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Abstract

The failure behavior of TRISO-coated fuel particles depends significantly on the shear strength at the interface between
the inner pyrolytic carbon (PyC) and silicon carbide (SiC) coatings. In this study, a micro-indentation fiber push-out test
was applied to measure the interfacial shear properties of a model TRISO-coated tube. Of particular emphasis is that this
study developed a non-linear shear-lag model for a transversely isotropic composite material due to insufficiency in the
existing isotropic models as applied to layered TRISO-coating systems. In the model, the effects of thermal residual stresses
and the roughness-induced clamping stress were identified as particularly important. The rigorous model proposed in this
study provides more reasonable data on two important interfacial parameters: the interfacial debond shear strength and
the interfacial friction stress. The modified model coupled with experiments yields an interfacial debond shear strength of
240 ± 40 MPa. This high interfacial strength, though slightly lower than that obtained by the existing isotropic model
(�280 MPa), allows significant loads to be transferred between inner PyC and SiC in application. Additionally, an inter-
facial friction stress of 120 ± 30 MPa was determined. This high friction stress is attributed primarily to the roughness at
the cracked interface rather than clamping effects due to differing coefficients of thermal expansion.
Published by Elsevier B.V.
1. Introduction

A TRISO-coated nuclear fuel system is one of the
advanced fuel concepts for the very high tempera-
ture gas-cooled test reactor (VHTR) [1]. The
TRISO-coated fuel particle is composed of a fission-
able kernel core and four functional overlayers: a
low-density buffer pyrolytic carbon (BPyC) layer,
a dense inner pyrolytic carbon (IPyC) layer, a sili-
con carbide (SiC) layer, and a dense outer pyrolytic
carbon (OPyC) layer. In this fuel system, the SiC
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coating layer is essentially impervious to fission
gases at normal operating temperatures and primar-
ily acts as a structural material. To achieve better
fuel performance and enhanced fuel lifetime, a high
reliability SiC layer is critical.

For many of the potential failure mechanisms of
a TRISO fuel, the load transmitted across the IPyC/
SiC interface, along with the strength of the SiC
layer itself [2], is of fundamental importance. If the
interfacial shear strength is very high, no debonding
or partial debonding would occur, leading to a
stress concentration in the SiC coating around the
crack tip. In contrast, the complete interfacial deb-
onding due to low interfacial strength may cause a
pressure vessel type fracture of the SiC coating.
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Fig. 1. A typical cross-sectional image of a model TRISO-coated
tube.
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Nozawa et al. [3] evaluated the shear properties
of the IPyC/SiC interface using a simulated
TRISO-coated tubular material. A micro-indenta-
tion fiber push-out technique, originally developed
to determine the interfacial shear properties of
composite materials [4], was applied to evaluate
two important parameters: (1) an interfacial debond
shear strength, which can initiate a primary crack at
the perfectly bonded interface, and (2) an interfacial
friction stress at the debonded interface. Assuming
that both the inner core, which is composed of ker-
nel, BPyC and IPyC, and the SiC layer are isotropic,
the non-linear shear-lag models developed by Hsueh
[5] and Shetty [6] were applied to predict the interfa-
cial debond shear strength and the interfacial fric-
tion stress, respectively. However the modeled
TRISO-coated tube is transversely isotropic. There-
fore, further improvement of the analytical models
is required to quantify the interfacial shear proper-
ties of the TRISO-coating. Additionally, thermal
expansion mismatch-induced residual stresses and
roughness-induced clamping stress may impact the
interfacial shear properties, although they were
ignored in the preliminary analysis for simplicity.

This study aims to evaluate the interfacial shear
properties of the IPyC/SiC interface in a model
TRISO-coated tubular material using the micro-
indentation push-out test technique. Specifically, a
modified non-linear shear-lag model for a trans-
versely isotropic composite material was developed
to evaluate the interfacial shear properties. The
effects of thermally-induced residual stresses and
roughness-induced clamping stress were considered
in the model because of their particular importance.

2. Experimental

2.1. Material

A model TRISO-coated tubular material was
fabricated by chemical vapor deposition (CVD).
Deposition conditions were the same as those used
for actual TRISO fuel preparation [2]. A typical
cross-sectional micrograph is shown in Fig. 1. A
SCS-9ATM ‘SiC’ based fiber (Specialty Materials,
Inc., Lowell, MA) with a diameter of �75 lm and
a length of �5 mm was used as a core material.
The obvious simplification being made here is to
prepare a cylindrical TRISO surrogate which lends
itself to mechanical testing as compared to a
spherical TRISO fuel. A buffer porous PyC with a
thickness of �40 lm was formed on the surface of
SCS-9ATM fiber. A �23 lm-thick inner dense PyC
and a �60 lm-thick SiC were subsequently depos-
ited. No outer PyC coating was formed. The details
of the material fabrication were described in the pre-
vious work by the authors [3].

2.2. Micro-indentation push-out test

Shear properties of the IPyC/SiC interface were
evaluated by the micro-indentation fiber push-out
technique [4]. Thinly-sliced specimens, which were
polished using standard metallographic techniques
to a thickness ranging from 60 to 340 lm, with a
surface finish of 1–5 lm, were bonded to a specimen
holder above a �230 lm-diameter hole. The fiber
core (a SCS-9ATM fiber with buffer and inner PyC
layers) was punched-out with a conical indenter
with a flat-bottomed tip. The crosshead displace-
ment rate applied to the fiber core was 20 lm/min.
The details of the experimental procedure were
described elsewhere [3].

A modified non-linear shear-lag model for a
transversely isotropic composite material was
applied to evaluate the interfacial debond shear
strength and the interfacial friction stress. For
simplicity, a two-phase model, considering the stress
balance at the interface separated between the
pushed-out fiber core (SCS-9ATM + BPyC + IPyC)
and the SiC coating, was developed. Details of the
models are described in the following section.
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3. Analyses

3.1. Interfacial debond shear strength

A rigorous analytical solution to determine the
interfacial debond shear strength (ss) was proposed
by Hsueh for the two-phase mini-composite with an
isotropic fiber embedded in the isotropic matrix
shell [5]. The Hsueh model is quite-sophisticated
from the viewpoint that it considers the precise
interactions at the interface: (1) the radial depen-
dence 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 relat-
ing the tangential stress to the radial stress at the
interface.

The first modification to the Hsueh model is to
capture the anisotropy of the fiber core and the
matrix. This study assumes that the fiber core with
a layered structure is transversely isotropic and each
interface in the fiber core, i.e., SCS-9ATM/BPyC and
BPyC/IPyC, is kept continuous, i.e., a mechanical
load can be transferred without any loss at the
bonded interface. This should be reasonable
because no cracking occurred in the core material
unless the BPyC or IPyC failed by shear [3].

The second modification is to consider the effect
of the thermally-induced residual stresses on ss.
Even though there is only a slight mismatch in ther-
mal expansion coefficients between the fiber and the
matrix, large thermally-induced residual stresses can
be generated during cooling from the processing
temperature to the room temperature. Similar to
the stress continuity, this study assumes that the
interfaces in the fiber core are continuous for ther-
mal conductance.

Fig. 2 shows a schematic illustration of the test
system concerned, where the cylindrical polar coor-
dinate system is used and r, h and z indicate radial,
hoop and axial coordinates, respectively. In Fig. 2, a
fiber with a radius of a is embedded in the center of
a coaxial cylindrical shell of matrix with an outer
radius of b and a length of t. The fiber is subjected
to an applied stress of r0 at one end of the specimen
at z = t. In this study, the compressive stress is
always negative, unless otherwise notified. The
stress is transferred from the fiber to the matrix
through the interfacial shear stress si. It is worth
noting that the anisotropy in elastic constants of
the fiber and the matrix is addressed explicitly in
the model. The axial and radial Young’s moduli
of the constituents are represented as Ez and Er,
respectively. Similarly, the axial and radial Poisson’s
ratios are represented as mrh and mrz, respectively.
Additionally, the coefficients of thermal expansion
in the axial and radial directions are represented
as az and ar, respectively.

Assuming radial symmetry, radial, hoop and axial
displacements are expressed as ur = u(r), uh = 0 and
uz = w(r,z), respectively. In this case, Hooke’s law
can be rewritten in the more general form

rrr ¼ C11
ouðrÞ
or
þ C12

uðrÞ
r
þ C13

owðr; zÞ
oz

� b1DT ;

ð1Þ

rhh ¼ C12

ouðrÞ
or
þ C11

uðrÞ
r
þ C13

owðr; zÞ
oz

� b1DT ;

ð2Þ

rzz ¼ C13

ouðrÞ
or
þ C13

uðrÞ
r
þ C33

owðr; zÞ
oz

� b3DT ;

ð3Þ

srz ¼ C44
owðr; zÞ

or
; ð4Þ

shz ¼ srh ¼ 0; ð5Þ

where

b1 ¼ ðC11 þ C12Þar þ C13az; ð6Þ
b3 ¼ 2C13ar þ C33az: ð7Þ
Elastic constants of the transversely isotropic mate-
rial,C11, C12, C13, C33 and C44, are given in Appen-
dix A. The temperature range of cooling where the
thermal stresses build up is denoted as DT. Then,
Eqs. (1)–(3) can be further rewritten as
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our

or
¼ ouðrÞ

or
¼ 1

Er
rrr �

mrh

Er
rhh �

mrz

Ez
rzz þ arDT ; ð8Þ

ouh

oh
¼ uðrÞ

r
¼ � mrh

Er
rrr þ

1

Er
rhh �

mrz

Ez
rzz þ arDT ;

ð9Þ
ouz

oz
¼ owðr; zÞ

oz
¼ � mrz

Ez
rrr �

mrz

Ez
rhh þ

1

Ez
rzz þ azDT :

ð10Þ

Eqs. (3)–(6) in Ref. [5] are therefore replaced by
Eqs. (4) and (8), (9), (10), respectively.

Combining the original Hsueh model, the precise
stress interactions at the interface can be expressed.
As a guideline of the original Hsueh model [5], Eqs.
(17) and (20) in Ref. [5] are finally rewritten as
follows:

rfa ¼ �rf �
a2Ef

z

8Gf
z

d2�rf

dz2
; ð11Þ

a2B1
d2�rf

dz2
¼ �rf � r0 þ

b2

a2
� 1

� �
rma; ð12Þ

where rfa and rma are the axial stresses in the fiber
and the matrix at the fiber/matrix interface (r = a),
respectively, and �rf is the average axial stress in
the fiber. An axial Young’s modulus and a shear
modulus of the fiber are denoted as Ef

z and Gf
z,

respectively. A constant B1 is defined in Appendix B.
For a completely bonded interface, the continuity

conditions in both axial and radial directions are
required at the interface. We set a radial stress at
the interface as ri in equilibrium. By profiling the
distribution of residual stresses [7,8], the radial
and hoop stresses are uniformly distributed in the
fiber and both stresses are equal to ri. In contrast,
the residual stresses in the matrix are expressed as

rm
rr ¼ ri; ð13Þ

rm
hh ¼ �

b2 þ a2

b2 � a2
ri: ð14Þ

From Eqs. (8)–(10), the following continuity condi-
tions are derived:

af
rDT þ ð1� mf

rhÞri

Ef
r

� mf
rzrfa

Ef
z

¼ am
r DT � 1

Em
r

b2 þ a2

b2 � a2
þ mm

rh

� �
ri �

mm
rzrma

Em
z

; ð15Þ

af
zDT þ rfa � 2mf

rzri

Ef
z

¼ am
z DT þ 1

Em
z

rma þ
2a2mm

rz

b2 � a2
ri

� �
:

ð16Þ
where the superscripts of ‘f’ and ‘m’ denote the fiber
and the matrix, respectively. Using Eqs. (15) and
(16), rma can be expressed as a function of rfa.

Adopting the first (Eqs. (11) and (12)) and the
second (Eqs. (15) and (16)) modifications, the
following differential equation can be obtained

a2X 1
d2�rf

dz2
þ X 2�rf þ X 3 þ r0 ¼ 0; ð17Þ

where X1, X2 and X3 are constants, defined in
Appendix B. A general solution of Eq. (17) has
the following form:

�rf ¼ Y 1 expðmzÞ þ Y 2 expð�mzÞ þ Y 3; ð18Þ
where Y1, Y2, Y3 and m are given in Appendix B,
considering the boundary conditions; �rf ¼ 0 at
z = 0 and �rf ¼ r0 at z = t.

Additionally, the following stress equilibrium
condition should be satisfied at the interface:

d�rf

dz
¼ � 2si

a
: ð19Þ

Combining Eqs. (18) and (19), the interfacial shear
stress at the fiber/matrix interface can be expressed
as a function of z. The interfacial shear stress is
maximized at z = t, yielding ss. When the debonding
initiates (z = t), r0 is replaced by the debond initia-
tion stress (rd). The resultant equation is

ss¼�
am
2

� � ½expðmtÞþ expð�mtÞ�rdþ rdþX 3

X 2
½expðmtÞþ expð�mtÞ�2�

expðmtÞ� expð�mtÞ :

ð20Þ
3.2. Interfacial friction stress

After initial debonding, frictional sliding occurs
at the debonded interface. The interfacial friction
stress (sf) is therefore recognized as a good measure
to represent interfacial shear properties for the par-
tially (0 < h < t) or completely (h = t) debonded
interface, where the debond length is denoted as h.
In the previous paper by the authors [3], Shetty’s
non-linear shear-lag model [6] was employed to pre-
dict the interfacial friction stress for a completely
debonded interface from the data of rmax. The
major advantage to use this model is that the anal-
ysis is independent of the shape of the indentation
curve, i.e., it is applicable to composites with strong
interfacial bonds. Similar to the evaluation of inter-
facial debond shear strength, this study provides a
more precise solution using Hooke’s Law for the
transversely isotropic system.
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At the debonded interface, the applied stress is
transferred primarily by Coulomb friction. The
interfacial friction stress is then expressed as

sf ¼ �lðrc þ rpÞ; ð21Þ

where l is the coefficient of friction, rc is the combi-
nation of radial stresses induced at the debonded
interface by the thermal expansion mismatch and
the fiber surface roughness, and rp is the radial
stress due to Poisson’s expansion of the fiber. Ther-
mal residual stresses are, in general, tensile stresses
for the TRISO-coated tube, then, beyond debond-
ing, there would be a less interaction between the fi-
ber core and the SiC layer. For simplicity, this study
assumes that, for debonded interface, the axial stres-
ses in the fiber and the matrix are independent of the
radial coordinate, i.e., the axial stress in the fiber
core is defined as an average axial stress, �rf . How-
ever, the rough surface induces very high compres-
sive clamping stress at the debonded interface as
discussed later. Therefore, in actuality, there re-
mains the stress interaction between the fiber core
and the SiC layer, generating the axial stresses
dependent on the radial coordinate. Such a compli-
cated stress interaction makes it very difficult to
solve interfacial friction issue at the debonded inter-
face. Then, the Poisson’s expansion-induced radial
stress can be simplified as [9]

rp ¼
mf

rz

Ef
z

þ a2mm
rz

ðb2 � a2ÞEm
z

" #
B2�rf �

a2mm
rzB2r0

ðb2 � a2ÞEm
z

: ð22Þ

Then Eq. (21) can be rewritten as

sf ¼ �lðrc þ k1�rf þ k2r0Þ; ð23Þ
where

k1 ¼
mf

rz

Ef
z

þ a2mm
rz

ðb2 � a2ÞEm
z

" #
B2; ð24Þ

k2 ¼ �
a2mm

rzB2

ðb2 � a2ÞEm
z

: ð25Þ

Substituting Eq. (23) into Eq. (19), integrating, and
applying the boundary condition �rf ¼ r0 at z = t,
gives the following solution for the axial stress in
the fiber:

�rf ¼
k1 þ k2

k1

r0 þ
rc

k1

� �
exp

2lk1ðz� tÞ
a

� �
� k2r0 þ rc

k1

:

ð26Þ

For a given applied stress r0, there is a finite fiber
debonded length (h*) at which the axial stress re-
duces to rd.
h� ¼ a
2lk1

ln
ðk1 þ k2Þr0 þ rc

k1rd þ k2r0 þ rc

� �
: ð27Þ

At complete sliding (h* = t), the stress applied to
push-out the fiber reaches a maximum. In contrast,
rd becomes zero as the bonded length approaches
zero. Consequently, the complete sliding stress
(rmax) can be obtained by

rmax ¼
rc exp 2lk1t

a

� 	
� 1


 �
k1 � k2 exp 2lk1t

a

� 	
� 1


 � : ð28Þ

In contrast, the intrinsic interfacial friction stress
ðsint

f Þ is determined by the product of l and rc, the
latter of which is induced by the thermal expansion
mismatch (rth) and the fiber surface roughness
(rrough)

sint
f ¼ �lrc ¼ �lðrth þ rroughÞ; ð29Þ

where

rth ¼ B2ðam
r � af

rÞDT ; ð30Þ

rrough ¼ �
AB2

a
; ð31Þ

In Eq. (31), A is the average fiber surface roughness.
During the fiber sliding, the average strain of A/a is
induced at the interface, producing a radial clamp-
ing stress at the interface.

On the other hand, the average interfacial fric-
tion stress ð�sfÞ can be estimated from the plateau
stress (rplateau) after the complete sliding [10]

�sf ¼ �
rplateaua

2t
: ð32Þ

For very thin specimens, Eq. (28) is expressed as the
same form with Eq. (32).

3.3. Material parameters used in analyses

Material properties used in analysis are summa-
rized in Table 1. In the table, CVD SiC, BPyC
and IPyC are considered to be isotropic. Of the
extensive database on CVD SiC, data contained in
the product sheet from Rohm and Haas Company
Advanced Materials (Waborn, MA, USA) is con-
sidered the most reliable and applicable. A coeffi-
cient of thermal expansion of 4.0 · 10�6/K over
the temperature range from 298–1273 K for Rohm
& Haas CVD SiC is slightly lower than that of other
CVD materials reported in literature. Recently
required data suggests using a value of 4.4 · 10�6/
K (298–1273 K) for CVD SiC [11–14]. Fundamental
data of PyC are quoted from the CEGA handbook



Table 1
Material properties used in analyses

d (g/cm3) Ez (GPa) Er (GPa) mrh mrz Gz (GPa)a az (10�6/K)b ar (10�6/K)b

SCS-9A SiC fiberc 2.8 307 200 0.2 0.3 128 4.3 4.3
Buffer isotropic PyCd �1 20 20 0.23 0.23 8 5.5 5.5
Inner isotropic PyCd �2 30 30 0.23 0.23 12 5.5 5.5
CVD SiCe 3.21 460 460 0.21 0.21 190 4.4f 4.4f

Fiber corea 1.65 64 30 0.23 0.27 12 4.7 5.4

a Calculated by Hashin’s theory [16].
b Average over the temperature range 298–1273 K.
c Product sheet form Specialty Materials, Inc. (Transverse properties are calculated by Hashin’s theory [16]).
d Estimated from CEGA report [15].
e Product sheet from Rohm and Haas Co.
f Thermal expansion coeffieient data from recent review [11–14].
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[15]. It is noted that an improved data set for PyC is
warranted.

The SCS-9ATM SiC fiber composed of a carbon
core surrounded by SiC is transversely isotropic.
From the manufacturer’s product sheet, the elastic
and thermal properties in the fiber longitudinal
direction are provided. However, the material
properties in the radial direction are unknown.
In this study, the radial properties are estimated
by Hashin’s theory [16], which has been developed
to predict elastic and thermal properties for a trans-
versely isotropic material. Assuming that the SCS-
9ATM fiber consists of dense and pure SiC with a
high-density isotropic carbon core and volume frac-
tion of �0.20, a transverse Young’s modulus of
200 GPa and a transverse Poisson’s ratio of 0.3
are roughly estimated. The minor difference in the
thermal expansion coefficient is estimated.

Similarly, the elastic constants and thermal
expansion coefficient are calculated for the
punched-out inner core using Hashin’s transversely
isotropic model and they are listed in Table 1.

4. Results and discussion

4.1. Thermal expansion mismatch-induced

residual stresses

Fig. 3 shows the calculated distribution of ther-
mal residual stresses in a model TRISO-coated tube,
generated using conventional thermal stress models
[9,10]. Thermal residual stresses are evaluated by the
two-phase model, considering the fiber core (SCS-
9ATM + BPyC + IPyC) with a SiC coating, and the
four-phase multilayer model, considering the indi-
vidual four layers separately. The results show that
the thermal expansion mismatch gives small residual
tensile stresses at the interface for the tube specimen
(�50 MPa). In Fig. 3, there are some stress gaps at
the IPyC/SiC interface between these two different
analytical results but they are negligibly small. The
slight difference in the two models should not have
a significant influence on the test results, i.e., the
assumption that the core material properties can
be averaged by the rule of mixtures seems reason-
able for the tube material.

Fig. 3 also shows the stress distributions of a
TRISO-coated particle. Note that thicknesses of
each layer are identical to the model TRISO-coated
tube. It is apparent that the results of the two-phase
model analysis for the particle show substantially
higher residual tensile stresses in both radial and
hoop directions. In contrast, for four-phase model
analysis, both radial and hoop residual stresses of
the particle are in good agreement with those of
the cylindrical material. Thus it is concluded that
averaging material properties of the constituents in
the core is inappropriate for the particle case.
4.2. Interfacial debond shear strength

Fig. 4 plots the ratio of the interfacial debond
shear strength to the debond initiation stress (�ss/
rd) as a function of specimen thickness. In Fig. 4,
the existing isotropic model and the transversely iso-
tropic model proposed in this study are compared.
Additionally the effect of thermal expansion mis-
match is presented. For the very thin specimens
(t < 30 lm), there is no significant difference among
the models. However, for thick specimens (t >
30 lm), the results obtained by the isotropic model
show 50% higher �ss/rd ratio than obtained by
the transversely isotropic model. Unless the thermal
effect is considered, the ratio would be underesti-
mated. These facts suggest that the solution of
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Eq. (20) can give a reliable value for ss, while the
other models may bias the results.

According to the preliminary work by the authors
[3], it was confirmed that the data on the debond
initiation stress (rd) are valid for all specimens in a
thickness range from t = 60 to 340 lm. The debond
initiation stress monotonically increases with
increasing specimen thickness and approaches a con-
stant when t > 160 lm (Fig. 5). By fitting Eq. (20) to
the experimental data of rd for t > 160 lm, an inter-
facial debond shear strength (ss) of 240 ± 40 MPa
was obtained. As discussed previously [3], for thin
specimens (t < 120 lm), the value of ss becomes
lower than the values expected from Eq. (20). It is
believed to be due primarily to the effect of the stress
relief from the open edge at the interface. For this
reason, analysis of push-out for thicknesses less than
120 lm specimens might result in incorrectly low
values. Compared with the value of ss obtained by
the original isotropic model (�280 MPa), the value
of ss in this study (240 MPa) appears low. However,
this stress level is still quite high as the crack primar-
ily propagated within the transient phase between
IPyC and SiC [3]. This high ss enables significant
loads to be transferred at the IPyC/SiC interface.
The large scatter of the data is attributed to the prob-
abilistic nature of debond initiation stress. Accord-
ing to the sensitivity analysis of the parameters, the
effects of measurement errors from the specimen size
and the elastic constants are seemingly very small.
For instance, 10% scatter of elastic modulus pro-
vides less than 5% scatter in the results. Similarly
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10% scatter of thermal expansion coefficient gives at
most 1% data scatter.

The interfacial debond shear strength of a
TRISO-coated particle can be estimated considering
the semi-infinite specimen thickness case. Because of
no significant difference obtained in the magnitude
of thermal residual stresses between the cylindrical
specimen and the spherical specimen (Fig. 3), it is
speculated that the value of ss for the TRISO-coated
particle would be in the same order with that of the
tube specimen (�240 MPa).
4.3. Interfacial friction stress

The model TRISO-coated tube of this failed by
shear deformation of the inner core material when
the specimen thickness was greater than 230 lm.
This is because the applied stress overcomes the
shear strength of PyC before reaching the complete
sliding stress at the interface. In such a situation,
complete sliding never occurred. The modified
Shetty’s model was therefore applied to the data
of the thin specimens (t < 230 lm) coupled with
the graceful fracture at the IPyC/SiC interface.

Fig. 6 shows the complete sliding stress as a func-
tion of specimen thickness, where the fitting curves
derived from Eqs. (28) and (32) are also plotted.
Modified Shetty’s model for a transversely isotropic
material gives the friction coefficient of 0.35 and the
residual radial stress of �350 MPa, yielding an
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result by the plateau stress model (Eq. (32)) is also presented in
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intrinsic interfacial friction stress of 123 MPa.
Similarly the upper and lower limits were obtained,
giving data scatter of �40 MPa. The friction coeffi-
cient in this work is slightly higher than that deter-
mined in the previous study [3] for the material
assumed to be isotropic (�0.23), while there is no
significant difference in the residual radial stress
(�350 MPa). This indicates that the original
Shetty’s model for the isotropic material therefore
underestimates the interfacial friction stress (cf.
80 MPa in Ref. [3]). Of particular emphasis is that
the intrinsic interfacial friction stress by Eqs. (28)
and (29) is identical to the average interfacial fric-
tion stress estimated by the plateau stress
(�120 MPa). The plateau stress approach as an
alternate method to predict the interfacial friction
stress, then, is useful and much easier to apply.

The high residual radial stress (�350 MPa) may
impose a high residual hoop stress on the SiC coat-
ing. According to the stress analysis, the residual
hoop stress of �500 MPa is anticipated in the SiC
coating. On the other hand, the hoop strength of
SiC, which was measured by the internal pressuriza-
tion technique for thin-walled miniature tube speci-
mens, is 310–450 MPa [17]. Considering the effect of
specimen size [18], the hoop strength of the SiC
layer of the model TRISO-coated tube is more than
580 MPa. Therefore, the failure of a SiC layer by
internal pressurization seems unlikely.

From Fig. 3, it is apparent that the thermal
expansion mismatch between the fiber core and
the SiC coating is not significant and, similar to
the interfacial debond shear strength evaluation,
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Fig. 8. A typical micrograph depicting crack propagation at the
IPyC/SiC interface.
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the slight mismatch in the thermal expansivity there-
fore has a minor effect on the interfacial friction
stress. Contrarily, the significant residual radial
stress at the interface is due primarily to the rough-
ness at the crack surface. In Fig. 7, the calculated
roughness-induced radial stress is presented as a
function of the magnitude of roughness. The predic-
tion from the four-phase composite model is also
plotted in the figure. The figure shows that Eq.
(31) for the two-phase model gives a lower clamping
stress. Taking a more realistic value from the four-
phase composite model, the roughness at the inter-
face can be estimated to be �800 nm. According
to the micrograph of the crack propagation at the
IPyC/SiC interface (Fig. 8), this might be a good
approximation. Originally, the tortuous IPyC/SiC
interface formed by CVD does not allow the crack
propagation along the actual boundary between
IPyC and SiC, giving a very rough crack plane. Sim-
ilarly, the large friction coefficient would be attrib-
uted to the rough surface at the interface.

In Fig. 7, the roughness-induced clamping stress
for the TRISO-particle is quite higher than that
for the tube specimen. The significantly high rough-
ness-induced stress may increase interfacial friction
(>120 MPa), resulting in very strong interface even
for the debonded case. The strong interface may
allow crack propagation at the interface, eventually
causing a failure of the outer SiC coating.

5. Conclusions

In order to evaluate the shear properties at the
IPyC/SiC interface of the transversely isotropic
TRISO-coating, the existing non-linear shear-lag
models for the interfacial debond shear strength
and the interfacial friction stress were rearranged
and the interfacial shear data previously reported
were properly reanalyzed in this study. Major con-
clusions are summarized as follows:

1. The non-linear shear-lag model for a transversely
isotropic material system gives rigorous solutions
in determining (1) the interfacial debond shear
strength and (2) the interfacial friction stress of
the TRISO-coating. This model also considers
the effects of residual stresses induced by the ther-
mal expansion mismatch between each coating
layer and the fiber surface roughness.

2. The existing isotropic model overestimates the
interfacial debond shear strength. The more reli-
able value of 240 ± 40 MPa was obtained by the
refined transversely isotropic model. Such a high
interfacial strength could allow significant loads
to be transferred at the IPyC/SiC interface.

3. The original Shetty’s isotropic model contrarily
underestimates the interfacial friction stress. This
study gives an intrinsic interfacial friction stress
of 120 ± 30 MPa with a friction coefficient of
�0.35 and a radial clamping (compressive) stress
of �350 MPa. The considerably high friction
stress is attributed primarily to the roughness at
the cracked interface rather than the thermal
effect.
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Appendix A

The engineering elastic constants for a trans-
versely isotropic material are expressed as follows:

C11 ¼
Er

Ez

Ez � Erm2
rz

D

� �
; ðA1Þ

C12 ¼
Er

Ez

Ezmrh þ Erm2
rz

D

� �
; ðA2Þ
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C13 ¼ Ez
mrzð1þ mrhÞ

D
; ðA3Þ

C33 ¼ Ez
1� m2

rh

D
; ðA4Þ

C44 ¼ Gz; ðA5Þ

where

D ¼ 1� m2
rzEr

Ez

� �2

� mrh þ
m2

rzEr

Ez

� �2

: ðA6Þ
Appendix B

The coefficients in Eqs. (17) and (18) are given by

X 1 ¼ B1 þ
ðb2 � a2ÞEf

zB5

8a2Gf
zB4

; ðB1Þ

X 2 ¼ � 1þ ðb
2 � a2ÞB5

a2B4

� �
; ðB2Þ

X 3 ¼ �
ðb2 � a2Þ

a2B4

B2ðam
r � af

rÞ � B3ðam
z � af

zÞ

 �

DT ;

ðB3Þ

Y 1 ¼
r0 � Y 3½1� expð�mtÞ�
expðmtÞ � expð�mtÞ ; ðB4Þ

Y 2 ¼ �
r0 � Y 3½1� expðmtÞ�
expðmtÞ � expð�mtÞ ; ðB5Þ

Y 3 ¼ �
r0 þ X 3

X 2

; ðB6Þ

m ¼ 1

a

ffiffiffiffiffiffiffiffiffiffi
�X 2

X 1

r
; ðB7Þ

where

B1 ¼
Em

z b2

2Gm
z ðb2 � a2Þ
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ln

b
a

� �
� ðb

2 � a2Þð3b2 � a2Þ
4a2b2
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1
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