'® The combination of a PyC interphase with a
BN-rich fiber had not been previously studied. The strong
dependence of the Young’s modulus of the TSA4/SiC
composites as a function of the PyC interphase thick-
ness was unexpected. The specific sample geometry, two-
dimensional (2D) braided tubes with a +45° angle, does
not allow to determine the interfacial shear and friction
stresses from the tensile test hysteresis. Recent advances in
FIB combined with push out or single cantilever bending*!
allowed to precisely study the fiber/interphase/matrix
bonding and would be suited to determine how cracks
interact with this specific type of interphases.

4 | CONCLUSIONS

The different mechanical properties between SiC/SiC com-
posites made of HNS and TSA3 fibers were identified
from distinctive chemical composition of the fibers outer-
most surface. The development and release of a successor
of the TSA3 fiber, called TSA4, has aroused interest for
ceramic matrix composites manufacturing. Pseudoductile
mechanical behavior of the TSA4-based SiC/SiC compos-
ites is observed, even without any interphase, suggesting
differences in the surface composition. The TSA4 fibers
surface was analyzed by XPS, AES, and TEM and com-
pared to the chemical composition of HNS and TSA3 ones.
The most noticeable difference was the presence of a thin
(~10-30 nm) boron nitride phase on the TSA4 fibers, as a
homogeneous and highly crystalized layer, as observed on
the Sylramic i-BN fiber. BN is commonly used as an inter-
phase material in ceramic matrix composites, especially
in SiC/SiC composites, to confer appropriate fiber/matrix
bonding strength and pseudoductility. However, on HNS
and TSA3 fibers, differences from early forms of the fibers
have been highlighted. Therefore, while searching for opti-
mized process conditions, the fiber producers should keep
in mind that small changes in the chemical composition
of the fibers outermost surface could lead to strong dif-
ferences in their mechanical behavior within a fiber/SiC
composite.

In comparison with the HNS fibers, the Tyranno fibers
present larger grains, which also increase their ther-
mal conductivity and allows their use for applications
requiring high thermal conductivity, such as nuclear fuel
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FIGURE 7 Transmission electron microscopy (TEM) (A and
B) and high-resolution transmission electron microscopy (HRTEM)
(C) images of Tyranno SA4 (TSA4) fibers prepared by focused ion
beam (FIB). (Insets) Corresponding fast Fourier transform (FFT)
pattern of BN layer in HRTEM image.

cladding material. Boron is usually avoided in cladding
materials because of it neutron capture cross-section.
Therefore, irradiation experiments are needed to deter-
mine the behavior of such a thin layer for nuclear
application and if TSA4/SiC composites keep their pseu-
doductility during and after neutron irradiation.
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