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ABSTRACT

The cores and reflectors in high-temperature gas-cooled reactors (HTGRs) are made of graphite materials, with
the graphite acting as a moderator, a fuel host matrix, or the foundation for various structural components. This
study aims to survey the models in the literature for graphite materials being used as host matrices in pebble/fuel
compacts and to implement those surveyed models into Bison to conduct an early assessment of graphite’s thermo-
mechanical response under various reactor conditions. In this study, thermal (e.g., thermal conductivity, and specific
heat capacity) and mechanical (e.g., elastic properties, thermal expansion, irradiation-induced dimensional changes,
and irradiation-induced creep) material models for various graphite grades (e.g., H-451, IG-110, G-348, 2020, A3-3,
and A3-27) are incorporated into Bison. Two benchmark problems are then exercised utilizing these new graphite-
related capabilities: (1) modeling an Advanced Gas Reactor (AGR)-2 fuel compact, and (2) modeling the debonding
of a particle-matrix interface.
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I. INTRODUCTION

The U.S. Department of Energy (DOE)’s Nuclear Energy Advanced Modeling and Simulation (NEAMS) program
has focused on the development of predictive capabilities, using computational methods for the analysis and design
of advanced reactor and fuel cycle systems. For several years, the NEAMS program has been supporting further
development of Bison in the area of tri-structural isotropic (TRISO) modeling, in cooperation with the nuclear
industry at large. Until now, engineering-scale modeling efforts in Bison [1] have focused on the thermo-mechanical
properties of the TRISO particle and its constituent layers [2, 3, 4, 5, 6]. Extensive study has also been devoted
to the code in order to compute the homogenized response of the graphite matrix (containing TRISO particles)
thermal conductivity [7]. In this study, we aim to survey graphite material models widely used in HTGRs and then
implement them into Bison, as well as perform benchmark examples using these models in order to conduct an
early assessment of the needed material and/or physical models for future studies.

The cores and reflectors in high-temperature gas-cooled reactors (HTGRs) are made of graphite materials, with
the graphite acting as a moderator; a fuel host matrix; a structural component to provide channels for the fuel,
coolant gas, and control rods; a thermal and neutron shielding component; and a heat sink/conduction path during
transients [8, 9, 10]. Our focus in this study is to investigate graphite grades used as a fuel host matrix containing
TRISO particles. A TRISO fuel particle consists of a fuel kernel (made of UOy, UCO, or UN) surrounded by a
buffer and three coating layers: (1) an inner layer of high-strength PyC, referred to as inner PyC (IPyC); (2) a
layer of silicon carbide (SiC); and (3) an outer layer of PyC, referred to as outer PyC (OPyC). These particles are
embedded in a spherical or cylindrical graphite matrix, and this ensemble is referred to as a fuel element. Spherical
fuel elements are often referred to as pebbles, while cylindrical fuel elements are referred to as compacts.

This report is organized as follows. The thermo-mechanical properties of each graphite grade (see Table I) are
categorized into two main clusters, based on their categorization in Bison. Section II covers the thermal properties
(e.g., thermal conductivity and specific heat capacity). Section III covers the mechanical properties (e.g., thermal
expansion, elastic constants, irradiation-induced dimensional changes, and irradiation-induced creep). Section IV
provides two benchmark problems (e.g., modeling of a fuel compact and particle-matrix debonding) in which the
aforementioned material properties are utilized. Section V concludes this report by discussing the results and future
work.

TABLE 1. List of graphite grades investigated in this study.

Grade Description
A3-3, A3-27 | These grades are both produced via isostatic cold molding. Both graphites are heat-treated
(at 1800 and 1950°C) during fabrication to improve their corrosion resistance. The main
difference between A3-3 and A3-27 is the binder type: “A3-3 has a thermoplastic (non-
hardening resin) binder whereas A3-27 has a duroplastic (hardening) resin binder” [11].
G-348 This grade is a product of Tokai Carbon USA [12]. It is formed via cold hydrostatic pressure
molding, resulting in a (ultra) fine grain, high-density graphite. The material properties of
this graphite are considered isotropic [13].
H-451 This historical grade, a product of the U.S. [14], was used as an HTGR fuel element and
reflector [15]. The material properties of this graphite are considered anisotropic or nearly
isotropic. It is formed via extrusion, with a maximum grain size of 500 um. Its coke type is
petroleum, and its density is 1960 kg/m3.
1G-110 This grade, a product of Japan, acts as a fuel host matrix. The material properties of this
graphite are considered isotropic. This graphite is formed via isostatic molding, with a
maximum grain size of 20 um. The coke type is petroleum, and its density is 1780 kg/m? [14].
2020 This grade is often used as the reference material for permanent side reflectors and central
reflector column support blocks [15, 16]. It is isostatically molded and fine-grained in the
form of either large rectangular or cylindrical blocks.
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II. THERMAL PROPERTIES

The thermal properties of graphite addressed in this section cover thermal conductivity (Section II-A) and specific
heat capacity (Section II-B).

A. Thermal Conductivity

Bison offers four graphite modeling options for computing the thermal conductivity of various graphite types,
namely H-451 (Section II-A1), 2020 (Section II-A2), A3-3 and A3-27 (Section II-A3). In total, six models are
available in the code to account for the effects of heat treatments on the thermal conductivity of A3-3 and A3-27
graphites.

Figure 1 compares the thermal conductivities of the aforementioned graphite grades under unirradiated conditions.
The model for grade H-451 graphite yields significantly larger thermal conductivity predictions compared to the
models for the other graphite grades. Both A3-3 and A3-27 graphites are heat treated during fabrication at one of two
different temperatures (1800 or 1950°C). The heat-treated grades generate larger thermal conductivity predictions
(10-20 W/m-K) than their untreated equivalents.

—— H-451
—— 2020
100\ @ - A3-3.1800
—-— A3-31950
< --- A3-27 1800
80 N A3-27_1950
£
S~
= 60| ION
X NN
:’\ ‘\’.:\\\
1 A N
g~“ ~.§...\ \\\
\";‘::F--.ms -

20 L

400 800 1200 1600 2000
T (K)

Fig. 1. Unirradiated thermal conductivity of graphite grades H-4512, 2020°, A3-3¢, and A3-27¢.

? The model is considered valid over a temperature range of 500-1800 K.

> The model is considered valid over a temperature range of 300-2000 K.

¢ The A3-3 and A3-27 graphite grades were heat treated at 1800 and 1950°C during fabrication. The models are valid
over a temperature range of 100-1200°C.

Neutron fluence degrades thermal conductivity. The details of each thermal conductivity model for irradiated
conditions are provided in the following sections. Note that the model predictions in the code are limited to their
applicability ranges.
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1) Grade H-451 graphite

Figure 2 shows the thermal conductivity of grade H-451 graphite as a function of neutron fluence and temperature.
Empirical models are given at different neutron fluence values for the thermal conductivity as a function of
temperature. To compute the thermal conductivity for a fluence of interest, interpolation is performed. Note that
this model is considered valid over a temperature range of [5S00 K, 1800 K], and for neutron fluences of up to
8.0x10% n/m? [16].

—— $=0.0
- — 25 2
Loo | ¢ =8.0x1025n/m
H-451
g 80 L
=
~
=
~ 60 |
40 |

800 1200 1600
T (K)

Fig. 2. Thermal conductivity of grade H-451 graphite [16] as a function of neutron fluence and temperature.
The lines (from top to bottom) correspond to 0.0 (unirradiated), 0.2, 0.5, 1.0, 3.0, and 8.0x102%® n/m?.
Mathematical formulations for temperature-dependent thermal conductivity at various neutron fluence values
are tabulated below.

Fluence Thermal conductivity
(10%® n/m?) &k (W/m-K)

0.0 k=3.28248 x 107577 — 1.24890 x 10~ Tk + 169.2145 500-1800 K
02 k=2.63319 x 107273 + 1.34998 x 107°T2 — 8.03309 x 10~ 2Tk + 131.991  500-1800 K
0.5 k=3.60774 x 10773 +6.45202 x 10772 — 6.38157 x 10~ 2T + 117.459  500-1800 K
1.0 k=4.47613 x 107973 — 1.86131 x 107972 — 4.14540 x 10~ 2T + 95.5394  500-1800 K
3.0 k=4.19346 x 107°T2 — 2.13523 x 10~ 2Tk + 54.1993 500-1800 K
8.0 k=3.63529 x 107972 — 1.89383 x 10~ 2Tk + 50.4684 500-1800 K

Applicability

2) Grade 2020 graphite

Figure 3 shows the thermal conductivity of nuclear grade 2020 graphite as a function of neutron fluence and
temperature. Empirical models are given at different neutron fluence values for thermal conductivity as a function
of temperature. To compute the thermal conductivity for a fluence of interest, interpolation is performed. Note that
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this model is considered valid over a temperature range of [300 K, 2000 K] and for neutron fluences of up to
20.0x 1022 n/m? [16].

— $=0.0
60 |- —-- ¢ =20.0x10%2n/m?
o so0t
=
~
% 40 |
AV
30 f
20

400 800 1200 1600 2000
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Fig. 3. Thermal conductivity of grade 2020 graphite [16] as a function of neutron fluence and temperature.
The lines (from top to bottom) correspond to 0.0 (unirradiated), 0.4, 1.0, 4.0, 10.0, and 20.0 X 1022 n/m?2.
Mathematical formulations for temperature-dependent thermal conductivity at various neutron fluence values

are tabulated below.

Fluence Thermal conductivity Applicabilit
(1022 n/m?) k& (W/m-K) pp y
0.0 k=1.71039 x 1077T% — 3.73458 x 107472 + 0.218725T + 26.5411  300-1000 K
k = 58.800 exp (—3.365 x 10~ 4T ) 1000-2000 K
04 k= —0.0263158T + 69.71052632 300-673K
k = 5.89227 x 107°T2 — 0.128522T + 111.808 673-1000 K
k = 70.560 exp (—5.188 x 10~ 4T} ) 1000-2000 K
1.0 k=7.53255 x 1079T% — 3.46161 x 10~2T + 69.8153 300-1000 K
k = 73.087 exp (—5.781 x 10717k ) 10002000 K
40 k= -1.26995x 107°T% + 1.08450 x 10~ 2T + 43.2150 300-1000 K
k = 74.219 exp (—6.057 x 10~4T) 10002000 K
100 k= 39.55224 300-650 K
k= —2.87164 x 107°T% + 4.83551 x 107 2Tk + 20.2541 650-1000 K
k =172.429exp (—6.190 x 10~*T) 1000-2000 K
20.0 k= 34.34069 300-650K
k = —4.29785 x 107°T% + 8.18658 x 10~2Tx — 0.713659 650-1000 K
k = 69.758 exp (—6.075 x 10717 ) 10002000 K
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3) Grade A3-3 and A3-27 graphite

The main difference between the A3-3 and A3-27 graphite grades is the binder type: “A3-3 has a thermoplastic
(non-hardening resin) binder whereas A3-27 has a duroplastic (hardening) resin binder” [11]. The thermal con-
ductivity of the unirradiated matrix depends on the nature of the matrix material and the temperature of the final
heat treatment during fabrication [11]. During fabrication, both graphite grades were heat treated at one of two
different temperatures (i.e., 1800 or 1950°C) to enhance their corrosion resistance. Here, we provide the thermal
conductivities of A3-3 and A3-27 heat treated at 1800 and 1950°C. These models are hereafter referred to as
A3-3_1800, A3-3_1950, A3-27_1800, and A3-27_1950. The correlation is given as a function of fast fluence, with

a neutron energy threshold of E > 0.18 MeV [17, 11].
Hence, the thermal conductivity of the graphite, Kgraphie, iS:

kgraphile = kunirr’ﬁb Rp

with
Kunirr = K100 [1 — o (T — 100) exp (—0T¢)]
K = 1.0 — (0.94 — 0.604tc) {1 — exp (— [2.96 — 1.955t ] f;ﬂ) } — (0.043t¢ — 0.008¢3,) %
Ky, =L
Po
where: Ky = the thermal conductivity of the unirradiated matrix material (see Equation 1b),
ke = a correction for irradiation damage (see Equation 1c),
k, = a correction for densities other than that of the reference material (see Equation 1d),
k100 = the thermal conductivity of non-porous material at 100°C (W/m-K),
Tc = the irradiation temperature (°C),
tc =T /1000, the reduced temperature (°C),
«,d = the empirical coefficients (see Table II),
¢ = the fast neutron fluence (10%° n/m?, E > 0.18 MeV),

p = the density (kg/m3), and
po = 1700 kg/m3, the reference density.

(1a)

(1b)

(o)

(1d)

Figure 4 plots the evolution graphite thermal conductivity as a function of temperature and fast neutron fluence

for the A3-3 and A3-27 graphites—computed according the models provided in [11] (see Equation 1).

TABLE II. Coefficients for the unirradiated thermal conductivity of grade A3-3 and A3-27 graphites [11].

Graphite grade k199 (W/m-K) « )
A3-3_1800 50.8 1.1810 x 1073 7.8453 x 10~*
A3-3_1950 64.6 1.4079 x 1072  9.0739 x 10~*
A3-27 1800 474 9.7556 x 10™%  6.0360 x 10~4
A3-27_1950 62.2 1.4621 x 1073 9.6050 x 104
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(c) A3-27 heat treated at 1800°C (d) A3-27 heat treated at 1950°C

Fig. 4. Changes in graphite thermal conductivity as a function of temperature and fast neutron fluence for
the A3-3 and A3-27 graphites [11] with heat treatments at 1800 and 1950°C. The lines (from top to bottom)
correspond to 0.0 (unirradiated), 0.5, 1.0, 2.0, 5.0, and 10.0 X 1025 n/m?. The mathematical formulations are
provided in Egs. 1-1d.
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B. Specific Heat Capacity

Bison offers two modeling options for computing the specific heat capacity of various graphite types. These
options apply to carbon brick (Section II-B1) and grade H-451 (Section 1I-B2). The latter is considered valid for
nuclear grade 2020 graphite, as per [16]. Figure 5 compares the specific heat capacities of the aforementioned
graphite grades as a function of temperature. The model predictions are limited to their applicability ranges. The
modeling options are detailed in the following sections.

—— carbon brick
—-— H-451

0 800 1600 2400
T (°C)

Fig. 5. Specific heat capacity of carbon brick? and H-451 graphite® as a function of temperature.
* The model (Equation 2) is considered valid at up to 1200°C. The density is assumed to be 1700 kg/m> here.
> The model (Equation 3) is considered valid over a temperature range of 250-3000 K.

1) Carbon brick

The specific heat capacity of carbon brick is expressed in [18] as Equation 2. This model is considered valid
at up to 1200°C [17] and is the default model option in the code [19]. Figure 5 shows the specific heat capacity
of carbon brick as a function of temperature. For temperatures above 1200°C, the heat capacity is set to the heat
capacity value of 1200°C.

1.75 x 106 Te To 17 T- 1°
=2 (0645 +3.14 | -S| —2.809 | -S| +0.959 [ S 2
r p ( * [1000] {1000 * 1000 @

where: T = the temperature (°C), and
p = the density (kg/m?).

2) Grade H-451 graphite
The specific heat capacity of grade H-451 graphite is expressed by [20] as Equation 3. This model is considered
valid over the temperature range [250 K, 3000 K] (see Figure 5).
90.2725  43449.3 L 1.59309 x 107 1.43688 x 10° 3)
Tk TZ T3 T

cp =4184 (0.54212 — 2.42667 x 107 0T —

where: T = the temperature (K).
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Listing 1. Example Bison code syntax for the graphite and graphite matrix thermal properties [19].

[Materials]

[matrix_thermal_ props]
type = GraphiteMatrixThermal
graphite_grade = 'A3_27_1800"
packing_fraction = 0.0
specific_heat_scale_factor = 1.0
etc_model = DEMT
thermal_conductivity_scale_factor = 1.0
temperature = temp

Example Bison code syntax

The GraphiteMatrixThermal model computes the thermal conductivity and specific heat capacity of various
graphite grades and graphite-TRISO matrix compositions. To compute the thermal properties of a graphite grade, the
packing fraction must be set to zero (i.e., packing_fraction = 0.0). To compute the thermal properties of
a graphite matrix containing TRISO particles, homogenization is applied to the thermal conductivity for a non-zero
packing fraction when et c_model is assigned to any selected homogenization model. The default homogenization
model is the differential effective medium theory (D-EMT), based on the study by [7]. The different graphite grades
available in the code (e.g., A3-3_1800, A3-3_1950, A3-27_1800, A3-27_1950, H-451, and 2020) are selected via
the input parameter graphite_grade (see Listing 1). The default model option is A3-3_1800 [19].

The specific heat capacity of carbon brick (the default modeling option in the code) is calculated using the
GraphiteMatrixThermal model with graphite_grade = A3_3_1800, A3_3_1950, A3_27_1800,
or A3_27_1950. For a graphite-TRISO matrix, a volumetric average of the specific heat capacities is computed
and assigned to the matrix specific heat capacity.

An AD version is also available by adding the prefix AD to the name of the type parameter (i.e., type =
GraphiteMatrixThermal).
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III. MECHANICAL PROPERTIES

The mechanical properties of the various graphite grades addressed in this section cover elastic constants
(Section III-A), thermal expansion (Section III-B), irradiation-induced dimensional changes (Section III-C), and
irradiation-induced creep (Section III-D).

A. Elastic Properties

Bison offers two modeling options for computing the elastic constants for graphite H-451 (Section III-A1) and
2020 (Section III-A2). The following sections detail the mathematical formulations of each model.

1) Grade H-451 graphite

In terms of the fractional change, x, (as a function of fast neutron fluence), and the irradiation temperature,
irradiation affects the moduli as follows [15]:

By Es

= =(1.0+15x 107*[Tc — 21 4
E, Bz, ( - 7o ]) "y @
where: F,, F3 = the elastic modulus of irradiated graphite at room temperature,
F1,, E3, = the elastic modulus of unirradiated graphite at room temperature,
Te = the temperature (°C), and
Kp = the fractional change due to the fast neutron fluence and temperature (see Figure 6).

The Poisson’s ratio is considered constant under irradiation conditions (i.e., ¥ = 0.12). Note that room temperature
is considered to be 21°C in [15]. The mean values of the transversely isotropic elastic constants at room temperature,
neglecting the effect of spatial distribution in this study, are given by [15] as:

FEi, = 7.35GPa
FE3, = 8.31 GPa @)
v=20.12

This model is considered valid over the temperature range [673 K, 1473 K], and for fast neutron fluences up to
8.0x10%° n/m2.

2) Grade 2020 graphite

Irradiation affects the elastic moduli through the fractional increase, p (see Figure 7), which is a function of fast

neutron fluence, per:
£y Es

= =1 6
Elo ESo * P ( )
where: FE,,E3 = the elastic modulus of irradiated graphite at room temperature,
F1,, E3, = the elastic modulus of unirradiated graphite at room temperature, and
P = the fractional release in the elastic modulus (see Figure 7).
The temperature dependency is given as:

E1 = E1,—9.94 x 107* (T — 21) 4 3.09 x 107 (T — 21)° (7a)
Es = E3,—9.94 x 107* (T — 21) 4 3.09 x 107 (T — 21)° (7b)

where: T = the temperature (°C).

10 of 28



ﬂ:....:..oﬁ."'.‘...

ool H-451

0 4 8
® (102> n/m?)

Fig. 6. Fractional increase in the elastic modulus as a function of irradiation conditions for grade H-451
graphite. The numerical values are tabulated below:

Fluence Irradiation temperature Fluence Irradiation temperature
(10 n/m?) 673K 873K 1173K 1473K (10*® n/m?) 673K 873K 1173K 1473K
0.00 0.000 0.000 0.000 0.000 425 1210 1.012  0.906 0.715
025 0.830 0.680 0.540 0.520 450 1.228 1.020 0.959 0.727
0.50 0905 0.768  0.638 0.620 475 1.243 1.028 1.010 0.732
0.75 0950 0.816 0.686 0.666 500 1.260 1.034 1.060 0.743
1.00 0981 0.853 0.714 0.685 525 1274 1.040 1.113 0.752
1.25 1.008 0.880 0.732 0.690 550 1.290 1.047 1.168 0.767
1.50 1.028 0.904 0.750 0.690 575 1306 1.053 1.220 0.781
1.75 1.048 0.920 0.757 0.690 6.00 1.322 1.059 1.272 0.798
200 1.065 0935 0.767 0.690 6.25 1338 1.065 1.324 0.815
225 1.080 0.948 0.770 0.690 6.50 1354 1.071 1.376 0.834
250 1.098 0955 0.774 0.690 6.75 1370 1.078  1.428 0.859
275 1113 0965 0.780 0.690 7.00 1386 1.084 1.480 0.885
3.00 1.130 0975 0.787 0.690 7.25 1402 1.090 1.532 0.912
325 1.145 0984  0.793 0.692 7.50 1418 1.096 1.584 0.948
350 1.163 0.990  0.808 0.700 775 1434 1102 1.636 0.984
375 1.174 1.000  0.823 0.705 8.00 1452 1.106 1.690 1.030

4.00 1.193 1.008 0.852 0.710
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The Poisson’s ratio is considered constant during irradiation conditions (i.e., ¥ = 0.15). Note that room temper-

ature is considered to be 21°C in [15]. Transversely isotropic linear elastic constants at the room temperature are
given by [15] as:

Elo =9.5GPa
E3, = 89GPa ®)
v=20.15

This model is considered valid at temperatures up to 1100°C and fast neutron fluences up to 10.0x 1022 n/m?.

0.2

EilEo—1 ()

p:

0.0

¢ (1022 n/m?)

Fig. 7. Fractional increase in the elastic modulus as a function of irradiation conditions for grade 2020
graphite. The numerical values are tabulated below:

Fluence Irradiation temperature
(1022 n/m?) 673 K 873 K 1173 K
1.0 0.043  0.031 0.023
4.0 0.133  0.098  0.074
10.0 0.240 0.183 0.139

Example Bison code syntax

The GraphiteGradeElasticityTensor model computes the elastic properties of various graphite grades.
Two options are available in the code for the graphite grades H-451 and 2020. The creep calculation typically uses
a return mapping algorithm to determine the necessary increment of creep strain to return the stress state to the
yield surface. The radial return mapping algorithm implemented in the Multiphysics Object-Oriented Simulation
Environment (MOOSE) [21] assumes an isotropic shear modulus that is incompatible with a transversely isotropic
elasticity tensor; therefore, we recommend an isotropic elasticity tensor with a Young’s modulus of 7.83 GPa and

12 of 28



a Poisson’s ratio of 0.12 for graphite H-451, and with a Young’s modulus of 9.2 GPa and a Poisson’s ratio of 0.15
for graphite IG-110. This feature will be incorporated into the code at some point in the near future.

B. Thermal Expansion

Bison offers three modeling options for computing the thermal expansion eigenstrain for graphite types H-451
(Section III-B1), IG-110 (Section I1I-B2), and G-348 (Section III-B3). The following sections detail the mathematical
formulations of each model.

1) Grade H-451 graphite

The thermal expansion of H-451 graphite during neutron irradiation is computed according to [15]. The mean
coefficient of thermal expansion (CTE) for unirradiated H-451 at 20-500°C, & (20—s500) iS 4.09%107% K~ (or
°C™!) in the axial direction and 4.65x10% K~' in the radial direction. In this study, we assign G(a0—s500) to
4.37x1076 K~ (i.e., the mean of both values) for use in both directions. Hence, the mean CTE can be computed
for H-451 graphite as per Equation 9. Figure 8 shows the change in the mean CTE of grade H-451 graphite as a
function of fast neutron fluence and temperature.

20—1) = ¥(20—500)fo (T D) (%a)
with the fractional change in thermal expansivity due to irradiation, f, (7, ¢), calculated as:

fa(T, ¢) =1.0 + (0.27830 — 4.2734 x 10~ *T¢ + 1.7815 x 107 "TZ) ¢

9%
—2.0664 x 107262 4+ 1.3601 x 10~3¢> o0

where: T = the irradiation temperature (°C), and
¢ = the fast neutron fluence (10%° n/m?).

H_451 723 K

I
o

N
o

o

I
N
o

|
N
o

1323 K
. . 1523 K

0 4 8 12
® (1072 n/m?)

Change in the mean CTE (%)

Fig. 8. Change in the mean CTE of grade H-451 graphite as a function of neutron fluence at various
irradiation temperatures (from top to bottom): 723, 923, 1123, 1323, and 1523 K.
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2) Grade IG-110 graphite

The mean CTE, a0_7) (K1), is expressed by [22] as Equation 10. This model is considered valid over a
temperature range of 100-1500°C. Figure 9 shows the change in the mean CTE of grade IG-110 graphite as a
function of temperature.

a(20-1) = @(20-400) fo(T) (10a)
with the fractional change in thermal expansivity due to the temperature, f,(7), as:
fa(T) = 0.853157 + 4.26564 x 10 4T — 1.42849 x 10~ T2 (10b)
where:  @(29_400) = 4.06 x 107% K™, and
To = the temperature (°C).

4.8 F
— 1G-110
7
z
4.4
—
x
N]
l_
Ogof
c
©
O
=
3.6 . . .
400 800 1200
T (°C)

Fig. 9. Change in the mean CTE of grade IG-110 graphite as a function of temperature. This model is
considered valid over a temperature range of 100-1500°C.

3) Grade G-348 graphite

The mean CTE, o207 (K~1), of grade G-348 graphite is expressed by [13] as Equation 11. This model is
considered valid at temperatures up to 1000°C. Figure 10 shows the change in the mean CTE of grade G-348
graphite as a function of temperature.

d(o0—7) = 4.812 x 107° + 1.145 x 107" (T + 30) (11)

where: T = the temperature (°C).

Example Bison code syntax

The GraphiteGradeThermalExpansionEigenstrain model computes eigenstrain due to thermal ex-
pansion by using a function that describes the mean thermal expansion of the graphite grade as a function of
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Fig. 10. Change in the mean CTE of grade G-348 graphite as a function of temperature. This model is
considered valid at temperatures up to 1000°C.

Listing 2. Example Bison code syntax for the use of GraphiteGradeThermalExpansionEigenstrain.

[Materials]

[thermal_expansion]
type = GraphiteGradeThermalExpansionEigenstrain

eigenstrain_name = thermal_expansion
graphite_grade = H_451
stress_free_temperature = 293.15
flux_conversion_factor = 0.8
temperature = temp
thermal_expansion_scale_factor = 1.0

temperature and/or fast neutron fluence. Different options are available in the code for the graphite grades (e.g.,
G-348, H-451, and IG-110), and grade selection is performed via graphite_grade (see Listing 2).

An AD version is also available by adding the prefix AD to the name for the type parameter (i.e., type =
ADGraphiteGradeThermalExpansionEigenstrain).

C. Irradiation-Induced Dimensional Change

Bison has two modeling options for computing the irradiation-induced dimensional change: grade H-451 graphite
(Section III-C1) and grade IG-110 graphite (Section III-C2). The following sections detail the mathematical formu-
lations of each model.
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1) Grade H-451 graphite
The irradiation-induced dimensional change, £! (%), of grade H-451 graphite is expressed in [15] as Equation 12.
This model is considered valid over a temperature range of 623—1573 K and for fast neutron fluences up to 10x10%°

n/m?.
EI = (Cl —+ CQTC + Cngw —+ C4Tg —+ C5Té~) gb
+ (C6 + e Te + CgTé + Cng =+ CloTé’ =+ ClGTg) (Z)2
+ (11 + creTe + asTE + c1aTe + erisT + err T + asTE) ¢°
where: ¢ = the fast neutron fluence (10%° n/m?),
Tc = the irradiation temperature (°C), and
¢; = the empirical coefficients for each orientation (Figure 11).
© H-451 ©
() ()
(@) (@)]
c c
© ©
< c
@} (6]
'© -, ‘©
c c |
.g —2 _ 400°C \\""». S -g 2 —— 400°C
c —-— 600°C N c —.— 600°C
J] ---.800°C N v --- 800°C
£ N Y 1000°C < £ g | 1000°C H-451
() ——1200°C @) ——1200°C (radial)
0 4 8 0 4 8

® (10%° n/m?)

(a) Axial

® (102> n/m?)

(b) Radial

(12)

Fig. 11. Irradiation-induced dimensional changes of grade H-451 graphite as a function of temperature, and
neutron fluence in the (a) axial and (b) radial directions. Empirical coefficients used in Equation 12 for
dimensional changes of H-451 graphite [15] are tabulated below.

) ¢; (axial) ¢; (radial) 1 ¢; (axial) ¢; (radial)
1 1.11617 1.15132 10 0.20435x107'0  0.14233x10~19
2 -0.92197x1072 -0.82968x10=2 11  -0.59274x1072 0.13110x10~!
3 0.20463x107*  0.17060x10~* 12  -0.65404x107°  -0.18768x1073
4 -0.16458x1077 -0.12645x10~7 13 0.32751x107 0.10199x1075
5 0.40809x10~'t  0.27657x10~' 14  -0.13449x107%  -0.27004x10~3
6 0.64947 0.39177 15  0.22245x10~'  0.36498x 10!
7 -0.56929x1072  -0.36540x1072 16 -0.51973x107'* -0.35768x10~ 4
8  0.18972x107*  0.12750x10~* 17 -0.16038x10~'* -0.23579x10~ 4
9 -029277x10~7 -0.20230x10~7 18 0.41756x10~'®  0.57329x10" '8
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2) Grade IG-110 graphite
The irradiation-induced dimensional change, £/ (%), of grade IG-110 graphite is expressed in [14] by [23] as:

el = a1¢® + azg (13)
where: a1, as = the temperature-dependent empirical coefficients (see Figure 12), and
1) = the fast neutron fluence (10%% n/m?).
= —— 400°C /
X I !
> 5| ——600°C j
o --- 800°C
(@)} 'l /
% 1 B 1 .
< ] /
2o L/
g ;o
) ) /
wnLlr J /
s | N
7
T A N
= 1G-110
_3 1

0 4 8
¢ (102° n/m?, E> 0.1MeV)

Fig. 12. Irradiation-induced dimensional changes of grade I1G-110 graphite as a function of neutron fluence
at various irradiation temperatures. The empirical coefficients used in Equation 13 for dimensional changes
of grade I1G-110 graphite [14, 23] are tabulated below.

400°C  600°C  800°C

a; 0279 0450 0.821
az -1.64 -1.86 -2.19

Example Bison code syntax

The GraphiteGradeIrradiationEigenstrain model computes irradiation-induced dimensional changes
for graphite grades H-451 (anistoropic) and IG-110 (isotropic). The selection is performed via graphite_grade.

An AD version is also available by adding the prefix AD to the name of the type parameter (i.e., type =
GraphiteGradeIrradiationEigenstrain).

D. Irradiation-Induced Creep

Bison offers a modeling option for computing irradiation-induced creep in grade H-451 graphite (Section III-D1).
The following section details the mathematical formulation of the model.
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Listing 3. Example Bison code syntax for the use of GraphiteGradelrradiationEigenstrain.

[Materials]

[graphite_irrad_strain]
type = GraphiteGradeIrradiationEigenstrain
temperature = temperature
graphite_grade = H_451 # IG_110
flux_conversion_factor = 0.85
eigenstrain_name = irrad_strain

[]

[]

Listing 4. Example Bison code syntax for the use of GraphiteGradeCreepUpdate in conjunction with
ComputeMultipleInelasticStress.

[Materials]

[GraphiteGrade_creep]
type = GraphiteGradeCreepUpdate
flux_conversion_factor = 0.85
graphite_grade = H_451
temperature = temp
creep_scale_factor = 1.0
outputs = all

[]

[stress]
type = ComputeMultipleInelasticStress
tangent_operator = elastic
inelastic_models = 'GraphiteGrade_creep'

[]

1) Grade H-451 graphite
Irradiation-induced creep strain, €., (-), in H-451 graphite is expressed by [24] as Equation 14. This model is
considered valid over a temperature range of 773-1473 K and for neutron fluences up to 10x10%° n/m?.

er = 4.16 x 107%0 [1 — exp (=5 x 107**¢)] exp (1.27 x 10Tk )

14
+6.2 x 107 *ogexp (7.48 x 107 Tx) (1

where: o = the applied stress (MPa),
¢ = the fast neutron fluence (n/m?), and
Tk = the temperature (K).

Example Bison code syntax

The GraphiteGradeCreepUpdate model computes irradiation-induced creep for grade H-451 graphite. This
material must be run in conjunction with ComputeMultipleInelasticStress. The selection is performed
via graphite_grade (see Listing 4).

An AD version is also available by adding the prefix AD to the name of the type parameter (i.e., type =
GraphiteGradeCreepUpdate).
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IV. DEMONSTRATION EXAMPLES

The aim of the demonstration examples is to identify and prioritize the needed models for conducting an early
assessment of graphite’s thermo-mechanical response under various reactor conditions. This section covers two
examples exercising the newly implemented material models for TRISO fuel elements using Bison:

1) Modeling of an AGR-2 compact in Section IV-A, which explores the thermo-mechanical behavior at the fuel

element level; and
2) Modeling of particle-matrix debonding in Section IV-B, which explores the thermo-mechanical behavior at the
particle level.

Fuel specifications and irradiation conditions for both benchmark problems are tabulated in Table III and Table IV,
respectively. In both demonstration problems, grade H-451 graphite models are used, mainly due to the availability of
these material models. In those applications, the aforementioned material models for thermal conductivity, specific
heat, thermal expansion, irradiation eigenstrain, and creep (see Section II and Section III) are employed. Note
that MOOSE’s creep solver does not work with transversely isotropic elasticity at present. Therefore, an isotropic
elasticity tensor with a Young’s modulus of 7.83 GPa and a Poisson’s ratio of 0.12 for graphite H-451 are used in
the simulations.

TABLE III. Fuel specifications in benchmark problems.

Nominal values

Category Parameter +1 standard deviation
235U enrichment 15.5 wt.%
Fuel characteristics Carbon/uranium (atomic ratio) 0.4
Oxygen/uranium (atomic ratio) 1.5
Kernel diameter 425 £+ 10 ym
Buffer thickness 100 £ 10 ym
Particle geometry IPyC/OPyC thickness 40 £+ 3 pm
SiC thickness 35 £ 2 um
Particle asphericity (SiC aspect ratio) 1.04
Kernel density 11.0 g/cm?®
Kernel theoretical density 11.4 g/cm?3
Buffer density 1.05 g/cm?
Fuel properties Buffer theoretical density 2.25 g/cm?
IPyC density 1.90 & 0.02 g/cm?®
OPyC density 1.90 £ 0.02 g/cm?
IPyC/OPyC BAF 1.05 £+ 0.005

TABLE 1IV. Irradiation conditions for benchmark problems.

Parameter Value
Effective full power days (EFPD) 500.0
Burnup 13.5% FIMA

5.0x10% n/m?
(F >0.18 MeV)
Irradiation temperature 700.0°C

Fast neutron fluence
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A. AGR-2 Compact Modeling

The AGR-2 compact is a cylindrical fuel element containing roughly 4000 TRISO particle fuels. Figure 13 shows
the three-dimensional (3-D) computational domain, with the randomly distributed TRISO particles hosted in a H-
451 graphite matrix. The height and diameter of the fuel compact are 25 and 12 mm, respectively. The TRISO fuel
properties are listed in Table III. A recent Bison capability is used to couple TRISO particles that are randomly
generated from a Monte Carlo (MC) simulation to the host matrix so that the thermo-mechanical properties of the
particles and the matrix are in simultaneous communication. For further details on the coupling approach, refer to
[25]. The simulations are performed under the irradiation conditions listed in Table IV.

Fig. 13. Fuel compact containing 4000 TRISO particles randomly generated from an MC simulation. The
particles are coupled to the host matrix by using a recent Bison capability so that the thermo-mechanical
properties of each are in simultaneous communication.

Figure 14 shows the Bison predictions (at the end of irradiation) for temperature, effective creep strain, tangential
stress, and radial stress. Higher temperatures are observed at the core of the fuel compact, which is 30 K hotter
than at the compact exterior. The effective creep strain varies between 1.4x10~* to approximately 6x10~%. The
fuel compact creeps the most at mid-height. While similar behavior is observed for the tangential stress at mid-
height, higher tangential predictions are also observed at the top and bottom center of the compact. Lastly, the
radial stress has its maximum values (around 2.0x10° Pa) at the top and bottom center of the compact. Overall,
the simulation results seem reasonable. A more rigorous verification and validation study will be exercised in the
future. As mentioned, isotropic elasticity is considered in this simulation, due to the lack of a creep solver option in
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MOOSE for transversely isotropic elasticity constants. This might cause a slight difference in the thermo-mechanical
response of the fuel compact.

Effective Creep Strain

5.9e-04
Temperature - 0.0005
[ 8.06+02 0.00045
2 0.0004
790 0.00035
o s,
| | o
780 1.46-04
778
l 776
7.7e+02
(b) Effective creep strain (-)
Tangential Stress Radial Stress
2.4e+06 2.0e+06
I 2e+6 1.5e+6
- 1.5e+6 —le+o
- le+b 500000
I 500000 I 0
0 -500000
| 500000 I -le+6
I -Te+b -1.60+06
-1.6e+06
(c) Tangential stress (Pa) (d) Radial stress (Pa)

Fig. 14. AGR-2 compact simulation results at the end of irradiation.
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B. Particle-Matrix Debonding

In the second example, the particle-matrix debonding phenomenon is investigated. Debonding of the particle from
the matrix is experimentally evident from the AGR experiments. Figure 15 shows the 3-D computational domain
of a one-eighth symmetric model used in our analyses. A five-layer TRISO particle is considered, surrounded by
grade H-451 graphite. The fuel specifications and irradiation conditions for this analysis are identical to those
considered in the previous example. The TRISO particle is fully bonded to the graphite matrix at the beginning
of the simulation. The stiffness of the material is expected to increase when the particles are fully bonded to the
matrix.

The cohesive zone model (CZM) is used to simulate the debonding of the particle (i.e., the outermost—OPyC—
layer of the TRISO particle) from the graphite matrix. The CZM is a well-known modeling approach in fracture
mechanics, with the separation of the crack surfaces gradually forming through the crack tip (namely, the cohesive
zone). This model is advantageous due to its accurate modeling of the behaviors of cracked and uncracked solids.
The theoretical basis for the CZM can be found in [26]. Bond strength, a required simulation parameter in the
CZM, is set to 8 MPa in our analyses.

Matrix

OPyC
SiC
IPyC

Buffer

Kernel

Fig. 15. Finite element model for a TRISO particle in a graphite matrix. A one-eighth symmetric, 3-D
computational domain is considered in this analysis. The TRISO particle is fully bonded to the graphite
matrix.

Figure 16 shows the tangential stresses during irradiation at various times. The TRISO particle is fully bonded
to the matrix at the beginning of irradiation, as shown in Figure 15. The particle is still bonded to the matrix at
t = 24 days (see Figure 16a). Debonding of the particle from the graphite matrix occurs at around ¢ = 92 days
(see Figure 16b). The gap size between the matrix and OPyC layer starts to increase due to the OPyC shrinkage
(see Figure 16c). Then, it decreases as the matrix shrinks due to irradiation (see Figure 16d).

Although our primary focus in this analysis is on investigating particle-matrix debonding, there is also significant
debonding of the buffer layer from the IPyC layer. The gap between the buffer layer and IPyC layer continues to
increase with irradiation.
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Fig. 16. Tangential stress during irradiation for the particle-matrix debonding example (displacements are
magnified 2x).
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V. CONCLUSION

Up until now, modeling efforts in Bison have mainly focused on the thermo-mechanical response of the TRISO
fuel particle and its constituent layers. In this study, our efforts focused on enhancing Bison’s material modeling
options for the various graphite grades used in the fuel host matrix, and exercising benchmark problems that
utilize these new capabilities in order to identify needed material properties to conduct early assessment of the
thermo-mechanical response of graphite.

Because the thermo-mechanical properties of graphite strongly depend on its resin binder type and manufacturing
processes, individual material models may be subject to change—except as regards the homogenization methods,
which have a more general applicability. Thus, we harvested from the literature the available material models for
various graphite grades. Key physical properties identified by [10] are irradiation dimensional stability, strength,
elastic moduli, thermal expansion coefficient, radiation creep, fracture behavior, and oxidation behavior. In this study,
we surveyed and implemented material models into Bison that cover these identified models (except for fracture
and oxidation behaviors). A summary of the thermal and mechanical models made available in Bison is tabulated
in Table V. The models in this table are categorized as pertaining to either thermal or mechanical properties.

TABLE V. Summary of available thermal and mechanical material properties for various graphite grades
in Bison. The newly added material models in this study are indicated in the last column of the table below.

Material Property . This
(Bison material property namet) Graphite grade Ref. study
Thermal properties
ick? 1
Specific heat capacity Carl;—cl)z;)irlc {231 [\3/]
(GraphiteMatrixThermal) 2020 [16] v
A3-3-18007, -1950 [11] [3]
Thermal conductivity A3-27-1800, -1950 [11] [3]
(GraphiteMatrixThermal) H-451 [16] v
2020 [16] v
Mechanical properties
Elasticity$ H-451 [15, 14] v
(GraphiteGradeElasticityTensor) 2020 [14] v
Irradiation-induced creep +
(GraphiteGradeCreepUpdate) iEel (241 4
Irradiation-induced dimensional change H-451% [15] v
(GraphiteGradeIrradiationEigenstrain) 1G-110 [14, 23] v
. H-451" [15] v
Thermal expansion 1G-110 [22] v
(GraphiteGradeThermalExpansionEigenstrain) G348 [13] v

1 The material property names in the code at present.
1 The default modeling option in the code.

§ This material property requires a new elasticity tensor solver option in MOOSE for transversely isotropic
elasticity constants.

The aforementioned material properties were utilized in two benchmark problems: (1) modeling an AGR-2

compact and (2) modeling particle-matrix debonding. In these benchmark problems, we explored the graphite’s
thermo-mechanical response at two different levels: the fuel element and the particle levels. In the first benchmark
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problem, Bison’s new capability was used to couple particles that were randomly generated from a MC simulation
to the host matrix, enabling simultaneous communication between the properties of the particles and the matrix.
In the second benchmark problem, the particle-matrix debonding phenomenon was investigated in a one-eighth
symmetric, 3-D computational domain in which the TRISO particle was surrounded by H-451 graphite. Identical
fuel specifications and irradiation conditions were applied to both benchmark problems.

This work establishes a strong basis for modeling graphite, and demonstrates advancement in Bison’s modeling
capabilities for particle-matrix debonding and mechanical interactions. In the future, this work can be expanded
to include the following phenomena—based on observations made during the benchmark analyses—to accurately
assess graphite performance:

e Many graphite grades are highly or nearly anisotropic. As mentioned, isotropic elasticity was assumed in
this simulation, due to the present lack of an elasticity solver option in MOOSE for transversely isotropic
conditions. Enhancing the solver capabilities for non-isotropic materials will enable more realistic modeling
of the particle-graphite matrix behavior.

« Oxidation effects on the graphite mechanical properties were not accounted for in this study. Air/moisture oxi-
dation likely occurs in most graphite-moderated reactors, resulting in property degradation. Several parameters
are required for accurately modeling the oxidation behavior in graphite, including the kinetics of oxidation
reactions and the local partial pressure of oxidizing species within the graphite [10]. To accurately assess
graphite performance, it is important to include the oxidation effects on graphite mechanical properties.

o Grade H-451 graphite was chosen for the benchmark problems of this study, mainly due to the availability
of material models found in the literature. This graphite is a historical grade and discontinued. For assessing
the performance of commercial graphite, new material models must be developed, and more experimental
evidence gathered to support the validity of each model. The International Atomic Energy Agency (IAEA)
Nuclear Graphite Knowledge Base (NGKB) (see Appendix A) can be useful for developing new models, if
required, as well as for validating the widely used models in the literature.
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APPENDIX
A. TAEA Nuclear Graphite Knowledge Database

The format of the International Atomic Energy Agency (IAEA) Nuclear Graphite Knowledge Base (NGKB) is

shown in Table A.1. Experimental data exist for several graphite grades. The database represents a total of over
30,000 experimental data points.

TABLE A.1. IAEA Nuclear Graphite Database [27, 28, 29].

A B C D E F G H 1 J K L
SAMPLE CHARACTERISTICS
Graphitisation
Graphite Sample Orientation = Manufacturer =~ Coke Source Binder Filler Number of Impregnant Forming Temperature
Grade Number Impregnations Process (°C)
M N [0 P Q R S T U N w X
‘ CRYSTALLITE PARAMETERS
(con’t) Neutron Irradiation Irrad. a Initial a Final ¢ Initial ¢ Final La Initial La Final Lc Initial Lc Final
Additional Fluence Temp. Experiment
Information (dpa) “C) (10710 m) (10710 m) (10710 m) (10719 m) (10710 m) (10710 m) (10710 m) (10710 m)
Y z AA AB AC AD AE AF AG AH Al AJ
ELASTIC PROPERTIES
E-Modulus (Static) G-Modulus (Static) E (Dynamic)

Initial Ey Final £ Final/Initial E/Ey—1 Initial Final Final/Initial Initial Final Final/Initial E/Ey—1 Initial Freq.
(GPa) (GPa) (%) (GPa) (GPa) (GPa) (GPa) (%) (10%/s)
AK AL AM AN AO AP AQ AR AS AT AU AV

ELECTRICAL RESISTIVITY ‘
G (Dynamic) Poisson’s Ratio Fractional Measuring
Final Freq. Initial Final Final/Initial Initial Final Initial Final Final/Initial Change Temperature Initial
(10%/s) (GPa) (GPa) (Ohm*m*10~%) | (Ohm*m*10~%) (%) °C) (10°/K)
AW AX AY AZ BA BB BC BD BE BF BG BH
THERMAL PROPERTIES
Thermal Expansion Coefficient Thermal Conductivity Tensile
Final Temp Range | Final/Initial =~ Fract.Change Initial ko Final k& k/ko—1 Meas Temp Initial Final Final/Initial Initial
(10-%/K) (°C) (%) (W/m K) (W/m K) (°C) (MPa) (MPa) (MPa)
BI BJ BK BL BM BN BO BP BQ BR BS BT
STRENGTH I DIMENSIONAL CHANGES
Compr. Bending Length Diameter Thickness
Final Final/Initial Initial Final Final/Initial Initial Final Change Initial Final Change 1
(MPa) (MPa) (MPa) (mm) (mm) (%) (mm) (mm) (%) (mm)
BU BV BW BX BY BZ CA CB CC CD CE CF
‘ ACOUSTIC PROPERTIES ‘ IRRADIATION CREEP
(con’t) Volume Sonic Velocity Attenuation Applied Creep Creep
2 Initial Final Change Initial Final Initial Final Stress Strain Coeff
(mm) (cm®) (cm?) (%) (m/s) (m/s) (db/mm) (db/mm) (MPa) (%) (10~%5m?/Pa)
CG CH CI CJ CK CL CM CN [€9) CP CcQ CR
STORED ENERGY | PORE VOLUME | DENSITY | OTHER PROPERTIES
Release Open Porosity Initial Mass Final Mass Mass Loss
Total S dS/dt Start Temp Initial Final Initial Final Change Ordinal
alg) (hg*s)) 0 %) %) (glem?®) (g/em®) %) © © (%) Number
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