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a b s t r a c t

This paper suggests a fracture simulation method for SFR metallic fuel pin under accident condition. Two
major failure mechanisms - creep damage and eutectic penetration - are implemented in the suggested
method. To simulate damaged element, stress-reduction concept to reduce stiffness of the damaged
element is applied. Using the proposed method, the failure size of cladding can be predicted in addition
to the failure time and failure site. To verify the suggested method, Whole-pin furnace (WPF) test and
TREAT-M test conducted at Argonne National Laboratory (ANL) are simulated. In all cases, predicted
results and experimental results are overall in good agreement. Based on the simulation result, the effect
of eutectic-penetration depth representing failure behavior on failure size is studied.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Sodium-cooled fast reactor (SFR) is a promising Gen IV fast
reactor that has superior safety features resulting from high ther-
mal conductivity, low corrosiveness and high boiling temperature
of sodium coolant [1]. Furthermore, SFR using metallic fuels has
additional safety features resulting from high conductivity of the
fuel [2]. Despite safety features, severe accident in metal-fuelled
SFR could happen when multiple transient events happen simul-
taneously [1,2]. Thus it is important to predict possible accident
sequences of severe accident for safe operation of SFR.

When the severe accident occurs, fuel temperature increases,
and partial melting of the fuel can occur. Due to creep damage and
eutectic penetration, cladding can fail, and molten fuel can be
ejected into the sodium channel [3,4]. It is reported that in-channel
behavior of the molten fuel can be affected by pressure, the mass of
molten fuel and failure site/size [5e7]. To predict the accident se-
quences involving recriticality and channel blockage, it is important
to predict failure time, site and size.

Some analysis codes have been developed to predict cladding
failure; SAS4A-FPIN [8], LIFE-METAL [9] by Argonne national lab-
oratory and FEAST-METAL [10] by Massachusetts institute of
by Elsevier Korea LLC. This is an
technology. Two major failure mechanisms e creep damage and
eutectic penetrationewere implemented to these codes but failure
size cannot be predicted using these codes. However, prediction of
the failure size is quite important because the coolability of the
ejected fuel debris is affected by the failure size [6], which is highly
related to the possibility of recriticality and complete disruption of
core structure. Summary of failure prediction codes is suggested in
Table 1.

In this paper, a method to predict cladding failure via finite
element (FE) damage analysis using a stress-reduction concept is
presented. Failure size can be predicted by proposed method, as
well as failure time and failure site. For FE analysis, commercial FE
program, Abaqus [11], is used. To verify the presented method,
published experimental data (Whole-pin furnace test [12e14] and
TREAT-M test [4,15,16]) are simulated and simulation results are
compared with the experimental data. Furthermore, based on the
simulation result, the effect of eutectic-penetration depth repre-
senting failure behavior on failure size is studied.
2. Cladding failure simulation method

2.1. Fracture simulation procedure

The cladding failure simulation method used in this work con-
sists of the following four steps. The first step is steady-state heat
transfer analysis to determine temperature distributions in the pre-
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Nomenclature

SFR sodium-cooled fast reactor
CDF cumulative damage fraction
WPF Whole-pin furnace
ucreep creep damage fraction
uFCCI eutectic penetration damage fraction
hconv convective heat transfer coefficient
Nu Nusselt number
Pe Peclet number
4 fast neutron flux
q00 0 volumetric heat generation rate
dX/dt eutectic penetration rate
X eutectic penetration depth
x local eutectic penetration depth
Le element size
T temperature
trup creep rupture time

Table 1
Existing cladding failure prediction codes.

LIFE-METAL [9] SAS4A-FPIN2
[8]

FEAST-METAL [10] This study

1D/2D 1D 2D Axisymm. 1D 2D
Axisymm.

Eutectic
penetration
model

Empirical
correlation

Empirical
correlation

Diffusion
model based on
precipitation
kinetics

Empirical
correlation

Creep
fracture
model

Cumulative
damage
fraction (CDF)

Cumulative
damage
fraction
(CDF)

Cumulative
Damage Fraction
(CDF)

Cumulative
damage
fraction
(CDF)Constrained

diffusional
cavity
growth
Model

Analytically
predictable
result

Failure time
Failure site

Failure time
Failure site

Failure
time
Failure site

Failure
time
Failure
site
Failure size

Fig. 1. Flowchart of present fracture simulation method.
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accident state. In the steady-state heat transfer analysis, fast
neutron fluence is calculated based on power distribution to reflect
the effect of neutron-irradiation on claddingmechanical properties.
The second step is transient-state heat transfer analysis to deter-
mine temperature distribution in the accident state. The transient-
state heat transfer analysis is conducted based on fuel power dis-
tribution, coolant flow rate and coolant temperature determined
from accident (or test) conditions. The third step is calculation of
the eutectic penetration rate using commercial FE software Abaqus
with a post-processing program. The eutectic penetration rate is
calculated from the inner surface temperature of the cladding
during the accident state. The final step is stress analysis to predict
cladding failure. Steady-state and transient temperature distribu-
tions and plenum pressure history is applied to calculate stresses.
Creep damage fraction is calculated from stress and temperature
information in all analysis steps. Based on the creep damage frac-
tion and the eutectic penetration depth calculated using a post-
processing program, element failure is determined and simulated
using a stress-reduction technique implemented in Abaqus [11].
The flowchart of the suggested fracture simulation method is
shown in Fig. 1 and detail descriptions of each analysis steps are
given in the subsequent sub-sections.
2.2. Heat transfer analysis

Heat transfer analysis was conducted to calculate temperature
distribution of cladding from fuel power distribution, coolant



Fig. 2. Boundary conditions (a) for heat transfer analysis and (b) for Stress analysis.
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temperature and flow-rate in the steady-state or transient-state
condition. It was assumed that heat transfer analysis results are
not affected by deformation of cladding.

Transient heat transfer analysis method, *HEAT TRANSFER,
supported in Abaqus [11] was used. Finite element mesh with
thermal boundary condition is shown in Fig. 2(a). Two-dimensional
axisymmetric quadratic heat transfer element, DCAX8, was used.
The element size was set to be 1.0 mm to the longitudinal direction
and 0.0127 mm to the radial direction. Sensitivity analysis on
element type and element size was conducted, of which the results
will be discussed later in Section 3.2.

To apply fuel power as heat flux to the inner surface of cladding,
the user-subroutine DFLUX supported in Abaqus [11] is used. To
simulate published experimental tests (WPF and TREAT-M tests),
the axial power distribution of IFR fuel [10] was applied. To apply
forced convection to the outer surface of cladding, the user-
subroutine FILM supported in Abaqus [11] was used. Convective
heat transfer coefficient was calculated at each surface integration
points using the Schad-modified correlation [17]:
hconv ¼ prcokNa
2

ffiffiffi
3

p
ðrco þ rwÞ2 � pr2co � pr2w

�
4m
�
cp;Na

kNaðprco þ prwÞ
�0:3�

� 8:075þ
hconv is convective heat transfer coefficient inW/m2/K, kNa is sodium
conductivity inW/m/K, Cp,Na is specific heat of sodium in J/kg/K, rco is

outer radius of cladding in m, rw is wire radius in m and m
�

is mass
flow rate of sodium in kg/s.

To implement the neutron-irradiation effect on creep and
swelling, fast neutron fluence was calculated based on the
following equations using the user-subroutine USDFLD [11]:

4¼ 840000q000 Eq. (2)

4 is fast neutron flux in n/cm2/s and q0 00 is volumetric heat gener-
ation rate in W/m3.

Thermal material properties of claddings (HT9, D9, 316SS) and
sodium from literatures are used in this work: thermal conductivity
[18,19], specific heat [19e21], and enthalpy [19].

2.3. Stress analysis

Stress distribution was calculated from calculated temperature
distribution and plenum pressure, fromwhich cladding failure was
predicted considering creep damage and eutectic penetration.
Finite element modelling and kinematic boundary condition is
shown in Fig. 2(b).

To investigate stress states in cladding as a function of time,
quasi-static analysis method, *VISCO supported by Abaqus, was
used [11]. Two-dimensional axisymmetric quadratic structural
element with reduced-integrations (CAX8R in Abaqus) was used.
The same element size as that in the heat transfer analysis was
used; 1 mm in the axial direction and 0.0127 mm in the radial
direction.

To apply the plenum pressure history, the user-subroutine
DLOAD in Abaqus was used. Creep strain rate and creep dam-
age fraction due to the fast neutron fluence were calculated using
the user-subroutine CREEP. Eutectic penetration rate was trans-
ferred from a post-processing program, and penetrated elements
were determined using the user-subroutine USDFLD. Detail
description of simulation methods of eutectic penetration and
creep damage will be explained later in Sections 2.4 and 2.5,
respectively.

Mechanical properties of claddings (HT9, D9, 316SS) from lit-
eratures are used in this work: elastic modulus [22], poisson’s ratio
[22], thermal expansion coefficient [18], creep strain rate [8], creep
rupture time [23e25] and swelling strain [26].

2.4. Simulation method of eutectic penetration

The uranium constituent in the metallic fuel interacts metal-
lurgically with the iron constituent in the cladding at elevated
temperature. Wall-thinning of cladding results from the eutectic
reaction between the uranic fuel and the ferrous cladding. The
12:48
�
1þ rw

rco

�
�4:275

�
1þ rw

rco

�2�
Eq. (1)



H.-W. Jung et al. / Nuclear Engineering and Technology 53 (2021) 932e941 935
eutectic reaction was implemented using following equation of
eutectic penetration rate given in SAS4A [8,27]:
dX
dt

¼

8>>><
>>>:

0 T <1353K

922þ 2:93ðT � 1388Þ � 0:215ðT � 1388Þ2 þ 0:001134ðT � 1388Þ3 1353K � T <K

exp
�
22:85� 27624

T

�
T � 1506K

Eq. (3)
dX/dt is penetration rate in mm/s and T is temperature in K. In Eq. (3),
the critical temperature of the eutectic penetration is defined as
1353 K. At the temperature lower than the critical temperature, the
penetration rate is set to zero.

Note that Eq. (3) can be used for short-term accidents accom-
panying rapid temperature rise but cannot be used for long-lasting
accidents which cause relatively slow temperature rise. In such
cases, Cohen et al. [28,29] suggested the following equation of
eutectic penetration rate based on the experimental result at
923 Ke1043 K in Alpha gamma hot cell facility (AGHCF):

dX
dt

¼ exp
�
11:646� 15865

T

�
Eq. (4)

In this paper, the following equation combining Eq. (3) with Eq.
(4) is used:
dX
dt

¼

8>>>>>>>><
>>>>>>>>:

0

exp
�
11:646� 15865

T

�

922þ 2:93ðT � 1388Þ � 0:215ðT � 1388Þ2 þ 0:001134ðT � 1
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�
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T

�

Fig. 3. Assumed eutectic penetration rate between uranic fuel and ferrous cladding,
compared with published experimental data [8,27e29].
Fig. 3 compares published experimental data with Eq. (5).
The method of simulating eutectic penetration is schematically

shown in Fig. 4. Eutectic penetration rate is calculated from inner
surface temperature of cladding using post-processing program
and transferred to Abaqus solver. The penetration damage fraction
of the element is calculated at the integration point using the
following equation:

uFCCI¼ x
Le

Eq. (6)

uFCCI is penetration damage fraction, x is local penetration depth
and Le is element size. When all gauss points within an element fail,
the element is deleted by reducing all stress components and be-
haves like a void. Such stress-reduction technique has been used in
ductile fracture simulation [30] and creep crack growth simulation
[31].
T <948K

948K � T <1353K

388Þ3 1353K � T <1506K

T � 1506K

Eq. (5)
2.5. Creep damage calculation

Under transient conditions, creep rupture of cladding can be
calculated using cumulative damage fraction (CDF) [8,27]:

uCreep ¼
X Dt

trupðs; TÞ Eq. (7)

where uCreep is creep damage fraction, Dt is time increment, trup is
the creep rupture time, s is effective stress and T is temperature.
Cumulative damage fraction is calculated at the integration point in
all analysis steps. When the cumulative damage fraction becomes
unity, all stress components were reduced to zero, as described in
Section 2.4.

For the creep rupture time trup(s,T) in Eq. (7), the models in
SAS4A DEFORM5 [23e25] were used for HT9, 316SS and D9. The
creep rupture time model for HT9 is dependent only on the
equivalent stress and temperature, while those for 316SS and D9
depend on the stress, temperature and irradiation dose.



Fig. 4. Schematic illustration of simulating eutectic penetration.

Table 2
Design parameters of WPF test pins [12e14].

Fuel length 343 mm

Fuel radius 2.2 mm
Clad inner radius 2.54 mm
Clad outer radius 2.92 mm
Plenum to fuel volume ratio 1.0 (FM1, FM2, FM6)

1.4 (FM3)
1.5 (FM4, FM5)

Bond sodium above fuel level 6.35 mm

H.-W. Jung et al. / Nuclear Engineering and Technology 53 (2021) 932e941936
3. Fracture simulation of Whole-pin furnace test

3.1. Test description

To verify the cladding failure simulation method proposed in
this work under extended transients, WPF tests are simulated. The
Table 3
Summary of WPF test [12e14].

Case Fuel Clad Burnup Peak temp

FM1 U-10Zr HT9 3.0 at% 810 �C, 820
FM2 U-19Pu-10Zr HT9 3.0 at% 810 �C, 820
FM3 U-26Pu-10Zr HT9 2.2 at% 810 �C, 820
FM4 U-19Pu-10Zr HT9 11.4 at% 750 �C, 770
FM5 U-19Pu-10Zr HT9 11.4 at% 780 �C, 870
FM6 U-19Pu-10Zr HT9 11.3 at% 650 �C, 670

a Maximum temperature of external surface temperature of clad at fuel top and clad
b Peak plenum pressure estimated by FEAST-M [10].
WPF test was out-of-pile heating test where irradiated pins were
exposed at 650 �Ce820 �C for a few to thousands of minutes
[12e14]. The purpose of WPF test was to prove safety features of
metallic fuels and to verify analysis codes under extended transient
condition. Design parameters of WPF test pins are given in Table 2
and results of simulated test cases are summarized in Table 3. The
source of irradiated fuel pins was the Experimental Breeder Reactor
II (EBR-II). In this work, steady-state pre-irradiating condition in
EBR-II is simulated using X425 benchmark condition [10,32,33] to
calculate cumulative damage fraction (CDF) and fast neutron flu-
ence of the irradiated fuel pins. For simulation, temperature dis-
tribution from experiment and plenum pressure calculated via the
FEAST-M analysis code given in Table 3 are applied. Simulation
results of WPF tests are given in Table 4 and compared with the
results obtained from SAS4A, LIFE and FEAST codes.
3.2. Results for the test FM1, FM2 and FM3

The FM1, FM2 and FM3 tests were low-burnup pin tests with
similar pressure and temperature conditions. Despite of their
similar test conditions, failure times were largely different, as given
in Table 3; the failure times of FM1, FM2 and FM3 tests were 67min,
112 min and 146 min, respectively. Such large deviation of failure
time might results from large deviation of the eutectic penetration
rate; the average eutectic penetration rates of the FM1, FM2, and
FM3 tests were found to be 3.62 mm/min, 2.26 mm/min, and
1.72 mm/min. Predicted cladding failure times of FM1, FM2, and
FM3 tests from present FE analysis using Abaqus are 84 min,
80 min, and 90 min. Predicted failure sites are fuel top regions and
these results are agrees with experimental results. Among three
experimental cases, the failure size of FM2 is available only.
Experimental axial failure size of FM2 pin is 2.0 mm and predicted
axial failure sizes of FM1, FM2 and FM3 are 1.0 mm, 3.0 mm and
3.0 mm. Circumferential failure size cannot be derived using our FE
analysis method because we used axisymmetric model. Predicted
peak strain is lower than experimental peak strain because our
model cannot simulate local strain concentration caused by insta-
bility as given in Table 4.

Low-burnup pins such as FM1, FM2 and FM3 pins have low
plenum pressure, so that creep-driving force is low. Therefore, for
the low-burnup pins, failure occurs after most of cladding wall
penetrated. Experimental results of FM1, FM2 and FM3 pins shows
64%, 67% and 65% of penetration at failure. FE analysis results show
similar tendency to the experimental result, as shown in Fig. 5.
Predicted penetrated fraction of cladding wall at failure of FM1,
FM2 and FM3 pins are 82%, 76% and 90%.

Sensitivity analysis on element type and size is conducted and
the results are suggested in Table 5. There is large difference in
predicted failure time between 4-node elements (CAX4, CAX4R)
and 8-node elements (CAX8, CAX8R). This difference is caused by
inaccurate eutectic penetration rate of 4-node element. Applied
eutectic penetration rate is as lower as 35% than Cohen equation
eraturea Peak plenum pressureb Duration Failure

�C 2.85 MPa 67 min O
�C 3.43 MPa 112 min O
�C 1.72 MPa 146 min O
�C 9.22 MPa 68 min O
�C 9.27 MPa 3 min X
�C 13.35 MPa 2160 min X

top.



Fig. 5. Stress analysis results of FM2 test: (a) 623 s, (b) 2971 s, (c) 5051 s and (d) 5059 s.

Table 4
Summary of cladding failure simulation results of WPF tests [10,14].

Failure Time (min) Case Exp. SAS4A LIFE FEASTa This study
FM1 67 36 79 69/58 84
FM2 112 42 75 56/48 80
FM3 146 108 217 129/110 90
FM4 68 16 9 12/10 54
FM5 N/A N/A N/A N/A N/A
FM6 N/A 222 1320 N/A 681

Failure site Case Exp. SAS4A LIFE FEASTa This study
FM1 Fuel top Fuel top Fuel top Fuel top Fuel top
FM2 Fuel top Fuel top Fuel top Fuel top Fuel top
FM3 Fuel top Fuel top Fuel top Fuel top Fuel top
FM4 Plenum Fuel top Fuel top Fuel top Fuel top
FM5 N/A N/A N/A N/A N/A
FM6 N/A Fuel top Fuel top N/A Fuel top

Eutectic penetration (%) Case Exp. SAS4A LIFE FEASTa This study
FM1 64 30 53 51/47 82
FM2 67 37 50 45/42 76
FM3 65 86 50 70/64 90
FM4b 24 8.2 3 10/10 28
FM5c 0 0.15 0 5/5 0.26
FM6c 0 0 0 5/5 0

Peak strain near failure site (%) Case Exp. SAS4A LIFE FEASTa This study
FM1 3.3 6 1.1 0.7/0.5 1.1
FM2 4.3 6 1 0.7/0.5 1.1
FM3 1.2 6 1 0.7/0.4 1.0
FM4 15 15 0.7 0.4/0.3 1.2
FM5c 0.1 0.6 0 0.2/0.2 0.5
FM6c 0.89 4.5 1 1/1 1.0

Failure sized (mm) Case Exp. SAS4A LIFE FEAST This study
FM1 N/A N/A N/A N/A 1.0/-
FM2 2.0/0.9 3.0/-
FM3 N/A 3.0/-
FM4 12.5/3.5 5.5/-
FM5 N/A N/A
FM6 N/A 2.5/-

a Failure criteria (Cumulative damage fraction/Constrained diffusional cavity growth).
b Penetration depth at fuel top.
c Maximum value.
d Axial size (length)/circumferential size (width).
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Table 5
Element sensitivity analysis result (FM1).

Case Failure time (min) Failure site e Axial location (%) Eutectic penetration (%) Peak strain (%) Failure size (mm)

Element type CAX4 129 99.1 79.6 1.037 1.5
CAX4R 128 99.4 78.9 1.036 1.0
CAX8 84 99.4 81.2 1.063 1.0
CAX8R 84 99.4 81.7 1.056 1.0

Axial element size 6 mm 83 98.3 79.9 1.039 3.0
2 mm 83 99.4 80.6 1.069 1.0
1 mm 84 99.4 81.7 1.056 1.0
0.6 mm 85 99.5 81.9 1.054 0.9
0.3 mm 85 99.4 81.8 1.044 1.05

# Radial element 10 85 99.4 82.4 1.052 2.0
20 85 99.4 81.9 1.053 1.0
30 84 99.4 81.7 1.056 1.0
60 84 99.4 81.7 1.061 1.5

Table 6
Design parameters of TREAT-M test pins [4].

EBR-II driver fuel IFR type

Fuel U-5Fs U-19Pu-10Zr
U-10Zr

Clad material 316 SS D9
HT9

Fuel mass 52 g 78 g
Fuel length 343 mm 343 mm
Fuel radius 1.65 mm 2.16 mm
Clad inner radius 1.905 mm 2.54 mm
Clad outer radius 2.21 mm 2.92 mm
Plenum length 193 mm 246 mm
Bond sodium above fuel level 28 mm 6.35 mm

Table 7
Summary of TREAT-M test [4].

Case Fuel Clad Burnup Peak P/Fa Peak pressure Failure

M2(1) U-5Fs 316 SS 0.3 at% 4.1 0.7 MPa X
M2(2) U-5Fs 316 SS 4.4 at% 4.2 7e9 MPa O
M2(3) U-5Fs 316 SS 7.9 at% 4.1 17e20 MPa O
M3(1) U-5Fs 316 SS 0.3 at% 4.1 0.7 MPa X
M3(2) U-5Fs 316 SS 4.4 at% 4.0 7e9 MPa X
M3(3) U-5Fs 316 SS 7.9 at% 3.4 17e23 MPa X
M6(1) U-19Pu-10Zr D9 1.9 at% 4.6 3 MPa X
M6(2) U-19Pu-10Zr D9 5.3 at% 4.5 10 MPa O
M7(1) U-19Pu-10Zr D9 9.8 at% 4.0 19 MPa O
M7(2) U-10Zr HT9 2.9 at% 4.8 6 MPa X

a Power over coolant flow rate normalized by the value of steady-state condition
(43 kW/m, 630 K inlet, 780 K outlet coolant temperature) In case that failure did not
occur, peak P/F indicates maximum P/F.
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[28]. On the other hand, there is not notable error in predicted
failure site, penetration depth, strain and failure size. Hence, most
accurate and efficient 8-node reduced-integration element
(CAX8R) is used for following simulations. Axial and radial size of
element do not affect failure time, failure site, penetration depth,
and strain as shown in Table 5. There is notable error in failure size
when axial element size is 6.0 mm; estimated failure size is 3.0 mm
which is 3 times larger than other results. This error arises from low
resolution of failure size caused by large element size. When using
CAX8R element with 6 mm of axial length, the resolution of failure
size becomes 3 mm. Because the resolution should be smaller than
failure size, element with 1 mm of axial length is used for the
following simulations. Radial size of element has effect on failure
size by affecting creep damage propagation process but there is not
meaningful tendency. Considering efficiency, 30 numbers of radial
elements is used for the following simulations.

3.3. Result for the test FM4

FM4 test is high-burnup pin test. Initial plenum pressure of FM4
pin is 7 MPa, which is far larger than low-burnup pins. In test,
because of large plenum pressure, cladding expanded largely and
contacted with shield wall [14]. The contact between cladding and
shield wall resulted in delay of failure and failure site shifted from
fuel top to plenum [14]. Experimental failure time of FM4 pin is
68 min and predicted failure time is 54 min. Predicted failure site is
fuel top region and axial failure size is 5.5 mm. Experimental
penetrated fraction of cladding wall at fuel top region is 24% and
predicted penetrated fraction of cladding wall at fuel top region is
28%. Experimental peak strain near failure site (plenum) is 15%,
which is far larger than predicted peak strain near failure site (fuel
top), 1.2%.

Creep damage is major failure mechanism of high-burnup pin.
Because of high pressure causing high stress, creep damage
initiates when penetration depth is low. Because the time from
creep damage initiation to complete failure is relatively longer than
that of low-burnup pin, creep damage axially propagates further
and failure size becomes larger. Predicted failure size is 5.5 mm and
it is at least 1.8 times larger than that of low-burnup pin.

3.4. Result for the test FM5 and FM6

FM5 test simulated EBR-II Mark-V UN-1 loss of flow (LOF) event
[14]. Like actual LOF transient condition, the FM5 test lasted for
short time e about 3 min. Cladding failure does not occur in both
experiment and FE analysis. Eutectic penetration was not observed
in the test and predicted eutectic penetration depth is 0.988 mm
(0.26% of cladding wall).

FM6 test is high-burnup pin test. Initial plenum pressure is
11 MPa and peak temperature is 650 �Ce670 �C, which is lower
than that of other tests. The FM6 test lasted for 2160min and failure
did not occur. Predicted failure time is 681 min. This error is caused
by the creep rupture property of HT9; because of low temperature,
eutectic penetration does not occur in both experiment and FE
analysis. The creep rupture property applied to our model is
identical to that of SAS4A-FPIN, which is short-term creep rupture
property [14]. It makes conservative prediction result for long-term
creep condition like FM6 test condition.

4. Fracture simulation of treat-M test

4.1. Test description

To verify the cladding failure simulation method proposed in
this work under severe accident condition, TREAT-M tests are
simulated. The TREAT-M test is in-pile simulated experiment of



Table 8
Summary of cladding failure simulation results of TREAT-M tests [4].

Case Experiment COBRA/EXP This study

Peak P/Fa M2(1) 4.1 [X] 4.7 5.6
M2(2) 4.2 [O] 4.5 5.6
M2(3) 4.1 [O] 3.6 4.1
M3(1) 4.1 [X] 4.8 5.8
M3(2) 4.1 [X] 4.4 5.7
M3(3) 3.4 [X] 3.6 3.8
M6(1) 4.4 [X] 4.6 4.4
M6(2) 4.4 [O] 4.5 4.3
M7(1) 4.0 [O] 4.4 4.5
M7(2) 4.8 [X] 4.4 4.6

Eutectic penetration (%) M2(1) N/A N/A 100
M2(2) N/A 86
M2(3) 0 0
M3(1) N/A 100
M3(2) N/A 83
M3(3) N/A 0
M6(1) N/A 100
M6(2) N/A 87
M7(1) N/A 0
M7(2) 30 39

Failure size (mm) M2(1) N/A N/A 33.0
M2(2) N/A 0.5
M2(3) N/A 0.5
M3(1) N/A 18.0
M3(2) N/A 1.0
M3(3) N/A 1.0
M6(1) N/A 20.5
M6(2) 3.8< 1.5
M7(1) N/A 1.5
M7(2) N/A 7.0

Peak temperature at failure (K) M2(1) N/A N/A 1379
M2(2) 1372
M2(3) 1247
M3(1) 1383
M3(2) 1376
M3(3) 1217
M6(1) 1383
M6(2) 1378
M7(1) 1333
M7(2) 1365

a Experimental peak P/F is given with whether failure occurred or not ([O]: failed
and [X]: not failed).
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transient overpower (UTOP) accident [4,15,16]. The power of pre-
irradiated fuel pin was increased exponentially to imitate UTOP
accident. The degree of overpower is represented by power over
coolant flowrate, P/F. The design parameters of fuel pins used for
the tests are given in Table 6. There are 4 test cases with 10 pre-
irradiated fuel pins: M2(1e3), M3(1e3), M6(1e2), M7(1e2). Test
summary of TREAT-M tests is given in Table 7. Power, coolant
temperature, and plenum pressure histories are given in literatures
[4,15,16]. The source of irradiated fuel pins was the Experimental
Breeder Reactor II (EBR-II). In this work, steady-state pre-irradi-
ating condition in EBR-II is simulated using X425 benchmark con-
dition [10,32,33] to calculate cumulative damage fraction (CDF) and
fast neutron fluence of the irradiated fuel pins. Simulation results of
TREAT-M tests are given in Table 8 and compared with the results
obtained from COBRA/EXP codes.
4.2. Result for the test M2 and M3

M2 and M3 tests are simulated experiments of overpower
condition with U-5Fs fuel and 316 SS cladding. Three fuel pins with
different burnups were exposed to the hypothetical overpower
condition simultaneously: 0.3 at% (M2(1) and M3(1)), 4.4 at%
(M2(2) and M3(2)) and 7.9 at% (M2(3) and M3(3)). M3 test was
stopped just before failure; peak P/F value was derived from M2
test result [4].
M2(1) and M3(1) test pins are low-burnup (0.3 at%) pins. Initial
plenum pressure is 0.45 MPa. Experimental peak P/F of both tests is
4.1 and failure did not occur. Predicted P/Fs at failure of M2(1) and
M3(1) tests are 5.6 and 5.8, respectively. In FE analysis result, creep
damage is not observed because of low plenum pressure. In these
cases, cladding failure arises from rapid eutectic penetration, which
occurs at temperature above eutectic critical temperature, 1353 K.
Peak temperature at failure ofM2(1) andM3(1) tests are 1379 K and
1383 K, as given Table 8. Predicted axial failure sizes of M2(1) and
M3(1) tests are 33.0 mm and 18.0 mm, respectively.

M2(2) and M3(2) test pins are medium-burnup (4.4 at%) pins.
Initial plenum pressure is 4.52 MPa. Experimental peak P/Fs of
M2(2) and M3(2) tests are 4.2 and 4.1, respectively. In M2(2) test,
unexpected failure occurred because of temperature oscillation
caused by wire-wrap [4]. Predicted P/Fs at failure of M2(2) and
M3(2) tests are 5.6 and 5.7, respectively. Both creep damage and
eutectic reaction get involved in cladding failure in these cases; like
the FM2 test result, creep rupture occurs after eutectic penetration.
Predicted penetration depths of M2(2) and M3(2) at failure are 86%
and 83%, respectively. Predicted axial failure sizes of M2(2) and
M3(2) are 0.5 mm and 1.0 mm.

M2(3) and M3(3) test pins are high-burnup (7.9 at%) pins. Initial
plenum pressure is 9.23 MPa. Experimental peak P/Fs of M2(3) and
M3(3) tests are 4.1 and 3.4, respectively. M2(3) pin was failed and
M3(3) pin was not. Predicted P/Fs at failure of M2(3) and M3(3)
tests are 4.1 and 3.8. No eutectic penetration was observed in
experiment. In these cases, only creep damage is involved in clad-
ding failure, which corresponds with the experimental result.
Predicted axial failure sizes of M2(2) and M3(2) are 0.5 mm and
1.0 mm, respectively.

4.3. Result for the test M6

M6 test is simulated experiment of overpower conditionwith U-
19Pu-10Zr fuel and D9 cladding. Two pins with different burnups
were exposed to the hypothetical overpower condition simulta-
neously: 1.9 at% (M6(1)), and 5.3 at% (M6(2)).

M6(1) test pin is low-burnup (1.9 at%) pin. Initial plenum
pressure is 1.82 MPa. Cladding failure did not occur in experiment,
and peak P/F of M6(1) test is 4.4. Predicted P/F at failure of M6(1)
test is 4.4. Cladding failure of M6(1) test in FE analysis is caused by
only eutectic penetration, which is similar to M2(1) test. Predicted
axial failure size of M6(1) test pin is 20.5 mm.

M6(2) test pin is medium-burnup (5.3 at%) pin. Initial plenum
pressure is 5.15 MPa. Experimental P/F at failure of M6(2) test was
4.4 and eutectic reaction was major failure mechanism [4]. Pre-
dicted P/F at failure of M6(2) test is 4.3 and predicted eutectic
penetration depth is 87%, which corresponds with experimental
tendency. Experimental axial failure size of M6(2) test pin is under
3.8 mm, and predicted axial failure size is 1.5 mm.

4.4. Result for the test M7

M7(1) test pin is very high-burnup (9.8 at%) pin with U-19Pu-
10Zr fuel and D9 cladding. Initial plenum pressure of M7(1) pin is
10.45 MPa. Experimental P/F at failure is 4.0 and eutectic penetra-
tion was observed in experiment [4]; exact penetration depth was
not published. The predicted P/F at failure is 4.5, which is higher
than the experimental value at failure; similar prediction results are
derived using the COBRA/EXP code. Considering extremely high
burnup of the M7(1) pin, it is thought that lanthanide induced clad
wastage could take place during pre-irradiation, or irradiation
induced embrittlement mechanism may be involved, resulting in
cladding failure at lower P/F. Cladding failure in simulation arises
from only creep damage, because estimated peak temperature



Fig. 6. Predicted and experimental failure size versus eutectic penetration depth at
failure.
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(1333 K) is lower than eutectic critical temperature (1353 K), as
given in Table 8. Predicted axial failure size of M7(1) test pin is
1.5 mm.

M7(2) test pin is low-burnup (2.9 at%) pin with U-10Zr fuel and
HT9 cladding. Initial plenum pressure of M7(2) pin is 2.74 MPa.
Cladding failure did not occur in experiment. Peak P/F of M7(2) test
is 4.8. Predicted P/F at failure is 4.6. In experiment, cladding failure
was delayed because of high eutectic critical temperature of U-10Zr
fuel; eutectic critical temperature is closely connected with melting
temperature [4]. Experimental and predicted penetration depth are
30% and 39%, respectively. Predicted axial failure size of M7(2) test
pin is 7.0 mm.
5. Conclusion

This paper presents a fracture simulation of SFRmetallic fuel pin
using finite element damage analysis method. Major damage
mechanisms of metallic fuel pin, creep damage and eutectic
penetration are implemented to predict cladding failure using
commercial finite element analysis software, Abaqus with user-
subroutines. In this simulation method, very fine 2D axisym-
metric elements are used to predict accurate failure time, site and
size. Use of very fine mesh in nonlinear implicit analysis extremely
increases computational burden but it can be treated efficiently
using parallel computational method supported by Abaqus.

To validate the proposed simulationmethod, it is applied toWPF
[12e14] (extended transient condition) and TREAT-M [4,15,16]
(unprotected overpower condition) tests. Predicted failure time,
site and size are compared with experimental failure time, site and
size. InWPF and TREAT-M tests, predicted results agree overall well
with experimental results. However, for the M7 pins, predicted
failure time does notmatchwith experimental failure time possibly
due to the long-term aging effect on very high-burnup fuel pin and
high eutectic penetration resistance of U-Zr fuel.

The effect of failure mechanisms on failure size is studied in all
test cases. Failure size versus eutectic penetration depth at failure is
given in Fig. 6. When only eutectic penetration involves in cladding
failure, failure size becomes large (over 18 mm). On the other hand,
when both eutectic penetration and creep involves in cladding
failure, failure size becomes small (under 7 mm).
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