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Given the good stability of mechanical properties of silicon carbide (SiC) under neutron irradiation, the
ultimate irradiation tolerance of SiC composite materials may be limited by the fiber/matrix interphase,
which is critically important to the performance of these composites. This study investigates the irradi-
ation stability of pyrolytic carbon (PyC) monolayer and PyC/SiC multilayer interphases by tensile and sin-
gle fiber push-out test techniques. Neutron irradiation was performed to doses of 0.7–7.7 dpa at
temperatures from 380 to 1080 �C. Both interfacial debond shear strength and interfacial friction stress
apparently decrease by irradiation, although this is not so dramatic when Tirr < 1000 �C. In contrast, the
interfacial shear stresses are most affected by the higher temperature irradiation (>1000 �C). Noteworthy,
these irradiation effects depend on the type of interphase material, i.e., for the pyrolytic carbon or mul-
tilayer SiC variants studied. In the range of irradiation temperature and dose, the degradation in interfa-
cial shear properties, while measurable, is not of a magnitude to degrade the mechanical performance of
the composites. This was observed for both interphase types studied. In particular, the proportional limit
tensile stress decreases slightly by irradiation while the tensile fracture strength undergoes very minor
change.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Silicon carbide (SiC) has been widely used for high-temperature
engineering applications due to its inherently high thermo-chem-
ical stability, good oxidation resistance, and strength retention at
high-temperatures. Moreover, its resistance to neutron irradiation,
e.g., low-induced radioactivity and low irradiation-induced after-
heat, gives scope for a potential application in fusion and advanced
nuclear fission energy systems [1]. Additionally, it has been proven
that SiC in a stoichiometric form offers exceptional retention of
mechanical properties under neutron irradiation. High-purity
chemical-vapor-deposited (CVD) SiC reportedly retains its strength
by neutron irradiation at least to �20 dpa [2–4].

Due to inherent brittleness of SiC in its monolithic form, SiC is
being developed for use in the composite form, combining a SiC fi-
ber, a SiC matrix, and a fiber/matrix (F/M) interphase. Near-stoichi-
ometric and highly-crystalline SiC, e.g., Hi-NicalonTM Type-S or
TyrannoTM-SA SiC fibers, and a chemical-vapor-infiltrated (CVI)
SiC matrix, are generally adopted because of their better irradiation
tolerance. A poorly graphitized pyrolytic carbon (PyC) is typically
ll rights reserved.
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adopted as an F/M interphase, which serves to intercept and tie-
up propagating cracks. Since the enhanced fracture toughness
and ultimate performance of composites is critically dependent
on this interphase, its irradiation stability, and the combined ef-
fects of environment and irradiation on the fiber, matrix, and inter-
phase is of critical importance.

The effect of neutron irradiation on the F/M interface was first
evaluated on NicalonTM/CVI-SiC composites with PyC as an F/M
interphase [5,6]. In this composite system, the crystalline CVI-SiC
matrix swells by irradiation depending on irradiation temperature
and neutron dose, typical of ceramic materials. However, the
poorly-crystallized glassy NicalonTM fiber underwent densification.
Due to this differential irradiation-induced dimensional change be-
tween NicalonTM and CVI-SiC, comparably large stresses generate at
the F/M interface, resulting in shear failure of the composites, i.e.,
shape instability probably induced by strong contribution of
trans-interface tensile stress [5]. Meanwhile, this shape instability
issue has been solved by adopting near-stoichiometric and highly-
crystalline advanced third generation SiC fibers such as Hi-Nic-
alonTM Type-S and TyrannoTM-SA. Since both advanced SiC fibers
and CVI-SiC matrix swell in similar manners, irradiation-induced
shear stresses at the F/M interface are minimized. Indeed, no major
macroscopic deformation by irradiation has been identified for
Hi-NicalonTM Type-S/CVI-SiC composite system [7]. Moreover, no
significant deterioration of flexural and tensile properties has been
reported [8–10].
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Hinoki et al. [11] closely investigated the irradiation effect on
the interfacial shear properties by the push-in technique and com-
pared the influence on varied interphases: a PyC monolayer, a PyC/
SiC multilayer, and a pseudo ‘porous’ SiC interphase. By neutron
irradiation up to 0.5 dpa at 300–500 �C, slight deformation for
any interphase studies was observed. A decrease of interfacial
shear properties was also identified by the double notch shear test
method for irradiation up to 1 dpa at 800–1000 �C for the same ser-
ies of composites [12]. In both cases, SiC/SiC composites with pseu-
do-porous SiC interphase severely deteriorated their interfacial
properties. In recent work by the authors [13], interfacial shear
properties for Hi-NicalonTM Type-S/CVI-SiC composites with either
a PyC monolayer or a PyC/SiC multilayer interphase were investi-
gated for the limited irradiation condition (/ = 7.7 dpa,
Tirr = 800 �C). The results indicate (1) a very minor irradiation effect
on interfacial shear properties for the monolayer composites and
(2) a slight irradiation-induced decrease of shear stresses for the
multilayer composites. This difference is somewhat surprising
since it has been believed that the thinly-layered carbon interpha-
ses would be more radiation-stable.
Table 1
Key characteristics of unidirectional Hi-NicalonTM Type-S/CVI-SiC composites.

Interphase Fiber volume fraction Porosity Density (g/cm3)

PyC �0.29 �0.15 �2.57
Multilayer �0.38 �0.14 �2.66

Fig. 1. Typical microstructural images of (a), (b) PyC monolayer and (c), (d)
While there is a growing body of work evaluating the F/M inter-
phase, fundamental knowledge about the irradiation effect on the
F/M interphase is still insufficient. Specifically, a fundamental
question about the irradiation tolerance of the multilayer inter-
phase is unanswered. The goal of the following study is to provide
data and analysis of the effect of neutron irradiation on the F/M
interphase to help bridge this knowledge gap.

2. Experimental

2.1. Materials

Materials evaluated were unidirectional SiC/SiC composites
(Hyper-Therm High-Temperature Composites Inc., Huntington
Beach, CA) with varied F/M interphases (Table 1). Reinforcing SiC
fibers were Hi-NicalonTM Type-S (3.1 g/cm3, Si/C = 1.05). A high-
purity and high-crystallinity SiC matrix was chemical-vapor-infil-
trated. A PyC monolayer or a PyC/SiC multilayer interphase was
chemically deposited on the fiber surface in advance of matrix den-
sification. Thickness of the PyC monolayer was 520–720 nm. In
contrast, the multilayer interphase was composed of a sequence
of �20 nm-thick PyC and �100 nm-thick SiC sub-layers (Fig. 1).
The fiber volume fraction and porosity were 30–40% and 15–20%,
respectively. The high-porosity of these CVI-SiC/SiC composites
was due primarily to the presence of columnar pores along the
fiber bundles. Key characteristics of these composites have been
reported elsewhere [12–14].
PyC/SiC multilayer interphases of as-received SiC/SiC composites [13].
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2.2. Neutron irradiation

Two types of neutron irradiation campaigns were performed in
the High Flux Isotope Reactor (HFIR) at Oak Ridge National Labora-
tory. The HFIR-14 J fixed-core capsule irradiation was performed in
an unshielded removable beryllium position of the HFIR. Irradia-
tion dose was 7.7 dpa assuming 1.0 � 1025 n/m2 (E > 0.1 MeV)
corresponds to one displacement per atom (1 dpa), while the irra-
diation temperature was �800 �C. In contrast, small-capsule rabbit
irradiations were performed in the hydraulic tube of the HFIR un-
der the FUN and NERI SiC/SiC series of irradiations. The neutron
doses were 0.7–4.2 dpa and irradiation temperatures were in the
range of 380–1080 �C. Irradiation temperature was measured and
controlled in-situ by thermocouples and capsule sweep–gas mix-
tures for the HFIR-14 experiment. The uncertainty of irradiation
temperatures was reasonably low (±20 �C). In contrast, irradiation
temperatures in rabbit irradiation were estimated by the isochro-
nal annealing of CVD-SiC temperature monitors. In principle, the
temperature monitor gives the temperature near the end of the
irradiation period with a similar uncertainty to the instrument
experiment (±20 �C) [15,16].

2.3. Tensile test

Following a guideline of ASTM C1275-00, cyclic unloading/
reloading tensile tests were conducted at ambient-temperature
using an electromechanical testing machine. Rectangular minia-
ture tensile specimens with a gauge size of either 20L � 4W � 1.5T

or 20L � 2W � 1.5T mm3 were prepared. Note that the total speci-
men length of 50 mm was fixed for all specimens. Specimen size
effect is a potential concern when testing these specimens. Consid-
ering the structural minimum unit width (or thickness) of the uni-
directional composites is larger than the width (or thickness) of the
mono fiber bundle (<1 mm), a very minor effect of specimen size
on tensile properties, which depend on the axial fiber volume frac-
tion, is expected in the size range of concern [17]. Indeed, no signif-
icant size effect was found in this study. The tensile specimen was
passively gripped via aluminum grip-end tabs using a pneumatic
wedge-type gripping device. Tensile strain was measured by a pair
of strain gauges with a gauge length of 5.0 mm, which were adhe-
sively bonded on specimen surfaces of the middle gauge section. A
constant crosshead displacement rate was 0.5 mm/min.
ss ¼ �
rfk
2

rd½expðktÞ þ expð�ktÞ� � Zðrd þ rth þ rirrÞ½expðktÞ þ expð�ktÞ � 2�
expðktÞ � expð�ktÞ

� �
; ð1Þ
Young’s modulus was defined as an initial tangent modulus in
the tensile stress–strain curve. Proportional limit tensile stress
(PLS) was determined as a stress of 5% deviation in stress from ini-
tial linearity following ASTM C1275-00. Ultimate tensile strength
(UTS) and total elongation were defined as a stress and a strain
at composite fracture, respectively.

2.4. Single fiber push-out test

Single fiber push-out tests were conducted at room-tempera-
ture using a nano-indentation test system. A thin-strip specimen
with a thickness of 30–220 lm was cut from the tensile specimen
with both surfaces polished by the standard metallographic tech-
niques to a surface finish of �0.5 lm. The specimen was bonded
on the specimen holder above a narrow groove. The fiber was then
randomly selected and monotonically loaded up to the maximum
system allowable load capacity (650 mN). A Berkovich indenter
tip was used in this experiment. An applied load rate was 0.05 N/
N � s. Details of the fiber push-out test technique have been de-
scribed elsewhere [18]. Microstructures of the F/M interphase
and the pushed-out fiber surface were observed by scanning elec-
tron microscopy (SEM) for both as-received and neutron irradiated
materials.

Of many stress parameters, two interfacial shear properties: (1)
an interfacial debond shear strength (ss) as a critical shear stress to
induce an interfacial crack along the bonded F/M interface, and (2)
an interfacial friction stress (sf) at the debonded interface are de-
fined. Both ss and sf are calculated using experimental push-out
test results of (1) a debond initiation stress (rd) and (2) a complete
debonding and sliding stress (rmax) as defined in Fig. 2. In the fol-
lowing discussion, a compressive stress is denoted with a negative
sign. For evaluation of this type of data, various analytical models
have been developed [18–24]. Of these models, a non-linear shear-
lag model proposed by Hsueh [21] becomes a basis to evaluate ss

considering the precise stress interaction at the F/M interface: (1)
the radial dependence of the axial stresses in both the fiber
and the matrix, (2) the shear stress distribution in the matrix
and (3) the exact equilibrium equation in relating the tangential
stress to the radial stress at the interface. Hsueh further developed
a double shear-lag model by separately considering the stress
interactions among the fiber, matrix and F/M interphase [22].
One major drawback of the original Hsueh models is limited appli-
cability to isotropic constituents. In the modified double shear-lag
model by the authors (see Appendix), anisotropy of the constitu-
ents is considered. Besides, residual stresses induced by thermal
expansion mismatch and by differential swelling among the fiber,
F/M interphase, and matrix can be discussed together in the model,
although the effect of dynamic phenomena such as irradiation
creep of SiC and PyC was ignored for simplicity. In contrast, Shetty
[24] originally discussed the interfacial friction issue for the deb-
onded interface. In the previous work by the authors [25], Shetty’s
model was updated for anisotropic composites and this method
was applied in this study.

The detailed analogy of the modified Hsueh model was dis-
cussed elsewhere [22,25]. The resultant form can provide an inter-
facial debond shear strength (ss) as
where the constants k and Z are determined by dimensions and
elastic constants of the constituents, and rth and rirr are stress
parameters defined by the thermal expansion mismatch and the
differential swelling among the fiber, matrix and F/M interphase,
respectively (see Appendix). Assuming no contribution from the
thermal residual stress (or irradiation-induced stress), rth (or rirr)
becomes zero.

Assuming a coulomb friction, an interfacial friction stress (sf)
can be determined as [25]:

sf ¼ �l rth
r þ rrough

r þ rirrad
r

� �
; ð2Þ

where, l is a coefficient of friction and rth
r , rrough

r and rirrad
r are radial

clamping stresses induced by thermal expansion mismatch, fiber
surface roughness and differential swelling, respectively. These
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Fig. 2. Schematic of the load-displacement curve of the fiber push-out test. Two experimental parameters: (1) a debond initiation load (rd) and (2) a complete debonding and
sliding load (rmax) are defined.

Table 2
List of material properties applied in the analytical model.

Valuables Non-irradiated Irradiated

High-density isotropic carbon [26]
Density (g/cm3) d0 = 1.9 =d0(1 + 3e)
Elastic modulus (GPa) E0 = 25 =E0(1 + 0.23/)
Poisson’s ratio m0 = 0.2 Assuming no change
CTE (10�6/�C) a0 = 5.5 Assuming no change
Linear swelling – Fig. 3 in Ref. [26]

Low-density isotropic carbon (glassy carbon) [35]
Density (g/cm3) d0 = 1.5 =d0(1 + 3e)
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clamping stresses have a close relationship with a measured sliding
stress (rmax) as

rmax ¼ �
Efð1þ mcÞ

Ecmf
rth

r þ rrough
r þ rirrad

r

� �
exp

2lEcmf t
rf Ef ð1þ mcÞ

� �
� 1

� 	
;

ð3Þ

where E and m are Young’s modulus and Poisson’s ratio. Subscripts f
and c denote the fiber and the composites, respectively. Note that
the modified Shetty’s model assumes a fiber surrounded by a com-
posite average, i.e., the two-phase cylindrical system, since there is
no clear solution for multi-phase system so far. When specimens
are sufficiently thin, sf consequently becomes proportional to
rmax/t regardless of material properties of the constituents,

sf ffi �
rf

2
� rmax

t
: ð4Þ
Elastic modulus (GPa) E0 = 25 Fig. 4 in Ref. [35]
Poisson’s ratio m0 = 0.2 (assumed) Assuming no change
CTE(10�6/�C) a0 = 2.8 Assuming no change
Linear swelling – Fig. 1 in Ref. [35]

CVD-SiC [4]
Density (g/cm3) d0 = 3.2 =d0(1 + 3e)
Elastic modulus (GPa) E0 = 460 =E0(1 � .9e) when

Tirr < 1000 �C
Assuming no change
when Tirr > 1000 �C

Poisson’s ratio m0 = 0.2 Assuming no change
CTE(10�6/�C) a0 = 4.4 Assuming no change
Linear swelling – Fig. 22 in Ref. [4]

Hi-NicalonType-S [38]
Density (g/cm3) d0 = 3.1 =d0(1 + 3e)
Elastic modulus (GPa) E0 = 420 =E0(1 � 20.9e) when

Tirr < 1000 �C
Poisson’s ratio m0 = 0.2 Assuming no change
CTE(10�6/�C) a0 = 5.1 Assuming no change
Linear swelling – Assuming same with

CVD-SiC

Linear swelling (e).
Neutron fluence (/) in units of 1025 n/m2.
2.5. Materials properties for calculation

The input values used in calculation are empirically obtained
[2,4,26–38] and are summarized in Table 2. According to the study
by Yan et al. [39], PyC as an F/M interphase is more graphitic near
the fibers (6–10 nm), while the structure becomes more turbost-
ratic along the radial direction, i.e., near-isotropic. It is noteworthy
that the structure of PyC depends significantly on processing con-
ditions. Because of this structural uncertainty for PyC, this study
considers two types of turbostratic carbon: a high-density carbon
[26] and a low-density carbon [35]. A major difference between
the high-density PyC and low-density PyC is in thermal expansivity
as well as density and this issue is discussed later. The actual struc-
ture of PyC applied in this study should be classified between these
two materials.

A high-density (�2 g/cm3) turbostratic carbon with Bacon
anisotropy factor of �1 is assumed for PyC interphase. The coeffi-
cient of thermal expansion (CTE) is assumed to be 5.5 � 10�6/�C.
From many irradiation studies, the high-density isotropic carbon
undergoes shrinkage first and swells with increasing neutron flu-
ence in the direction perpendicular to the deposition plane, while
it shrinks monotonically in the direction parallel to the deposition
plane [26]. An empirical fit of the swelling was provided in [27].
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Material properties of low-density turbostratic carbon were
summarized by Virgil’ev and Lebedev [35]. The density is �1.5 g/
cm3. The elastic modulus ranged from 25 to 30 GPa. The coefficient
of thermal expansion of the low-density carbon is about
2.8 � 10�6/�C. Neutron irradiation causes a significant shrinkage
when Tirr = 140–750 �C, resulting in densification. With formation
of a new system of micropores, the thermal expansivity of low-
density carbon reportedly decreases by irradiation. Because of lim-
ited irradiation data available, this study assumes no change of
thermal expansivity by irradiation. The elastic modulus of low-
density carbon first decreases by irradiation and gradually in-
creases with increasing neutron fluence up to 1 � 1021 n/cm3. Be-
yond this fluence, the elastic modulus seems to be saturated
(�15% increase of the non-irradiated value).

High-crystallinity and high-purity SiC swells by irradiation with
the accumulation of radiation-induced defects and the magnitude
Fig. 3. Typical tensile stress–strain curves of as-received and neutron-irradiated unidire
(b) a PyC/SiC multilayer interphase.
of swelling saturates with increasing neutron dose (>1 dpa). For
irradiation temperatures less than 1000 �C, swelling is a strong
function of temperature, decreasing with increasing temperature.
[4]. The irradiation-induced change of Young’s modulus of SiC
can be well-described by the Tersoff potential and the resulting
irradiation effects are well documented [4,40]. Because of lack of
irradiation data on advanced SiC fibers, the post-irradiation prop-
erties of Hi-NicalonTM Type-S fiber are presently assumed to be
equivalent to those of CVD-SiC. However it is worth noting that re-
cent data [41] identified some discrepancies in post-irradiation
properties of SiC fibers with CVD-SiC. The Poisson’s ratio and the
thermal expansivity of SiC are assumed to be unchanged by
irradiation.

Material properties of composites can be estimated by the rule
of mixtures, which is modified by Hashin for the transversely iso-
tropic system [42]. In this calculation for multilayer composites,
ctional Hi-NicalonTM Type-S/CVI-SiC composites with either (a) a PyC monolayer or



Table 3
Tensile properties of as-received and irradiated SiC/SiC composites.

Interphase Irradiation
campaign

Irradiation
condition

Young’s modulus Ultimate tensile strength Proportional limit tensile stress Failure strain # of valid
tests

E (GPa) DE (%) rUTS (MPa) DrUTS (%) rPLS (MPa) DrPLS etotal (%) Detotal (%)

Monolayer None – 362 (34) – 319 (64) – 228 (44) – 0.16 (0.06) – 25
JMTR00M-95U 1.0 dpa 800 �C 320 (46) �12 366 (46) +15 197 (35) �14 0.41 (0.17) +156 8
JMTR00M-95U 1.0 dpa 1000 �C 289 (16) �20 418 (24) +31 183 (45) �20 No data No data 6
HFIR-FUN 1.8 dpa 380 �C 354 (28) �2 366 (82) +15 190(23) �17 0.40 (0.14) +150 3
HFIR-14 J 7.7 dpa 800 �C 320 (11) �12 381 (26) +19 217 (36) �5 0.38 (0.02) +138 4

Multilayer None – 375 (19) – 271 (51) – 232 (47) – 0.09 (0.03) – 14
HFIR-NERI 0.7 dpa 700 �C 406 (36) +8 234 (12) �14 203 (32) �12 0.06 (0.01) �33 2
HFIR-NERI 0.7 dpa 1030 �C 421 (53) +12 193 (61) �29 193 (61) �17 0.04 (0.02) �56 3
HFIR-NERI 3.7 dpa 640 �C 366 (52) �2 296 (57) +9 211 (53) �9 0.13 (0.07) +44 3
HFIR-NERI 4.2 dpa 1080 �C 433 (54) +15 257 (�) �5 136 (�) �41 0.14 (�) +56 3
JMTR00M-95U 1.0 dpa 800 �C 355 (65) �5 319 (51) +18 223 (36) �4 0.15 (0.07) +67 4
JMTR00M-95U 1.0 dpa 1000 �C 338 (41) �10 231 (51) �15 166 (35) �28 No data No data 3
HFIR-14J 7.7 dpa 800 �C 356 (39) �5 302 (�) +11 186 (42) �20 0.12 (�) +33 4

Note: Numbers in parenthesis indicate one standard deviation.

Fig. 4. Effects of neutron dose on (a) Young’s modulus, (b) proportional limit stress, (c) ultimate tensile strength and (d) total elongation for unidirectional Hi-NicalonTM Type-
S/CVI-SiC composites with either a PyC monolayer or a PyC/SiC multilayer interphase.
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Fig. 5. Effects of irradiation temperature on (a) Young’s modulus, (b) proportional limit stress, (c) ultimate tensile strength and (d) total elongation for unidirectional Hi-
NicalonTM Type-S/CVI-SiC composites with either a PyC monolayer or a PyC/SiC multilayer interphase. The data subsets of neutron dose range in 0.7–4.2 dpa were plotted.

Fig. 6. Typical push-out fracture behaviors of Hi-Nicalon Type-S/CVI-SiC composites with either a PyC monolayer or a PyC/SiC multilayer interphase.

T. Nozawa et al. / Journal of Nuclear Materials 384 (2009) 195–211 201



Table 4
Push-out test results for as-received and irradiated SiC/SiC composites.

Interphase Irradiation condition Sample thickness (lm) Debond initiation stress (MPa) Sliding stress (MPa) # of valid tests

Monolayer Non-irradiated (batch #1) 50 2871 (882) 2895 (892) 22
100 2611 (1033) 3351 (1071) 33
200 2875 (734) – 18

Non-irradiated (batch #2) 50 891 (423) 910 (440) 22
100 1576 (619) 2071 (911) 31
200 1870 (537) 4049 (917) 33

0.8dpa 380 �C (HFIR-FUN) 53 1892 (642) 1965 (715) 23
120 2458 (1168) 3362 (1415) 45
153 3170 (886) 4238 (696) 24
189 1940 (732) 2837 (1186) 13
212 2645 (954) 4091 (891) 50

1.8dpa 380 �C (HFIR-FUN) 58 863 (307) 1059 (398) 14
87 1520 (265) 1646 (361) 30
114 842 (400) 910 (457) 74
145 1055 (245) 1155 (278) 22

7.7 dpa 800 �C (HFIR-14J) 40 1186 (199) 1189 (198) 16
80 1467 (311) 1712 (396) 23
118 1680 (426) 2821 (823) 24
210 1702 (284) 3544 (498) 10

Multilayer Non-irradiated 30 3085 (835) 3085 (835) 5
50 3554 (1090) 4205 (1107) 12
100 3518 (680) – 18
200 3355 (830) – 16

0.7 dpa 740 �C (HFIR-NERI) 25 3006 (963) – 49
100 2974 (1027) – 22
137 3078 (1472) – 26
154 3323 (654) – 22

0.7 dpa 1030 �C (HFIR-NERI) 100 2198 (1119) – 26
150 3056 (773) 4985 (180) 25
185 2155 (735) – 25

3.7 dpa 640 �C (HFIR-NERI) 40 2457 (982) 2870 (650) 17
165 2836 (732) – 24
190 2619 (536) – 24

4.2 dpa 1080 �C (HFIR-NERI) 75 1789 (402) 2016 (62) 28
150 2124 (692) – 30
210 2098 (375) – 28

7.7 dpa 800 �C (HFIR-14J) 60 2188 (399) 2223 (472) 21
90 3040 (839) – 18
120 2550 (585) – 33
220 2982 (536) – 22

Note: Numbers in parenthesis indicate one standard deviation.

Table 5
Interfacial shear properties of as-received and irradiated SiC/SiC composites.

Interphase Irradiation campaign Irradiation condition Interfacial debond shear strength Interfacial friction stress

High-density PyC case Low-density PyC case ss (MPa) Dss (%)

ss (MPa) Dss (%) sf (MPa) Dsf (%)

Monolayer None (batch #1) – 234 (45) – 311 (47) – 115 (21) –
None (batch #2) – 125 (35) – 172 (27) – 61 (1) –
HFIR-FUN 0.8 dpa 380 �C 208 (36) +16 267 (35) +10 63 (8) �28
HFIR-FUN 1.8 dpa 380 �C 97 (14) �46 165 (15) �32 32 (8) �64
HFIR-14 J 7.7 dpa 800 �C 148 (15) �18 185 (14) �24 56 (6) �36

Multilayer None – 338 (45) – 424 (46) – 267 (18) –
HFIR-NERI 0.7 dpa 740 �C 330 (51) �2 402 (51) �5 >210 <�21
HFIR-NERI 0.7 dpa 1030 �C 240 (51) �29 320 (50) �25 100 (3) �63
HFIR-NERI 3.7 dpa 640 �C 279 (44) �17 346 (43) �18 215 (49) �19
HFIR-NERI 4.2 dpa 1080 �C 201 (28) �41 270 (27) �36 81 (2) �70
HFIR-14J 7.7 dpa 800 �C 277 (30) �18 329 (29) �22 111 (24) �58

Note: Numbers in parenthesis indicate one standard deviation.
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total thickness of the PyC layers was applied. As mentioned later,
residual stresses at the interface for the multilayer composites
are nearly compatible by taking the case of monolayer composites
with a total thickness of multilayered PyC.

3. Results

3.1. Tensile properties

Fig. 3 shows typical stress–strain curves of non-irradiated and
irradiated Hi-NicalonTM Type-S/CVI-SiC composites with either a
PyC monolayer or a PyC/SiC multilayer interphase and Table 3 lists
reduced tensile properties. Data from an irradiation experiment in
the Japan materials test reactor (JMTR, Oarai, Japan) for the identi-
cal materials are included [12]. Key common findings are summa-
Fig. 7. Effects on neutron dose on (a) the interfacial debond shear strength and (b)
the interfacial friction stress. Irradiation temperatures are noted in the figure.
Irradiation-induced change of elastic properties of SiC and PyC was considered. No
contribution from swelling was however considered. Glassy carbon was assumed.
rized as follows: (1) very minor change in Young’s modulus by
irradiation, (2) enhanced quasi-ductility beyond the proportional
limit, i.e., no embrittlement by irradiation, resulting in apparent
increase of total elongation and (3) reduction of PLS. The tensile
strength was nearly unchanged for monolayer composites at any
irradiation temperatures. Similarly no significant decrease of UTS
was observed for multilayer composites when Tirr < 1000 �C, while
minor reduction of UTS when Tirr > 1000 �C was specified.

Fig. 4 plots tensile data as a function of neutron dose. In the fig-
ure, error bars indicate ±1 standard deviation. The proportional
limit tensile stress slightly decreases even at low neutron doses
of �0.7 dpa and approaches a constant (�200 MPa) with increasing
neutron dose for both interphase types. Tensile strength and total
elongation conversely tend to increase and approach a constant
with increasing neutron dose. The increment of UTS for monolayer
composites (�30%) was greater than that of multilayer composites
(�20%). Similarly, the increment of total elongation for monolayer
composites (�160%) was almost double of multilayer composites
(�70%). Meanwhile, their Young’s moduli seem nearly unchanged
by irradiation. Large data scatter is due primarily to the variance
of porosity and fiber volume fraction.

The data subsets in the fluence range of 0.7–4.2 dpa in Fig. 4
were extracted and separately plotted as a function of irradiation
temperature (Fig. 5). In Fig. 5, Young’s moduli for both interface
structure types appeared unchanged by irradiation accounting for
the wide data scatter (�30%). In contrast, the PLS slightly de-
creased after irradiation at all temperatures, however, the temper-
ature-dependence seems very minor even at �1000 �C. This is
observed for both interphase types tested. Additionally, within
the limited data set provided, it appears that a further decrease
of the PLS has taken place when Tirr > 1000 �C. Both UTS and total
elongation were nearly unchanged by irradiation for multilayer
composites when Tirr < 1000 �C, while they significantly increased
by irradiation for monolayer composites. When Tirr > 1000 �C, a
clear difference between the monolayer and multilayer composites
was obtained: decreases of UTS for multilayer composites vs. no
major deterioration for monolayer composites.

3.2. Interfacial shear properties

Fig. 6 shows comparison of typical load-displacement curves
during fiber push-out process between monolayer and multilayer
composites. As schematically shown in Fig. 2, the fiber push-out
process generally has the following four stages: (1) elastic defor-
mation with a tiny plastic deformation, (2) debond initiation at
the interface from the loading surface, (3) progressive debond cou-
pled with interfacial friction on the debonded fiber surface and (4)
complete fiber debonding and sliding. When using a sharp indenter
tip, the initial segment of the load-displacement curve becomes
non-linear due to the plastic deformation below the indenter. Be-
yond debond initiation, the displacement rapidly increases and a
load-displacement curve shows a secondary non-linear segment.
In Fig. 6, a concave shape of the secondary non-linear segment
for multilayer composites is due to the inherently high interfacial
friction resulting from the rough surface of the fiber. The limited
load capacity of the test system does not allow the complete deb-
onding and sliding of the composites with exceptionally high de-
bond initiation stress. More than 80% of measurements of rmax

for multilayer composites were invalid when specimen thickness
was >100 lm. The slightly convex shape observed for monolayer
composites is due to the comparably low friction stress. A plateau
beyond complete debonding, i.e., sliding of the pushed-out fiber,
was observed for the case of thick PyC monolayer composites.
The further load increment after complete sliding indicates a phys-
ical contact of the indenter sides with the SiC matrix when using a
conic indenter.



Fig. 8. Typical micrographs of pushed-out fiber surfaces under various irradiation conditions.
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The least-square fits by Eqs. (1) and (4) can provide an interfa-
cial debond shear strength (ss) and an interfacial friction stress (sf),
respectively, from the experimental push-out data in Table 4. Table
5 lists ss and sf of monolayer and multilayer composites and Fig. 7
plots interfacial shear property data as a function of neutron dose
(for the low-density PyC case). Note that the preliminary analysis
in this study disregarded the contribution from swelling because
the actual swelling in composite forms depend significantly on
irradiation assisted stress relaxation; The importance of irradiation
creep was pointed out by the bend stress relaxation test by Katoh
et al. [43]. The anisotropic swelling of SiC under stress has also
been reported [44]. Considering precisely the effect of irradia-
tion-induced dimensional change with combined effects of dy-
namic irradiation effects is presently very difficult due to many
uncertain factors and scarcity of data. Meanwhile, simple estima-
tion by applying a minimum value of rmax gives a lower limit
(sf > 210 MPa) as plotted in the figure with an arrow in Fig. 7,
although the interfacial friction following irradiation at 740 �C up
to 0.7 dpa could not be quantified due to the load limitation of
the test system.

From Fig. 7, it is apparent that shear properties at the F/M inter-
face depend on neutron dose. They apparently changed after irra-
diation, however, the dose dependence is not so significant when
Tirr = �1080 �C. Both ss and sf decrease by irradiation in low dose
region and remain nearly unchanged with further increasing neu-
tron dose regardless of the interface structure types, e.g. monolayer
or multilayer. Of particular emphasis is that both ss and sf for mul-
tilayer composites were most affected when Tirr = �1080 �C. How-
ever, it is worth noting that the interfacial shear properties for
irradiated multilayer composites are still above average for mono-
layer composites. Even if the interfacial shear stresses decrease by
irradiation, the high shear strength is still sufficient for the load-
sharing at the F/M interface. Presently, no irradiation data is avail-
able for monolayer composites when Tirr > 1000 �C and therefore it
should be noted that it is unclear whether this is specific to the
multilayer interface case. Another uncertainty to be pointed out
is a reduction of interfacial friction by irradiation at 800 �C up to
7.7 dpa for multilayer composites.

Fig. 8 exhibits typical micrographs of pushed-out fiber surfaces
of as-received and neutron-irradiated materials. Importantly the
primary crack occurred in the inner most PyC layer adjacent the fi-
ber for both cases. For monolayer composites, there was no signif-
icant change in cracking path by neutron irradiation. The pushed-
out fiber surfaces were smooth regardless of the irradiation, indi-
cating crack propagation along the fiber surface. In contrast, the
rough fiber surface for the as-received multilayer composites im-
plies crack propagation within PyC interphase adjacent the fiber.
The changing crack path: the crack path ‘within’ interphase before
irradiation vs. the crack path ‘along’ the fiber/carbon interface after
irradiation (7.7 dpa at 800 �C) was identified.

4. Discussion

4.1. Clamping stresses at the fiber/matrix interface

Interfacial shear properties are significantly dependent on
residual compressive (clamping) stresses induced at the F/M inter-
face. These clamping stresses are generally induced by the thermal
expansion mismatch among the fiber, F/M interphase and matrix,
and by roughness of the fiber surface [20]. Additionally, the sec-
ondary stresses induced by swelling and stress relaxation by irra-
diation creep may impose added complexity under neutron
irradiation. For advanced SiC/SiC composites, the fiber and matrix
are highly-crystalline SiC and it has been believed that their irradi-
ation effects are essentially similar. However, recent study identi-
fied some differences in defect accumulation between fibers and
purer SiC matrix, implying potential difference in swelling [41],
which probably gives a residual stress at the F/M interface by irra-
diation. In spite of the presence of CTE mismatch between the SiC
fiber and matrix, dose-dependent dimensional change of PyC
would inevitably impose substantial stresses at the F/M interface
[26]. In short, the radiation-induced stresses would undoubtedly
influence the results and ultimately need to be considered.

A clamping stress working at the F/M interface can be qualita-
tively predicted under the simple assumption by adopting the
four-phase (fiber core/PyC interphase/SiC matrix/composites) cyl-
inder model [45–47]. This model discusses (1) anisotropy of the
constituents, (2) the effect of interlayer thickness, (3) contributions
from the thermal expansion mismatch and (4) irradiation effects.
Of many models, the analytical method proposed by Oel [47] is
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adopted due to the perceived applicability to the multilayered
interphase structure. In the following analysis, isotropic swelling
of SiC and PyC was assumed. As aforementioned, quantification
of the contribution of irradiation creep is very complicated for sev-
eral reasons, therefore this study did not take this into account for
simplicity.

Fig. 9 shows comparison of calculated thermal residual stresses
in the radial and axial directions for monolayer and multilayer
composites with respect to the radial distance from the fiber cen-
ter. By taking data listed in Table 2, a residual tensile stress is in-
duced in the radial direction. In the axial direction, a residual
tensile stress is in the fiber, while a residual compression stress
is in the matrix. However, because the manufacturer-claimed ther-
mal expansion coefficients of Hi-NicalonTM Type-S and PyC in Table
2 are uncertain, the effect of variation of CTEs of the fiber, F/M
Fig. 9. Calculated thermally induced residual stresses: (a) radial stresses and (b)
axial stresses.
interphase and matrix on clamping stresses was first examined.
Fig. 10 shows typical analytical results of residual radial stresses
with respect to PyC interlayer thickness. It is apparent that the
residual stress at the interface depends significantly on PyC inter-
layer thickness. The differential thermal expansion between the fi-
ber and the matrix determines the direction of the stress at the F/M
interface, i.e., residual compression when af < am or tension when
af > am. In contrast, the magnitude of the CTE of PyC imposes stress
deviation with increasing PyC interlayer thickness. For instance,
with a higher CTE of carbon assumed, e.g., high-density PyC, a
residual stress becomes much more tensile and vice versa. Consid-
ering the hysteresis analysis [48] for stress–strain curves of non-
irradiated composites in Fig. 3, the thermal residual stress in the
radial direction becomes zero or slightly tensile for advanced SiC/
SiC composites. It is therefore suggested that the CTE of Hi-Nic-
alonTM Type-S should be very close to or slightly higher than that
of CVD-SiC. From these facts, a negative contribution to clamping
at the interface is therefore anticipated. In contrast, the huge con-
tribution to the interfacial shear strength during the fiber pull-out
stage was generally induced by the improved surface roughness of
the advanced SiC fiber. The fiber roughness influences the radial
stress for debonded interface in a simple assumption [20]. Fig. 11
shows an example of analytical results of residual radial stresses
by assuming a fiber surface roughness of 10 � 20 nm. From
Fig. 11, the rougher fiber surface can theoretically induce more
compressive (clamping) stress. Specifically, a radial compressive
stress increases for thinner PyC interlayer thickness.

In Fig. 9, another remark to be addressed is that the stress state
in the multilayer composites is nearly identical to that of mono-
layer composites with a PyC interlayer thickness of the total PyC
sub-layers of the multilayer. From this fact, the approximation
incorporating the total PyC thickness will be fairly reasonable for
the analysis of thermal residual stress in multilayer composites.
In contrast, there is no doubt that the innermost PyC layer (adja-
cent the fiber) is important in an interface design to control crack
propagation behavior because of the fact that a critical crack prop-
agates along the fiber surface. From Fig. 8, the primary crack prop-
agates along the surface of the first PyC layer. For the analysis of
multilayer composites, it should therefore be reasonable to adopt
the first PyC interlayer thickness and the total PyC interlayer thick-
ness for a crack propagation analysis and a residual stress analysis,
respectively.

Under neutron irradiation, residual stresses can be further in-
duced by differential swelling among the fiber, F/M interphase
and matrix. Fig. 12 shows an example of the analysis of irradia-
tion-induced residual radial and axial stresses at the F/M interface.
In Fig. 12, the input data of the swelling and Young’s moduli for
irradiated SiC and high-density PyC were taken from the estimates
by empirical equations as listed in Table 2. This analysis assumes
no change of CTE by irradiation. No contribution from irradiation
creep was also considered for simplicity. Preliminary analysis in
Fig. 12 suggests that neutron irradiation enhances more tensile
residual stress at the F/M interface in the radial (clamping) direc-
tion. It should be also noted that (1) the radiation-induced residual
stresses for thick PyC monolayer composites are potentially larger
than that of thin-layered multilayer composites and (2) no signifi-
cant influence of irradiation temperature would be analytically
anticipated. The tensile hysteresis curves for irradiated composites
in Fig. 3 may support these phenomena. From Fig. 12, it is obvious
that there exists a stress peak around a few dpa corresponded with
‘turn-around’ of the swelling behavior of PyC. This result is quite
similar to the trend suggested from the preliminary evaluation
by Henager et al. [49]. Presently no analysis can be done for the
low-density PyC case because of limited data availability. Never-
theless, considering many similarities with high-density PyC, it is
likely that the radiation-enhanced densification of the low-density



Fig. 10. Effect of the fiber surface roughness on residual radial stress at the F/M interface. In calculation, the fixed CTEs were applied: 4.4 � 10�6/�C for the matrix and
5.1 � 10�6/�C for the fiber.

Fig. 11. Thermal residual stresses at the F/M interface vs. PyC interlayer thickness with varied CTEs of the fiber and interphase. In calculation, the CTE of 4.4 � 10�6/�C was
fixed for the matrix.
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PyC induces residual tensile stresses at the interface. From the lim-
ited swelling data in [35], no clear turn-around would, however, be
anticipated. In contrast, the axial stresses in the fiber and matrix
become much more tensile and compressive by neutron irradia-
tion, respectively. Specifically, the axial stress in the matrix analyt-
ically saturates with increasing neutron dose (Fig. 12).

4.2. Effect of neutron irradiation on interfacial shear properties

In preliminary work by the authors [13], the effect of swelling
on the F/M interfacial strength was disregarded because it has been
believed that the condition under which irradiation-induced swell-
ing would not become a critical concern. However, this may not be
an appropriate assumption, especially in the low neutron dose
range, in which swelling-induced stress would become analytically
significant (Fig. 12). However, there might not be a critical concern
considering stress relaxation by irradiation creep. For the evalua-
tion on the interfacial shear properties, this residual stress issue,
therefore, needs to be clarified first of all. Though the importance
of irradiation-induced stresses is recognized, their contribution
cannot be quantified completely at this moment since understand-
ing of the swelling behavior and irradiation creep is insufficient.



Fig. 12. Calculated irradiation-induced stresses: (a) radial stress for monolayer, (b) radial stress for multilayer, (c) axial stress for monolayer and (d) axial stress for multilayer
composites. In calculation, radiation-induced changes in swelling and Young’s moduli of the fiber, matrix and interphase were empirically considered. The effect of irradiation
creep was ignored for simplicity. The fiber volume fraction and porosity are 30% and 15%, respectively.
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The interfacial shear strength data preliminarily defined in this
study therefore indicates a probable maximum shear strength at
the F/M interface of irradiated SiC/SiC composites. Because of the
existence of potential irradiation-induced radial tensile stresses
at the F/M interface, the interfacial shear properties may decrease.
However, considering stress relaxation by irradiation creep, such
degradation would be smaller than expected. An important conclu-
sion obtained under this assumption is that the interfacial shear
strength undoubtedly decreases by neutron irradiation. Of particu-
lar emphasis is that, regardless of the interface type, e.g., mono-
layer or multilayer, the effect of neutron irradiation on interfacial
shear properties appears to be very similar when Tirr < 1000 �C.
Interfacial shear properties decrease first at lower neutron doses
and eventually approach a constant. Importantly, it can be inter-
preted as irradiation-induced change of the interfacial shear
strength dependent on irradiation-induced dimensional change
of carbon interphase. When Tirr > 1000 �C, further deterioration of
interfacial shear properties would be anticipated.
The only anomaly data to be pointed out is degradation of the
interfacial friction at 800 �C up to 7.7 dpa for multilayer compos-
ites. Under this irradiation condition, no serious irradiation-
induced stress at the F/M interface is expected (Fig. 12). Alterna-
tively, the great portion of the clamping stresses is attributed to
the friction from the rough surface at the sliding plane. As afore-
mentioned, the microstructure of PyC near the fiber is more gra-
phitic rather than turbostratic isotropic carbon [38], possibly
giving a relatively weak shear spot around graphitic PyC. Indeed,
a micrograph identified that a primary crack propagated near the
fiber/interphase interface even for very thick PyC interphase com-
posites (Fig. 8). For thin-layered multilayer composites, a primary
crack should propagate with a connection of two weak interfaces:
the fiber/PyC and PyC/1st SiC matrix interfaces. This would be sup-
ported by the fact that flake-like PyC debris has been observed in a
tensile fractured surface of the multilayer composites (Fig. 13).
Such crack propagation produces a rough crack plane, giving a
strong friction at the debonded interface. It is generally reported



Fig. 13. Typical tensile fracture surfaces of multilayer interphase composites.
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that interfacial shear properties are significantly improved when
applying advanced SiC fibers with rough surface [50] or modified
SiC fibers with surface treatment [51]. From Fig. 8, it is no doubt
that the frictional stress of multilayer composites at 800 �C up to
7.7 dpa decreased remarkably due to the fact that the crack path
changed from the rough surface within PyC to the smooth fiber
surface. However, this data point is quite questionable because
there is no reasonable answer whether it is actually a phenomenon
induced by neutron irradiation by considering scarcity of data and
by simply extrapolating the data trend. Also, no clear mechanism
has yet been proven. It is necessary to clarify the detailed crack
propagation behavior to conclude it.

Another important point of discussion is the observed deterio-
ration of interfacial shear properties by high-temperature neutron
irradiation. From Fig. 12, no significant difference of irradiation-in-
duced residual stresses was generally expected with the change of
irradiation temperatures. However, in Fig. 7, it is apparent that
irradiation-induced deterioration of interfacial shear stresses en-
hanced at >1000 �C. According to the finding by Kondo et al. [52],
this temperature (�1050 �C) agrees well with the temperature at
which irradiation-induced voids can be detected, however, it is
proven that the void contribution to swelling is negligibly small
under this condition. Accordingly, no deterioration of pure SiC
was identified [4]. In contrast, there is a report that the strength
of bare Hi-NicalonTM Type-S fiber itself deteriorates by irradiation
near 1000 �C due probably to the presence of uncertain impurities
identified by mass analysis [41]. However, there is also evidence
that the fiber strength was retained during irradiation in composite
samples [41]. The fiber deterioration by irradiation would there-
fore be unlikely. Alternatively, irradiation creep, which has re-
cently been seen for SiC [43], may influence the irradiation
behavior of SiC/SiC composites. Relaxation of residual stresses by
irradiation creep would be greater in case of lower temperature
irradiation. Otherwise, deterioration of the PyC interphase itself
at higher temperature irradiation is possible but there is no evi-
dence for this at present.

4.3. Effect of interfacial shear properties on tensile properties

The composites’ overall performance relies on the F/M interfa-
cial properties, as well as fiber strength itself. In particular for uni-
directional composites, the proportional limit stress can be
described as a function of the fiber volume fraction, an interfacial
debond energy, a matrix fracture energy, and a misfit stress for
the bonded F/M interface case [53]. The matrix fracture energy is
unaffected or slightly increased by irradiation [4,54], resulting in
minor contribution for the PLS decrease. In contrast, the interfacial
debond energy, closely related to the interfacial debond shear
strength, varies by irradiation and this would therefore be a possi-
ble contributor. Recent updates in Tables 3 and 5 provide a quali-
tatively good correlation among the interfacial debond shear
strength and the PLS. Additionally, the reportedly higher CTE of
Hi-NicalonTM Type-S as compared to CVD-SiC may cause an intrinsic
thermally-induced residual stress, providing a misfit stress at the
interface (Fig. 9). A thermally-induced compressive axial stress in
the matrix theoretically increases PLS. Under this condition, irradi-
ation creep should eliminate this stress to compensate it. Thus,
irradiation creep may decrease PLS, ignoring the differential axial
swelling. This is qualitatively in good agreement with the results.
Potentially, the irradiation-induced residual stress (Fig. 12) might
increase the PLS. This is, however, quite opposite from the actual
trend. Stress relaxation by irradiation creep may also affect the re-
sults even in this case. The PLS also depends on Young’s moduli of
the fiber, matrix, and composites. The change of Young’s moduli of
SiC by irradiation is, however, statistically very small at high-tem-
peratures �1000 �C [4] and this effect would be negligible.

The effect of neutron irradiation on interfacial shear properties
was also discussed from the tensile unloading–reloading hysteresis
loop analysis for the same-grade composites [55]. In that study, en-
larged hysteresis loop width first implied a probable decrease of
interfacial friction by irradiation. However, considering the fact
that push-out tests in this study show no significant deterioration
of interfacial friction up to 7.7 dpa at 800 �C for monolayer com-
posites [13], it was concluded that this mechanism is insufficient
to explain the phenomenon completely. Alternatively, it is believed
that the hysteresis loop widening is due primarily to the difference
in matrix crack density. The higher matrix crack density for irradi-
ated samples gives the wide hysteresis loop. The matrix crack den-
sity increases with decreasing interfacial debond shear strength.
For multilayer composites, because sufficient hysteresis informa-
tion could not be provided due to the extremely low strain after
matrix cracking, much discussion could not be done based on that.

It is well known that a weak interface leads to lower composite
strengths since some fibers are never loaded to their full capacity
and that some fibers fail prior to achieving full fracture strength
if their interface is too strong. The fracture strength is, therefore,
dependent on the interfacial shear stresses as well as the fiber
strength. This is reasonable based on the analytical result by Curtin
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[56]. The fracture strength of composites can be determined by the
Weibull characteristic strength, which depends on both fiber
strength and interfacial friction stress, the Weibull modulus, and
volume fraction of the fibers. It is reported that the Weibull mod-
ulus slightly decreases by irradiation [10,41], however this would
not have a large impact on the results (<5% decrease change due
to irradiation). The increment of the post-irradiation strength of
the composites for Tirr < 1000 �C is contrarily attributed to the
modification of the fiber strength by irradiation [10]. This is sup-
ported by the known presence of irradiation-assisted toughening
of SiC [4,54]. In these reports, the potential surface modification,
relaxation of the machining-induced local stress, modifications of
elastic properties and fracture energy by irradiation was believed
to explain the improved fracture toughness, giving a positive con-
tribution to the composite strength. Another report did not show
any degradation of strength for 2D SiC/SiC composites at
�1100 �C [41]. In conclusion, the primary contributor for the dete-
rioration of the composite strength by high-temperature neutron
irradiation (Tirr > 1000 �C) is moderate degradation of the interfa-
cial friction stress.
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Fig. A1. Schematic illustration of transversely isotropic composites system for
determination of the interfacial debond shear strength (ss) and the interfacial
friction stress (sf).
5. Conclusions

The performance of composites depends on the F/M interphase.
This study aims to investigate the effect of neutron irradiation on
interfacial shear properties of unidirectional Hi-NicalonTM Type-S/
CVI-SiC composites with either a PyC monolayer or a PyC/SiC mul-
tilayer interphase. For that purpose, tensile and single fiber push-
out test techniques were applied. Key findings are summarized
as follows:

1. For the neutron fluence and irradiation temperature range stud-
ied, the interphase degradation, which is measurable but not so
dramatic, did not compromise the overall mechanical perfor-
mance of the composites. The interphase was still capable of
carrying out its dual roles of toughening and load transfer.

2. Multilayer composites exhibit comparably higher interfacial
shear stresses than monolayer composites even after neutron
irradiation due to the thin innermost PyC layer. Even though
there is a difference in magnitude of the strength between
monolayer and multilayer composites, both an interfacial
debond shear strength and an interfacial friction stress decrease
by neutron irradiation dependent on the neutron fluence. Such
irradiation-induced decrease of interfacial shear properties is
due primarily to the irradiation behavior of the interphase
material, i.e., PyC.

3. Dependence of irradiation temperature seems very minor at
<1000 �C for both interphase types. Considerable reduction of
interfacial shear stresses was contrarily identified for multilayer
composites by high-temperatures neutron irradiation
(Tirr > 1000 �C). However, it cannot be concluded whether this
deterioration is specific to the multilayer composites or not.
Due to the scarcity of data, deterioration of interfacial shear
stresses at high-temperatures for monolayer composites is
uncertain.

4. The proportional limit tensile stress is closely linked to the radi-
ation-induced change of the interfacial shear stresses, while the
tensile strength of the composites for the conditions studied
was nearly unaffected by neutron irradiation.
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Appendix A

To determine the interfacial debond shear strength (ss) from the
experimentally determined interfacial debond initiation stress
(rd), a non-linear double shear-lag model for the transversely iso-
tropic coordination was proposed. The double shear-lag model as-
sumes three phases, i.e., a fiber, an interphase, and a composite
(Fig. A1). In the model, radii of the fiber, interphase and composites
are denoted as rf, ri, and rc, respectively. The important update from
the published models is that the modified model can consider
anisotropy of each constituent. Elastic moduli in the axial and ra-
dial directions are Ez and Er, respectively. Similarly Poisson’s ratios
of mz and mr, thermal expansion coefficients of az and ar, irradiation-
induced strains of ez and er are defined. The axial shear modulus is
also defined as G44. In the following discussion, superscripts of f, i,
and c indicate the fiber, interphase and composites, respectively.
The temperature difference from the fabrication temperature is de-
noted as DT.

On the basis of previous works [22,25], the coefficients in Eq. (1)
are determined as follows:
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