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Abstract

The effect of neutron irradiation on tensile properties in advanced 2D-SiC/SiC composites was evaluated. The compos-
ites used were composed of a SiC matrix obtained by the forced-flow chemical vapor infiltration (FCVI) process and either
TyrannoTM-SA Grade-3 or Hi-NicalonTM Type-S fibers with single-layered PyC coating as the interphase. Neutron irradi-
ation fluence and temperature were 3.1 · 1025 n/m2 (E > 0.1 MeV) and 1.2 · 1026 n/m2 at 740–750 �C. Tensile properties
were evaluated by cyclic tensile test, and hysteresis loop analysis was applied in order to evaluate interfacial properties.
Both composites exhibited excellent irradiation resistance in ultimate and proportional limit tensile stresses. From the
hysteresis loop analysis, the level of interfacial sliding stress decreased significantly after irradiation to 1.5 · 1026 n/m2

at 750 �C.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Silicon carbide (SiC) continuous fiber-reinforced
SiC matrix composites (SiC/SiC composites) are
attractive structural materials for fusion reactors
and advanced fission reactors because of their supe-
rior mechanical properties and good irradiation
resistance at high temperatures [1]. The mechanical
properties of SiC/SiC composites after irradiation
is determined by the properties of their constituents,
especially the fiber/matrix (F/M) interphase in case
of composites with high modulus matrix. In earlier
studies, SiC/SiC composites reinforced with nano-
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crystalline and non-stoichiometric SiC fibers have
shown interfacial debonding due primarily to fiber
contraction, which caused severe degradation in
flexural strength [2–5]. In recent studies, however,
advanced SiC/SiC composites appeared to retain
ultimate flexural strength due to improved irradia-
tion stability of the high crystallinity and near-stoi-
chiometric SiC fibers [5,6].

For composites with highly irradiation-resistant
matrices and fibers, irradiation effects on F/M inter-
facial properties has become one of the most impor-
tant issues to be investigated. However, it is difficult
to use the simple flexural testing to develop an
understanding of irradiation effects on interfacial
properties, because it is hard to analyze the data
due to mixed failure modes. Simple failure modes,
such as are obtained in tensile tests enable the
.
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Fig. 1. Representative tensile stress–strain curves and hysteresis
loops for (a) TySA (2D)/PyC/FCVI, (b) HNLS (2D)/PyC/FCVI
composites after neutron irradiation.
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fracture behavior of SiC/SiC composites after irra-
diation to be understood more precisely. Recent
studies have employed tests yielding simple failure
modes to evaluate interfacial properties [7–9].

The main purpose of this work is to identify neu-
tron irradiation effects on tensile and interfacial
properties of advanced SiC/SiC composites rein-
forced with two commercially available, high crys-
tallinity, near-stoichiometric SiC fibers. For this
purpose, tensile properties were evaluated in an
unloading/reloading cyclic tensile test and the hys-
teresis loop analysis method was applied to predict
interfacial properties.

2. Experimental procedure

The composites used in this study were produced
thorough a forced-flow thermal gradient chemical
vapor infiltration (FCVI) process developed at
Oak Ridge National Laboratory. Either Tyr-
annoTM-SA 3rd grade (hereafter TySA) or Hi-Nic-
alonTM Type-S (hereafter HNLS) fibers were used
as reinforcements. These were stacked in a [0�/90�]
orientation and held tightly in a graphite fixture
for interphase deposition and subsequent matrix
dentification. The F/M interphase was singly-lay-
ered pyrolytic carbon (PyC) and the thickness was
20–60 nm. The density of the composites was 2.3–
2.7 g/cm3, and the fiber volume fraction and poros-
ity were �38% and 17–25%, respectively. More
detailed information about the materials fabrication
is given elsewhere [10,11].

Neutron irradiation was performed in JOYO fast
spectrum reactor at Oarai, Japan, in JNC-54 and
-61 capsules as part of the CMIR-6 irradiation cam-
paign. Neutron fluence and irradiation tempera-
ture were 3.1 · 1025 n/m2 (E > 0.1 MeV) at 740 �C
and 1.2 · 1026 n/m2 at 750 �C. An equivalence of
one displacement per atom (dpa) = 1 · 1025 n/m2

(E > 0.1 MeV) is assumed in the following sections.
The irradiation temperature was passively con-
trolled by a fixed composition gas gap technique.

Tensile tests were conducted in accordance with
ASTM C1275 at room temperature under crosshead
displacement control at 0.5 mm/min by using a face-
loaded miniature specimen developed previously
[12,13]. The gauge dimensions were 3 · 1.5 ·
15 mm and the specimen machining involved sur-
face grinding into fabric layers [10]. A 1.0 mm-thick
aluminum tab was attached to each end of the rect-
angular specimens, and a pair of 6.0 mm-length
strain gauges were adhered in the center of gauge
sections on both sides. Specimens were mounted in
the test frame by connection of a wedge-type grip-
ping system that was kept in the plastic bags during
the test. Successful tests typically retained intact tab
adhesion to the samples. In order to avoid fractional
bending during the tests, both sides of the wedge fix-
ture were fixed at 60 kN m equally using a torque
driver. The detailed tensile setup is given elsewhere
[7].

After the tensile tests, the fractured surfaces of
the specimens were observed using an optical micro-
scope and scanning electron microscope (SEM).

3. Results

Fig. 1 exhibits typical tensile stress–strain curves
of TySA and HNLS composites after neutron irra-
diation. The composites in all conditions exhibited
quasi-ductile behaviors. There was an initial steeper
linear region in the stress–strain curve, with a sec-
ond, nearly linear region at higher strains during
tensile loading with multiple unloading/reloading
sequences. The initial linear portion corresponds
to the linear elastic deformation of the composite,
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whereas the second linear portion corresponds to a
process of progressive development and opening of
the multiple matrix micro-cracks.

Table 1 lists a summary of unirradiated and irra-
diated tensile properties: proportional limit stress
Table 1
Summary of unirradiated and irradiated tensile properties

ID Irradiation condition E (GPa)

#1266 Unirrad. 257 (32)
740 �C, 3.1 dpa 216 (11)
750 �C, 12 dpa 198 (19)

#1272 Unirrad. 253 (25)
740 �C, 3.1 dpa 222 (33)
750 �C, 12 dpa 200 (5)

Numbers in parenthesis show standard deviations. #1266, TySA (2D
modulus; PLS, proportional limit stress; UTS, ultimate tensile strength
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Fig. 3. Hysteresis loop width plotted against peak stress; (a) TySA (2D
show standard deviation.
(PLS), ultimate tensile stress (UTS) and elastic mod-
ulus (E) obtained from the tensile tests, and Fig. 2
shows the tensile properties after neutron irradia-
tion. Both composites exhibited excellent irradiation
resistance. Almost no degradation in PLS and UTS
PLS (MPa) UTS (MPa) Number of test

76 (31) 218 (18) 6
80 (9) 241 (30) 3
112 (12) 209 (11) 3
98 (17) 227 (27) 10
107 (9) 210 (18) 3
100 (18) 220 (16) 4

)/PyC/FCVI; #1272, HNLS (2D)/PyC/FCVI; E, tensile elastic
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Fig. 4. Typical fracture surfaces of unirradiated and neutron-irradiated tensile specimens; (a) unirradiated, (b) 740 �C, 3.1 dpa and (c)
750 �C, 12 dpa for TySA (2D)/PyC/FCVI, and (d) unirradiated, (e) 740 �C, 3.1 dpa and (f) 750 �C, 12 dpa for HNLS (2D)/PyC/FCVI.
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occurred under both irradiation conditions, and an
increase of about 50% was measured in PLS of
TySA composites irradiated to 12 dpa at 750 �C.
In elastic modulus, a 15–20% decrease was obtained
for both composites.

Fig. 3 exhibits the maximum hysteresis loop
width at each peak stress where rp is the transition
stress from reloading to unloading. For both com-
posites, the hysteresis loop width after irradiation
up to 3.1 dpa became narrower than that of the
unirradiated one. After neutron irradiation to
12 dpa, the hysteresis loop width of TySA compos-
ites remained narrower, while that of HNLS exhib-
ited almost the same behavior as the unirradiated
material.

Fig. 4 exhibits typical fracture surfaces of com-
posites observed by SEM. No significant change
of fiber pull-out was observed for both composites
after irradiation. Fiber pull-out in TySA composites
were shorter than that in HNLS composites under
all conditions.
4. Discussion

Both composites irradiated to 3.1 dpa at 740 �C
exhibited narrower hysteresis loop widths, a slightly
steeper slope in the second linear portion of the
curve and nearly unchanged fiber pull-out length,
all of which imply retaining or increasing of interfa-
cial sliding stress.

For further investigation of interfacial properties,
the method of unloading/reloading hysteresis loop
analysis methodology proposed by Vagaggini,
Domergue and Evance was applied [14–17]. In this
analysis, the inelastic strain index, which is the most
important parameter for estimating interfacial
properties, and Young’s modulus of the material
with matrix cracks were obtained from values of
the inverse tangent moduli of reloading tensile
stress–strain curves at different peak stress. A
detailed description of this analysis method for 2D
composites is found elsewhere [17].

The maximum hysteresis loop width (dmax)
before and after irradiation is dependent on both
interfacial sliding stress (s) and mean matrix crack
spacing (�dÞ. The composites in all conditions met
the large debond energy condition. For this condi-
tion, the maximum hysteresis loop width (dmax) is
given by [14,17],
dmax ¼ 4kr2
p 1� ri

rp

� �2

¼ b2ð1� a1f Þ2

f 2sEm

R
�d

r2
p 1� ri

rp

� �2

;

for ri=rp ffi 0:85; ð1Þ
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where k is inelastic strain index, ri is ‘debond’ stress
[14], Em is Young’s modulus of matrix, R is fiber ra-
dius, f is fiber volume fraction, and a1 and b1 are the
Hutchinson–Jensen parameters [18]. All the param-
eters except interfacial sliding stress and mean
matrix crack spacing remain almost unchanged dur-
ing irradiation.

Unfortunately, the mean matrix crack spacing
was not measured, so the interfacial sliding stress
parameter s0 ¼ s � �d=R obtained from the inelastic
strain index was used for this analysis. Thus, the
evaluation of interfacial sliding stress parameter at
the same matrix crack spacing (i.e. same matrix
damage level) is required. The matrix damage
parameter (D) is defined as [14],

D � E � E�

E�
¼ B

R
�d
; ð2Þ

where E is the elastic modulus of the composite, E*

is Young’s modulus of the composite with matrix
cracks obtained from the reloading stress–strain
curve, and B is a constant for particular composite.
As shown in Eq. (2), the matrix damage parameter
is inversely proportional to matrix crack spacing.
Therefore, the interfacial sliding stress can be
predicted using the interfacial sliding stress
parameter obtained for the same matrix damage
parameter.

Fig. 5 exhibits the interfacial sliding stress
parameter at approximately the same matrix dam-
age parameter (D ffi 0.2). For both composites, the
interfacial sliding stress parameter remained nearly
0
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Fig. 5. Interfacial sliding stress parameters compared at similar
matrix damage parameters for composite samples before and
after neutron irradiation. #1266; TySA (2D)/PyC/FCVI, #1272;
HNLS (2D)/PyC/FCVI. Error bars show standard deviation.
constant after irradiation up to 3.1 dpa at 740 �C,
while the parameter decreased after irradiation up
to 12 dpa at 750 �C.

According to the work by Bokros et al. [19,20],
the interfacial PyC is expected to shrink in both
the a and c axis directions after neutron irradiation
up to 2–3 · 1025 n/m2 in the range of 520–690 �C.
However, it began to swell significantly in the c axis
direction over �10 · 1025 n/m2 irradiation. This
result might be correlated with the analysis of data
in this study, but the details are unclear. Therefore,
further research and SEM observations of crack
propagation and TEM observation of the PyC
interphase itself are required in order to understand
the behavior of the interphase after neutron
irradiation.

Residual stress between the fiber and matrix may
affect the tensile behavior of SiC/SiC composites, so
the misfit stress rT was also estimated by hysteresis
loop analysis. The conversion of misfit stress to
residual stress components was carried out by the
method discussed elsewhere [14]. At high peak stres-
ses, the misfit stress was influenced by fiber rough-
ness due to the damage of the PyC interphase
during the test. Therefore, the misfit stress at a peak
stress of 125–175 MPa was used for this evaluation.
The result is: rT = +9 ± 6 MPa (unirradiated),
+3 ± 3 MPa (3.1 dpa at 740 �C), +6 ± 2 MPa
(12 dpa at 750 �C) for TySA composites, and
+9 ± 5 MPa, +6 ± 5 MPa, +5 ± 3 MPa for HNLS
composites. From these results, it appears that the
misfit stress may not affect the tensile behavior of
either composites under these irradiation
conditions.

5. Summary

In order to identify the effects of neutron irradia-
tion on tensile properties of advanced SiC/SiC com-
posites (Tyranno-SA3rd (2D)/PyC/FCVI and Hi-
Nicalon Type-S (2D)/PyC/FCVI), unloading/
reloading cyclic tensile tests were conducted and
hysteresis loop analysis was applied. Neutron
fluence and irradiation temperature were
3.1 · 1025 n/m2 (E > 0.1 MeV) and 1.2 · 1026 n/m2

at 740–750 �C. The following results were obtained:

1. Both composites exhibited excellent irradiation
resistance to changes in ultimate tensile strength
and proportional limit stress. A slight reduc-
tion of elastic modulus was observed after
irradiation.
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2. Hysteresis loop analysis indicated that the sliding
stress at fiber/matrix interfaces remained almost
unchanged after irradiation to 3.1 · 1025 n/m2

at 740 �C, whereas it was significantly reduced
by 12 · 1025 n/m2 at 750 �C for both composites.
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