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bstract

iC/SiC composites reinforced with near stoichiometric SiC ceramic fibres (Hi-Nicalon S and SA3 Tyranno fibres) are attractive materials to be
sed in nuclear environment. Netherless, their mechanical properties must be improved and controlled. For example, SA3 Tyranno fibres (TSA3)
reinforced composites exhibit a brittle behaviour whereas composites reinforced by Hi-Nicalon S (HNS) fibres exhibit a conventional damage
olerant response. This difference is related to the nature of the fibre/matrix (F/M) coupling. The aim of this work was to identify the SiC fibres
haracteristics influencing the F/M coupling and consequently the mechanical properties of the composites. The experimental results point out that
he TSA3 fibres exhibit a granular and rough surface leading to an increase of the residual stress and the interfacial shear stress in the SiC/SiC

omposites. Beside the roughness, the experimental results also point out that the surface chemistry of the SiC fibres significantly influence the
/M bonding.
2011 Elsevier Ltd. All rights reserved.
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. Introduction

SiC/SiC composites are commonly used for high-
emperature engineering applications due to their excellent
pecific mechanical properties at elevated temperature. Their
ood microstructural stability under high-energy neutron irradi-
tion makes them attractive to be used as blanket components
n fusion or structural material in fission reactors.1–5 Further-

ore, their low permeability to fission products appears as
great advantage to avoid the reject of radioactive elements

fission products) in the heat transfer fluid. In the frame of
uclear applications, their mechanical properties remain how-
ver a drawback and must be adjusted to resist to neutronic
rradiation. The mechanical behaviour of the composite depend

n the fibre/matrix (F/M) bonding which is controlled by an
nterphase deposited on the fibre surface prior to the infiltration
f the matrix in the fibre perform. The F/M-bonding must be

∗ Corresponding author. Tel.: +33 169083428.
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ot too strong and not too weak since its role is to deflect the
atrix microcracks and hence prevent the fibres failures. Pyro-

arbon is known as one of the best interphase candidate due to
ts crystal structure and its possibility to be strongly bonded and
arallel deposited to the SiC fibres. Among the parameters influ-
ncing the mechanical properties of the composite, the nature
f the C/SiC interface and/or the surface characteristics of the
iC fibres appear as predominant. The SiC surface characteris-

ics depend on the fibres type.13–16 The presence of oxygen and
ree carbon in the first generations of SiC fibres (Nicalon, Hi-
icalon, Tyranno lox M or Tyranno ZMI) was detrimental for

he mechanical properties especially when the composite was
sed in an oxidizing environment. To overcome this situation,
ew types of SiC fibres were developed in order to get a fibre
ith a composition as close as possible to stoichiometric SiC.

n the meanwhile, the manufacturing processes of the SiC fibres
ere improved to decrease the surface imperfections which lead

enerally to premature fracture of the material.

Among this new generation, two fibre types appear as inter-
sting to be used in SiC/SiC composites devoted to neutron
rradiation: the fibres named Hi-Nicalon S and SA3 Tyranno.6,7

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.09.023
mailto:emilien.buet@cea.fr
dx.doi.org/10.1016/j.jeurceramsoc.2011.09.023
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recent study was led on the effect of the irradiation and the
emperature on the mechanical behaviour of SiC/SiC compos-
tes reinforced with Hi-Nicalon fibres.8 It was observed that the
rradiation leads to the decrease of the interfacial debond shear
trength (improvement of cracking resistance) and the inter-
acial friction stress (improvement of damage tolerance). It is
upposed that the mechanical properties of SiC/SiC composites
ill not be altered by an irradiation environment. Nevertheless,

ome of composites (TSA3 reinforced for example) stay brit-
le and this characteristic must be improved. This can be done
hrough the modification and control of the F/M bond. How-
ver, a judicious optimization of the F/M bond requires first an
dentification of the impact of the SiC surface properties on the
/M bond. This is the objective of the present work. To progress
ore rapidly in this topic, we decided to use 1D model com-

osites such as minicomposites (comprising one tow) in order
o conduct several processing/characterizing iterative loops in

relatively short time as already shown in other studies.9,10

he mechanical characteristics of composite test specimens
einforced with Hi-Nicalon S or SA3 Tyranno fibres and den-
ified with SiC by chemical vapour infiltration were reported
n a recent paper.11 It must be noted that the SA3 Tyranno
bre is more attractive for nuclear application due to its bet-

er thermal stability.12 Differences in the mechanical behaviour
etween both types of composites were observed. Especially,
he SA3 Tyranno fibre reinforced composite exhibits a brittle
ehaviour (εr < 0.3%) whereas the composite reinforced by Hi-
icalon S shows a damage tolerant response (εr ≥ 0.5–1%).11

ince SiC fibres display similar mechanical characteristics (high
oung’s modulus and tensile strength), we assumed that the
ifferences in the mechanical behaviour is due to the nature
f the SiC/C interface related to the SiC surface properties
nd especially the surface roughness and surface chemistry. We
resent here the work performed to investigate the surface prop-
rties of the Hi-Nicalon S and SA3 Tyranno fibres in relation
ith the mechanical behaviour of the corresponding compos-

te in order to identify the predominant surface characteristics
esponsible for the mechanical behaviour. The surface mor-
hology, the chemical composition, the microstructure and the
echanical properties of the SiC fibres were determined using

everal characterization techniques. The results are discussed
n order to highlight the importance of the SiC surface proper-
ies on the mechanical behaviour of the corresponding SiC/SiC
omposite.

. Experimental procedure

.1. SiC/SiC composite

SiC/SiC CVI minicomposite test specimens were prepared
sing Hi-Nicalon S (Nippon Carbon Co.) or SA3 Tyranno (Ube
ndustry Ltd.) SiC fibres. In the case of the Hi-Nicalon S (HNS)
bres, two batches were used and the samples will be referred
n the text as HNS (1) and HNS (2). HNS fibres are fabricated
rom polycarbosilane (PCS) precursor which was crosslinked
hanks an electron beam curing. These fibres are converted in
eramic at around 1000 ◦C and pyrolysed at higher temperature
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M
0
a

eramic Society 32 (2012) 547–557

around 1600 ◦C) under a H2 atmosphere in order to get a near
toichiometric SiC fibre with a free carbon content as low as
ossible.

SA3 Tyranno (TSA3) fibres are produced by extruding polya-
uminocarbosilane (PACS) formed by mixing polycarbosilane
nd a metal additive (aluminum) used as sintering aid. PACS
s extruded at 220 ◦C to form the precusor fibre which was
rosslinked in air by heating up to 180 ◦C. The fibres are
hen pyrolysed in inert gas at 1400 ◦C to obtain an amorphous
i–Al–C–O which was sintered in argon at 1800 ◦C to reach a
ear stoichiometric fibre.

All the fibres are sized in order to create a homogeneous and
inear tow and to protect them during textile forming process.
olyvinyl acetate (PVAC) and polyethylene oxide (PEO) were
sed to protect the HNS and TSA3 fibres, respectively. Prior to
he fibres analysis, the sizing was removed by heat treatment
t 900 ◦C under vacuum (pressure ∼10−4 Pa) for 1 h. These
arameters are close to the one used during the fabrication of
he macroscopic CVI SiC/SiC composite.

The minicomposite test specimen is prepared as detailed
lsewhere.13 These unidirectional materials are constituted of
iC fibres, pyrocarbon interphase (e ∼ 150 nm) and SiC matrix.
he interphase and the matrix were elaborated by chemical vapor

nfiltration (CVI). Furthermore, TSA3 and HNS fibres were used
ith a 40–50% fibre volume fraction.

.2. Characterization of the SiC fibres

The SiC fibres were characterized in terms of morphology,
omposition, surface roughness and surface chemistry.

The fibres diameter was measured using a Field Emission
un Scanning Electron Microscope (FEG-SEM) Gemini 1525

rom Carl Zeiss and image analysis software.
In order to investigate the microstructural properties of

NS and TSA3, X-ray diffraction (XRD) (Philips Pan-
lytical X’PERT Pro MPD, Theta/2θ, Cu K� radiation,
= 0.154 nm) and Raman spectroscopy (HORIBA, laser wave-

ength 632.81 nm) were used directly on a group of fibre tows.
he Raman spectra were recorded between 0 and 3500 cm−1

nly on the fibre surface.
EDX analysis indicates that the samples are only consti-

uted of C, Si, O and Al. The concentration of these elements
n HNS and TSA3 fibres were determined by Inductively
oupled Plasma Atomic Emission Spectroscopy (ICP-AES).
he concentration of carbon was obtained by subtracting the
oncentration of silicon, oxygen and aluminum from 100%.
uantitative atomic analyses were carried out using a Cameca
X 50 Electron Probe MicroAnalysis (EPMA) on polished
ross-section of fibre tows. The microprobe analyses were done
long the diameter of the fibre from the core to the edge (lines-
an measurement). The electron beam was focused on a single
oint with a spatial resolution of around 1 �m3.

The surface roughness of the fibres was determined from

tomic Force Microscopy images in tapping mode (Pico LE,
olecular Imaging – SCIENTEC, lateral resolution between

.1 nm and 10 nm). Images of 500 nm × 500 nm were taken for
ll samples.
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The stress–strain curves of the minicomposites reinforced
with HNS and TSA3 fibres at room temperature are reported
in Fig. 2. Both composites show a typical behaviour.11,13,20
E. Buet et al. / Journal of the Europ

X-ray Photoelectron Spectroscopy (XPS) was used to
tudy the surface chemistry of the SiC fibres. XPS analyses
ere performed thanks a SCIENTA 200 X-ray photoelectron

pectrometer using a concentric hemispherical analyser, an
lectrostatic lens with 2:1 magnification and a single channel
etector. Monochromatic Al k� (1486.6 eV) operated at 420 W
acceleration tension of 14 kV, emission current of 30 mA) was
sed as X-ray source for all analyses. The analyzed surface
rea was 0.5 mm × 6 mm. A survey spectrum (0–1200 eV) was
ecorded in order to identify the elements present on the sur-
ace and to make a qualitative analysis. High-resolution spectra
f carbon (C1s peak), oxygen (O1s peak) and silicon (Si2p
eak) were recorded in the fixed analyser transmission with
pass of 30 eV after various durations of X-ray exposure, in

rder to demonstrate possible evolution under irradiation. Core
evel spectra were fitted using XPS CASA software. The XPS
ineshape is represented by a symmetrical Gaussian Lorentzian
roduct function. To finish, the component corresponding Csp2
as fitted by assymetrical model (Doniach Sunjic function) due

o intrinsic loss processes such as shake-up satellites, plasmons
nd conduction band interactions. A Shirley background sub-
traction was applied for all high-resolution XPS core-level
pectra.

.3. Mechanical tests

Tensile tests of the fibres were done at room temperature at
constant strain rate (50 �m/mn). Uniaxial tension tests used a
00 N load cell. The fibres were introduced inside metallic tube
nd fixed with glue.

Single-fibre push-out tests were performed on the SiC/SiC
inicomposite specimen test using a nanoindenter (Nanotest

rom MicroMaterial Ltd.) to measure the intensity of the
bre/matrix bond and the interfacial shear stress. The samples
ere observed using SEM to check if the fibres are correctly

oaded and the absence of damage on the fibres and matrix during
he tests.

. Results and discussion

Bulk and surface characterizations were performed on HNS
nd TSA3. The results are discussed in relation with the
echanical measurements of the SiC fibres and SiC-based

omposites.

.1. Diameter distribution of the SiC fibres

The fibre diameter histograms for the three types of fibres
HNS (1), HNS (2), TSA3) are represented in Fig. 1. The aver-
ge diameter of HNS fibres (around 13.0 �m) is much larger than
he one of TSA3 fibre (7.0 �m). This is not surprising since it
s known that the fibre diameter is strongly affected by the spin-

ing step and the nature of the precursor. An important diameter
ispersion is also observed inside a tow which can be related to
he presence of imperfections.

F
S

Fig. 1. Histograms of Hi-Nicalon S and SA3 Tyranno average diameter.

.2. Mechanical properties of SiC fibres

The mechanical characteristics of the HNS and TSA3
ows/fibres are reported in Table 1. The values of the Young’s
odulus, ultimate failure and tensile strength for both fibres are

lose. It must be noted that the tensile strength of both fibres is
igher than that of the previous generation of SiC fibres.14–16

his improvement can be attributed to process modifications
hich reduce the presence of defects (surface imperfections,
aws, internal inclusions) and the amount of free carbon.17,18

The strength of the composite depends not only on the
trength of the fibre reinforcement but also on the fibre
trength distribution. The statistical variability of the fibre tensile
trength is now commonly reported in terms of Weibull mod-
lus (m) which is a parameter used to describe this strength
istribution.10,19 Therefore, the m modulus and the tensile
trength will be also dependent on the flaws or imperfections
defects) of the fibres.
ig. 2. Typical behaviour obtained with (a) the SA3 Tyranno and (b) Hi-Nicalon
reinforced SiC/SiC minicomposites.
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Table 1
Main mechanical characteristics of fibre tows (rupture strength Fr, Young’s modulus E, strain-to-failure εr, proportional limit strength σl, strength σtow, fraction of
fibres broken prior to loading γ , critical fraction of individual fibre break αc, fibre Weibull modulus m and scale factor σ0).11

Fibre Fr (N) E (Gpa) εr (%) σtow (Mpa) αc (%) γ (%) σl (Mpa) m σ0 (Mpa)

H 12.3 14.1 1338 6.4 1289
T 6.0 19.5 1231 8.2 1353
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in Fig. 4. Two intense peaks can be observed at about 1350
and 1600 cm−1 which are attributed to sp3 and sp2 bonded car-
bon, respectively.25 The peak at 1350 cm−1 is associated to the
NS (1) (2) 120 319 0.73 2477
SA3 118 312 0.68 2412

difference in the tensile strain is however observed since the
ailure strain of the composites reinforced by TSA3 fibres is
maller (εr ∼ 0.3%) than the one of the HNS reinforced com-
osites (εr ∼ 0.7%).

Since both fibres exhibit similar mechanical characteristics,
he different mechanical behaviour observed can be attributed
o the F/M interfacial coupling. The mechanical properties of
he F/M interface were measured thanks the push-out test which
merged as the standard test.21–23 Single-fibre push-out tests
ere carried out on the SiC/SiC minicomposites. The analysis
f the load–displacement curves gives access to the strength (Fg)
hat must be applied to the fibre to extract itself in totality and
ence to disrupt the interfacial bonding. The measurement of Fg
llows to calculate the interfacial shear strength (τs) using the
ollowing equation (Eq. (1)):

s = Fg

2π.rf.lf
(1)

here rf is the fibre radius and lf is the fibre length.
As seen in Table 2, the interfacial shear strength is much

igher for the TSA3-minicomposites. It indicates that the F/M
onding is stronger when the composite is reinforced with TSA3
bre compared to HNS fibre as already suggested by the strain
ailure value. Since both composites only differ by the nature
f their reinforced fibres, the difference in the strength of the
/M interfacial bonding can be related to the fibre/interphase
onding linked to the fibre surface properties.

To better understand the influence of surface properties, both
ypes of fibres will be analyzed in terms of phase composition,
tructure, surface roughness and surface chemistry as described
n the following section.

.3. Bulk characterization of the SiC fibres

.3.1. Phase composition and structure
XRD patterns of the HNS and TSA3 are shown in Fig. 3.

he main phase detected for the three fibres corresponds to �-
iC (marked with a star) with five peak positions at 2θ = 35.7◦,
1.5◦, 60.2◦, 71.8◦, and 71.8◦ which are attributed to the (1 1 1),

2 0 0), (2 2 0), (3 1 1) and (2 2 2) reflections, respectively. The
ther phase, corresponding to �-SiC structure, is assigned to
weak diffraction peak at 2θ = 33.6◦ due to the presence of

able 2
nterfacial shear strength obtained by push-out tests on SiC/SiC composites
sing HNS and TSA3 fibres.

aterial HNS/SiC TSA3/SiC

s (MPa) 15 109 F
(

ig. 3. X-ray diffractograms of the Hi-Nicalon S (1), Hi-Nicalon S (2) and SA3
yranno fibre.

tacking faults in �-SiC structure. The better crystallinity of
SA3 fibre results from the higher sintering temperature applied
uring the process.24

The elemental composition and the C/Si ratio determined
y ICP-AES are reported in Table 3 for both fibres. For the
A3 fibres, the Al composition was found equal to 0.13 at.%.
hatever the type of fibres, the C/Si ratio is slightly higher than
indicating that the fibres contain free carbon.
The Raman spectra of the two types of fibres are represented
ig. 4. Raman spectra of the SA3 Tyranno edge (a) and core (b), Hi-Nicalon S
1) core (c) and Hi-Nicalon S (2) core (d).
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Table 3
Elementary chemical analysis by ICP-AES.

Fibre Hi-Nicalon S (1) Hi-Nicalon S (2) Tyranno SA3

Chemical analysis (W%)
Si 66.94 66.55 66.51
C 31.74 31.35 31.91
O 1.32 1.85 1.43
Al – – 0.13
C/Si (at.%) 1.10 1.13 1.12
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hemical formula SiC1.10O0.016

efects at the graphite edge plane whereas the peak at 1600 cm−1

s generally attributed to the E2g symmetry (G peak) vibration
ode in a graphite single crystal. Raman analysis was per-

ormed along the fibre axis from the edge to the core (Fig. 4).
t can be observed that the amount of free carbon increases
ear the fibre core for the TSA3 sample. On the contrary, no
ignificant change is observed between the core and the edge
bre for the HNS sample. For all samples, two peaks appear
t 790 and 970 cm−1 corresponding to �-SiC. Raman analysis
onfirms that both fibres contain a fraction of low structural orga-
ized free carbon. For the TSA3 fibre, there is a concentration
radient of free carbon from the edge to the core towards the
bre.
The concentration profiles of C, Si, Al and free carbon along
he fibre diameter was also determined by EPMA analysis and
he results are reported in Figs. 5 and 6. For both types of fibres,

t
c
R

ig. 5. C Si and O atomic concentration along the diameter of Hi-Nicalon S (1) (a) a
iameter of SA3 Tyranno fibre (c) obtained by EPMA.
SiC1.13O0.022 SiC1.12O0.017Al0.0009

he C/Si ratio is higher than 1 along the whole fibre diame-
er confirming the presence of free carbon as already indicated
y ICP-AES and Raman. As seen in Fig. 5(a) and (b) for the
NS fibre, the atomic composition remains constant along the
bre diameter with a very low oxygen atomic concentration
∼1 at.%). In the case of the TSA3 fibre, it can be observed
hat the C concentration increases while the Si concentration
ecreases from the edge to the core of the fibre. This is related
o the concentration of free carbon which is much higher in the
ore of the TSA3 fibre (∼8 at.% in the edge and ∼17 at.% in the
ore) as indicated in Fig. 6. It can be noted in the same figure that
he free carbon concentration remains constant along the fibres
xis for the HNS fibres with a value close to the one measured at

he edge of the TSA3 fibre. Therefore, the EPMA measurements
onfirm the results obtained by the elemental composition and
aman analysis, i.e., the presence of free carbon in the SiC fibres

nd Hi-Nicalon S (2) (b) and C, Si, O and Al atomique concentration along the
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Table 4
Surface roughness of silicon carbide fibres.

Fibre Hi-Nicalon S (1) Hi-Nicalon S (2) Tyranno SA3

R
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σ
rf Ef(1 + νm) + Em(1 − νf)

where A is the amplitude of lateral displacements induced by
the surface roughness quantified through the RMS parameter,

Table 5
Radial residual stresses induced by: thermally radial residual stresses (σth),13

fibres surface roughness (σR) described by Eq. (4) and computation of radial
residual stresses (σT = σth + σR).

Fibre Hi-Nicalon S (1) Hi-Nicalon S (2) Tyranno SA3

σth (Mpa) −200 −200 −130
σR (Mpa) 184 233 1020
ig. 6. Atomic concentration of free carbon along the diameter of the Hi-Nicalon
and SA3 Tyranno fibre.

nd the existence of a composition gradiant for the TSA3 fibres
ith a much higher concentration of carbon in the fibre core.26

For the HNS fibres, the free carbon is formed during the
lectron beam curing step leading to the polymerization of the
rganosilicate precursor.27 In the case of the TSA3 fibre, it arises
rom the thermal decomposition and sintering of Si–Al–C–O
recursor. The analysis points out the existence of a concentra-
ion gradient along the fibre axis. This gradiant results from the
eactions occurring during the thermal treatment and the pres-
nce of sintering aids (metal additive like aluminum). Indeed,
he thermal decomposition and sintering of Si–Al–C–O fibre
recursor lead to the formation of SiO and CO gases which dif-
use from the core to the edge of the fibre. It is assumed that the
intered silicon carbide first created at the surface become thick
nd tight enough to slow down the gases diffusion (and hence
odify the CO and SiO partial pressures). As a consequence, a

kin/core effect takes place due to the fact that oxygen can be
referentially removed as SiO and free carbon is formed in the
ore of fibre.28–31 As underlined by our analysis, this free carbon
orresponds to a pyrolytic type carbon. As mentioned in the liter-
ture, this pyrolytic carbon can surrounded the SiC crystallites32

r be present as microcrystallites inclusions dispersed into the
iOxCy matrix33–36 or be a sp3 bonded carbon which is not

inked to silicium in the structural units [C–(Cx–Siy)].

.4. Surface characterization of the SiC fibres

The fibre surface was characterized by AFM and XPS in
rder to get information on the surface roughness and surface
hemistry, respectively. At our knowledge, no data are available
n the literature concerning the study of the surface chemistry of
NS and TSA3 fibres.

.4.1. Surface roughness
SEM images of HNS (1), HNS (2) and TSA3 are shown in
ig. 7. It can be observed (Fig. 7e and f) that the surface of
SA3 fibre is much rougher. This roughness was quantified by
FM in tapping mode. The AFM images of the fibre surface are

σ

−
+

RMS (nm) 3.0 3.7 9.0

max (nm) 25.0 25.4 56.1

eported in Fig. 8. Two roughness factors (Rmax and RRMS) were
etermined from the AFM image of the fibre surface reported in
ig. 8. The values of Rmax and RRMS summarized in Table 4 cor-
espond to the maximum amplitude determinated in the analyzed
urface (500 nm × 500 nm) and to the quadratic mean amplitude,
espectively. It can be noted that the RRMS value is three times
igher for TSA3 confirming the SEM analysis. RRMS values of
he two HNS batches are close. The Rmax values indicate that
he surface amplitude roughness of TSA3 fibres is twice larger
han that of the HNS fibre. The surface roughness discrepancy
etween the two types of fibres is significant enough to modify
he interfacial shear strength (τs). Shear stress, determinated by
he push-out test (Eq. (1)), is also linked to the surface roughness
s explained below. In fact τs can be calculated as follows:

s = −μσT (2)

here μ is the friction coefficient and σT is the residual stresses.
Furthermore, the radial residual stresses (σT) can be deter-

ined as follows (Eq. (3)).

T = σth + σR (3)

here σR corresponds to the radial residual stress induced by
bre surface roughness and σth is the thermally radial residual
tress which results from the mismatch in the thermal expansion
oefficient between the fibre and the matrix. The values of σth in
adial direction for both types of fibres are reported in Table 5.
hey were determined as explained in our previous paper by
onsidering a single fibre and concentrically cylinders of fibre
nd matrix.13

It can be noted that the values of σth are close for both fibres.
s a consequence, σT in radial direction will mainly depend on
R which is related to the surface roughness according to the

ollowing equation:

R =
(

A
)

EmEf with A = 2 × RRMS (4)
T (Mpa) −16 33 890

, tensile.
, compressive.
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Fig. 7. SEM images of HNS (1) (a and

f the fibre radius, νf and νm the Poisson’s modulus of fibre
nd matrix and Em and Ef, the Young’s modulus of the matrix
nd the fibre, respectively. As indicated in Table 5, the values

f σth and σR compensate themself (compressive and tensile
adial stresses are close) for the HNS-based minicomposite
eading to a low value of the radial residual stresses (σT). On

o
b
r

Fig. 8. AFM images of HNS (1) (a),
NS (2) (c and d) and TSA3 (e and f).

he contrary, the TSA3 minicomposite exhibits a much higher
adial residual stresses due to the high value of the compres-
ive radial stresses induced by the important surface roughness

f the TSA3 fibre. As a consequence the τs discrepancy observed
etween the two types of fibres can be attributed to the surface
oughness difference.

HNS (2) and TSA3 (c) fibres.
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Table 7
Fitting parameters of the C1s, Si2p and O1s peaks obtained from SiC fibres.

Item Functional
group

Binding
energy (eV)

Ref.

C1s C–Si 283.3 41
SiOxCy 283.7 42
Csp2 284.3 43,44
Csp3 284.9 45
C–CO 285.5 46
C–O 286.2 47
C O 287.4 47
COOR 288.4 47,48

Si2p Si–C 99.5–100.6 42
SiOC3 100.2–3 42
SiO2C2 101.2–6 42
SiO3C 102.1–2 42

s
f
w
o
S

(
c
A
b
r
a
t x y 2
present on the fibre surface (Table 8). Their atomic concentra-
tion remains however low compared to the carbon. The TSA3

Table 8
Results of high resolution spectra fitted for HNS (1), HNS (2) and TSA3 fibres.

Fibre Hi-Nicalon S
(1)

Hi-Nicalon S
(2)

Tyranno
SA3

Components
C1s (%)

C–Si (1) 7.3 5.2 8.2
Csp2 (2) 71.5 67.4 68.7
Csp3 (3) 12.6 16.0 16.0
C–CO (4) 0.8 0.2 0.6
C–O (5) 0.8 0.7 0.2
SiOxCy (6) 2.5 3.7 1.7
ig. 9. Survey XPS spectra of Hi-Nicalon S (1), Hi-Nicalon S (2) and SA3
yranno fibres.

These results confirm that the surface roughness is one of the
ain parameter which controls the interfacial shear stress and

onsequently the F/M coupling.
Beside the roughness, the surface chemistry of the fibres was

lso analyzed since it can also play a crucial role on the nature
f the F/M coupling.

.4.2. Surface chemistry of the SiC fibres
The knowledge of the surface chemistry within the first

anometers is essential to predict the F/M cohesion. As shown
n previous papers,24 AES analysis enables to follow the evolu-
ion of the atomic concentration (C, Si, O and Al) in depth. A
revious work indicates that the surface of both types of fibres
HNS and TSA3) is mainly constituted of free carbon (∼65 at.%
n the first 10 nm). It was also found that the C concentration
ecreases within 10–80 nm in depth whereas the silicon content
ncreases. On the contrary, concentrations of Al and O remain
lmost constant. Two drawbacks of the AES analysis can be
nderlined: the quantitative analysis which is not reliable in the
rst ten nanometers and the irradiation during the analysis which
odify the surface. To overcome these drawbacks, XPS analysis
as performed. The survey XPS spectra are represented in Fig. 9

nd the atomic concentration of C, O and Si deduced from the
pectra analysis is summarized in Table 6. The survey analysis
onfirms that the surface fibre is mainly composed of carbon
∼84%) whatever the fibres type. Elements such as silicon and
xygen are also clearly present but in much lower proportions.

o identify the type of chemical bonds, high resolution spectra
ere recorded and fitted as explained in the experimental part
sing the fitting parameters given in Table 7 (Fig. 10). The C1s

able 6
PS qualitative analysis of Hi-Nicalon S (1), Hi-Nicalon S (2) and SA3 Tyranno
bre.

ibre type C1s (at.%) O1s (at.%) Si2p (at.%)

i-Nicalon S (1) 83.9 5.6 10.6
i-Nicalon S (2) 83.1 5.8 11.2
yranno SA3 84.3 4.1 11.6
SiO2 102.5–103 42

pectrum was fitted with eight components and the O1s with
our components. In the Si2p spectra, the spin-orbit splitting
as used, taking the 2p1/2 and 2p3/2 peak separation energy
f 0.6 eV and a peak intensity ratio of 1/2.37 Consequently, the
i2p peak was fitted with ten contributions.

Resulting data of the high resolution spectra fitted for HNS
1), (2) and TSA3 fibres are summarized in Table 8. Sp2 bonded
arbon is mainly present on the surface of HNS and TSA3 fibres.

small proportion of aliphatic carbon is observed for the three
atches of fibres. The presence of free carbon at the surface can
esult from the elaboration process of HNS and TSA3 fibres
nd/or from the removal of the sizing. The decomposition of
he Si2p spectra reveals that SiC, SiO C and SiO are also
C O (7) 0.7 1.8 1.7
COOR (8) 0.8 0.2 0.6

Si2p (%)
Si-C3/2 (1′) 31.7 29.8 45.2
Si-C1/2 (2′) 31.7 29.8 45.2
SiOC33/2 (3′) 0 0.3 0.1
SiOC31/2 (4′) 0 0.3 0.1
SiO2C23/2 (5′) 4.5 9.8 3.5
SiO2C21/2 (6′) 4.5 9.8 3.5
SiO3C3/2 (7′) 3.2 0.5 0.8
SiO3C1/2 (8′) 3.2 0.5 0.8
SiO23/2 (9′) 10.5 9.6 0.5
SiO21/2 (10′) 10.5 9.6 0.5
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Fig. 10. High-resolution fitted C1s and Si2p of the Hi-Nicalon S (1

urface is mainly composed of SiC; the fraction of SiO2 being
egligeable. On the contrary, the SiO2 fraction is much higher
n the case of the HNS fibre. This difference in the surface com-

osition can be related to the fabrication process. In the case of
he HNS fibre, the last heat treatment temperature is too low to
ompletely decompose the SiOxCy compound and to promote

p
t
t

d b), Hi-Nicalon S (2) (c and d) and SA3 Tyranno (e and f) fibres.

he carbothermal reaction to reduce SiO2 into SiC. The presence
f SiC and SiO2 is significant enough to modify the nature of the
bre/matrix interphase bond and consequently the mechanical

roperties. SiC reinforces the F/M bond whereas silica is known
o weaken this F/M interface.38,39 Oxide phases could be subject
o strong changes under irradiation. Although, we believed that
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his phase has no impact on the mechanical behaviour of SiC/SiC
omposites under irradiation environment since the amount of
uch oxide phases remains low compared to the other phase
resent on the fibre surface.40 Due to the presence of SiC and the
ack of SiO2, the F/M interface for the minicomposite reinforced
ith TSA3 fibres will be stronger compared to the HNS-based

omposite. This could explain the more brittle behaviour of the
SA3 based composite.

The experimental results point out that the quality of the F/M
nterphase responsible of the mechanical properties will depend
n the fibre surface roughness and fibre surface chemistry.

. Conclusion

The aim of this work was to identify the characteristics of the
iC fibres influencing the F/M bonding and hence the mechani-
al properties of the corresponding reinforced minicomposites.
wo types of SiC fibres were analyzed (TSA3 and HNS). For

he HNS fibres, the analysis was carried out on two batches.
o significant differences can be observed between the two
atches indicating that the HNS fibres can be fabricated in a
omogeneous way. As highlighted by the experimental results,
he mechanical behaviour of the minicomposite is correlated to
he surface roughness and surface chemistry of the SiC fibres.
hese both parameters were quantitatively determined by AFM
nd XPS. The analysis points out that the TSA3 and HNS fibres
isplay different surface characteristics. Contrary to the HNS
bres, TSA3 has a granular and rough surface which leads to
n increase of the residual stress and consequently the interfa-
ial shear strength. Although the surface of both fibres is mainly
omposed by sp2 bonded carbon, SiC, SiOxCy and SiO2, the
mounts of oxide and carbide differ between the HNS and TSA3
bres. As a result, the F/M bonding will be stronger in the case
f the TSA3-based minicomposite explaining the more brit-
le behaviour. Therefore, this work clearly points out that the
trength of the F/M interfacial bonding is controlled by the sur-
ace roughness and surface chemistry of SiC fibres. Although
SA3 fibre is more attractive for nuclear application due to its
etter thermal stability, the mechanical behaviour of compos-
te reinforced by this fibre is brittle. The improvement of the

echanical behaviour of the TSA3-reinforced minicomposite
ust go through the modification of the fibre/matrix bonding

fibre surface roughness and/or extreme surface chemistry).
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