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Abstract

The fracture behavior of TRISO-coated fuel particles is dependent on the shear strength of the interface between the
inner pyrolytic carbon (PyC) and silicon carbide coatings. This study evaluates the interfacial shear properties and the
crack extension mechanism for TRISO-coated model tubes using a push-out technique. The interfacial debond shear
strength was found to increase with increasing sample thickness and finally approached a constant value. The intrinsic
interfacial debond shear strength of ~280 MPa was estimated. After the layer is debonded, the applied load is primarily
transferred by interfacial friction. A non-linear shear-lag model predicts that the residual clamping stress at the interface is
~350 MPa, and the coefficient of friction is ~0.23, yielding a frictional stress of ~80 MPa. These relatively high values are
attributed to the interfacial roughness. Of importance in these findings is that this unusually high interfacial strength could
allow significant loads to be transferred between the inner PyC and SiC in application, potentially leading to failure of the

SiC layer.
© 2006 Elsevier B.V. All rights reserved.

PACS: 68.35.Ct; 68.35.Gy; 81.05.Je; 81.70.Bt

1. Introduction

A future generation of nuclear fission energy sys-
tems, known as Generation IV (Gen 1V), is being
pursued for potential economic, safety, waste pro-
duction, and proliferation resistance benefits [1].
Moreover, the very high temperature gas-cooled
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reactor (VHTR), a Gen IV candidate advanced
reactor, has a potentially great advantage by cou-
pling superior thermodynamic system cycle effi-
ciency with the utilization of process heat for
hydrogen production. To achieve its target reliabil-
ity and performance, the VHTR and other Gen IV
concepts rely on the performance of high quality
coated particle fuel operating at very high tempera-
ture and high neutron dose.

The TRISO (TRIstructural ISOtropic) coating
fuel system acts as a pressure vessel to contain inter-
nal gas pressures generated during fission of the
kernel material and also as a diffusion barrier to
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contain gaseous and metallic fission products [2,3].
The TRISO fuel particle is composed of the kernel
of fission material and four functional overlayers:
low-density buffer pyrolytic carbon (BPyC), high-
density inner PyC (IPyC), silicon carbide (SiC)
and high-density outer PyC (OPyC) (Fig. 1). The
coated particle fuel is subjected to many forces that
put stress on the TRISO coating. High density IPyC
and SiC layers are impervious to fission gases at
normal operating temperatures and the SiC layer
primarily acts as a structural material. Potential fail-
ure mechanisms have been previously summarized
[4]. For many of failure mechanisms, transmission
of load across the IPyC (or OPyC) and the SiC is
of fundamental importance and deserves detailed
understanding.

Under neutron irradiation, anisotropic volume
changes in the fuel kernel and/or the pyrolytic car-
bon often cause cracking within the IPyC layer that
can penetrate through the SiC layer (Fig. 1(b)) or
partial debonding at the IPyC/SiC interface
(Fig. 1(c)). If the layers do not completely debond
at once or if only partial debonding occurs, severe
stress concentration occurs at the tip of the crack
opening between layers, resulting in a finite proba-
bility of failure of the SiC layer. Miller et al. [5,6]
have developed numerical models to predict the fuel
performance based on these phenomena. In con-
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trast, if the tensile radial stress that develops
between the IPyC and the SiC layers during irradi-
ation exceeds the bonding strength, then the layers
would debond relieving stresses. If complete
debonding occurs, the stress between IPyC and
SiC is effectively zero. The SiC layer would no
longer experience concentrated stresses associated
with shrinkage cracks. This would decrease not only
the probability that a shrinkage crack would lead to
failure of the particle, but also the overall failure
probability. In this case, the primary cause of stress
in the SiC layer would be fission product gas
buildup, limiting the failure to the more traditional
pressure vessel failure mode. The complete debond-
ing may increase the probability of the pressure ves-
sel failure due to uniform pressurization, since the
SiC stress due to pressure would increase with a
debonded IPyC. The primary failure mechanism
therefore significantly depends on the magnitude
of the bonding strength between layers.

The experimental methods currently available for
interfacial strength characterization of coated mate-
rial are very limited and have been primarily devel-
oped by the ceramic composites community. Mini-
composite tensile testing is one option to evaluate
the interfacial shear properties of coated tubes [7].
However, there remains the difficulty of gripping
very thin specimens while ensuring no bending

Quter “dense” pyrolytic carbon (OPyC)
Silicon carbide (SiC)
Inner “dense” pyrolytic carbon (IPyC)

— Buffer “porous” pyrolytic carbon (BPyC)

Fuel kernel

Fig. 1. (a) Schematic illustration of a TRISO-coated fuel particle, (b) and (c) typical micrograph after burnup [4].
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moment is present, which would invalidate the test
results. Additionally, it would be difficult to deter-
mine an actual crack path of multi-layered interface
material, which may propagate at both the BPyC/
IPyC and the IPyC/SiC interfaces. Currently, the
only viable relevant tests for measuring the interfa-
cial shear properties are the single fiber push-in and
push-out tests, most widely used in the mechanical
characterization of the fiber/matrix interface for
the composite system [8-15].

Usually the push-in/-out tests have been per-
formed by the nano-indentation technique [8,9].
However, as a result of the limited load capacity
of the systems, such testing is restricted to evalua-
tion of composites with a small diameter fiber.
Moreover, a sharp indenter tip such as Vickers or
Berkovich makes it difficult to analyze experimental
data due to fiber deformation. They are therefore
inadequate for low shear strength fibers such as car-
bon with onion structure [16]. For the same reason,
utilization of the sharp indenter would be inade-
quate for the layered TRISO-coated model tube.
Recently, a micro-indentation test system was devel-
oped for interfacial characterization of large diame-
ter fiber composites [10]. According to this test
method, the inner phase is pushed-out from the
outer phase using a hard flat-bottomed punch and
a universal testing machine. Parallel to the develop-
ment of experimental methods and techniques to
evaluate the interfacial properties, several numerical
analyses have been developed and their applicability
has been proven [9,17-26].

The objective of this study is to evaluate the
interfacial shear properties and crack extension
mechanism at the IPyC/SiC interface in a (non-irra-
diated) TRISO-coated model tubular test specimen
using the micro-indentation push-out test technique.
Specifically, this study aims to quantify the interfa-
cial shear properties for modeling the fracture
behavior of TRISO-coated fuel particles.

2. Experimental
2.1. Material

TRISO-coated model tubes were fabricated by
chemical vapor deposition (CVD). Deposition con-
ditions were the same as those used for actual fuel
preparation [4]. A SCS-9A™ SiC fiber (Specialty
Materials, Inc., Lowell, MA) with a diameter of
75 um was used as a core material. A buffer pyro-

lytic carbon with a thickness of ~40 pm was chem-
ically vapor deposited on 5 mm-long chopped SiC
fibers with the source gas of acetylene (C,H») in a
gas flow of argon at 1300 °C. The density of BPyC
is reportedly ~1 g/cm® [27-29]. An inner dense
pyrolytic carbon with a thickness of ~23 uym was
subsequently deposited around the BPyC layer with
mixed gas sources of C,H, and propylene (C3Hg) in
an argon gas flow at 1300 °C. The density of IPyC is
~2 g/em?® [27-30]. Both BPyC and IPyC are nearly
isotropic with Bacon anisotropy factors (BAFs)
reported to be 1.00 and 1.05, respectively [29,30].
The silicon carbide layer (~60 pum) was deposited
using methyltrichlorosilane (MTS, Gelest Inc.,
Morrisville, PA) at 1500 °C with a hydrogen gas
carrier. The resulting polycrystalline cubic CVD-
SiC provides a density of ~3.2 g/cm?>.

TRISO-coated tubular samples were embedded
in epoxy and sliced into three pieces. Slices were
then polished to desired sample thickness ranging
from 70 to 340 pm using standard metallographic
techniques. Both surfaces of the specimens were pol-
ished to a surface finish of 5 um. A subset of sam-
ples was polished to a surface finish of 1 um for
microstructural observation. Note that the interface
remained good bonding regardless of the magnitude
of the surface finish. A typical cross-sectional micro-
graph of a model tubular test specimen is shown in
Fig. 2. Layered structures were successfully depos-
ited around the SCS-9A™ SiC fiber core. The
IPyC/SiC interface of model TRISO fuel appears
to form a relatively tight bond because SiC is depos-
ited onto the rough PyC layer. This structure is very
similar to that of the actual TRISO fuel [4]. There
are no serious machining flaws observed.

Major constituent properties are summarized in
Table 1. The Young’s modulus of each layer, which
was determined by nano-indentation with a Berko-
vich type indenter tip following the method of Oli-
ver [31], is also listed. This data exhibits good
agreement with published data [27-30,32-38].

2.2. Push-out test

Push-out tests were performed using a micro-
indentation test system. Fig. 3 shows a schematic
illustration of the push-out system used in this study.
The polished specimens were bonded by epoxy-
based adhesive to a brass specimen holder over a
~230 pm diameter hole. They were then loaded with
a conical tungsten carbide (WC) indenter with a
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Fig. 2. Typical cross-sectional micrographs of TRISO-coated model tubes: (a) TRISO structure and (b) inner PyC/SiC interface.

flat-bottomed tip (195 pm in diameter). The cone
angle was approximately 20°. An optical microscope
was used to locate and load the specimen center. A
100 N capacity load cell was used to measure the
applied load. The crosshead displacement rate was
20 um/min and the indenter end displacement was
measured by a laser extensometer. Some cyclic
unloading/reloading tests were conducted to track
crack initiation and propagation. The surface micro-
structure of the TRISO-coated model tubular test
specimen was examined by optical microscopy and
scanning electron microscopy.

3. Results
3.1. Push-out behavior

In most experiments, a push-out crack success-
fully propagated along the IPyC/SiC interface.
However, some TRISO-coated model tubes failed
in different modes: by bending or shear deformation
(Fig. 4). These results suggest potentially strong
interfacial shear strength at the IPyC/SiC interface
of the TRISO-coating, although these experimen-
tal values were disregarded because the loading
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Table 1
Material parameters of constituents of a TRISO-coated model
tube

Valuables Value Note/citation
SCS-94 SiC fiber
Elastic 341 Nano-indentation (this work)

modulus (GPa) 307 Product sheet from

manufacturer [32]

Poisson’s ratio 0.2 Assumed

Buffer PyC

Density (g/cm?) ~1 Kaae [27-29]

BAF? 1.00 Kaae [29], Price and Bokros [30]

Elastic 23 Nano-indentation (this work)
modulus (GPa) 11 Kaae [33]

Poisson’s ratio 0.23 Price and Kaae [34]

Inner isotropic PyC

Density (g/cm®) ~2 Kaae [27-29], Price et al. [30]

BAF? 1.05 Kaae [29], Price et al. [30]

Elastic 31 Nano-indentation (this work)
modulus (GPa) 26 Kaae [33]

Poisson’s ratio 0.23 Price and Kaae [34]

CTE" (107%/°C) 3.5-5.1  Price et al. [35]

CVD-SiC

Product sheet from
manufacturer [36]
Nano-indentation (this work)
Product sheet from
manufacturer [36]
430 Price [37]
Poisson’s ratio 0.21 Product sheet from
manufacturer [36]
0.13 Yavuz and Tressler [38]
CTE® (10%/°C) 4.0 Product sheet from
manufacturer [36]
4.9 Price [37]

Density (g/cm?’) 3.21

Elastic 440
modulus (GPa) 460

# Bacon anisotropy factor.
® Coefficient of thermal expansion.

100N load cell

WC indenter
-

conditions were not valid. Fig. 4(a) exhibits a crack
initiated by a bending moment deflected at the weak
BPyC/IPyC interface and then propagating through
the TPyC/SiC interface. In contrast, most of the
thick specimens exhibited shear deformation of the
weak PyC until the applied load overcame the com-
plete debonding load (Fig. 4(b)).

Fig. 5 shows typical load/displacement curves
obtained from push-out tests. These load/displace-
ment curves could be classified in two groups: one
group exhibits mostly linear load/displacement
behavior, which was typical of thin test specimens
(<200 pum), resulting in a load drop at the maximum
load; the other group of curves exhibits non-linear
load/displacement behavior beyond the propor-
tional load limit followed by a load drop. The latter
behavior was typical of thicker test specimens
(>200 um). As seen in the fracture surfaces of
pushed-out specimens (Fig. 6), a large crack propa-
gated between IPyC and SiC, and the inside core
was successfully pushed-out. Beyond the load drop,
most specimens for which SiC layer failure did not
occur exhibited a plateau in the load—displacement.
However, the plateau was limited, followed by a
rapid load drop. As described in the discussion sec-
tion, the second rapid load drop was associated with
fracture of the SiC layer. Some radial cracks in the
outer SiC layer were observed in pushed-out sur-
faces. Fig. 6 also shows some damage at the edges
in the PyC layer. This might be induced by wearing
at the interfacial friction.

The proportional limit in the load-displacement
curve is typically associated with the initiation of

Displacement

measured by laser

Load cell extensometer

Optical
microscopy

X=0

Conic WC
flat-bottom
indenter

Inner core
(SCS9+BPyC+IPyC)

Brass specimen holder with 230 um-dia hole

Fig. 3. Schematic illustration of the push-out test system.
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Fig. 4. Invalid fracture surfaces of TRISO-coated model tubes
failed by (a) bending and (b) shear deformation of carbon.

an interfacial crack, i.e., interfacial debonding
[10-12]. Fig. 7 shows separate loading/unloading
curves and corresponding pushed-out surface
images of the 330 um-thick TRISO-coated model
tube. The slight slope change detected around
12N during the second loading segment corre-
sponds with the debond initiation according to
microstructural observations. A single large crack
is formed along the IPyC/SiC interface above
12 N. The actual crack path did not follow the
IPyC/SiC interface because of the roughness of the
interface. The non-uniform deposition on the rough

Debonding & sliding

Plateau

Load [N]

5
(a) Displacement [um]

Complete debonding

.~ &sliding

Plateau

© g

L

t=279 um
40 60 80
(b) Displacement [um]

Fig. 5. Typical push-out load—-displacement curves of TRISO-
coated model tubes: (a) thin specimen (118 pm) and (b) thick
specimen (279 pum).

surfaced core tube resulted in a very tortuous crack
path. From quantitative analysis of the micro-
graphs, it is estimated that the interfacial roughness
is of the order of several hundreds nanometers.

Fig. 7 also exhibits shear deformation of the PyC
inner core, which was typical for very thick speci-
mens, due to inherently weak shear strength of the
PyC layer. However, shear deformation never
occurred until the applied load reached a maximum
value. This confirmed that the debond initiation was
not associated with the initiation of shear deforma-
tion of PyC. In this study, debond initiation load is
regarded as valid even if the model tubular specimen
failed in shear.

Once the interface has debonded, the displace-
ment of the core end is significantly enhanced and
the load/displacement curves become non-linear.
The non-linear segment results from mixed fracture
processes which include progressive debonding
ahead of the crack front and friction between the
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Fig. 6. Typical valid pushed-out surfaces of TRISO-coated model tubes: (a) and (b) thin specimen (118 um), (c) and (d) thick specimen
(279 pm).

Complete debonding
[ and sliding
S Progressive debond AT

C developing zone

20+

Load [N]
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Fig. 7. Extracted loading/unloading curves during push-out test and corresponding surface images in each sequence.

sliding surfaces in the debonded region. Progressive exceeds the value of the forces associated with inter-
debonding continues as long as the applied load facial debonding and frictional sliding up to the
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peak load, which is followed by a sudden load drop.
This load drop indicates the occurrence of complete
debonding of the interface. For thin test specimens,
both debonding and complete sliding occurred
simultaneously at the maximum load.

A plateau in the load-displacement curve indi-
cates frictional equilibrium during sliding at the
IPyC/SiC interface, followed by a second load drop.
As discussed in the following, the SiC layer of most
test specimens were cracked by the contact of the
sides of the indenter tip for large push-out displace-
ments (Fig. 6). This observation is supported by the
fact that such cracks were never observed for loads
below the maximum load value (Fig. 7). The second
load drop beyond the plateau thus indicates the
fracture of the SiC layer.

Figs. 8-10 summarize experimental data of the
debond initiation load, Py, the maximum load,
Prax, and the plateau load, Ppiaeau, With respect
to the sample thickness ¢. Error bars in each figure
correspond to +1 standard deviation about the
mean value. Reduced fiber push-out data are also
listed in Table 2. The debond initiation load is con-
sidered to be valid through the entire specimen
thickness range tested. The debond initiation load
increases monotonically with increasing sample
thickness and finally approaches a constant value
of ~13 N as the sample thickness becomes larger
than 200 um. In contrast, the maximum load
increases exponentially with increasing sample
thickness up to 220 pm (Region I). Above a sample
thickness of 220 um (Region IT), the maximum load
became nearly constant (25-30 N). As discussed,

20
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7, =280 MPa

Debond Initiation Load [N]
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54+
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0 100 200 300 400
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Fig. 8. Debond initiation load versus specimen thickness.
Hsueh’s model [19] yields an intrinsic interfacial debond shear
strength of ~280 MPa for the TRISO-coated specimens.
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Fig. 9. Maximum push-out load versus specimen thickness.
Shetty’s model [24] was fitted to data in region I, yielding u = 0.23
and (=350 MPa. Experimental data in region II were not
considered in the analysis because thick TRISO-coated model
tubes accompanied with degradation of the inner pyrolytic
carbon during push-out test.
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Fig. 10. Plateau load versus specimen thickness. Model fitting
provides an average interfacial friction stress of ~120 MPa.

most specimens with a thickness over 220 pum failed
by shear deformation due to the intrinsically weak
shear strength of PyC. The shear deformation
increased the indenter tip end displacement, result-
ing in cracking of the SiC layer by contact with
the sides of the indenter. The actual maximum load
was therefore substantially lower than the expected
value in Region II. It was not possible to observe a
plateau beyond the maximum load for thick speci-
mens with shear failure of the PyC layer. In the
analysis of plateau loads, experimental data in
Region II were therefore excluded. The plateau load
was found to increase with increasing sample thick-
ness (Fig. 10).
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Table 2

Interfacial shear properties of the TRISO-coated model tube

Sample thickness Debond initiation Maximum push-out Plateau load (N) Number
(pum) load (N) load (N) of tests
69 (8) 3.3(0.5) 4.4 (1.5) 3.7 (1.0 5

94 (5) 54 (1.1) 6.9 (2.3) 6.0 (1.8) 11

123 (8) 6.4 (14) 8.5(4.4) 7.2 (5.1) 4

170 (11) 9.6 (1.6) 16.4 (5.5) 13.7 (3.4) 3

191 (6) 12.4 (2.0) 21.5(7.2) 16.3 (5.2) 5

214 (6) 10.9 (2.1) 22.0 (4.2) 18.9 (3.8) 5

232 (5) 13.6 (1.3) 24.7 (5.1) - 5

279 (3) 12.2 (2.6) 25.5(4.2) - 8

293 (4) 13.9 (1.9) 28.9 (7.1) - 7

312 (7) 12.9 (1.8) 30.6 (7.4) - 3

331 (3) 13.9 (2.3) 31.2 (3.3) - 6

Numbers in parenthesis indicate one standard deviation.

3.2. Interfacial debond shear strength

The condition of interfacial debonding during
push-out has been defined using two criteria: the
shear strength criterion [17-19] and the critical
energy release rate criterion [20-23]. In the
strength-based approach, which is adopted in this
study, it is assumed that interfacial debonding
occurs when the maximum interfacial shear stress
reaches the interfacial shear strength. For the
strength criterion, the non-linear shear-lag model
is used to analyze the interfacial debond shear
strength, 7, from debond initiation stress, o4, con-
sidering the effect of Poisson’s expansion. Note that
the debond initiation stress is defined as the debond
initiation load divided by the fiber cross-sectional
area. The Hsueh model [19], which considers the fol-
lowing precise interactions at the interface: (i) the
radial dependence of the axial stresses in both the
fiber and the matrix, (ii) the shear stress distribution
in the matrix, and (iii) the exact equilibrium equa-
tion in relating the tangential stress to the radial
stress at the interface, was applied in this study.
The Hsueh model is given by [19]

r, of the constituents, subscripts ‘f" and ‘m’ denote
the fiber core and the matrix, respectively.

The experimental trend of the compressive load
at debond initiation is shown in Fig. 8. By applying
Eq. (1), we finally obtain the estimated interfacial
debond shear strength of TRISO-coated model
tubes (solid and broken curves in Fig. 8). In this
study, the multi-layered core is assumed to be iso-
tropic, following the rule of mixtures, since there
is no exact solution for multi-layered tubes. The
properties of fiber core composed of SCS-9A™ SiC
fiber coated by BPyC and IPyC, and SiC matrix
of the TRISO-coating are summarized in Table 1.
The interfacial debond shear strength exhibits size
dependency; approaching a constant value of
~280 MPa with increasing sample thickness.

3.3. Interfacial friction stress

Shetty [24] has analyzed the frictional sliding
problem using the non-linear shear-lag approach
and derived an equation that relates the maximum
sliding load after complete debonding and the sam-
ple thickness. The complete debonding stress, P .y,

I ({M [4_m In <_m> (=B -

2 2,2
ry re rero

2

< 12— 1t (PiEy _p 12 (r2 —r)P\En N
r? E; ’ r2E¢ tanh (o)

where Py, P>, P; and o are constants defined by
Young’s modulus, E, Poisson’s ratio, v, and radius,

2 12 [(1+ vp)PyEyy
_'_rm i {( + v¢) Py +2P2}}
Er

2
Ty

[1 G —F%V?)Pz} pr(m _zexp(_m] } o

is described as a function of the compressive clamp-
ing stress, o, which is defined to be the summation
of the thermally induced residual stress and the
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roughness-induced clamping stress, and the friction
coefficient, u

_ Triog 2yikt
P = A [exp ( p ) 1], (2)
where
Eme
k=———. 3
Ef(l —+ Vm) ( )

Intrinsic interfacial friction stress, 7y, is calculated
by

T = U0p. 4)

The analysis is independent of the shape of the
indentation curve; therefore it can also be applied
to composites with strong interfacial bonds. Bright
et al. [13] applied Shetty’s original equation to sev-
eral composite systems with success in estimating
the frictional sliding parameters: residual clamping
stress, friction coefficient, and interfacial friction
stress. By fitting this equation to the experimental
data in Region I (Fig. 9), a residual clamping stress
of ~350 MPa and a friction coefficient of ~0.23
were obtained, yielding an intrinsic interfacial fric-
tion stress of ~80 MPa.

The average interfacial friction stress, 7, is esti-
mated from the plateau stress, opateau [11]

7— Oplateau’'f ) (5)

2t
Therefore the average interfacial frictional stress
can be estimated from the ratio of the plateau stress
to the sample thickness in Fig. 10. The average
interfacial frictional stresses from the plateau load
is slightly higher (~120 MPa) than those predicted
by Shetty’s model (~80 MPa).

4. Discussion
4.1. Radial cracks in SiC

The pushed-out surfaces (Fig. 6) were accompa-
nied by several radial cracks in the SiC layer, while
no cracking was produced in the SiC layer even at
the maximum load (Fig. 7). Possible crack initiation
mechanisms are suggested: (i) misalignment induced
crack initiation, (ii) failure by internal pressuriza-
tion, (iii) unstable crack propagation at the com-
plete debonding and sliding due to exceptionally
strong interfacial strength, and (iv) physical contact
with the loading indenter tip.

Polishing often gave poor parallelism of the spec-
imen surfaces. Misalignment of the fiber core causes
an anisotropic stress field along the IPyC/SiC inter-
face, probably producing the undesired cracks in the
radial direction. Such cracks led to the rapid load
drop during push-out tests and did not exhibit a
frictional plateau. This type of fracture pattern
was not included in the analysis of this study.

Once the fiber core debonds, the outer SiC layer
is subjected mostly to the internal pressurization
induced by Poisson’s expansion and cracked-plane
surface roughness. As discussed below, the effect
of the thermally induced residual stress was very
small for the debonded interface. The calculated
hoop stress induced by Poisson’s expansion using
the complete debonding load becomes less than
100 MPa in the sample thickness range tested. In
addition, the very huge radial clamping stress
(~350 MPa) primarily due to the rough surface of
the cracked-plane may cause a large hoop stress in
the SiC layer. Data obtained from the internal pres-
surization for thin wall SiC cylinders and the study
on the specimen size effect [39] suggest that the hoop
strength of the tubular model fuel was more than
580 MPa. The failure of a SiC layer by internal pres-
surization therefore seems unlikely. The presence of
the frictional plateau beyond complete debonding
may suggest that the failure by internal pressuriza-
tion was very scarce.

Unstable crack propagation is a likely mecha-
nism to induce radial cracks in the SiC layer. An
inherently strong interface and a rough fracture sur-
face might produce crack penetration or deflection
into the SiC layer as shown in Fig. 4. However, once
cracks propagate to the SiC side, the TRISO-coated
model tube no longer sustains any load. Whenever
this type of fracture occurred, a large load drop
would be observed. In this study, such data were
considered invalid.

The most likely failure mechanism of the SiC
layer is a physical contact with the indenter tip after
complete sliding. The indenter end displacement can
significantly increase when the strain energy stored
in the test system is released by the occurrence of
complete sliding. That is the reason for very limited
frictional equilibrium after the complete debonding.
Specifically, the thick specimens require large loads
for complete debonding, hence the magnitude of the
strain release must be significantly large. Moreover,
specimens with IPyC degradation could enhance the
indenter tip end displacement and the indenter side-
wall could contact the outer SiC layer (generating a
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radial pressure) before the applied load reached
potential complete debonding load. Neither the
maximum load nor the plateau load is defined in
this type of fracture.

4.2. Interfacial debond shear strength

The interfacial debond shear strength of the
TRISO-coating exhibits size dependence; it
increases with increasing sample thickness and
approaches a constant value for sample thickness
above 220 um. In the model prediction, the interfa-
cial shear stress is assumed uniform along the entire
interface for simplicity. However, the uniform shear
stress distribution might not be established near the
free surface due to enhanced stress relieving, result-
ing in decreasing shear stress near the specimen sur-
faces. Specifically, this effect may be significant for
the very thin specimens. Therefore, the intrinsic
interfacial debond shear strength can be estimated
by the value obtained for the sufficiently thick
specimens.

In the conventional SiC/SiC composite system:
Nicalon™ SiC fiber reinforced chemically vapor
infiltrated (CVI) SiC matrix composites with sin-
gle-layered PyC interphase [11], which is often
referred to discuss the interfacial shear properties
of the PyC/SiC interface, a critical crack initiated
along the interface between the Nicalon™ fiber
and the PyC interlayer. The magnitude of the inter-
facial debond shear strength between the Nicalon™
fiber and the PyC interface was approximately 170—
200 MPa. It was concluded that the weaker bonding
strength at the Nicalon™/PyC interface was attrib-
uted to the weak bonding between amorphous sil-
ica, which is generally formed on the surface of
the Nicalon™ fiber due to process-induced impurity,
and the PyC coating. In contrast, the highly pure
and crystalline characteristics of the PyC and the
SiC form a pure PyC/SiC interface, providing rela-
tively strong interfacial strength. The interfacial
debond shear strength of the TRISO-coated model
tubes (~280 MPa) was therefore relatively higher
than that of the Nicalon™/PyC interface.

4.3. Effects of thermally induced residual stress and
interfacial roughness

The clamping stress is, in general, calculated by
contributions of residual radial stresses induced by
the mismatch of coefficients of thermal expansion
(CTE) between the PyC and the SiC, and by surface

roughness at the cracked-plane. The analytical solu-
tions for the residual stress arising from the CTE
mismatch, ocrg, are developed by Oel and Frech-
ette [40] and Mikata and Taya [41]. These analytical
models can be simply extended to a multi-layered
tubular material. Fig. 11 shows a relationship
between the residual radial stress and the radial dis-
tance from a core center. As inferred from the fig-
ure, the small difference of CTE between the IPyC
(3.5-5.1 x 107%/°C) [35] and the SiC (~4.0 x 107/
°C) [36] limited the CTE mismatch-induced tensile
clamping stress (~70 MPa) at the IPyC/SiC inter-
face of the TRISO-coated model tubes. Specifically,
for the debonded interface, the residual tensile stress
does not contribute as a clamping mechanism. This
suggests that the effect of the thermally induced
clamping stress was very minor for the TRISO-
coated model tubes.

In contrast, the roughness-induced radial stress,
oR, 1s proposed by Kerans and Parthasarathy [25].
The IPyC surface with the crystallite size of
<100 nm provides a roughness-induced clamping
stress of at most 50 MPa. However, the crack sur-
face obtained from the micrographs (Fig. 5) was
more tortuous, producing a rough surface with the
magnitude of several hundred nanometers. The
rough surface of the actual crack path can provide
a larger clamping stress. A roughness-induced
clamping stress of ~300 MPa can be estimated.

200
v CTE of PyC [106 /°C]
= 0=3.5 (Tube)
8 1504+ T 7= o=4.5 (Tube)
o 0=5.5 (Tube)
g ____________________ 0=3.5 (Particle)
g U —--=- @=4.5 (Particle)
g 100 4+ AN - ——— 0=5.5 (Particle)
o I NN .
> AY
g -
E S0+ Sl \\\
S I TN NN
§ [T oo RN
£ AR
L B RN
= 0+ .
i
= |
o SCS-9 ! BPYC ! IPyC !  SiC
50 A e e
0 50 100 150

Radial Distance [um]

Fig. 11. Calculated residual radial stress distributions of TRISO-
coated model tubes and TRISO-coated particles.
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The residual clamping stress of the TRISO-
coated model tubes (~350 MPa) is a little lower
than that of Nicalon™/PyC/CVI-SiC composite
(460-760 MPa). The low CTE of the Nicalon™ fiber
relative to the matrix yields a small amount of ocTg
(~180 MPa) with the largest contribution of the
clamping stress coming from roughness-induced
radial stress [11]. Even when the magnitude of the
fiber surface roughness (~35nm) is small, large
values of roughness-induced radial stress (280-
580 MPa) can be generated at the interface. The sig-
nificantly large difference in contribution of the
surface roughness is primarily attributed to the
Young’s modulus: ~270 GPa for the Nicalon™ fiber
versus ~66 GPa for the TRISO fiber core.

Fiber roughness also has a significant influence
on the friction coefficient. Generally, the rougher
surface provides a higher frictional stress at the
interface. The surface of Nicalon™ fiber is inher-
ently smooth, resulting in a small friction coefficient,
~0.03 [11,14]. Utilization of the Nicalon™ fiber with
strong debonding surface by surface treatment [11]
or the highly crystalline SiC fibers, Hi-Nicalon™
Type-S and Tyranno™-SA [42], makes a remarkable
improvement of the frictional shear during sliding.
A thin carbon interphase also maximizes the friction
due to the enhanced effect of roughness of the SiC
matrix [14]. It logically follows that the order of
higher magnitude surface roughness of the
TRISO-coating results in a significantly higher fric-
tion coefficient (~0.23).

The combination of the high clamping stress and
coefficient of friction consequently yields a large
frictional stress, ~80 MPa. The frictional stress esti-
mated from the plateau load exhibits slightly larger
(~120 MPa) than the result from analytical predic-
tion in the sample thickness range. The large fric-
tional stress is probably explained by the presence
of debris induced by wearing during sliding.

4.4. Interfacial shear properties of TRISO-coated
fuel particles

The microstructure of IPyC/SiC interface for the
model tubes of this study is identical to the TRISO-
coated fuel particles and hence TRISO-coated fuel
particles should exhibit a similar crack surface after
debonding. This may support no significant change
of the friction coefficient between the tube and the
particle. In contrast, the internal stress state will be
different in each specimen type due to the different
geometry. This difference may impact the thermally

induced residual stress and roughness-induced
clamping stress, both of which determine the magni-
tude of frictional shear stress at the IPyC/SiC
interface.

Fig. 11 also shows an estimate of thermally
induced residual stress of TRISO-coated model par-
ticles. The layer thicknesses of TRISO-coated model
particles are assumed same with TRISO-coated
model tubes tested in this study. In a spherical model,
thermally induced residual radial stress at the IPyC/
SiC interface becomes slightly more tensile than that
of TRISO-coated model tubes. However, the very
small difference of residual radial stress of 10—
20 MPa would not cause a substantial change of fric-
tional shear stress. The majority of frictional shear
stress is therefore derived from roughness of the
cracked-plane. The roughness-induced clamping
stress still remains large even for a spherical material.

The effect of CTE mismatch-induced residual
stress on interfacial debond shear strength is also
minor, although it may exist. Therefore, the interfa-
cial debond shear strength of TRISO-coated fuel
particles can be estimated from the intrinsic value
determined in Fig. 8 for the thick specimens.

5. Conclusions

In order to evaluate interfacial shear properties
at the IPyC/SiC interface of the TRISO-coated
model tube, a micro-indentation push-out test, orig-
inally developed for continuous fiber reinforced
ceramic matrix composites, was applied. Major
findings are as follows:

(1) The micro-indentation push-out test system
using a flat-bottom indenter tip and a high
load capacity was successfully applied to eval-
uation of interfacial shear properties for the
TRISO-coated model tubular specimen. Exist-
ing non-linear shear-lag models provide rea-
sonable prediction of the interfacial debond
shear strength and the interfacial frictional
stress of the IPyC/SiC interface.

(2) The push-out process was very similar to that
of the conventional SiC/SiC composites: (i)
debond initiation at the IPyC/SiC interface
beyond the proportional limit of the initial lin-
ear elastic deformation, (ii) crack development
along the IPyC/SiC interface and incorpo-
rated sliding friction, (iii) complete debonding
and sliding at the maximum load, (iv) fric-
tional shear load transfer via the pushed-out
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fiber surface, (v) equilibrium of the frictional
shear load with the applied compressive load.

(3) Interfacial debond shear strength had a size
dependency; it tended to increase with increas-
ing sample thickness and approached a con-
stant value. The intrinsic interfacial debond
shear strength of ~280 MPa was estimated.

(4) High residual clamping stress (~350 MPa)
and friction coefficient (~0.23) of TRISO-
coated model tubes were primarily due to the
rough-surfaced crack path, yielding a rela-
tively large interfacial frictional stress
(~80 MPa).

(5) Preliminary test results indicate that the rough
estimation of interfacial shear properties of
TRISO-coated fuel particles is in good agree-
ment with those of TRISO-coated model
tubes.
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