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A TRISO-coated fuel thermo-mechanical performance study is performed for the fusion–fission hybrid
Laser Inertial Fusion Engine (LIFE) to test the viability of TRISO particles to achieve ultra-high burn-up
of Pu or transuranic spent nuclear fuel blankets. Our methodology includes full elastic anisotropy, time
and temperature varying material properties, and multilayer capabilities. In order to achieve fast fluences
up to 30 � 1025 n m�2 (E > 0.18 MeV), judicious extrapolations across several orders of magnitude of
existing material databases have been carried out. The results of our study indicate that failure of the
pyrolytic carbon (PyC) layers occurs within the first 2 years of operation. The particles then behave as
a single-SiC-layer particle and the SiC layer maintains reasonably-low tensile stresses until the end-of-
life. It is also found that the PyC creep constant, K, has a striking influence on the fuel performance of
TRISO-coated particles, whose stresses scale almost inversely proportional to K. Conversely, varying
the geometry of the TRISO-coated fuel particles results in little differences in terms of fuel performance.

� 2010 Elsevier B.V. All rights reserved.
1. Motivation

The hybrid version of Laser Inertial Fusion Engine (LIFE) pro-
vides an attractive pathway to burn fissile materials such as excess
weapons-grade Pu (WG-Pu) or transuranics from processed spent
nuclear fuel, which can be burnt up to 99% fraction of initial metal
atoms (FIMA) in less than a decade of operation [1]. The LIFE con-
cept being pursued at Lawrence Livermore National Laboratory
(LLNL) consists of a point source of 14-MeV neutrons produced
by an inertial-confinement fusion engine enveloped by a Be neu-
tron multiplier and a sub-critical fuel blanket. A schematic view
of the LIFE engine configuration is shown in Fig. 1. Details about
the geometry and the neutronic and thermal–hydraulic perfor-
mance of the reactor have been given by Abbott et al. [2,3].

The type of fuel to be used in the hybrid LIFE engine is still open
to debate, including whether it should be in a liquid or solid form.
The nominal engine design calls for 2-cm-diameter graphite peb-
bles containing �1-mm-diameter TRISO (TRI-structural ISOtropic)
fuel particles suspended in liquid Li2BeF4 (‘flibe’) [2]. A TRISO par-
ticle consists of an internal fuel kernel surrounded by a low-den-
sity pyrolytic carbon (PyC) buffer layer to moderate fission
product recoils. The buffer layer is coated successively by an inner
high-density PyC layer (iPyC), a thin SiC film, and an outer PyC
(oPyC). The configuration of a TRISO particle, with its constituent
layers is shown in Fig. 2. The preliminary fuel composition for
the WG-Pu engine consists of 20% of Pu oxycarbide (PuCO) embed-
ll rights reserved.
ded in a ZrC matrix (80%). The main objective of this paper is to
model TRISO-coated fuel particles under LIFE’s conditions using
the state-of-the-art in fuel performance modeling, and assess the
feasibility of TRISO-coated fuel for LIFE’s WG-Pu engine. Next, we
review the TRISO-coated fuel performance modeling literature
and discuss its suitability for LIFE.

2. Background

Underwritten by more than three decades of research, mostly in
the context of the high-temperature gas-cooled reactor (HTGR)
program [4], TRISO-coated fuel performance modeling has become
a critical element in the design of high-temperature fast reactors.
In the initial finite-difference models by Walther [5], Bongartz
[6], and Martin [7], the PyC layers were assumed to undergo irra-
diation-induced creep and swelling, with negligible elasticity,
whereas the SiC layer was assumed to be rigid and not affected
by irradiation. These assumptions were justified by the low swell-
ing and creep exhibited by SiC at high-temperatures, and by the
fact that the elastic modulus of SiC is an order-of-magnitude higher
than that of PyC. In addition, these simplifications were motivated
by the need to perform a large number of calculations to obtain
failure probabilities, which were costly to calculate with the com-
puting resources of the 1970s.

The full elastic behavior of the TRISO layers can be readily sim-
ulated using finite-element codes, such as ABAQUS [8], although
simulations of this type are even costlier than finite-difference cal-
culations. Bennett carried out a one-dimensional ABAQUS study of
ideal TRISO particles [9], being the first one to note that ‘‘IPyC and
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Fig. 1. LIFE engine configuration showing the location of the fission blanket. For the
specific dimensions of the reactor, see [2,3]. Temperatures are approximate.

Fig. 2. Schematic view of a TRISO particle with its constituent layers. Gray for PyC
and blue for SiC. Within the inner PyC layer lie the buffer layer and fuel kernel. The
total diameter of the particle is about 1 mm. The specific dimensions of each layer
(r1, r2 and r3) are given in Section 4. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

1 Other measures of fast fluence are: 3.61 � 1026 n m�2 (>0.1 MeV), and
1.55 � 1026 n m�2 (>1.0 MeV).
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OPyC stresses both exceed the 160-MPa mean fracture stress of
PyC” in nominal HTGR particles, and that particles with smaller
curvature (e.g. decreased buffer layer thickness) are expected to
fail during service due to the rupture of the SiC layer. This finite-
element solution was subsequently used by Miller and Bennett
[10] to validate their stress and displacement closed form solutions
for TRISO-coated fuel particles, which include elastic and inelastic
(swelling, creep) behaviors, and are formulated as power series in
time. This work is essentially what constitutes the basis of the PAR-
FUME fuel performance code [11–13].

Miller et al. have recently presented updated solutions for iso-
tropic TRISO particles, also benchmarked against ABAQUS results,
which include time-dependent material properties [14]. This is
now a standard feature of other fuel performance codes, such as
TIMCOAT [15,16], which uses the solutions developed by Miller
and Bennett [10] and incorporates the full thermo-mechanical
and failure-probability analyses for TRISO-coated fuel particles in
both pebble-bed and prismatic configurations. Another code based
on the same time series solution is PASTA [17], which possesses the
extended capability of computing TRISO stresses in the context of
the other TRISO particles in the graphite matrix and the matrix it-
self. By contrast, a full finite-element methodology aimed at quan-
tifying the failed particle fraction and fission product release in
normal and accidental conditions has been developed in France
[18]. For a review of most qualified coated-particle fuel perfor-
mance models, see Ref. [19].

All these methodologies are based on perfect axisymmetric
geometries (angular symmetry), and elastic isotropy, even for the
PyC layers (in contrast to inelastic processes, such as swelling or
creep, which are modeled anisotropically). Breaking the angular
symmetry, e.g., to simulate the effect of pre-existing cracks, gaps
between layers (de-bonding) and local thinning, in the TRISO lay-
ers, requires the use of finite-element simulations [11–
13,15,20,21]. As noted above, these simulations are costly and arbi-
trary in the sense that flawed geometries are input ad hoc, although
they are valuable in providing interesting insights beyond the
nominal behavior of TRISO-coated particles. Indeed, post-irradia-
tion examinations (PIE) suggest that asymmetric imperfections
are responsible for most of the particle failures, at least in US irra-
diation campaigns [12,13].

Despite all these advancements, the use of TRISO fuel for the
LIFE engine presents a distinct number of challenges, most notably
the extension to very high fast fluences. Fast fluences in the studies
mentioned above are typically limited to those expected in HTGR,
of the order of 3 � 1025 n m�2 (>0.18 MeV), as specified in the TRI-
SO-coated-particle fuel performance benchmark developed at Ida-
ho National Laboratory and sponsored by IAEA’s Coordinated
Research Program [22]. Fluences of up to 9.5 � 1025 n m�2

(>0.18 MeV), however, have been reached in high-burn-up (�70%
FIMA) experimental programs (at much higher temperatures as
well) [23]. By contrast, the fast fluence to achieve 99% burn-up in
LIFE’s WG-Pu engine is 3.1 � 1026 n m�2 (>0.18 MeV)1. Although
fuel pebbles are expected to undergo extraction/inspection/recircu-
lation—and thus not be exposed to aggregate fluences as high as
the full burn-up fluence—, a fast neutron dose of 3 � 1025 n m�2

corresponds only to 221 days or �12% FIMA in LIFE. It is therefore
desirable to model longer-term behavior to establish the suitability
of TRISO-coated fuel for the hybrid LIFE engine.

A major hurdle for such modeling, however, is the lack of mate-
rial property data as a function of neutron dose above the men-
tioned limit. Moreover, the existing data suffer from a large
degree of uncertainty and variability. The reference database for
PyC properties under irradiation is that compiled by CEGA over
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25 years since the 1970s [24]. Martin has pointed out the major is-
sues regarding the uncertainties in the behavior of PyC under irra-
diation [25]. For SiC, due to its interest for fusion applications,
more recent data exist [26].

Here we present a fuel performance study of TRISO-coated par-
ticles and fuel pebbles for the LIFE engine. Our method is an exten-
sion of the closed-form time series solution of Miller and Bennett
to: (a) ultra-high fast fluences (�30 � 1025 n m�2, E > 0.18 MeV);
(b) radial and time-dependent material properties; (c) elastic
anisotropy, and (d) an arbitrary number of layers. Our calculations
hinge on judicious extrapolations to very high fluences of the
known properties of PyC and SiC under irradiation. First, we pro-
vide some operational information about the WG-Pu LIFE engine
and the material properties used. Then, a brief theoretical overview
is given, followed by results for nominal and LIFE TRISO geome-
tries. Specifically, we calculate layer stress buildup considering
all the features enabled by our model extension (points (a) to (d)
above), and varying the creep constant given the large uncertainty
and importance of this parameter. We finalize with the discussion
and the conclusions.

3. Preliminaries

3.1. LIFE boundary conditions

The WG-Pu LIFE engine design contemplates a 77-cm-thick fuel
blanket containing fuel elements consisting of approximately 2444
TRISO particles embedded in 2-cm-diameter graphite pebbles im-
mersed in flowing flibe [2]. Each fuel pebble has a 30% TRISO pack-
ing fraction and a 0.58 fuel-to-moderator ratio. For 500 MW of
fusion power, the fuel blanket is envisioned to have �1.32 � 107

pebbles, which provide a multiplication factor of 7.6 for a total
thermal power of 3800 MW. The thermal power begins immedi-
ately at full power (3800 MW) because at startup the system has
the highest fissile content and is in the most reactive configuration,
even though it is still sub-critical. Steady-state fissile consumption
continues up to �80% FIMA (4.5 years), at which point, the inciner-
ation stage starts and there is a sixfold reduction in thermal power
to about 600 MW. It takes approximately another 5 years to com-
pletely incinerate the heavy metal content to 99% FIMA. Under
these conditions, the innermost pebbles experience the highest
temperatures, with surfaces at 700 �C and an average volumetric
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nuclear heating of 1.30 � 108 W m�3 at full power [27]. The pres-
sure accumulated in a TRISO particle due to gaseous fission prod-
ucts (mostly Kr and Xe) as a function of burn-up and time is
shown in Fig. 3. We have calculated the gas pressure due to trans-
mutation He and H in the kernel and found it to be negligible (10�3

times that of the fission products). Here we assume that the buffer
layer presents no barrier to the fission gases. Therefore, Fig. 3 pro-
vides the internal pressure boundary condition for the TRISO-fuel
calculations.

Fig. 4a shows the non-normalized energy spectra of the total
flux in the fuel blanket at different burn-ups. We emphasize that,
in the WG-Pu engine, the highest fissile content occurs at the time
of startup. Thus, the characteristic thermal peak in the neutron
spectrum does not exist due to the high fuel-to-moderator ratio
at BOL2. As the Pu concentration in the fuel decreases with burn-
up, and fission products build up, the spectrum becomes softer lead-
ing also to the presence of a Maxwell–Boltzmann distribution at high
FIMA (>80%) [27]. Except for the unaltered fusion peak at �14 MeV,
the fast fluence increases only marginally thereafter. At this time, the
pulsed nature of the LIFE engine is not taken into account, as preli-
minary studies suggest that its effect is negligible in the fuel blanket
[28]. Fig. 4b shows the total and fast fluences as a function of time in
the LIFE engine. Regardless of the measure used, the fluence in LIFE is
close to an order of magnitude larger than the most severe high
2 BOL: beginning of lifetime; EOL: end of lifetime.
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Table 2
Radial and tangential strain coefficients stemming from a quadratic fit (Eq. (7)) of PyC
swelling data for BAF = 1.036 at 600 and 1050 �C.

Radial strain (%) Tangential strain (%)

Table 1
Displacement damage (in dpa) and gas production (in appm) in several relevant
materials in LIFE’s WG-Pu fuel blanket. Numbers in parenthesis are damage and gas
production rates given per full power year (fpy).

Material Si C Zr Fe

Total dpa (dpa rate) 48 (5.1) 31 (3.3) 28 (3.0) 26 (2.8)
Total He (He rate) 351 (37.4) 1073 (114.1) 10 (1.1) 70 (7.4)
Total H (H rate) 624 (66.4) 15 (1.6) 48 (5.1) 338 (36.0)
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burn-up concepts, such as the Very High Temperature Reactor, a
Generation IV concept (VHTR) [29]. This fact defines the nature of
our study, in the sense that the behavior and evolution of TRISO-fuel
materials must be extrapolated to levels that are impossible to verify
with existing data. We can only go as far as using our best judgment
to predict reasonable bounds for the existing trends, and defining
fuel performance in this range. In what follows, we provide the
materials behavior laws used in this work, as well as the reasoning
behind the extrapolation approximations adopted.

The damage parameters (dpa, or displacements per atom, and
He and H gas production) under LIFE’s conditions, obtained using
the SPECTER code [30], for several relevant materials in the fuel
blanket are given in Table 1. The correspondence of the dpa with
fluence and FIMA for Si, C, Zr, and Fe in the fuel blanket is given
in Fig. 5. As we shall see below, for these damage levels there exist
in most cases no experimental data that can even suggest materials
behavior in this range. However, if we look at the results in terms
of damage per full power year (pfy), we see that the rates are even
below what can be achieved in current or past test reactors, such as
HFIR (28 and 33 dpa/fpy for SiC and Fe, respectively), ATR (12 and
14), EBR-II (27 and 25), and FFTF (53 and 48) [31].

3.2. Theory

The general constitutive equations for a spherical layer in
reduced tensor notation are:

el ¼
X3

m¼1

½Elmrm þ Klmrm/t þ Clmrn
mt� þ alT þ Slð/tÞ ðl ¼ 1;3Þ ð1Þ

where l = 1, 2 refers to mutually orthogonal tangential directions
and l = 3 is the radial direction. Here, r, /t, and T are the stresses,
fast neutron dose, and absolute temperature, and E, K, and C are
the elastic, irradiation creep and thermal creep constants. The con-
stants relating strains with temperature are the thermal expansion
coefficients a, and the S are the irradiation-induced dimensional
changes. For axisymmetric solids, the two tangential directions
are equivalent3, which we now represent by l = 1, and the material
property tensors are:
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where l and m are, respectively, the elastic Poisson ratios and the
Poisson ratio in creep. E1 and E3 are the shear modulus and the
Young’s modulus, while K and C are usually temperature and mate-
rial density dependent, but typically not fluence or time dependent.
In most practical scenarios, the irradiation and thermal creep con-
stants are obtained for a single stress state and anisotropic data is
quite scarce. This simplifies the number of terms associated with
K and C in Eq. (1). Closure of Eq. (1) is achieved via the equilibrium
equation:
T (�C) a b T (�C) a b

3 All off-diagonal components, corresponding to shear strains and stresses, are
identically zero.
r1 ¼ r3 þ
r
2
@r3

@r
ð2Þ

and the definition of the strains as a function of the displacements,
which in axisymmetric geometries using spherical coordinates can
be expressed simply as a function of the radial displacement u:

e1 ¼
u
r

e ¼ du
dr

ð3Þ

Following the work of the PARFUME group [11–13,18], the displace-
ments and the radial and tangential stresses are assumed to be well
represented by power series of the form:

uðr; tÞ ¼
X1
i¼0

uiðrÞti

rlðr; tÞ ¼
X1
i¼0

rliðrÞti

ð4Þ

Combining Eqs. (1)–(4), and assuming that the thermal creep expo-
nent n = 1, we obtain an Euler–Cauchy type equation in u with one
real double root (see internal report [32] for the full derivation).
Retaining the full anisotropy in the equations leads to solutions of
the type:

rli ¼
Xi

j¼0

ðAljrp þ BljrqÞ logðrÞj þ
X2

s¼�1;s–1

Clisrs ð5Þ

where again, l = 1, 3, and

p ¼ �3
2
þ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8ð1� l13Þ

ð1� l11Þ
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E3

s
; q ¼ �3

2
� 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8ð1� l13Þ
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E1

E3

s

ð6Þ

The A, B, and C are recursive coefficients obtained by applying
the boundary conditions introduced at each ith iteration by the ti
600 0.153 �1.044 600 0.141 �1.276
1050 0.280 �1.145 1050 0.139 �1.493



Table 3
PyC material properties used in stress calculations.

Parameter (units) Value and/or correlation used Notes Source

Coefficient of thermal expansion (�10�6 K�1) a1 = a3 = 5.5 Assumed unchanged with irradiation [38]

Thermal conductivity (W m�1 K�1) k = 16.0 [44,45]

Anisotropic orientation parameters R1 ¼ 2
2þBAF0

and R3 ¼ 1�R1
2

For isotropic PyC R1 = R3 [24]

Young’s modulus (MPa) El ¼ kqkLk/kT kBAF0
E0 L is the characteristic grain size (30–100 Å) and

T is the temperature in �C; for isotropic PyC: E1 = E3 = E0

[24]
E0 = 39,600
kq = 0.384 + 0.324 q
kL = 2.985–0.662L
k/ = 1 + 0.00,015 (T–20)

kBAF0
¼ 0:481þ 0:519BAF0; l ¼ 1

1:463� 0:463BAF0 ; l ¼ 3

�

Irradiation-induced creep rate (�1025 MPa n m�2)�1 a _eY
1 ¼ _eY

3 ¼ 8:5� 10�5r aCases (i) and (iii); bCase (ii) [24,35]
b _eY

1 ¼ _eY
3 ¼ 3:0� 10�4r

Poisson’s ratio l11 = 0.766R1 � 0.375 Relations used in all cases [24,46]
l13 = �0.88R1 + 0.825

l13 ¼
m13 E1

E3

Poisson’s ratio in creep m13 = m31 = m11 = 0.5 Kaae puts it as low as 0.35 [34] [38]

Irradiation-induced swelling rate (�1025 n m�2)�1 _SY
1 ¼ �1:32� 10�6 þ 2:8� 10�11 /t Based on extrapolation from [39] (see text)

_SY
3 ¼ �1:07� 10�6 þ 3:6� 10�11 /t

Tensile strength (MPa) �200 [47]
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dependence of the time-dependent properties (swelling, creep,
temperature, and fission pressure). To account for higher order
dependence of the elastic constants on fluence, the stress calcula-
tion code contains a remapping algorithm. At fluence intervals Dt,
over which the quadratic approximation remains accurate, the
stresses are restarted using the functional form corresponding to
t = 0 and re-inserted as the i = 0 term into the power series solu-
tion. New quadratic approximations to the elastic constants for
the next Dt fluence interval are then obtained. As such, the solution
for the stresses at high fluence is a piecewise function of finite
powers series solutions over Dt fluence intervals. Determining
the optimum length of Dt is a numerical process that depends on
the time-dependent material properties and requires some degree
of trial and error.

3.3. Material properties

There exists a considerable volume of literature on material
properties for PyC and SiC dating back to the 1950s. Much of this
knowledge is empirical and valid only in the context of the tech-
nique or facility used to carry out the experiment, and many uncer-
tainties still remain. In particular, the fluence dependence of the
material properties is critical to make sound assessments of the
thermo-mechanical behavior of TRISO-coated particles under irra-
diation. Evidently, no data exist in the range of conditions given
above for the LIFE engine, which forces us to make extrapolations
into the required ranges. In what follows, we justify the extrapola-
tions adopted and provide a comprehensive set of material param-
eters for both PyC and SiC.

Regarding PyC, the most authoritative source of experimental
data is the CEGA database [24], compiled in 1993 from studies car-
ried out over the last several decades. For example, PyC layers can
develop some degree of anisotropy during the deposition process,
which affects elastic properties and irradiation-induced dimen-
sional changes. Anisotropy is quantified at BOL by the Bacon
Anisotropy Factor (BAF0) [33], here taken to be 1.0342 and
1.0256 for iPyC and oPyC, respectively4. Although it is know that
4 These values were provided by Babcock & Wilcox (B&W) in a batch of TRISO-
coated particles fabricated for experimental testing at LLNL.
the BAF changes with irradiation (generally for the worse), here we
consider it constant. All the material properties used in this work
correspond to a pyrocarbon density of q = 1.85 � 103 kg m�3 and
are given in Table 3. The irradiation swelling and creep relations
deserve special attention. Swelling data up to 7.7 � 1025 n m�2

(>0.18 MeV) exist from a number of sources [24,34–38]. These mea-
surements show that dimensional changes along the radial direction
have a ‘parabolic’ dependence with fluence, with an initial shrinkage
due to PyC densification followed by unbounded swelling. On the
other hand, along the tangential direction, the evidence points to
continued shrinkage up to fast fluences of 5 � 1025 n m�2. These
data are typically fitted to third-order polynomials that capture
the large variability often observed in the experimental measure-
ments [22,39]. However, these are not suitable for extrapolation
up to an order-of-magnitude higher fast fluences. Exponential fits,
such as those used for the German AVR [38] are more appropriate
for extrapolation, as they remain monotonic in the entire fluence
range. However, it is impossible to know if a given trend will persist
throughout an entire order of magnitude in fluence. It is probably
reasonable to assume that radial swelling will continue to increase
as a function of fluence, although it is not known at which rate. How-
ever, tangential shrinkage is unlikely to continue indefinitely, for
material densification eventually saturates and a new phase
starts—akin to the radial case—characterized by unrestrained swell-
ing. Consequently, here we consider that the tangential swelling be-
haves as the radial swelling—i.e. initial densification followed by
unrestrained swelling—, albeit with a densification peak shifted to
higher fluences. Accepting this scenario, the existing experimental
data in the tangential direction would simply represent the initial
densification stage, with the peak’s position being unknown.

The procedure to fit PyC dimensional changes to the swelling
regime is as follows. PyC swelling curves as a function of fluence
for different initial BAF values and irradiation temperatures have
been reported [38,39]. From the values corresponding to a BAF of
1.036 (the closest to our manufactured particles), we use those at
600 �C and 1050 �C (between which our operating temperature of
�700 �C falls) and perform the following quadratic least-squares
fit in fluence:

S1ðT;/tÞ ¼ aðTÞð/tÞ2 þ bðTÞð/tÞ ð7Þ
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When fluences are expressed in n m�2, this results in the fit
coefficients given in Table 2. We next ascribe a linear temperature
dependence to a and b to obtain swelling laws at 700 �C. The
resulting relations are:

S1ð/tÞ ¼ 0:140ð/tÞ2 � 1:324ð/tÞ
S3ð/tÞ ¼ 0:181ð/tÞ2 � 1:066ð/tÞ

ð8Þ

These relations and the data points at 600 and 1050 �C are
shown in Fig. 6. One can see that, for example, the maximum den-
sification along the tangential direction now occurs at
4.8 � 1025 n m�2, which means that studies done below this point
capture only the shrinking phase of PyC. Subsequently, densifica-
tion ceases and the material starts to swell up to the breakage
point. Since PyC can be quite permeable to He gas depending on
fabrication conditions [40], we have not scaled these curves to
the LIFE He production to account for fast flux effects.

We recognize that this behavior is speculative, but it represents
an upper bound to the total PyC swelling, which is helpful to deli-
mit the TRISO stress evolution. It will also be assumed that PyC
breakage occurs at 30% volumetric swelling regardless of the inter-
nal stress state. The true volumetric swelling is:

Sv ¼ 2S1 þ S3 þ S2
1 þ 2S1S3 þ 2S2

1S3 ð9Þ

Assuming small deformations, i.e. neglecting terms of order two
and higher in Eq. (9)5, Sv = 0.3 is reached at a fast fluence of
8.14 � 1025 n m�2.

With respect to creep, we only consider secondary irradiation
creep, as there are no experimental measurements of primary
creep and Miller has shown that its effect is probably marginal
for a broad range of values [41]. Here we utilize the data and creep
relations obtained by General Atomics starting in the late 1960s
[34,35,42,43]. A value of 0.5 is typically used for the Poisson’s ratio
in creep, mc, although lower values have also been considered [34].
The evolution of mc with irradiation and/or anisotropy is not clear
but it is typically accepted that its value decreases with fluence.

Regarding SiC, most TRISO-coated fuel performance studies
assume that it behaves as an isotropic ideal elastic material (see
Section 2). In this work, however, we test this assumption by
making the SiC layer yield by way of irradiation-induced creep
and swelling. Snead et al. have published a comprehensive compi-
lation of material property data for nuclear applications [26],
5 Which results in errors of approximately 10%.

Advanced Test Reactor, at Idaho National Laboratory (http://atrnsuf.inl.gov).
7 We assume that the tensile strength in brittle materials is much lower than the

compressive strength and that, thus, these materials do no fail under compression
which constitutes the main source used in this paper. The values
and assumptions used are given in Table 4.
4. Results

We have performed calculations on two types of TRISO geome-
tries, namely, the HTR fuel specifications given for the European
and US programs for high burn-up TRISO qualification [50,51],
and the driver fuel concept used in deep burn (DB) reactor-based
transmutation [52–55]. Nominal dimensions for both TRISO-parti-
cles are given in Table 5. The HTR geometry has been widely used
in Germany as part of their spherical fuel-element development
and successfully irradiated to FIMA of up to �25% [56]. It is also
the basis for the ATR6 experimental program for the Advanced Gas
Reactor Fuel Development and Qualification in the US, although sev-
eral differences exist, especially related to the fabrication methodol-
ogy [57]. Indeed, several test cases in IAEA’s TRISO-coated-particle
fuel performance benchmark [22] are built around this geometry.
For its part, for DB transmutation, smaller kernels, relative to the res-
onance mean free path, must be used to enhance self-shielding and
maximize fission capture versus absorption [53]. Moreover, Pu ker-
nels are known to produce a higher fraction of metallic fission prod-
ucts, which may result in higher levels of Pd chemical attack to the
SiC coating [58,59]. This advises using thicker SiC coatings as a pre-
ventive measure. By maintaining the same fuel-to-moderator ratio of
0.58 in the LIFE engine, these dimensions also determine the size of
the graphite pebbles to be used. Therefore, as Table 5 shows, the
main differences reside in the kernel diameter, the buffer thickness,
and the SiC layer thickness.

The three scenarios considered here to assess the effect of irra-
diation, elastic anisotropy, and material properties on the stress
evolution on TRISO-coated particles are:

(i) For the HTR geometry, we calculate radial and tangential
stresses at the inner surfaces of the iPyC, SiC and oPyC layers
up to EOL, including all the time dependencies (given in
Tables 3 and 4) and full elastic anisotropy.

(ii) Case (i) is repeated increasing the creep coefficient of PyC
from 0.85 � 10�4 to 3.0 � 10�4 (�1025 n m�2)�1 (Table 3).

(iii) Case (i) is repeated for the DB particle geometry.

We start with cases (i) and (ii) for the HTR geometry, followed
by case (iii) for the LIFE-DB design. We assume that the PyC and SiC
layers fail at their respective fracture strengths of 200 and 400 MPa
(Tables 4 and 5)7, and that PyC fails at a fast fluence of
8.14 � 1025 n m�2 due to 30% void swelling regardless of its stress
state. In reality, coating layers typically exhibit failure strengths that
follow a Weibull distribution, which is why many fuel performance
codes include probabilistic failure analysis to evaluate layer failure.
However, for our scoping analysis our deterministic approximation
is acceptable.
4.1. Case (i): HTR TRISO-fuel calculations

Figs. 7–9 pertain to case (i) above. Fig. 7 shows the tangential
stress at the inner radii of the iPyC (r1 in Fig. 2), SiC (r2), and oPyC
(r3) layers. Tensile tangential stresses develop initially in the PyC
layers due to irradiation-induced densification. The slight non-zero
stresses at BOL are due to differential thermal expansion. At a fast
fluence of 0.46 � 1025 n m�2, the iPyC coating reaches the fracture
strength of PyC of 200 MPa, giving rise to layer fracture. From that
[60].

http://www.atrnsuf.inl.gov
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Table 4
SiC material properties used in stress calculations.

Parameter (units) Value and/or correlation used Notes Source

Coefficient of thermal expansion (�10�6 K�1) a = 4.9 Value at 650 �C; unchanged with irradiation [26]

Thermal conductivity (W m�1 K�1) k = k0(1 + exp{�0.202/t}) Correlation extracted from experimental data [26]
k0 = 106 k0 is value at 650 �C

Irradiation-induced swelling (�1025 n m�2)�1 Sl = 8 � 10�4/t Linear swelling, scaled to LIFE’s fast fluence from
data at 600 �C

[26,48]

Young’s modulus (GPa) E = E0(1–2.2Sl) Correlation extracted from experimental data [26]
E0 = 446 E0 is value at 600–700 �C

Irradiation-induced creep rate (�1025 n m�2 MPa)�1 _eY ¼ a rn expf�Q=RTg þ br Q = 2 � 105 (J mol�1) Both thermal and irradiation creep included.
from [49], n = 1

[26,49]

b = 2.7 � 10�7 (MPa�1)
a = 5 � 10–6 (MPa s)�1

Poisson’s ratio l = 0.21 Unchanged with irradiation [26]

Poisson’s ratio in creep mc = 0.5 [26]

Fracture strength (MPa) �400 For CVD SiC [26]

Table 5
Geometry of TRISO-coated-particle fuel for the HTR program used in previous
experiments and LIFE fuel particles fabricated by B&W.

Layer (lm) HTR DB

Kernel diameter 500 320
Buffer thickness 95 100
Inner PyC thickness 40 40
SiC thickness 35 45
Outer PyC thickness 40 40
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point onwards, the fission gas pressure is transmitted to the inner
surface of the SiC layer, resulting in double-layer-coated particle
behavior. This is seen in Fig. 8, where the inner pressure is
smoothly transmitted to the SiC layer. Note that this is a conserva-
tive assumption, as the sudden breakage of the iPyC layer is likely
to result in more available free volume for the fission gases to ex-
pand, giving rise to a lower pressure. At the beginning of the dou-
ble-layer stage, the SiC and oPyC stresses invert their sign,
although the largest effective curvature of the bi-layered particle
makes these lower in magnitude. During this regime, the oPyC
reaches the densification peak (with rt always below 200 MPa)
and begins to swell, until, at a fast fluence of 8.14 � 1025 n m�2,
it crumbles internally due to void swelling (30% volumetric) and
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fails. During this stage, the SiC tangential stress becomes tensile up
to 196 MPa, well below the adopted tensile strength of SiC given in
Table 3. Upon failure of the oPyC layer, the SiC coating is no longer
restrained and the tangential stress decreases significantly. There-
on, SiC stresses are simply governed by creep and swelling, which
result in a gradual and slow increase in the tensile region up to a
value of �137 MPa at EOL. At EOL, the calculated SiC swelling is
only of 2.6%, very tolerable in terms of thermo-mechanical perfor-
mance. Regarding the radial stresses, during the double-layer stage
the SiC layer supports the fission gas pressure buildup until EOL,
while the oPyC suffers mostly compressive stresses always well be-
low the de-bonding limit of �240 MPa (unirradiated) for iPyC [26].
It is unclear whether the weakly-bonded oPyC would suffer de-
bonding, however. Per Fig. 4, t1, t2 and t3 in Figs. 6 and 7 correspond
to times of, respectively, 0.2, 1.6 and 9.4 years in the LIFE WG-Pu
engine.

Fig. 9 shows a radial cut of the stresses just before the point of
iPyC failure. The radial profile of the particle temperature at the
same point in time is also shown. The temperature profile captures
the differences in thermal conductivity across the three layers.
Interestingly, DT is only one degree from r1 to r4, showcasing that
the heat exchange between the center of the particle and the ma-
trix is governed by the thermal conductivity in the kernel and buf-
fer layers. We emphasize that here we are solving the coupled
thermo-mechanical problem and, thus, material properties vary
radially with temperature.
8 With 10–20% porosity.
9 99.9% He, 0.1% H.
4.2. Case (ii): impact of the creep constant on HTR TRISO-fuel
calculations

As Martin and others have noted [25], the PyC creep coefficient
plays a fundamental role in fuel performance modeling. Figs. 10
and 11 show the evolution with fast fluence of the tangential
and radial stresses of an HTR particle subjected to LIFE’s conditions
assuming a PyC creep coefficient of K = 3.0 � 10�4 MPa�1

(1025 m�2)�1 (as opposed to K = 8.5 � 10�5 MPa�1 (1025 m�2)�1

for case (i) above). A direct comparison with Figs. 7 and 8 reveals
that, roughly, the stresses scale directly with the creep coefficient,
hence its importance. In fact, neither the iPyC nor the oPyC surpass
their strength limit of 200 MPa throughout the reactor’s opera-
tional cycle, and fail only at a fluence of 8.14 � 1025 n m�2

(t1 = 1.6 years), when 30% volumetric swelling is reached. This
means that the double-layer regime does not appear in this case.
4.3. Case (iii): deep burn TRISO-fuel calculations

The calculations for the deep burn geometry are shown in
Figs. 12 and 13. Despite the difference in kernel and layer sizes,
we have used the same internal pressure boundary condition as
in the HTR case, with similar results qualitatively. The fuel particle
undergoes the same three stages, TRISO, double, and single-layer-
coated particle, punctuated by PyC failure. The iPyC layer is seen
to break at a fluence of 0.45 � 1025 n m�2, when the tangential
stress at its inner surface surpasses 200 MPa. However, in this case,
the oPyC layer breaks at 1.39 � 1025 n m�2, i.e. before the material
reaches 30% volumetric swelling. Beyond this point, the SiC layer
becomes the sole containment vessel, its stress evolution governed
simply by swelling and creep. The stresses at EOL in the SiC layer
are lower than for the HTR case, of the order of 90 MPa. Times t1,
t2 and t3 in Figs. 12 and 13 correspond in this case to, approxi-
mately, 0.1, 0.3 and 9.4 years (2%, 5%, and 99% FIMA) in the LIFE en-
gine. Incidentally, case (iii) qualitatively represents the expected
stress evolution for case (i) if a lower PyC strength were used. As
Fig. 12 shows, the effect of this early rupture on the overall behav-
ior of the particle is minimal, compared to case (ii).

4.4. Graphite pebble behavior

TRISO fuel particles are typically mixed with a graphite powder/
phenolic resin paste and pressed into a spherical pebble shape.
There are several nuclear grade graphite kinds that have been con-
sidered and/or utilized in the context of gas-cooled reactors and fu-
sion reactors. Gilsocarbon (polycrystalline) graphite is used in
advanced gas-cooled reactors as a moderator and reflector, and
its properties at high-temperature and fast neutron fluence have
been studied in detail [61–64]. An attractive feature of Gilsocarbon
graphite is that, thanks to its intrinsic medium-grained spherical
particulate structure, it behaves quasi isotropically8. Without loss
of generality, we have opted for this graphite grade for our study so-
lely for numerical convenience, and next we consider the behavior of
2-cm-diameter Gilsocarbon pebbles under the LIFE conditions.

The damage and gas9 production in C in the inner region of the
fuel blanket are shown in Fig. 14. Damage accumulates at a rate of
5.1 dpa per year in the top part of the power curve—thereafter it
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Table 6
Physical properties of unirradiated Gilsocarbon graphite at 700 �C.

Young’s modulus (MPa) E0 10,100
Poisson ratio m 0.11
Poisson ratio in creep mc 0.30
Thermal conductivity (W m�1 K�1)s k0 80
Thermal expansion coefficient (K�1) a 4.5 � 10�6

Irradiation creep constant (MPa�1 (m�2)�1) K 2.05 � 10�9

Thermal creep constant (MPa�1 s�1) C Not available
Ideal compressive strength (MPa) rc 75

152 P. DeMange et al. / Journal of Nuclear Materials 405 (2010) 144–155
accumulates at 1.2 dpa per year—, whereas He builds up at
120 appm per year. The reason why He accumulation does not dis-
play a slope change is that He transmutation reactions are caused
by fast neutrons from fusion that are not affected by burn-up in
the fuel blanket10. The physical properties for unirradiated Gilsocar-
bon graphite used here have been compiled from the literature and
are summarized in Table 6:

Similar to Eq. (7), the material swells one-dimensionally accord-
ing to the following law:

SðT;/tÞ ¼ ðs21T þ s22Þð/tÞ2 þ ðs11T þ s12Þ/t

which is based on the data by Marsden et al. [63], and Snead et al.
[66]. This relation gives the absolute swelling when T is the absolute
temperature and /t is the fast fluence (>1.0 MeV) in n m�2. The con-
stants s21 = 4.3 � 10�56, s22 = �3.6 � 10�53, s11 = �2.0 � 10�30, and
s12 = 1.4 � 10�27 are fitted to give the appropriate temperature
10 (n,a) transmutation reactions in C have a �7.0-MeV threshold [65], only
achievable by fusion neutrons in LIFE.
dependence. This linear temperature dependence is valid in the
temperature regime where swelling increases with temperature
(up to �1000 �C). In this case, gas accumulation in C may be more
substantial (1000 appm at EOL) than for PyC, although here we do
not scale the swelling law to the LIFE neutron spectrum either.
The internal temperature is a function of r and is governed, among
other things, by the neutron energy deposition per unit volume, q,
in C in the inner fuel region, which is 1.30 � 108 W m�3 at full
power. However, note that q scales with the power curve as a func-
tion of time (Fig. 3) and it is therefore 2.05 � 107 W m�3 at EOL. Fi-
nally, the evolution laws for the Young’s modulus and the thermal
conductivities are, respectively:

kð/tÞ ¼ k0 expð�1:48� 10�25/tÞ
Eð/tÞ ¼ E0½1:5� 0:5 expð�1:78� 10�25/tÞ�

which are based on existing databases published for irradiated
Gilsocarbon [62,64]. Here, again, /t is the fast (>1 MeV) fluence in
n m�2, T the absolute temperature in K, and k0 and E0 are the unir-
radiated thermal conductivity and Young’s modulus at approxi-
mately 700 �C (see Table 6). As a disclaimer, we must emphasize
that these evolution laws were obtained for fast fluences never in
excess of 9 dpa, which constitutes about one third of the total dose
experienced in the LIFE reactor (see Fig. 14). As Boer et al. have
noted (in Fig. 20 of their article [18]), the stress fields of TRISO par-
ticles in a graphite matrix on each other are negligible. Conse-
quently, we assume that the contributions of TRISO particles to
the overall internal stress state of the graphite pebble are insignif-
icant and we study the temporal stress evolution of an isolated
graphite sphere. The solutions to the Cauchy–Euler equation that
describes the radial and tangential stresses in an isotropic spheri-
cally symmetric solid are:

rrðrÞ ¼
7D
30
ðr2 � R2Þ

rtðrÞ ¼
7D
30
ð2r2 � R2Þ

ð10Þ
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where R is the pebble radius, and D is a fluence (time) dependent
constant:

D ¼ 2qðs21ð/tÞ2 þ s11/tÞ
3k½1�m

E þ ðK/t þ CtÞð1� mcÞ�

Eq. (10), along with the temperature profile across the pebble,
are plotted in Fig. 15 at EOL (t = 9.4 years), which represents the
worst-case scenario in terms of fast fluence, /t = 1.6 � 1026 n m�2

(>1.0 MeV). From Eq. (10), the identity rr(0) = rt(0) = �rt(R) gives
the maximum stresses. During operation, Gilsocarbon undergoes
densification up to a fast fluence of 9.4 � 1025 n m�2. This causes
the radial stress to become tensile up to 2.5 MPa. As swelling
builds up, and the thermal conductivity and elastic constants de-
grade with irradiation, rr becomes compressive again to values
of the order of �7 MPa at 4.1 years, or �1026 n m�2, which repre-
sents the maximum stress withstood by the pebbles throughout
the entire burn-up cycle (see Fig. 16). Subsequently, the time
behavior of q governs the stress evolution in the pebble. rr rises
again coinciding with the drop in thermal power shown in Fig. 3,
and then peaks at �1.9 MPa. Then, it smoothly decreases once
more until a value of �2.6 at EOL.
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The compressive strength of Gilsocarbon graphite has been esti-
mated by Preston and Marsden [67] to be �75 GPa, safely above
the maximum value achieved in LIFE. The maximum tensile
strength of 19 MPa given by these authors is also safely above
the maximum tangential stress reached in the pebble (�7 MPa).
Therefore, within the uncertainties of the physical properties used
here, Gilsocarbon pebbles are thermo-mechanically stable for the
entire duration of the LIFE burn-up cycle. This, together with
graphite’s intrinsic resistance to corrosion by fluoride molten salts
[68–72] makes graphite fuel pebbles well suited to withstand the
conditions in LIFE’s WG-Pu fuel blanket. The analysis presented
here ignores the buildup of Wigner energy in graphite, which is
known to be important in nuclear reactors with graphite under
certain conditions [73], although there is no evidence of any signif-
icant Wigner energy at the LIFE temperatures.
5. Discussion

We start by discussing the validity limits of our study, which is
carried out in a fast fluence regime that remains unexplored exper-
imentally. Firstly, our study hinges on a neutronics design of LIFE
that presumes that the fuel blanket can be burnt to completion
(100% FIMA). While we understand that there are scientific and
technological issues that limit the validity of such presumption,
here we take the reactor design only as the environment that sets
the boundary conditions for our study. In other words, we do not
imply with this work that a FIMA of 100% is achievable in LIFE with
our current technological know-how. Secondly, our methodology
includes time (fluence)-varying material properties in the form of
fluence correlations that have been fitted to experimental data
up to �4 � 1025 n m�2. Our most radical assumption consists of
extending these correlations11 into the realm of fluences corre-
sponding to the entire LIFE Pu burn-up cycle. In cases where the cor-
relations described transient behavior in the experimental regime
(e.g. PyC densification), new functional forms were adopted to de-
scribe the expected physical behavior into the long-term fluence re-
gimes. With this information, we have developed a methodology
that builds on the existing state-of-the-art fuel performance model-
ing theoretical developments by including (i) time-dependent mate-
rial properties, (b) yielding (non-rigid) SiC layers, and (c) elastic
anisotropy for both SiC and PyC.

Although all our calculations have been performed including all
these elements, sensitivity analyses carried out to assess the effect
of each of these led to the following conclusions:

(a) Assuming time-varying material properties on SiC and PyC
had only a minor effect of the calculated stress evolutions.

(b) Considering a perfectly rigid, vs. a yielding, SiC layer resulted
in no appreciable differences in the stress calculations.

(c) Including elastic anisotropy also had only a marginal effect
on the final results.

With this in mind, the results shown here display a clear se-
quence of PyC stress buildup and breakage, either by stress over-
load or by void swelling. This is consistent with the traditional
understanding of irradiation effects on TRISO materials. Indeed,
Bullock [40] indicates that swelling limits the use of PyC to fast flu-
ences of the order of 1026 n m�2 (>0.18 MeV), which is a third of
what is expected in LIFE. For its part SiC is usable up to
1027 n m�2 [74], safely beyond the burn-up cycle of LIFE’s WG-Pu
engine. Therefore, PyC swelling alone may suggest extraction of
11 Only when the correlations were not polynomials of degree three or higher. When
they were, they were transformed into monotonous functions to avoid unphysica
out-of-range oscillations.
l
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fuel pebbles after 3 years or so of operation (or eight if our limit of
30% volumetric swelling is used). However, as we have shown, fail-
ure of the inner PyC layer does not necessarily imply TRISO-parti-
cle failure. Indeed, Rodriguez et al. [53] have shown that, even in
conditions of very high burn-up (>65%), TRISO-particles whose in-
ner PyC layers have failed by chemical attack, de-bonding, and/or
cracking/swelling displayed intact SiC and outer PyC layers, indi-
cating effective retention of fission products. Our results are con-
sistent with this picture, although the stress calculations show
that the SiC layer ends up under tangential tension after both the
inner and outer PyC layers have failed. Here we have assumed that
failure in the PyC—e.g. by crack propagation—does not automati-
cally result in failure of the (adjacent) SiC. This is again qualita-
tively substantiated by micrographs of failed particles (e.g. [53]).
In reality, because the SiC and iPyC are strongly interlaced, cracking
of the iPyC layer will lead to stress concentrations in the SiC than
can cause crack propagation into the SiC layer. This coupling was
the object of work on TRISO-coated fuel in the last two decades
[15,75–77]. In our case, while the computed tangential stress in
the ‘single-layer’ regime is always <130 MPa, well below the mea-
sured strength of CVD SiC, positive tangential stresses increase the
probability of eventual failure of the SiC layer. Miller et al. also ob-
served this phenomenon in simulations of cracked PyC TRISO-
coated particles, although their calculated tensile stresses were
much larger [78]. In the cases studied here, the tangential stress
in SiC becomes positive after roughly 1.1 years or �20% FIMA (at
a fluence of 5.46 � 1025 n m�2—based on case (i) calculations—).
We leave to the designer the decision as to whether a moderate le-
vel of positive rt is tolerable or TRISO-coated particles must be
subjected to extraction–inspection–recirculation/removal cycles
after the calculated fluence limit is reached. Evidently, our method
only covers a specific aspect of fuel performance modeling, which,
albeit very valuable, is insufficient to enable a fully-informed deci-
sion process by the fuel engineer/designer. Other important as-
pects, not covered here, such as chemical attack modeling and
stochastic material property modeling, all or parts of which have
been included in some of the codes alluded to in the introduction
section, must be considered in unison to develop a truly integrated
fuel performance modeling methodology.

In fact, once the SiC layer is directly exposed to the metallic fis-
sion products diffusing out of the fuel kernel, it is susceptible of
undergoing thinning by chemical attack, which weakens it, leading
to premature failure. This is especially important in Pu kernels,
where penetration of Pd–Si phases into the SiC layer could be sig-
nificant in relatively short time scales [58,79,80]. In this sense, No-
sek et al. [49] have shown that alternative coatings such as TiC or
ZrC develop 30% less tangential stresses than SiC while being resis-
tant to chemical attack by metallic fission products. However,
these studies lack from sufficient material property irradiation
data and are still research concepts. In this study, SiC radial stres-
ses stay always below �50 MPa, which is likely not sufficient to
lead to interfacial de-bonding according to the experiments of Noz-
awa et al. [81].

Our subsequent study of the thermo-mechanical integrity of the
graphite fuel pebbles that act as hosts of thousands of TRISO-
coated particles has shown that the stresses and temperature
gradients developed during the course of a WG-Pu LIFE cycle are
sufficiently low to warrant uninspected operation. Also, although
we have simplified the study by choosing one specific kind of nu-
clear graphite (Gilsocarbon) that displays isotropic mechanical
behavior as the subject of our analysis, we do not expect stresses
and temperatures to deviate significantly from our results in terms
of absolute value for other types of nuclear graphite.

Our methodology is sufficiently general to be applied to other
fuel geometries and fuel types. Preliminary work on TRISO-coated
fuel with depleted-U-type kernels indicate that the levels of neutron
exposure required to achieve 100% FIMA in a once-through, closed
fuel cycle render the standard HTR-type fuel based on TRISO-coated
particles embedded in graphite pebbles unusable. On the other
hand, fuel kernels based on highly-enriched U, or loaded with a
sensible mixture of fission products, minor actinides and Pu show
a great deal of promise in terms of TRISO suitability and lifetime.
6. Conclusions

This work represents a study of TRISO-coated fuel performance
modeling in the hybrid LIFE engine with a Pu fuel blanket. Our
main conclusions of are:

� We have developed a coupled thermo-mechanical TRISO-fuel
performance modeling methodology that includes time and flu-
ence dependent material properties, yielding (swelling and
creep) SiC layers, and elastic anisotropy.
� We have applied our method to carry out a numerical study of

TRISO particles with two different geometries. Our calculations
show that the iPyC layer fails early in the burn-up cycle due to
tangential stress accumulation, giving rise to a bi-layer regime
with the SiC supporting fission product pressure directly at its
inner radius. Subsequently, the oPyC fails either due to stress
buildup later on in the cycle or to 30% void swelling. This results
in a single-layer (SiC) stage characterized by low tensile tangen-
tial stresses.
� We have seen that the influence of the PyC creep coefficient on

the overall particle behavior can be significant, and call for more
accurate experimental value ranges.
� We have calculated the thermo-mechanical evolution of nuclear

graphite fuel pebbles, and find that stresses and temperature
gradients that develop throughout the entire burn-up cycle
are tolerable in terms of mechanical and thermal integrity.
� Our analysis shows that TRISO particles in LIFE’s WG-Pu hybrid

would safely last up to 1.1 years of operation uninspected (20%
FIMA), or the entire burn-up period if a moderate (<130 MPa)
level of tensile tangential stress is tolerated.
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