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a b s t r a c t

The effects of design choices for the TRISO particle fuel were explored in order to determine their contri-
bution to attaining high-burnup in Deep Burn modular helium reactor fuels containing transuranics from
light water reactor spent fuel. The new design features were: (1) ZrC coating substituted for the SiC,
allowing the fuel to survive higher accident temperatures; (2) pyrocarbon/SiC ‘‘alloy” substituted for
the inner pyrocarbon coating to reduce layer failure and (3) pyrocarbon seal coat and thin ZrC oxygen
getter coating on the kernel to eliminate CO. Fuel performance was evaluated using General Atomics
Company’s PISA code. The only acceptable design has a 200-lm kernel diameter coupled with at least
150-lm thick, 50% porosity buffer, a 15-lm ZrC getter over a 10-lm pyrocarbon seal coat on the kernel,
an alloy inner pyrocarbon, and ZrC substituted for SiC. The code predicted that during a 1600 �C postu-
lated accident at 70% FIMA, the ZrC failure probability is <10�4.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The Deep Burn reactor proposed by the General Atomics Com-
pany [1] utilizes reprocessed spent nuclear fuel from light water
reactors. Recovered plutonium (mostly 239Pu) and other minor
transuranics are fabricated into TRISO fuel particles. 238U, which
typically accounts for at least 95% of the spent fuel mass, and a
miniscule amount of 235U and 236U separated from the spent fuel
are to be reused in LWRs. For a one-pass Deep Burn cycle in a
600 MWt Gas-Turbine Modular Helium Reactor (GT-MHR) operat-
ing at 1000 �C, the transuranic materials are irradiated to a very
high maximum burnup of 70% FIMA (fission per initial metal
atom). The spent fuel is sent directly to the repository. This excep-
tionally high-burnup is achievable because of the special proper-
ties of the coated particle fuel employing ZrC.

Deep Burn meets the three objectives of the nuclear industry and
the new GNEP initiative: (1) efficient utilization of energy in spent
fuel; (2) reduction in waste volume and (3) proliferation resistance
(essentially no fissile material in the fuel sent to the repository).

The current design of SiC-coated TRISO fuel particles used in GT-
MHR has a spherical oxide kernel containing fissile materials. The
kernel is fabricated by a sol–gel technique. A typical size of the fis-
sile kernel is 200–500 lm in diameter. A CVD-deposited buffer
ll rights reserved.
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layer (50% dense pyrolytic carbon) surrounding the kernel provides
free space for fission gases and for kernel expansion due to solid fis-
sion product swelling and fission gas bubble formation. Fission re-
coils are stopped in the layer. The buffer condenses during the
course of irradiation. A typical buffer thickness is 100 lm. An inner
pyrocarbon layer (IPyC) is CVD-deposited on top of the buffer layer.
Although this layer confines fission gases, most of solid fission
products can easily diffuse through it. Due to the crystal structure
of pyrolytic carbon, it shrinks under fast neutron irradiation. The
magnitudes of the shrinkages on the tangential and radial direc-
tions depend on the layer isotropy, density, temperature, and fast
neutron fluence. The PyC shrinkage in the tangential direction
(which is parallel to the SiC deposition plane) places a compressive
load on the SiC while the counteracting effect of fission-gas pres-
sure adds a tensile stress to it. A typical IPyC thickness is 35 lm.
An intact high density IPyC also protects the kernel from chlorine
attack, as chlorine-bearing gas is used to deposit SiC.

A dense, CVD-deposited ceramic SiC layer on top of the IPyC
functions as a main load-bearing layer and as a fission product
containment. An intact SiC coat retains both gaseous and metallic
fission products except 110mAg, which can pass through at temper-
atures above 1000 �C. A typical SiC thickness is 35 lm. The outer-
most layer is a CVD-deposited outer pyrolytic carbon (OPyC). Its
main role is to isolate SiC from the surroundings, and when it
shrinks, it compresses the SiC layer.

To fabricate a fuel compact, fuel particles are mixed together
with a graphite binder, formed into a cylinder 12.7 mm in diameter
and 50.8 mm long. Then, it is fired at high temperature to carbonize
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Table 1
Elemental composition of the Deep Burn kernel (oxides).

Element Atom (%)

Pu 85
Np 5
Am 9
Cm 1

-5

-4

-3

-2

-1

0

1

2

3

1000 1200 1400 1600
Temperature (oC)

lo
g 

(p
C

O
, M

Pa
)

O/Pu = 1.95
O/Pu = 1.9
O/Pu = 1.85
O/Pu = 1.8
O/Pu = 1.75

Fig. 1. Predicted CO pressure under different temperatures and O/Pu ratios.
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the binder. Failure of SiC during compact manufacturing due to par-
ticle-to-particle contact is reduced significantly by pre-applying an
over-coating layer – another layer of the graphite binder – to the
particles.

2. Evaluating the new design features

Each of the new design features was evaluated using a fuel per-
formance code. Evaluations were made on:

� Conventional TRISO.
� ZrC substituted for SiC (ZrC-coated TRISO).
� ZrC getter on kernel with

o Conventional TRISO.
o ZrC-coated TRISO.

� Alloy IPyC with
o Normal TRISO.
o ZrC-coated TRISO.
o Conventional TRISO with ZrC getter on kernel.
o ZrC-coated TRISO with ZrC getter on kernel.

For all cases, a steady-state temperature of 1000 �C1 from the
BOL to the maximum EOL burnup of 70% FIMA, reaching a fast fluence
of 4 � 1025 n/m2, was assumed. A postulated accident scenario caus-
ing the fuel temperature to reach 1600 �C three days after the EOL
burnup was assumed. A constant temperature gradient of 104 K/m
across the fuel particle2 was used during the irradiation period. Mate-
rial properties of the particle fuel were assumed unchanged with fast
neutron fluence, include during the accident. To allow comparison of
all the cases on the same basis, a kernel diameter of 200 lm, a buffer
thickness of 100 lm, an IPyC (or alloy PyC) thickness of 35 lm, an SiC
(or ZrC) thickness of 35 lm, and an OPyC thickness of 40 lm were as-
sumed. A PyC seal coat thickness of 10 lm and a ZrC getter thickness
of 15 lm3 were assumed for designs employing the ZrC scavenger.
Fabrication defect of SiC (and ZrC) was taken to be 10�5.

Literature search revealed the volumetric kernel swelling due to
solid fission products to be as low as 0.35% [2] and as high as 1% [3]
per % FIMA. Although the values were for UO2, they were assumed
to apply to the Deep Burn kernel composing mostly of plutonium
oxide. For conservative estimates, the volumetric swelling of 1%
per % FIMA was adopted. Kernel swelling increased fission-gas
pressure because of the reduction in the in-particle free volume.

3. In-particle gas pressure

3.1. Fission-gas pressure

Fission-gas pressure as function of burnup and temperature was
calculated and manually input. The total yield of Xe and Kr was
1 A typical average fuel temperature. Although peak fuel temperatures for VHTRs
are typically 1200-1250 �C, it will be shown later that the kernel size, the buffer
thickness and the ZrC getter, not the steady-state temperature, are the main
parameters in determining the fuel failure during the postulated EOL accident.

2 A typical value based on General Atomics Company’s literature.
3 The thickness of ZrC required to consume all of the oxygen anticipated released

from fission up to the EOL burnup is only a few microns. The proposed PyC seal coat
and ZrC getter thicknesses accommodate fabrication, since a coating layer of only a
few microns thick would not be practical to fabricate reliably.
27.2%, calculated by weighting the yields from 239Pu and 241Am ob-
tained from Ref. [4] by their corresponding atomic fractions in the
kernel shown in Table 1.

All fission gas atoms were assumed to leave the kernel and stay
in the buffer porosity, for conservative estimates. This is not the
case in reality, however, as micro and macro fission-gas bubbles
of various sizes form in the kernel, and as a portion of the gas
atoms remains atomically dispersed in the kernel matrix. For the
purpose of calculating fission-gas pressure, the buffer was taken
to be 50% dense and remained 50% dense through the end of acci-
dent. Although buffer densification does occur, the total free space
in the buffer layer (less that taken up by the swollen kernel) should
not change substantially.

3.2. CO pressure

Following the worst-case scenario for Deep Burn, a 1600 �C
accident at 70% FIMA, the carbon monoxide pressure4 would be
very large. The effect of temperature and O/Pu ratio on the CO pres-
sure was studied and is demonstrated in Fig. 1. The required govern-
ing equation for the oxygen potential of PuO2�x

5 as a function of
oxygen stoichiometry and temperature was adopted from Linde-
mer’s work [4]. The standard-state Gibb’s formation energy of the
O2 + 2C, 2CO reaction required to establish the CO pressure was
obtained from Ref. [4]. Note that the CO pressure is thermodynami-
cally-controlled. It does not depend on the in-particle free volume.
At 70% FIMA and 1600 �C, the O/Pu ratio becomes very high, most
likely reaching at least 1.92,6 corresponding to a CO pressure in ex-
cess of 60 MPa. Fission-gas pressure calculated in the preceding sec-
tion augments the CO pressure by a minimum of tens of MPa,
depending on the kernel size and buffer thickness, making the over-
all internal gas pressure close to 100 MPa.

3.3. Americium pressure

Americium vaporization from metallic and oxide systems was
investigated by Lindemer [4]. According to the Ellingham diagram
of the Am-O-C system [4], at 1600 �C, Am gas contributes the larg-
est partial pressure among the Am-containing gaseous species
(Am, AmO, and AmO2). However, at 1600 �C, the pressure is always
4 Fissioning of uranium or plutonium oxide liberates oxygen atoms. A portion of
them combines with fission products to form stable fission product oxides. The
remaining unbound oxygen diffuses out of the kernel and combines with carbon in
the buffer layer to form the CO gas.

5 PuO2�x is a conventional short-hand notation for a mixture of PuO2 and Pu2O3.
For example, PuO1.68 represents a mixture of 0.36 mol of PuO2 and 0.32 mol of Pu2O3.

6 From interpolation of entries in Table 6 of Ref. [4].



Table 2
Input values for material properties.

Properties IPyC and OPyC [8] ZrC SiC [8]

Young’s modulus (MPa) 3.30 � 104 4 � 105 [9] 3.7 � 105

Poisson’s ratio 0.23 0.25 [10] 0.13
Creep Poisson’s ratio 0.4 n/a n/a
Thermal expansion coefficient (K�1) 5.57 � 10�6 7.1 � 10�6 [9,11,12] 4.9 � 10�6

r0 (MPa �m3/m) 18.53 6.75, 4.82, 2.89, 0.964 9.64
m 9.5 6 6
Creep coefficient (MPa�1),

from Eqs. (2) and (3)
2.21 � 10�4 at 1000 �C, 7.67 � 10�4 at 1600 �C n/a n/a

BAF (anisotropy factor) 1.036 n/a n/a
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less than 10 kPa under any oxygen potential. An Americium pres-
sure of 0.1 MPa would be established at �2050 �C under an oxygen
potential of less than �780 kJ/mol. Thus, Am vaporization posses
no risk to substantially increase the in-particle pressure. Ameri-
cium loss by this mechanism, however, could be problematic dur-
ing kernel fabrication if the temperature and the oxygen potential
are not properly controlled.
4. General Atomics’ particle fuel performance code

General Atomics’ proprietary PC-based code named PISA (Parti-
cle Irradiation Stress Analysis) is a one-dimensional finite-element
code used to analyze stresses in the particle layers [5]. The code
was written in C++ and incorporated several phenomena necessary
for accurate performance predictions, which included irradiation-
induced dimensional changes for PyC materials, irradiation-as-
sisted creep strain for PyC materials, linear elastic and linear visco-
elastic (for PyC) material models, thermal stress and strain, and
stresses due to pressure.

Prediction of the failure probability of each layer employs a
Weibull method. This well-known technique applies to brittle
materials, as it predicts stress-induced failure by assuming the
presence of defects of various sizes in the structure according to
the Weibull distribution:

p ¼ 1� exp �
Z

v
ðrmax=r0ÞmdV

� �
; ð1Þ

where p is the failure probability of the layer; rmax, the maximum
stress in the layer; r0, the Weibull characteristic strength of the
material, obtained from a three-point bend test; m, the Weibull
modulus of the material, obtained from a three-point bend test
and V is the volume of the layer.

PISA takes into account degradation of SiC due to fission prod-
uct reactions and coating failure due to kernel migration7, both
using models in Ref. [6]. The SiC-fission product corrosion mecha-
nism applies up to 1600 �C, above which SiC thermal decomposition
is believed to be the main mode of SiC failure. Kernel migration takes
place only during normal operations when there exists a tempera-
ture gradient across the particle. However, the code does not account
for the stress intensity factor at the tip of a crack in the IPyC (or the
OPyC), which could result in a premature SiC failure. The code does
not model other failure mechanisms such as debonding of the IPyC
from the SiC, and potential rigid contact between the kernel and
the IPyC. The code cannot account for the effect of particle aspheric-
ity as it solves problems in a one-dimensional space.

Stress and failure predictions by PISA exhibited good agree-
ments with several other codes whose authors participated in an
IAEA’s Coordinated Research Program on coated particle fuel tech-
nology under normal operating conditions [7].
7 Under normal operating conditions, probability of coating failure due to kernel
migration is �10�6.
5. Material properties of coating layer

Table 2 lists material properties that PISA requires.
An original form of the equation to calculate creep coefficient

for pyrocarbon materials was adopted from General Atomics [8].
As suggested in Ref. [13] that the pyrocarbon creep be multiplied
by 1.8 to better match experimental data, the final form of the
equation became:

Ks ¼ 1:8� Kso½1þ ð1:9� qÞ � 2:38�; ð2Þ
Kso ¼ 2:193� 10�4 � 4:85� 10�7ðT þ 273Þ

þ 4:0147� 10�10ðT þ 273Þ2; ð3Þ

where Ks is the creep coefficient (1/MPa); Kso, the value of Ks at
q = 1.9 g/cm3; q, the pyrocarbon density, �1.94 g/cm3 and T is the
temperature (�C).

Material properties for the kernel and buffer were not listed in
Table 2 because they were not modeled by PISA. They have no direct
mechanical effect on stresses in the IPyC, SiC (or ZrC), and OPyC. The
only direct effect is the gas pressure acting on the inner wall of the
IPyC, which depends on the buffer porosity, buffer thickness, kernel
composition, kernel size, temperature and burnup.

6. Evaluating conventional TRISO

Performance of conventional SiC-coated TRISO with no oxygen
getter and an IPyC alloy was evaluated. Since the CO pressure dur-
ing the postulated EOL accident could not be estimated with high
accuracy because the exact oxygen stoichiometry in PuO2�x was
not known, values of 60 MPa and 100 MPa were assumed. During
the accident, the SiC failure was predicted to be:

� 10�2.11 for the case with 100 MPa of CO pressure, and
� 10�3.07 for the case with 60 MPa of CO pressure.
These very high failures were due to the large CO pressure. Obvi-
ously, an oxygen getter to suppress CO formation would be needed.
Fig. 5 summarizes predictions of SiC (or ZrC) failure for all cases.

7. Evaluating ZrC as a substitute for SiC

At high temperatures, SiC is susceptible to fission product corro-
sion especially by Pd (via a Pd2Si intermetallic formation [14]), the
lanthanide series and metallic inclusions in the fuel notably iron. It
also thermally decomposes significantly starting at �1700 �C by
transformation from b-SiC to a-SiC [15], resulting in a loss of
integrity.

7.1. Advantages

7.1.1. Higher melting/decomposition temperature
Zirconium carbide is a refractory and chemically stable com-

pound. The melting point is 3540 �C and it melts eutectically with



Table 3
Test conditions of ZrC-coated particle fuel and results.

Ref. Irradiation condition Post-irradiation
condition

Results

Temperature
(�C)

FIMA
(%)

EFPD Temperature
(�C)

Time
(h)

[17] 1400–1650 4.5 99.9 – – Zero or 1 particle, at most, in 2400 particles experienced through-wall failure. No palladium
attack or thermal decomposition. SiC-coated particles irradiated concurrently exhibited �20
particles with through-wall failure

[18] 900 1.5 79.9 1600 4500 No pressure vessel failure during heating test, no palladium attack, or thermal decomposition.
High 137Cs retention

[19] 900 1.5 79.9 1800–2000 3000
and 100

No through-wall failure and high 137Cs retention up to 1800 �C (only release behavior of fission
products was studied)

[20] 1100 4 81.2 2400 1.67 No particle failure until one failed among 101 particles after 6000 s. Concluded that at 2400 �C,
SiC was brittle while ZrC could sustain a very large strain
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carbon at 2850 �C [16]. It maintains excellent thermal stability at
1600 �C [14].

7.1.2. Less susceptibility to fission product attack
ZrC is less susceptible to palladium [14] and other noble metal-

lic fission product attack than SiC [4]. The layer integrity is thus
maintained much better than SiC. However, according to Ref.
[14], reaction of Pd with ZrC occurs only when the Pd concentra-
tion becomes large. Furthermore, Ref. [17] points out that while
there was no observable ZrC attack by palladium, it may be be-
cause Pd diffused through the layer and never reached the critical
concentration. In fact, an electron probe micro analysis (EPMA) of
irradiated fuel at 1400–1650 �C revealed no Pd attack or accumula-
tion of Pd at the inner wall of ZrC [17]. More irradiation and heat-
ing tests are needed to better understand this important issue
because at 70% burnup, the Pd inventory in the kernel and sur-
rounding the particle fuel may far surpass the minimum concen-
tration required to initiate the Pd–ZrC reaction.

7.1.3. Excellent performance in low burnup irradiation and heating
tests

Several low-burnup short-duration irradiation and post-irradia-
tion heating tests have been performed on UO2 ZrC TRISO-coated
fuel particles. Table 3 summarizes the test conditions and outcomes.

According to the irradiation results discussed in Ref. [20],
although �1% of particles failed shortly after �1.7 h into the heat-
ing test, the heating temperature of 2400 �C was much higher than
anticipated during a postulated GT-MHR transient accident. Con-
ventional SiC-coated particles, if heated to 2400 �C, would experi-
ence failure of �20%–90% according to General Atomics’
prediction [21]. Therefore, if fuel particles would ever reach this
very high accident temperature, ZrC would still exhibit a superior
fission product retention capability than SiC.

7.1.4. Retention of fission products
Silver is not effectively retained in the graphite core of a GT-MHR

at temperature >1000 �C and readily enters the helium coolant. The
110mAg isotope is the main concern. Releases of 110mAg during the
1600 �C heating test was unclear as the authors of Ref. [18] pointed
out that its inventory was too small to be detected even if it was re-
leased during the test. Examination of the diffusivities of Ag in SiC
and ZrC should indicate which layer retains 110mAg better. The
effective diffusivity in ZrC at 1600 �C is �1.5 � 10�16 m2/s (Figs.
7–5 in Ref. [22]), while it is about the same in SiC with UO2 kernel
(Fig. 10 in Ref. [23]). (Note that these diffusivities are inferred from
post-irradiation heating experiments.) ZrC probably holds silver no
better than SiC does, offering no benefit or disadvantage.

Bullock [23] reported results from a post-irradiation annealing
study of different types of particle–fuel designs on fission product
release. At 1200 �C, 1350 �C and 1500 �C, the only fuel particle type
that fully retained all monitored fission products (Cs, Ag, Eu and
Ce) was the one having 9.1 ± 1.8 lm ZrC overcoat on the UO2 ker-
nel. The annealing time was over 12,000 h. The other types of par-
ticle designs were conventional TRISO-coated UO2 kernel, UC2

kernel, a mixture of UO2 and UC2 kernel, and a UO2 kernel having
ZrC dispersed in the buffer layer.

7.2. Disadvantages

7.2.1. Lack of data on high-burnup long-duration irradiations
To date, there is no experimental data on high-burnup, long-

duration irradiation test of the ZrC-coated TRISO. The longest
achieved only 4.5% FIMA for 100 EFPD [17]. Severely limited data
necessitates extrapolation of low-burnup, low-duration irradia-
tions to ultra-high burnup, long-duration irradiation conditions
anticipated in the reactor. However, first-principles thermody-
namic arguments support the performance of ZrC.

7.2.2. Lower strength
Due to the lack of reliable data in the literature, the character-

istic strength of ZrC listed in Table 2 was assumed to be 70%,
50%, 30% and 10% that of the SiC. For comparison purposes, for a
high density, CVD-deposited b-SiC, Ref. [24] reported a fracture
stress measured in bending of about 1000 MPa from room temper-
ature to �900 �C, increasing to 1300 MPa at 1400 �C. On the other
hand, Ref. [25] indicated that from fluence of 1.9 � 1025–
4.2 � 1025 n/m2 and from 1020 �C to 1280 �C, the mean fracture
stress of tubular SiC ‘‘TRISO surrogate” specimens determined by
the internal pressurization test remained at about 337 MPa. Ref.
[26] reported the ultimate bend strength of ZrC to be �125 MPa
at 1000 �C and 150–160 MPa at 1600 �C. These pieces of data imply
that ZrC is not as strong as SiC. If the strengths of the two materials
were to be directly compared using only these data, for the worst-
case scenario, the strength of ZrC appears to be only about 10–12%
of the SiC strength. The lack of data necessitates an assumption of
several ZrC strength values, starting from 10% of the SiC strength.

The Weibull modulus of ZrC was reported in Ref. [26] to be 6–9.
A value of 6 was used. A value of 7 or 8 could have been used, but
all the calculations were performed and finished using the Weibull
modulus of 6 before Ref. [26] was studied.

7.2.3. More easily oxidized
Because ZrC readily reacts with oxygen at elevated tempera-

tures (its important role as an oxygen getter; this aspect will be
discussed in more detail later), were air or water vapor to come
into contact with fuel compacts during an accident, the ZrC load-
bearing layer would quickly oxidize and lose containment. An
OPyC is assumed to have cracked, been consumed by reaction with
air or water, or otherwise become permeable.

Since it is not advisable to substitute ZrC for SiC without having
an oxygen getter on the kernel to prevent CO from oxidizing the ZrC,
the performance of this particular TRISO design was not evaluated.
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Fig. 2. Predicted CO pressure in the presence of the ZrC getter.
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Cracks in the IPyC have always been observed in irradiated fuel par-
ticles, thus providing easy pathways for CO to interact with ZrC.

7.2.4. Higher resonance neutron absorption
Zirconium behaves like a non-burnable poison due to resonance

neutron absorption, which will reduce neutron absorption in Pu.
For a comparison purpose, there are 2.25 times more absorption
in Zr compared to Si, resulting in a 1% decrease in uranium absorp-
tions for a UO2 kernel [27].

7.2.5. Larger thermal expansion coefficient
ZrC exhibits �20–30% higher thermal expansion coefficient

than SiC [9,11,12], resulting in a larger thermal strain. Both the in-
ner and outer pyrolytic carbon layers will experience additional
stresses.

7.2.6. Fabrication of CVD ZrC
The main hurdle in applying the ZrC layer is the difficulties in

controlling zirconium halide entering the coating chamber [28].
However, based on past ZrC process development experience, a
bromide process developed at JAERI [22,29] and a ZrCl4 sublima-
tion process developed at LANL proved to be the most reliable with
respect to controlling Zr-halide supply to the coater [30,31].
Although these processes have been demonstrated only in labora-
tory-scale coaters and although studies will need to be performed
to reliably supply Zr-halide to industrial-size coaters, the tech-
niques appear very promising. Both studies concluded that [30]:
(1) practical coating rates for ZrC were �0.2–0.5 lm/min, which
was about that of SiC and (2) the 1500 �C optimum coating temper-
ature was approximately the optimum coating temperature for SiC.

The Commissariat ‘a l’Energie Atomique (CEA) and Areva has
been working on the laboratory-scale ZrCl4 deposition process
with C3H6 gas, as part of the ‘‘ANTARES” (Areva New Technology
for Advanced Reactor Energy Supply) program aimed to conduct
a research and development to produce high quality VHTR fuel
[32]. Preliminary tests achieved a �35-lm thick ZrC layer with
the majority of the layer (30 lm) composing of almost stoichiom-
etric ZrC with a maximum chlorine content of 0.2 at%. Develop-
ment works are being done at CEA Grenoble to optimize the ZrC
layer deposition parameters.

7.2.7. No QA technique developed yet
As pointed out by the unknown reviewer, ‘‘a key disadvantage

with respect to ZrC is that the current QA technique to measure
SiC defects – the burn leach test – will not work on ZrC TRISO.
There is no accepted alternative method yet developed.”

8. Evaluating ZrC getter on kernel with conventional TRISO

ZrC is known to readily react with CO gas. The particle fuel can
benefit from this characteristic by applying a ZrC getter over a PyC
seal on the kernel. The seal coat is required to protect the kernel
from gases used to deposit ZrC.

8.1. Advantages

8.1.1. Elimination of CO pressure
Above 1000 �C, ZrC scavenges CO via the reaction:

ZrCþ 2CO! ZrO2 þ 3C: ð4Þ

The relevant reaction between ZrC and molecular oxygen is

ZrCþ O2 ¼ ZrO2 þ C; ð5Þ

and the oxygen partial pressure of the above reaction can be
expressed as
RT lnð0:1pO2
Þ ¼ �8:981� 105 þ 175:35ðT þ 273Þ ðRef : 4Þ: ð6Þ

The unit of pressure is in MPa and the unit of temperature is in
�C.

The CO formation reaction is

O2 þ 2C ¼ 2CO; ð7Þ

and the oxygen partial pressure of the above reaction can be
expressed as

RT lnð0:1pO2
Þ ¼ RT lnð0:1pCOÞ

2 � 1:138� 105 � 87:209

� ðT þ 273Þ ðRef : 4Þ: ð8Þ

The unit of pressure is in MPa and the unit of temperature is in
�C.

Thermodynamic equilibrium requires that the oxygen partial
pressures of the two systems expressed by Eqs. (6) and (8) be
equal. Equating the two at a fixed temperature determines the
CO pressure. Fig. 2 plots the equilibrium CO pressure in the pres-
ence of the ZrC getter. ZrC is predicted to suppress the CO pressure
well below 0.1 MPa under all conditions.

Proksch et al. [15] studied efficiencies of different oxygen scav-
engers present in the UO2 kernel. Batches of low-density UO2 ker-
nels with 5 mol % of ZrC, TRISO-coated, were irradiated up to
1450 �C for 175 days, reaching a burnup of 6.2% FIMA. The post-
irradiation CO release measurement was performed at 1500–
1600 �C. It was found that the reduction in CO release was about
35–45%. It is important to realize that the experiment had only
5 mol % of ZrC inside the kernel. Having a solid ZrC layer surround-
ing the kernel would undoubtedly be much more effective.

8.1.2. Elimination of kernel migration
The presence of CO gas is one of the necessary conditions for

kernel migration, which can contribute to fuel failure. Kernel
migration, sometimes referred to as an amoeba effect, takes place
when the kernel physically moves up the temperature gradient.
The mechanism is the following: the thermodynamics of the
reaction: 2CO, CO2 + C favors the left side at high temperature.
Carbon removal (and CO formation) occurs on the hot side while
carbon deposition occurs at the cold side. The end result is a net
transport of carbon from the high temperature region to the low
temperature region, pushing the kernel to the hot side. If there is
no temperature gradient across the fuel particle or if the gradient
is very low (<104 K/m), such as in German fuel spheres, the migra-
tion cannot take place. Low fuel temperature and suppression of
CO also inhibit the phenomenon. For example, a UCO (uranium
oxycarbide) kernel with the right stoichiometry of uranium and
carbon can take up all the excess oxygen, and the phenomenon
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cannot take place. Kernel migration is discussed in greater details
in Refs. [33–36,44] and on pp. 2–33 to 2–43 in Ref. [37]. Having
ZrC on the kernel to getter CO would undoubtedly prevent the
amoeba effect.

8.1.3. Elimination of CO–SiC reaction
CO is known to react with SiC to form SiO gas [4] (if the IPyC be-

comes permeable or is cracked). Thus, the getter eliminates this
undesirable reaction.

8.2. Disadvantages

8.2.1. Lack of data on high-burnup long-duration irradiation test
To date, there has been no experimental data reported on high-

burnup, long-duration irradiation tests of the ZrC getter. Proksch et
al.’s experiment [15] came the closest to studying the performance
of the ZrC scavenger, but, unfortunately, the ZrC was embedded in
the kernel instead of surrounding it. The lack of data necessitates
the use of first-principles thermodynamic arguments to justify
the performance of the ZrC getter.

8.2.2. Higher resonance neutron absorption
As discussed earlier, Zr behaves like a non-burnable poison and

will reduce neutron absorption in Pu.

8.2.3. Fabrication becomes slightly more complex
Additional layers of the PyC seal coat and the ZrC getter would

make the fabrication slightly more complex and would increase
the fabrication cost.

8.2.4. Potential of greater fission-product loss from the kernel
The ZrC getter effectively lowers the oxygen potential of the

kernel. In doing so, it reduces all fission product oxides exhibiting
standard-state Gibbs formation energies higher than that of ZrO2.
This inadvertently results in increasing the metallic fission product
inventory in the kernel. Although some metals may diffuse out of
the kernel, they are probably stopped by the ZrC layer. More re-
search on this topic is needed. Nonetheless, a good aspect of reduc-
ing fission product oxides to metals is the reduction of kernel
swelling by solid fission products because the atomic volumes of
metallic elements are smaller than those of their oxides.

Performance of SiC-coated TRISO fuel having the ZrC oxygen
scavenger was assessed. The CO pressure was assumed to be zero
all the time. During the postulated EOL accident, failure of the
SiC coating was predicted to be 10�3.59. The getter helped lower
the failure probability, but the failure was still high due to SiC-fis-
sion product interaction.

9. Evaluating the ZrC getter on kernels with ZrC-coated TRISO

Performance of ZrC-coated TRISO fuel having the ZrC oxygen
scavenger was evaluated. The CO pressure was assumed to be zero
all the time. During the postulated EOL accident, for the case of ZrC
having 10% of the characteristic strength of SiC, ZrC failure was
predicted to be 10�4.26. Although ZrC was assumed to have only
10% of the SiC strength, it still performed better than SiC because
of the absence of ZrC corrosion by fission products.

10. Evaluating an alloy IPyC with normal TRISO

10.1. Advantage

An intact IPyC layer is essential for the SiC (or ZrC) interlayer to
successfully contain fission products. If the IPyC breaks, it will pull
away tangentially at that location because of the irradiation-in-
duced shrinkage. This creates a localized, intensified tensile stress
in the SiC underneath, making it susceptible to breaking. Fig. 3 de-
picts the effect of a broken IPyC on SiC.

Kaae et al. [38] studied the dimensional change of PyC co-
deposited with 33 wt.% of SiC. He found that the tangential shrink-
age of the alloy IPyC was reduced by at least 50%. When the IPyC
shrinks less, it experiences a smaller tangential stress and the
stress-induced failure is lower. One of the design features of the
Deep Burn fuel is co-deposition of the IPyC with 33 wt.% of SiC to
reduce the tangential shrinkage by �50%.

Fig. 4 presents the modified irradiation-induced strains of pyro-
carbon materials. The original curves were obtained from General
Atomics (Ref. [8]). The shrinkage is categorized into two directions –
the tangential direction, which is parallel to the SiC (or ZrC) layer,
and the radial direction.

10.2. Disadvantage

Since the IPyC shrinks at a lesser extent, it holds the SiC (or ZrC)
in compression less effectively. Thus, the load-bearing interlayer
experiences higher tangential stresses.

Performance of normal TRISO with the alloy IPyC was assessed.
Since the CO pressure during the postulated EOL accident could
not be estimated with high accuracy, values of 60 MPa and
100 MPa were assumed. During the accident, the SiC failure was pre-
dicted to be
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a = normal TRISO, no getter, no IPyC alloy, 
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Fig. 5. Performance differences among various particle–fuel design features.
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� 10�2.03 for the case with 100 MPa of CO pressure,
� 10�2.99 for the case with 60 MPa of CO pressure.

These very high failures were due to the very large CO pressure.
Compared to the normal TRISO with no IPyC alloy, the current case
exhibited a slightly higher failure, corresponding to the under-
standing that the alloy IPyC holds the SiC in compression less
effectively.

11. Evaluating the alloy IPyC with ZrC-coated TRISO

Similar to the case of ZrC-coated TRISO with no IPyC alloy and
with no oxygen getter, this was deemed to be a poor design and
was not evaluated.

12. Evaluating the alloy IPyC with conventional TRISO having
ZrC getter

Performance of normal TRISO having the alloy IPyC and the ZrC
getter was assessed. The CO pressure was assumed to be zero all
the time. During the postulated EOL accident, the SiC failure was
predicted to be 10�3.59. This rather high failure was due to the
SiC-fission product interaction.

13. Evaluating the alloy IPyC with ZrC-coated TRISO and a ZrC
getter

Performance evaluation of ZrC-coated TRISO fuel with the alloy
IPyC and the ZrC getter was carried out. The CO pressure was as-
sumed to be zero all the time. During the postulated EOL accident,
for the case of ZrC having 10% of the characteristic strength of SiC,
the failure of ZrC was predicted to be 10�4.26. Although ZrC was as-
sumed to have only 10% of the SiC strength, it still performed better
than the SiC-coated particle fuel of the same design (see previous
section) because there was no ZrC-fission product corrosion.

Fig. 5 summarizes the performance of different particle–fuel de-
sign features.

The ZrC-coated TRISO with the ZrC getter with or without the
alloy IPyC is predicted to perform the best. Although it may not
be clear from Fig. 5 what the benefit of alloying the IPyC is, as dis-
cussed earlier, having the IPyC in less tension reduces crack-prop-
agation in the ZrC coating. This phenomenon was not modeled in
PISA so the effect cannot be seen in the plot. Had the effect been
modeled into PISA, the data points for the cases with no alloy IPyC
would have shifted upward. Thus, it can be concluded that the ZrC-
coated TRISO with the getter and with the alloy IPyC represents the
best particle–fuel design for Deep Burn. The remaining analysis
was performed on this design.

For each of four ZrC characteristic strengths listed in Table 2, the
kernel diameter was varied from 200 to 350 lm, and the buffer
thickness was varied from 60 to 140 lm. All other coating layer
thicknesses remained fixed. The objective was to select combina-
tions of kernel diameters and buffer thicknesses that resulted in
ZrC interlayer failure <10�4. Obviously, one combination that al-
ready satisfied this requirement was the 200-lm kernel with a
100-lm buffer.

14. Results

Fig. 6 illustrates the tangential stresses in the IPyC, ZrC, and
OPyC predicted by PISA. To simplify the interpretation of the plot,
three kernel sizes are shown (200, 250 and 300 lm) with a single
100-lm buffer thickness. The tangential stress in the IPyC in-
creased at the beginning because of the fast-neutron-induced
shrinkage in the tangential direction. It leveled off and reduced
after a fluence of �0.5 � 1025 n/m2 because the irradiation-induced
creep relaxation overcame the irradiation-induced dimensional
change. The creep continued to relax the stress and the IPyC be-
came almost stress-free at the EOL. Only one set of plots for the
IPyC and OPyC is shown because the curves for all three kernel
sizes are almost identical.

The shrinkage of the IPyC maintained a compressive tangential
stress in the ZrC (owing to an assumed strong IPyC–ZrC interface).
The initial rise of the compressive stress in the ZrC was directly due
to the increasing shrinkage of the IPyC. As the IPyC became relaxed
by creep and as the fission-gas pressure built up with fluence, the
tangential tensile stress in the ZrC increased. Among the three
curves shown, the ZrC associated with a 300-lm kernel experi-
enced the largest stress because fission-gas pressure was highest.
For this kernel size, the accident condition at the EOL drove the
ZrC stress up to 75 MPa, as the fission-gas pressure rose by 47%.
For the extreme case of a 350-lm kernel with a 60-lm buffer
(not shown in the plot), PISA predicted the ZrC stress during the
postulated accident to reach 720 MPa.

Figs. 7–10 display maximum failure probabilities of the ZrC
load-bearing layer having 70%, 50%, 30% and 10% of the character-
istic strength of SiC, respectively. The maximum failure probability
always occurred during the postulated accident, as this was the
peak of the internal gas pressure.

The trends observed in Figs. 7–10 are:

1. For the same buffer thickness and ZrC strength, bigger kernels
generated more fission gas, thus, ZrC failure was higher than
the case with smaller kernels.
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2. For the same kernel size and ZrC strength, larger buffer thick-
nesses resulted in a reduced gas pressure, thus, ZrC failure
decreased with increasing buffer size.

3. As the characteristic strength of ZrC decreased, the ZrC experi-
enced higher failure for the same kernel size and buffer thick-
ness (unless the failure probability was already at 100% or at
10�6).

Any data point below the 10�4 limit represented an acceptable
combination of kernel diameter and buffer thickness. For instance,
for the case of ZrC having 70% of the characteristic strength of SiC
(Fig. 7), the 200-lm kernel can have any buffer size in the range
studied, while the 250-lm kernel needed at least �70 lm of buffer
thickness. To be most conservative, prediction of failures was
based on the lowest ZrC characteristic strength (Fig. 10). Thus,
the only choice for Deep Burn particle fuel appears to be a 200-
lm kernel coupled with at least a 100-lm thick buffer.
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Fig. 12. Proposed particle–fuel design.

8 The fuel packing fraction is the ratio of the total particle fuel volume to the fuel
compact volume.

9 This concept is conventionally termed ‘‘inert matrix fuel.” The Journal of Nuclear
Materials vol. 274, issues 1–2, pp. 1–227, published in August 1999 contains many
articles on this subject.
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Care must be taken to make certain that the kernel–coating–
mechanical interaction does not occur, as this would lead to rapid
fuel failure as analyzed by Martin [37]. Taking the volumetric ker-
nel swelling due to solid fission products to be 1% per % FIMA, at
70% FIMA, the radius of the 200-lm kernel would have swollen
by 70 lm. The volume of the condensed buffer is assumed to occu-
py ½ of its initial volume. The thickness of the PyC seal coat and the
ZrC getter are assumed not to change with burnup. Fig. 11 shows
the result of a calculation of the free space between the condensed
buffer and the IPyC as a function of initial buffer thickness.

Enough free space at ultra-high burnup to avoid a hard mechan-
ical contact between the condensed buffer and the IPyC must be
made available. Unfortunately, with no irradiation data on ultra-
high burnup TRISO fuel, conclusions cannot be drawn on how
much the initial buffer thickness would be needed but a minimum
clearance of �15–20 lm at 70% FIMA should be provided. Based on
Fig. 11, the required minimum initial buffer thickness is approxi-
mately 150 lm. It is also important to realize that the highest solid
fission product swelling coefficient of 1% per % FIMA was used. Per-
haps, if the actual value turns out to be, for instance, 0.5% per %
FIMA, additional 35 lm of free space is regained, and the buffer
thickness of 100 lm suffices.

Hence, the only choice for Deep Burn particle fuel is a 200-lm
kernel coupled with at least 150-lm buffer. This design satisfies
the 10�4 limit with a reasonably wide margin (see Fig. 10 and
extrapolate the buffer thickness to 150 lm). In reality, ZrC most
likely has more than 10% of SiC strength, and the failure will be
lower than analyzed here.

Although it would be desirable for PISA to incorporate the effect
of hard mechanical contact between the condensed buffer layer
and the IPyC to further study the performance of the fuel particle,
the fuel should never operate in this region (even though the fuel
may be predicted to survive). Preventative measures such as a
large buffer must be provided to avoid the contact. Then, the
assumption built into PISA of uncoupling the kernel, the PyC seal
coat, the ZrC getter and the buffer from the rest of the layers is
valid.

After some burnup, swollen kernel would undoubtedly exert
excessive stresses on the PyC seal coat and the ZrC getter, and
the two layers would eventually break. The kernel would be
extruded through the crack and release some CO into the buffer
layer. The probability that the CO gas would come into contact
with the ZrC load-bearing layer possibly through cracks in the alloy
IPyC (which is more crack-resistant than conventional IPyC with no
SiC alloy) would be very low compared to it reacting directly with
the outer surface of the ZrC getter. Therefore, cracking of the ZrC
getter should not be of concern with respect to its ability to con-
tinue eliminating CO.
15. Future work

To obtain a more complete picture of the reactor core design, a
depletion analysis is required to determine the fuel packing frac-
tion8 that yields the highest burnup. Besides the initial buffer thick-
ness, the fuel-to-moderator ratio is another adjustable parameter
that places a limit on the packing fraction.

The concept of kernel dilution,9 when the fuel constituents are
diluted in a neutronically-inert matrix such as yttria stabilized zir-
conia [39–42] or dispersed in a carbon matrix to form a porous
spherical kernel [43], deserves consideration. The main benefit of
diluting the kernel is to reduce neutron self-shielding, thereby
increasing burnup and the cycle length. Fission gas generation in
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each particle fuel will be lower as well, reducing the ZrC failure
even more. However, there are fabrication issues with the carbon
matrix fuel. Furthermore, the fuel packing fraction would need to
be increased to obtain the same fissile loading. This might intro-
duce an additional risk of coating failure during fuel compact
fabrication.

Finally, high-burnup, long-duration irradiation tests and post-
irradiation heating tests of particle fuel of this design or of similar
designs need to be conducted before fuel performance evaluations
can be accepted and used for fuel design.

16. Conclusions

The performance of ZrC was justified based on first-principles
thermodynamic arguments and on extrapolation of low-burnup,
low-duration irradiations to ultra-high burnup, long-duration irra-
diation conditions anticipated in the reactor. ZrC appears to be the
material of choice to eliminate CO and to be a pressure vessel to
allow the particle fuel to operate to a very high temperature in
excess of 2000 �C without integrity degradation due to fission
product attack and thermal decomposition. This modeling work
provides grounds for future high-burnup, long-duration irradiation
tests and Deep Burn fuel development.

The ZrC-coated fuel design recommended for Deep Burn has a
200-lm kernel diameter coupled with at least 150-lm buffer
thickness, together with the ZrC getter on the PyC seal coat over
the kernel and the alloy IPyC. PISA predicted the failure probability
of this particle design to be <10�4 under all conditions. The follow-
ing is a proposed fabrication route for the Deep Burn particle fuel:

1. Fabricate a 200-lm kernel with oxygen-to-metal ratio <2.
2. Coat the kernel with a 10-lm PyC seal.
3. Apply a 15-lm ZrC oxygen getter layer.
4. Deposit a minimum of 150-lm buffer.
5. Co-deposit a 35-lm highly-isotropic IPyC with 33 wt.% SiC.
6. Coat with a 35-lm ZrC load-bearing layer.
7. Finish the particle with a 40-lm OPyC layer.

Fig. 12 depicts the proposed particle–fuel design.
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