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ABSTRACT 

This article presents evaluation of the stress-strain 
characteristics of U10Mo alloy based monolithic fuel plates for 
the conversion of high power research and test reactors. 
Monolithic plate-type fuel is a new fuel form being developed 
to achieve higher uranium densities within the reactor core to 
allow the use of low-enriched uranium fuel in high performance 
reactors. For this work, irradiation behavior of four different 
reactor plates (NBSR, MURR, MITR and AFIP plates) with 
different foil and cladding geometries were benchmarked 
against each other. For each plate, three distinct cases were 
considered: (1) fabrication induced residual stresses (2) thermal 
cycling of fabricated plates and finally (3) mechanical behavior 
under proposed irradiation conditions. Given that the 
temperatures approach the melting point of the cladding during 
the fabrication and thermal cycling, high temperature material 
properties were incorporated to improve accuracy. Residual 
stress fields due to the fabrication process (Hot Isostatic 
Pressing) were computed first. Solutions of fabrication 
simulations were used as initial states for the irradiation and 
thermal cycling simulations. For the thermal cycling 
simulation, an elasto-plastic material model with thermal creep 
was used. The transient irradiation behavior was formulated by 
a fully coupled thermal-structural interaction.  Temperature 
fields on the plates were used to compute the thermal stresses. 
Volumetric swelling and irradiation creep of the foil were 
considered. The irradiation analysis showed that the stresses 
evolve rapidly in the reactor. It was found that the stress field of 
the fuel elements is dependent on the plate geometry, especially 
the foil thickness. Furthermore, the foil-cladding thickness ratio 
is the determining factor for the mechanical behavior. The 
compressive stresses of the foil are reduced with an increasing 
foil-cladding thickness ratio. The cladding deformation 
becomes severe for the plates with thicker foils.  

Keywords: Hot Isostatic Pressing, Thermal Annealing, Irradiation 

1. INTRODUCTION

The RERTR1 (Reduced Enrichment for Research and Test 
Reactors) program was initiated in the late 1970’s with the 
principal objective to minimize the use of Highly Enriched 
Uranium (HEU) in civilian applications. The GTRI fuel 
development program aims to develop fuel types that would 
substitute the use of highly enriched uranium in research 
reactors with proliferation resistant, low enriched uranium 
(LEU, <20% 235U) [1]. Lower uranium enrichment requires
higher fuel density either as dispersion fuels at high volume 
loading, or in a monolithic form to compensate lower fission 
rate due to reduced enrichment. Many research reactors can be 
successfully operated with Silicon based (U3Si2-Al) dispersion 
fuels with a density of up to 4.8 g-U/cm3. However, several 
high performance reactors require fuels with higher Uranium 
density (≥ 8 g-U/cm3) to maintain a satisfactory reactor 
performance. The high density alloy with should remain stable 
and perform well in reactor. Among several proposed alloys, U-
Mo alloys are considered the most promising candidate for high 
density fuels. Molybdenum extends the stability of the cubic 
gamma phase. This is highly desired because this phase is 
known to be stable under typical irradiation conditions. U-Mo 
has a low neutron capture cross-section, good irradiation 
behavior, and an acceptable swelling response [2-4]. 

For the conversion of high performance research reactors to 
low enrichment Uranium fuel, U-Mo alloy based fuels in 
monolithic form were proposed. These plate-type fuel elements 
consist of high density, low enrichment U-Mo fuel foils 
encapsulated in Aluminum based cladding. Various fabrication 
techniques were evaluated: Hot Isostatic Pressing (HIP), 
Friction Stir Welding (FSW) and Transient Liquid Phase 
Bonding (TLPB). Because the HIP technique has been able to 
consistently produce a strong and uniform bond, it was selected 
for the fabrication of the monolithic plates. It was assumed that 
benchmark plates in this study would be fabricated via HIP. 
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The typical process for fabricating monolithic plates by HIP 
involves several steps. First, Uranium and Molybdenum 
feedstock is melted in an inert atmosphere and casted into thin 
sheets. The sheets are machined or rolled to produce thin 
coupons. The coupons are hot rolled at approximately 650 °C 
to achieve the targeted foil thickness. Final thickness of the foil 
varies depending on the reactor application. The foils are then 
annealed at 650-675 °C for 30-120 minutes to eliminate 
residual stresses and anisotropy. The foils are encapsulated in a 
cladding material via Hot Isostatic Pressing (HIP) technique. 
For this, a rolled foil is placed between two layers of Aluminum 
cladding. These layers are subjected to a Hot Pressing 
procedure (560 °C, 104 MPa for 90 min) before being cooled to 
room temperature at a rate of 4.8 °C/min with diminishing 
pressure [5]. Recent fabrication efforts evaluate the cold rolling 
technique with high deformation rates without post-fabrication 
heat treatment [6, 7]. The cold rolling behavior is still being 
investigated; and preliminary studies of cold rolling have 
indicated complex stress-strain fields [8], this study assumed 
that benchmarked plates (NBSR, AFIP MURR and MITR) 
would be fabricated exclusively with hot rolled and annealed 
foils. Thus, it was assumed that the residual stresses and 
anisotropy in the foil would be negligible prior to HIP bonding. 

Four different plates with distinct geometries were evaluated. 
The proposed dimensions of simulated plates (NBSR, AFIP 
MURR and MITR) are given in Table 1. Dimensions of a mini-
plate are also included for comparison. Geometrical details and 
cross sectional specifics of the benchmarking plates that were 
used to create the numerical models are shown in ANNEX A. 
For this work, the stress-strain characteristics of the plates 
during the various stages (HIP, irradiation and thermal cycling) 
were evaluated. Additionally, the effects of the plate geometry 
(thickness, length and width) on irradiation and swelling 
behavior were investigated. Proposed irradiation conditions of 
the plates are in Table 2. 

Table 1 Proposed overall dimensions of the plates 

Fuel Foil Cladding 
Plate t w L t w L 

[mm] [mm] [mm] [mm] [mm] [mm] 
MINI 0.254 19.05 82.55 0.572 25.40 101.47 
NBSR 0.210 61.46 279.40 0.530 70.94 330.20 
AFIP 0.330 36.83 523.87 0.470 56.00 571.50 

MURR 0.457 48.26 609.60 0.254 55.62 647.70 
MITR 0.508 52.88 568.32  0.508  64.16 584.20 

MITR plate has heat transfer fins. The cladding thickness is 0.508 mm for 
fuel-to-fin-tip, and 0.254 mm for fuel-to-fin-base. See ANNEX A for details. 

Table 2 Proposed irradiation parameters for the plates 

Peak 
Burn-up 

EFPD Heat 
Flux 

Surface 
Temp 

Center 
Temp 

Plate [fis/cm3] [Days] [W/cm2] [°C] [°C] 
NBSR 7.75E+21 302 139.3 102.5 112.5 
MURR 4.00E+21 312 184.0 114.0 140.0 
MITR 2.70E+21 500 76.6 92.46 108.0 

2. MODELING

2.1. Mathematical preliminaries 

The total strain can be decomposed into elastic and inelastic 
components. To incorporate these components, the total-strain 
was represented as the sum of the corresponding components of 
the elastic, plastic, thermal, creep (irradiation and thermal), 
swelling, and initial strains [9], 

total el pl th cr sw in
ij ij ij ij ij ij ij (1) 

This formulation allows the use of classical theories of 
plasticity (i.e. instantaneous plasticity) in conjunction with 
thermal creep (i.e. time dependent plasticity). The stress-strain 
relation of the plate can be expressed as, 

el in
ij ijkl kl ijD (2) 

total pl th cr sw in in
ij ijkl kl kl kl kl kl kl ijD (3) 

The initial stress is assumed to be negligible for the fabrication 
(hot rolled and heat treated foils), but non-zero for the 
irradiation and thermal cycling stages.  

Material yield was defined according to Von-Mises criteria, 
1
23

2eq ij ij s
(4)

The thermal strain tensor was expressed by, 
th
ij ij T T (5) 

Where α is the tensor that governs the coefficient of thermal 
expansion, and DT is the change in temperature.  

2.1.1. Thermal creep strain 

The Bailey–Norton Law [10], commonly referred as power 
form of creep law, was used for thermal creep strain, 

(6) 

This relation is often expressed in rate form for numerical 
purposes by taking a derivative with respect to time as follows, 

(7) 

This relation is called time hardening formulation of power law 
creep [11] and was used to implement the thermal creep strain 
in to the model. In Eq.7, coefficients A, m, n are material 
parameters. The values of these parameters were obtained by a 
mathematical fitting to the creep data presented in ANNEX B. 
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2.1.2. Irradiation creep strain 

Irradiation-induced creep of a material is based on an empirical 
model which relates the creep rate to the fast neutron flux 
([neutron/m2-s]) and amplitude of the equivalent stress ([Pa]), 

(8) 

The parameter K ([m2/neutron-Pa]), exponents n and p are 
determined from the results of the relaxation experiments. 
Proposed fission enhanced creep formulation [12] relates the 
creep strain rate to the fission density rate and stress linearly, 

 (9) 

Where s is equivalent stress [MPa]; A is a material parameter 
(A=2.5x10-25 [cm3/fission-MPa]) and F is the average fission 
density rate [fission/cm3-s] in the plate as explained in [12].  

2.1.3. Volumetric swelling strain 

Incremental swelling strain is defined as, 

1
3

sw sw (10) 

(11) 

 is a matrix with the anisotropic swelling ratios in the 
diagonal. In Eq.11,  is the volumetric swelling strain rate 
and r11, r22 and r33 are the directions of the components of the 
swelling strain rate as explained in [11]. For all plates, swelling 
was assumed to be isotropic (i.e. =I). 

Volumetric swelling is the sum of swelling due to solid and 
gaseous products as defined in [13, 14];  

0 0 0total g s

V V V
V V V

(12) 

Swelling due to solid fission products was implemented as 

21

0

3.5 10 . d
s

V f
V

(13) 

Similarly, gas bubble swelling was implemented according to 
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2.2. Finite Element Model 

A general-purpose commercial finite element package, 
ABAQUS was utilized for this work. Due to geometrical 
symmetry, one-eighth of the plate was modeled (cut through 
three orthogonal planes with respect to the volumetric center). 
Nodal points at the foil/cladding interfaces were connected with 
a tie constraint.  On the symmetry-planes, symmetry condition 
was assigned to corresponding nodes. The node at the 
volumetric center was fixed to prevent rigid body motion. The 
C3D8RT element in ABAQUS, an 8-node thermally coupled 
brick, tri-linear displacement and temperature with reduced 
integration and hourglass control, was used. The NBSR plate 
was represented with 123120 elements in 8 layers, the AFIP 
plate has 426000 elements in 8 layers, the MURR plate has 
231420 elements in 6 layers, and the MITR plate has 216450 in 
6 layers. The finite element specifics are given in ANNEX A.  

Elasto-perfectly-plastic material constitution was used for both 
cladding and fuel materials to incorporate plasticity. Material 
yield is defined according to von-Mises criteria (Eq.4). Fuel 
foils are subjected to an annealing treatment, therefore, foils are 
modeled as initially stress free. To benchmark the plates, three 
distinct simulations were carried out for each proposed design. 

HIP simulation considers the cooling stage of the fabrication 
process. For this, the temperature of the plate is reduced from 
exact bonding temperature (560 °C) to room temperature (21 
°C) at 4.8 °C/min cooling rate. Resulting residual stress field is 
the initial state for Irradiation and Annealing simulations. 

Thermal Annealing simulation considers 3 distinct stages. 
Heating stage (from 21 °C to 500 °C), holding stage (60 
minutes at 500 °C) and cooling stage (from 500 °C to 21 °C). 

Irradiation simulation considers the plates for 365 days in 
reactor with face-on configuration. Thermal creep (Eq.6-7), 
irradiation creep (Eq.9), and swelling strain (Eq.10-15) were 
implemented into FE formulation. The plates were simulated 
according to benchmarking conditions listed in Table 3. 

Table 3 Parameters for irradiation of the plates 

Fission 
density 

EFPD 
element 

Peak heat 
flux 

Surface 
temperature 

Core 
temperature 

[fis/cm3] [Days] [W/cm2] [°C] [°C] 
7.75E+21 365 130.0 100.0 120.0 

2.3. Material Properties 

It was assumed that microstructure is relatively homogenous 
and has no directionality for the hot rolled and annealed foils 
prior to the HIP process. Hence, the material properties are 
assumed to be isotropic. When available, properties were 
defined as functions of temperature. Material properties [15-23] 
that were used in simulations are presented in ANNEX B.  
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3. RESULT AND DISCUSSIONS

3.1. NBSR Plate 

3.1.1. NBSR Fabrication 

An NBSR foil (279.40 61.46 0.210 mm3) is approximately 
2.22 times wider, 2.38 times longer and slightly thinner 
compared with a mini-plate foil (82.55 19.05 0.254 mm3). 
Cladding thickness is roughly the same. Fig.1 presents the 
transients for the displacements and stresses during the 
fabrication of an NBSR plate. Fig.1a shows that the fuel 
exhibits 3.7 mm total displacement while the cladding displaces 
approximately 4.5 mm. Fig.1b gives the equivalent stress 
transient with respect to temperature. Data points in the figures 
are actual maximums and minimums at a given temperature 
regardless the location of occurrence. In the figure, the cladding 
reaches its proportional limit and exhibits plasticity during the 
entire cooling process, while the fuel foil remains below its 
proportional limit. The calculated equivalent stress is 55.2 MPa 
for the cladding, while it is approximately 320 MPa for the fuel 
when the fabrication process is completed. From 560 ºC to 300 
ºC, the fuel and cladding exhibit similar trends. However, after 
the HIP temperature drops below 300 ºC, the calculated stresses 

for the fuel and the cladding begin to diverge (Fig.1b). This 
divergence causes the stress gradients along the interface to 
increase. Stresses along the length (σzz), thickness (σyy) and 
width (σxx) directions of the fuel foil are shown in Fig.1c. It can 
be seen that the fuel foil is under a compressive state during the 
entire process. The compressive stresses in the length and the 
width directions are approximately six times higher than the 
stress in the thickness direction at room temperature. Shear 
stresses are much lower in magnitude, approximately 50 MPa 
for the foil and 25 MPa for the cladding materials. This implies 
that the residual stress fields are dominated by the normal 
components in length and width directions of the foil. 

Fig.2 presents the equivalent stresses for the fuel foil (Fig.2a) 
and the cladding (Fig.2b) at the end of the fabrication process. 
In Fig.2a, especially close to fuel foil ends, a semi elliptical 
region with higher stress concentration can be seen. The 
maximum equivalent stress was computed to be approximately 
320 MPa for this region. Along the fuel edges, the stresses are 
lower in magnitude compared to those on the bonding faces, 
varying with location from roughly 170–320 MPa. Similarly, 
Fig.2b shows an equivalent stress field (55 MPa max) on the 
cladding. The cladding over the fuel region exhibits yielding, 
while neighboring regions are below the proportional limit. 

Figure 1 NBSR plate, Fabrication transient (a) Displacements (b) Equivalent stresses (c) Normal stresses 

Figure 2 NBSR plate, End of fabrication, Equivalent stress [MPa] fields  (a) Fuel foil (b) Cladding 
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3.1.2. NBSR Thermal Cycling 

Fig.3 shows calculated displacement, equivalent and principal 
stress histories during the thermal cycling process. From 
Fig.3a, it can be seen that fuel exhibits approximately 3.52 mm 
total displacement while cladding exhibits 4.18 mm 
displacement when the temperature reaches to 500 °C. In 
Fig.3b, the calculated equivalent stress response can be seen. 
Initially, the fuel foil is loaded by an equivalent compressive 
stress of 320 MPa and the cladding has an equivalent tensile 
stress of 55 MPa before the annealing process (as discussed in 
Sec.3.1.1). Both cladding and fuel experience reduction in 
stress magnitudes during the thermal loading. From 21 °C to 
300 °C, stress relief of the foil is more rapid compared to stress 
relief for the cladding. During the hold period, relaxation of the 
cladding material due to the thermal creep (Eq.7) causes a 
slight reduction on the equivalent stress magnitude of the foil as 
seen in Fig.3b. During the hold period, the equivalent stress of 
the fuel is reduced to 37.6 MPa and 6.63MPa for the cladding. 
At the end of the cooling period the fuel foil has an equivalent 
stress of 290 MPa. This implies that the thermal cycling process 
causes approximately 10% reduction on the residual stresses. 
Moreover, an interesting trend between 300°C – 400°C can be 
seen. Further examination of the results indicated that the 

cladding starts to manifest further plasticity between these 
temperatures. These plastic strains are in addition to plastic 
strains caused by the fabrication process. Furthermore, the 
magnitude of the equivalent stress of the foil experiences a 
reduction at approximately   450 °C as seen in Fig.3b. 
Examination of the principal stress transient (Fig.3c) indicates 
that the magnitude of the first principal stress (in tensile state) 
becomes greater than the magnitude of the third principal stress 
(in compressive state) above 450 °C. Because the tensile stress 
state enhances volumetric swelling and the temperature at 
which the compressive stress state is relieved is the contributing 
factor for blister swelling [24], it may be claimed that NBSR 
plate would be more susceptible for blisters development above 
450 °C, if necessary conditions (sufficient gas products 
pressure) exist. 

Lastly, Fig.4 presents the equivalent stress distribution for the 
fuel foil and for the cladding at 500 ºC. In Fig.4a, higher stress 
concentrations on the regions close to the foil corners and 
slightly inside of longitudinal edges can be seen (marked by 
arrows). These regions are possible initiation locations for 
blister swelling. Similarly, Fig.4b shows the equivalent stress 
mapping for the cladding at 500 ºC. The maximum stresses are 
over the bond region and approximately 6 MPa.  

Figure 3 NBSR plate, Thermal cycling transient (a) Displacements (b) Equivalent stresses (c) Principal stresses 

Figure 4 NBSR plate, Thermal cycling, Equivalent stress fields [MPa] at 500 ºC (a) Fuel foil (b) Cladding 
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3.1.3. NBSR Irradiation 

Fig.5 shows the results for NBSR plate with a frontal 
irradiation configuration, a fission density of 7.75E+21 
(fission/cm3) and peak heat flux of 130.0 (W/cm2) for 365 days. 
Equivalent stress field with respect to irradiation time is given 
in Fig.5a. The fabrication induced residual stresses (320 MPa 
for foil and 55 MPa for cladding) are the initial state for the 
plate. A temperature increase due to start-up causes a sudden 
drop in the equivalent stress of the foil. The magnitude of 
equivalent stress for the foil is reduced from 320 MPa to 250 
MPa as soon as the plate reaches to the operating temperature 
(120 ºC and 100 ºC for the core and the surface, respectively). 
Furthermore, the equivalent stress magnitude of the foil 
continues to decrease with respect to time due to irradiation 
enhanced creep (Eq.9). On the other hand, the equivalent stress 
of the cladding has a gradual increase with respect to irradiation 
time until 180 days of irradiation. This increase is caused by the 
strain hardening of the cladding material. By the end of 
irradiation, the stress magnitude of the cladding increases from 
55 MPa to 132 MPa, while the maximum stress magnitude of 
the foil decreases from 320 MPa to 185 MPa, located around 
the foil corners. Along the mid-plane of the plate (xy plane 
about the volumetric center) the maximum stress magnitude is 
slightly lower, as shown in Fig.5b. Values were extracted from 

the interface region. In Fig.5b, the foil has 160 MPa overall and 
it peaks to 170 MPa on regions slightly inside the long 
transverse edge. The lowest magnitude is approximately 140 
MPa along the foil edges. Similarly, the cladding has 55 MPa 
but peaks to approximately 130 MPa on the bond regions 
adjacent to the thin faces of the foil (yz-plane). Stresses for the 
foil and the cladding materials at the mid-plane of the plates 
can be seen in ANNEX C. Fig.5c shows swelling of the foil at 
the mid-plane. Initial thickness of NBSR foil is 0.210 mm. 
After irradiation, the maximum foil thickness is 0.346 mm 
(0.136 mm swelling) on regions slightly inside of the foil edges 
and 0.258 mm minimum (0.048 mm swelling) on long 
transverse edges.  

Finally, the equivalent stress mappings for the fuel foil and the 
cladding at 8760 hours of irradiation are given in Fig.6. In 
Fig.6a, the highest stress is 185 MPa on regions slightly away 
from the foil corners and the lowest is 60 MPa on corners. 
Cladding has approximately 55 MPa overall, except the bond 
region adjacent to the thin faces of the foil as seen in Fig.6b. 
Adjacent to these regions, equivalent stress magnitude reaches 
to approximately 130 MPa (compare with Fig.5b). The results 
have implied that the NBSR plate would exhibit a quite similar 
behavior compared with the mini-plates during the fabrication, 
irradiation and annealing processes as discussed in [25-27]. 

Figure 5 NBSR plate, Irradiation (a) Stress transient (b) Equivalent stress (mid-section, end of process) (c) Foil swelling 

Figure 6 NBSR plate, End of irradiation (day 365), Equivalent stress [MPa] fields (a) Fuel foil (b) Cladding 
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3.2. AFIP Plate 

3.2.1. AFIP Fabrication 

An AFIP foil (523.87 36.83 0.330 mm3) is 87% longer, 40% 
narrower, and 57% thicker compared to the NBSR foil design 
(279.40 61.46 0.210 mm3). Furthermore, the AFIP plate has 
0.470 mm thick cladding, while NBSR has slightly thicker 
(0.530 mm) cladding. In Sec.3.1, it was shown that increasing 
the length and width, while keeping the thickness of the foil 
relatively constant would not drastically affect the stress 
magnitudes. However, changes in foil and cladding thicknesses 
would cause significant changes not only on stress magnitudes 
but also on residual stress patterns.  

Fig.7 presents the transients for the displacements and stresses 
during the fabrication process of an AFIP plate. Total 
displacements (shown in Fig.7a) are noticeably higher 
compared with the contraction magnitude of an NBSR plate 
(roughly two times) during the fabrication process. In Fig.7a, 
the AFIP foil displaces 6.75 mm and the cladding displaces 
7.63 mm. Fig.7b gives the calculated maximum and minimum 
equivalent stress response with respect to temperature. Data 
points in the figures are the global maximums and minimums at 

a given temperature. Results indicate that the cladding material 
would exhibit plastic deformation during the entire cooling 
process, while the fuel foil remains below its proportional limit. 
Similar to the NBSR plate, the directions of the normal stress 
components of the foil (shown in Fig.7c) suggest that the AFIP 
foil would be under a compressive state, while the cladding 
would be in a tensile state once the fabrication process has 
completed. Normal stress in thickness direction of the foil is 6 
times lower compared to the length and widthwise stresses. The 
displacement and stress trends during the cooling process are 
similar to those of the NBSR design, yet the magnitudes are 
noticeably different. Results indicate that increasing the foil 
thickness lowers the residual stress magnitudes of the foil. The 
magnitudes of the equivalent stress in the AFIP foil (Fig.8a) are 
lower than those in NBSR foil. An AFIP foil has a maximum 
residual stress of 252 MPa as opposed to 320 MPa for NBSR. 
Even though the highest stresses are located closer to the foil 
ends for both foils, the overall size of this high stress region is 
relatively smaller for AFIP foil compared to a NBSR foil. The 
lowest residual stress magnitude of the AFIP foil is 137 MPa 
and is located on the foil corners. Because AFIP cladding is 
thinner and foil-cladding thickness ratio is higher, cladding 
yielding occurs in larger areas compared to the NBSR cladding. 
The residual stress of the cladding is shown in Fig.8b.  

Figure 7 AFIP plate, Fabrication transient (a) Displacements (b) Equivalent stresses (c) Normal stresses 

Figure 8 AFIP plate, End of fabrication, Equivalent stress [MPa] fields (a) Fuel foil (b) Cladding 
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3.2.2. AFIP Thermal Cycling 

Displacement, equivalent and principal stress histories during 
the thermal cycling process of an AFIP plate are shown in 
Fig.9. From Fig.9a, it can be seen that magnitude of total 
displacements are 7.11 mm for the cladding and 6.34 for the 
foil when the heating stage is complete. This implies that the 
AFIP foil exhibits roughly 80% more displacement compared 
to the displacement of a NBSR foil (NBSR displacements were 
4.18 mm for cladding and 3.52 mm for foil), although the 
displacement trends with respect to temperature are similar.  In 
Fig.9b, the equivalent stress transient can be seen. The fuel foil 
is loaded by a maximum equivalent stress state of 252 MPa 
(compressive) and the cladding has an equivalent stress of 55 
MPa (tensile) prior the annealing process. This is the initial 
state for thermal cycling process of an AFIP plate. Similar with 
NBSR plate, both cladding and fuel materials of AFIP plate 
experience reduction in stress magnitudes during the thermal 
loading. From Fig.9b, the stress relief of the foil is more rapid 
compared to stress relief on the cladding. The stress magnitude 
of the NBSR foil had roughly constant trend between 300°C – 
400°C (caused by additional plasticity on cladding). The foil of 
the AFIP plate starts to show a similar trend between 320°C - 
400°C, but it is not as obvious as the NBSR foil. This is due to 

an increase foil-cladding thickness ratio. This ratio is 0.702 
(R=0.33/0.47) for AFIP and 0.396 (R=0.21/0.53) for NBSR. 
Increasing the thickness of the foil causes greater plate 
stiffness.  

During the hold period, the equivalent stress of the fuel is 
reduced to 29.48 MPa and 7.51 MPa for the cladding. At the 
end of the cooling period, the fuel foil has an equivalent stress 
of 240 MPa, resulting approximately 5% stress relief. Principal 
stress transients (Fig.9c) indicate a lower temperature is 
sufficient for transition from a compressive state to a tensile 
state (compared to NBSR) during the heating stage. This is due 
to the presence of small but isolated low compressive stress 
regions in the foil once the fabrication process is completed (in 
Fig.8a). On the contrary, the cooling stage indicates a transition 
temperature of roughly 460°C. This suggests that the transition 
temperature is lower during heating as opposed to cooling due 
to the relaxation of high stresses at foil corners during holding 
at high temperature. Finally, Fig.10 shows the equivalent stress 
fields at 500 ºC. In Fig.10a, regions of high stresses close to 
long transverse edge of the foil are shown. These regions are 
identified as most susceptible regions for blister initiations. The 
maximum equivalent stress in the cladding is 8.64 MPa at 500 
ºC as shown in Fig.10b. 

Figure 9 AFIP plate, Thermal cycling transient (a) Displacements (b) Equivalent stresses (c) Principal stresses 

Figure 10 AFIP plate, Thermal cycling, Equivalent stress fields [MPa] at 500 ºC (a) Fuel foil (b) Cladding 
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3.2.3. AFIP Irradiation 

The simulation results for the irradiation of an AFIP3 plate 
under a frontal neutron flux configuration with the same 
irradiation parameters (Table 3) are presented in Fig.11. The 
equivalent stress transient with irradiation time can be seen in 
Fig.11a. In Fig.11a, the fabrication induced residual stresses of 
252 MPa (maximum) for the foil and 55 MPa (maximum) for 
the cladding are the initial states prior to irradiation. A rapid 
stress relief due to temperature increase can be seen. Once the 
temperature of the plates reaches to the operating temperature, 
the equivalent stress magnitude for the foil is reduced from 252 
MPa to 167 MPa and from 55 MPa to 43 MPa for the cladding 
materials. During irradiation, the average equivalent stress on 
AFIP foil is slightly lower compared with the average 
equivalent stress of NBSR foil (roughly 155 MPa for AFIP3 
and 160 MPa for NBSR, both compressive). Unlike progressive 
stress reduction observed in NBSR foil, the equivalent stress in 
AFIP foil follows roughly a constant trend during irradiation. 
Cladding of AFIP plate exhibits similar behavior to the 
cladding of NBSR. As shown in Fig.11a, the equivalent stress 
of the cladding has a gradual increase with respect to irradiation 
time up to 100 days. This is due to the strain hardening of the 
cladding material. Equivalent stress magnitudes of the cladding 

increase from 55 MPa to 132 MPa, while the stress of the foil 
decreases from 252 MPa to 180 MPa at the end of the 
irradiation process.  Fig.11b presents the equivalent stress 
profiles at the mid-plane of the AFIP plate (xy plane about the 
volumetric center). Cross sectional values were extracted from 
the nodal points of the bond region (between the cladding and 
the foil) and values are for end of irradiation process. Fig.11b 
indicates that the maximum stress magnitudes are slightly 
lower at the mid-plane compared to global maximums. At the 
cross-section, the foil has 155 MPa overall, maximum of 161 
MPa and minimum of 125 MPa along the foil edges. Similarly, 
the cladding has 78 MPa overall, but peaks at 132 MPa along 
the bond line. Fig.11c shows foil swelling profile at the mid-
plane. Initial thickness of AFIP foil is 0.330 mm. Irradiated foil 
thickness would be 0.533 mm maximum (0.203 mm swelling) 
and 0.409 mm minimum (0.079 mm swelling) along the edges. 

The equivalent stress fields for the fuel and the cladding at the 
end of irradiation are given in Fig.12. In Fig.12a, the highest 
foil stress is 180 MPa, slightly inside of the edges and running 
the entire length and width of the foil. The lowest stress is 50 
MPa on the corners. Cladding has 70 MPa overall and 132 MPa 
maximum around the perimeter of the fuel-cladding bond 
region of as shown in Fig.12b. 

Figure 11 AFIP plate, Irradiation (a) Stress transient (b) Equivalent stress (mid-section, end of process) (c) Foil swelling 

Figure 12 AFIP plate, End of irradiation (day 365), Equivalent stress [MPa] fields (a) Fuel foil (b) Cladding 
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3.3. MURR Fuel Plate 

3.3.1. MURR Fabrication 

The MURR assembly has 24 fuel plates with distinct geometric 
dimensions. The third plate of a MURR fuel assembly was 
evaluated. Furthermore, MURR fuel plates have a curvature. 
This curvature was neglected for simplicity as this study 
focuses on evaluating the effects of the foil thickness on the 
mechanical behavior of the plates. The MURR foil 
(609.60 48.26 0.457 mm3) is the longest compared with 
NBSR, AFIP and MITR. The MURR foil is approximately 16% 
longer, 31% wider and 38% thicker compared to the AFIP foil, 
and roughly 2.18 times longer, 2.17 times thicker but 0.78 times 
narrower than NBSR foil. A MURR plate has relatively thin 
cladding, 0.254 mm, thinnest among all benchmarked plates. 

Fig.13 shows the evolution of the displacement, equivalent 
stress and normal stress fields with respect to the temperature 
during the fabrication process. At the end of fabrication, the 
magnitudes of displacements are approximately 6.76 mm for 
the foil and 7.31 mm for the cladding, largest among all plates.  
Even though trends are similar during cooling process, the 
equivalent stresses in Fig.13b indicates that the residual stress 

magnitudes are significantly lower compared to the foils of 
NBSR and AFIP. An examination of the normal stress 
components (Fig.13c) implies that the foil of MURR would be 
under compression with lower magnitudes during the entire 
cooling process. Previously, it was shown that the normal stress 
components on the width and the length directions follow a 
similar trend and they roughly have same magnitudes as seen 
for NBSR and AFIP foils. However, the difference in 
magnitudes between sx (width) and sz (length) in MURR foil 
is significantly larger compared with the foils of other plates. 
The predicted stress fields of MURR plate at the end of 
fabrication process are shown, seen in Fig.14. Even though the 
highest stresses are located closer to the foil ends of MURR, 
the overall size of this region is noticeably smaller compared to 
NBSR and AFIP plates. In Fig.14a, the fabrication stresses are 
roughly 100 MPa overall and 170 MPa maximum for MURR, 
lower than those in NBSR and AFIP foils. This implies that 
increasing the foil thickness reduces the residual stresses 
magnitudes significantly and alters the stress patterns. 
Furthermore, there are regions on foil edges with quite low 
stress magnitudes (~15 MPa, lowest among all plates). Fig.14b 
gives the stress field of cladding at the end of fabrication. 
Fig.14b indicates a considerable amount of clad yielding, 
including the clad-clad bond region. 

Figure 13 MURR plate, Fabrication transient (a) Displacements (b) Equivalent stresses (c) Normal stresses 

Figure 14 MURR plate, End of fabrication, Equivalent stress [MPa] fields (a) Fuel foil (b) Cladding 
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3.3.2. MURR Thermal Cycling 

Fig.15 shows displacement, equivalent and principal stress 
transients during the thermal cycling process of a MURR plate. 
In Fig.15a, it can be seen that the magnitude of total 
displacements are 6.18 mm for the foil and 6.67 mm for the 
cladding, when the heating stage is completed. This indicates 
that the MURR plate would exhibit displacement roughly 75% 
greater than the NBSR plate and slightly less displacement than 
the AFIP plate. 

In Fig.15b, the maximum equivalent stress response is shown. 
A stress state of 170 MPa (in compression) for the foil and the 
tensile stress of 55 MPa (in tensile) are the initial state for 
thermal cycling process. Similar to the other plates, the MURR 
plate exhibits a rapid reduction in stress magnitudes during the 
heating period. A slight stress reduction on foil during the hold 
period due to the relaxation of the cladding material is noticed. 
The stress trend of MURR foil has two distinctive behaviors 
between 200-280 ºC and another at 330 ºC during the heating 
stage. Because the high stresses caused by fabrication are 
concentrated at the foil ends (shown in Fig.14a), the stress 
relief in these regions are more significant until the temperature 
of the foil reaches to approximately 200 ºC. At this state, the 

stress magnitude at the foil ends is reduced to approximately 75 
MPa and becomes roughly equal with the overall magnitude of 
the foil, creating more or less a uniform stress field. The non-
linearity of foil stresses in Fig.15b is due to plasticity and creep 
of the cladding material, the location at which maximum 
stresses occur, and the directionality of these stresses. At the 
end of cooling period, the magnitude of maximum equivalent 
stress is reduced from 175 MPa to 160 MPa. This relates to a 
stress reduction of approximately 10%. 

The principal stress transient during the thermal cycling process 
is given in Fig.15c. During the heating stage, the stress state of 
the foil evolves into a tensile state relatively quick (roughly at 
200 ºC) on regions with high stress concentrations. However, a 
different behavior is observed during the cooling period, the 
stress reversal is expected at approximately 440 ºC. After 
fabrication, MURR foil has isolated regions with a low 
compressive stress state, as shown in Fig.14a. These regions of 
the foil transform into a tensile state earlier than the foils of 
AFIP and NBSR plates.  Finally, the equivalent stress fields for 
the foil and the cladding at the end of heating stage are shown 
in Fig.16. In Fig.16a, the regions of peak stress (magnitude of 
30 MPa, seen in red) were identified as the most probable 
regions for blister initiations.  

Figure 15 MURR plate, Thermal cycling transient (a) Displacements (b) Equivalent stresses (c) Principal stresses 

Figure 16 MURR plate, Thermal cycling, Equivalent stress fields [MPa] at 500 ºC (a) Fuel foil (b) Cladding  
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3.3.3. MURR Irradiation 

The irradiation behavior of the MURR plate under frontal 
neutron flux configuration is shown in Fig.17. In Fig.17a, a 
maximum equivalent stress of 170 MPa for the foil and 55 MPa 
for the cladding (from fabrication) are the initial states. There is 
a quick stress reduction due to temperature increase when the 
irradiation starts. It was computed that the stresses are reduced 
from 170 MPa to 109 MPa at the foil corners and from 70 MPa 
to 10 MPa at foil center, followed by a gradual increase due to 
volumetric swelling strain. The stress reduction in the cladding 
is much more significant. The magnitude is reduced from 55 
MPa to 40 MPa at the foil ends, while it is reduced to 4 MPa 
everywhere else. This implies that the residual stress of the 
cladding is almost completely relieved at the beginning of 
irradiation, excluding regions adjacent to foil ends. However, 
cladding stresses increases to 132 MPa gradually due to strain 
hardening. During operation, the average equivalent stresses of 
MURR foil are roughly similar with those of AFIP foil, while 
they are both lower compared to those of a NBSR foil. 

Fig.17b gives the equivalent stress profiles from the mid-
section of the MURR plate at end of irradiation process. Cross 
sectional values are for the nodal points of the bond region. The 
stress magnitudes are slightly lower at the mid-plane compared 

to the global maximum; the maximum stresses of the foil are 
located at the foil ends (seen in Fig.18a). Along the cross-
sectional path, the foil has 101.85 MPa overall and 69.79 MPa 
minimum (on foil edges), while the cladding has 132 MPa 
overall. Closer examinations of stress gradients at the interfaces 
indicate significant dissimilarities between the behavior of the 
MURR and AFIP plates. The AFIP foil had approximately 160 
MPa in compression and the cladding had 78 MPa overall and 
132 MPa maximum (seen in Fig.11b). However, the MURR 
foil has 101 MPa compressive and the cladding has 132 MPa 
(tensile) at the mid-section. This indicates that the stress in the 
cladding is higher than the stress in the foil, in contrast to the 
AFIP plate. Fig.17c shows foil swelling profile at the mid-
plane. Initial thickness of MURR foil is 0.457 mm. Irradiated 
foil thickness would be 0.664 mm (~45% swelling) at mid-
section and 0.517 mm (~13% swelling) on edges. 

Finally, Fig.18 presents the equivalent stress mappings of the 
fuel foil and the cladding at the end of irradiation.  The 
maximum equivalent stress is 126 MPa around foil ends and is 
approximately 101 MPa for other regions. Stresses along the 
long transverse edge of the foil are relatively low. The lowest 
stresses are at the foil corners, 56 MPa in compression. 
Cladding has 132 MPa (tensile) overall. During irradiation, a 
significant cladding yielding is expected as seen in Fig.18b.  

Figure 17 MURR plate, Irradiation (a) Stress transient (b) Equivalent stress (mid-section, end of process) (c) Foil swelling 

Figure 18 MURR plate, End of irradiation (Day 365), Equivalent stress [MPa] fields (a) Fuel foil (b) Cladding 
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3.4. MITR Plate 

3.4.1. MITR Fabrication 

The MITR foil (568.32 52.88 0.508 mm3) is approximately 
6.7% shorter, 9.5% wider, and 11.1% thicker compared with the 
MURR foil (609.6 48.26 0.457 mm3); and, 8.5% longer, 
43.6% wider and 54% thicker compared with the AFIP foil 
(523.87 36.83 0.330 mm3). Because MITR design has heat 
transfer grooves (0.254 mm deep and wide), the cladding 
thickness varies on the foil region. Cladding thickness is 0.254 
mm fuel-to-fin-base and 0.508 fuel-to-fin-tips. On regions 
without grooves, MITR would have the highest foil cladding 
thickness ratio compared with other plates of this study. To 
reduce the model size, the heat transfer grooves were not 
modeled as they do not have significant mechanical effects on 
the plate behavior. However, cladding on the two transverse 
edges of the foil was modeled thicker (0.508 mm) as they could 
contribute to the mechanical behavior.  

Fig.19 shows the transient results for the displacement and 
stress fields during the fabrication of the MITR plate. Fig.20 
presents the equivalent stress mapping for the foil (Fig.20a) 
and the cladding (Fig.20b), when fabrication is completed. 

Displacement transient during HIP cooling is in Fig.19a. In the 
figure, the difference between the displacements of the foil and 
cladding materials is relatively small. Total displacements are: 
6.45 mm for the foil and 6.70 mm for the cladding. Equivalent 
stress trend of MITR plate during fabrication (Fig.19b) exhibits 
similar characteristics with the other plates. However, the stress 
gradient between the foil and the cladding is lowest, excluding 
the corners. The residual stress patterns of MITR foil is 
significantly different compared with other plates. MITR foil 
has a roughly uniform stress field with low magnitude except 
the corners. The foil is roughly 55 MPa in compression and this 
magnitude matches closely with the yield limit of the cladding, 
consequently reducing the stress gradient at the interface. 
However, MITR foil has isolated regions of high stress in 
considerable magnitude (~216 MPa) at the corners. 

The equivalent stress field on cladding is shown in Fig.20b. 
The figure indicates a severe cladding plasticity. Among all 
plates, the cladding of MITR plate has the largest yielded 
regions. This is due to the high foil-cladding thickness ratio. 
Thin cladding cannot provide adequate resistance to foil 
displacement, thus exhibiting greater yielding. This causes a 
substantial reduction in the compressive foil stresses, and thus 
possibly causing higher swelling strains. 

Figure 19 MITR plate, Fabrication transient (a) Displacements (b) Equivalent stresses (c) Normal stresses (local max at corners) 

Figure 20 MITR plate, End of fabrication, Equivalent stress [MPa] fields (a) Fuel foil (b) Cladding 
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3.4.2. MITR Thermal Cycling 

Fig.21 shows displacement, equivalent stress and principal 
stress transients during the thermal cycling of MITR plate. It 
can be seen that magnitude of total displacements are 6.15 mm 
for the cladding and 5.94 for the foil when the temperature is 
increased to 500 ºC. Displacement trends of MITR plate are 
similar to those of MURR. However, the gradient is smaller. As 
with all plates, the stress fields due to the fabrication process 
are the initial state for the foil and cladding.  Unlike other 
plates, the MITR foil has regions with significant stress 
concentrations. Both the maximum and overall magnitudes are 
shown for the foil. Maximum stresses occur at foil corners and 
the overall magnitudes are from the volumetric center of the 
foil, as the foil has roughly uniform stress distribution, 
excluding corners.  In Fig.21b, the stress reduction is relatively 
rapid on the foil corners and the overall stress magnitude of the 
foil exhibits roughly same trend with the stress on the cladding. 
This implies that the stress gradients at the interface of MITR 
would be less significant compared with any other plates 
benchmarked in this study. At the end of the heating period, the 
equivalent stress of the fuel is reduced to roughly 10 MPa 
overall, 8.94 MPa on edges and 25.9 MPa for corners (all in 
tension), while it is 8.64 MPa in compression for the cladding. 

When plates are cooled to room temperature, the stress 
magnitude at the corners is reduced from 216 MPa to 194 MPa. 
In Fig.21c, principal stresses are shown. sI-max is the first 
principal stresses from the corners, while sI-min is from the 
volumetric center. Examination of the results indicates a low 
transition temperature into a tensile state. However, a slightly 
higher transition temperature is noted, if the corners are 
excluded. This low transition temperature is caused by low 
initial compressive stress of the foil and isolated high stress 
regions at the corners. Compared with other benchmarked 
plates, MITR is the only design which resulted such isolated 
stress regions and gradients at the foil corners. It seems MITR 
plate would be the quite susceptible around the corner regions. 
It is important to note that MITR foil starts the annealing 
process with quite low compressive stresses overall, therefore, 
blisters would form at lower temperatures and fission densities 
compared to the other benchmarked plates.  

The equivalent stress pattern at 500 ºC is shown in Fig.21. In 
Fig.21a, high stresses on the foil corners are visible. While the 
foil is in tensile state, these regions are the most susceptible 
areas for blister initiation. Fig.21b shows the equivalent stress 
field (8.6 MPa max) in the cladding. Severe yielding of the 
cladding, including clad-clad bond region, is observed. 

Figure 21 MITR plate, Thermal cycling transient (a) Displacements (b) Equivalent stresses (c) Principal stresses 

Figure 22 MITR plate, Thermal cycling, Equivalent stress fields [MPa] at 500 ºC (a) Fuel foil (b) Cladding 
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3.4.3. MITR Irradiation 

Fig.23 shows the mechanical response of the MITR plate for a 
frontal irradiation configuration. The equivalent stress transient 
with respect to irradiation time is seen in Fig.23a. A maximum 
equivalent stress of 216 MPa for the foil and 55 MPa for the 
cladding are the initial states. When irradiation starts, there is a 
quick stress reduction due to the temperature increase. When 
the plates reach operation temperature the stresses are reduced 
from 216 MPa to 156 MPa at the foil corners, from 53 MPa to 
20 MPa at the foil center, and from 55 MPa to 48 MPa on the 
cladding. During irradiation, the average equivalent stress of 
MITR foil is considerably lower compared with those of NBSR 
and AFIP foils (155 MPa for AFIP3, 160 MPa for NBSR, all 
compressive). The average equivalent stress of the foil 
increases for 10 days (to 56.58 MPa overall and to 136 MPa on 
corners) and reaches to its peak by 50 days (to 68.89 MPa 
overall and 150.03 MPa on corners), followed by roughly a 
constant trend. 

Fig.23b shows the equivalent stress profiles at the mid-plane of 
the MITR plate. Values shown represent the end of irradiation. 
Cross sectional values are from the nodal points of the bond 
region. Stress magnitudes are slightly lower at the mid-plane 

compared to the global maximum, found near the corner 
regions (Fig.24a). Along the cross-sectional path, the foil has 
101.67 MPa overall and 67.84 MPa minimum on foil edges. 
The stress profile at the mid-plane of the MITR foil has similar 
characteristics to the MURR plate. Fig.23b shows stat the stress 
in cladding is higher than the stress in the foil, in contrast to the 
NBSR and AFIP plates. 

Fig.23c shows the foil swelling profile at the mid-plane. The 
initial thickness of the MITR foil is 0.508 mm. Maximum 
thickness of the irradiated foil is be 0.736 mm (44.8% swelling) 
and 0.556 mm (9.4%) along the edges. 

Fig.24 presents the equivalent stress patterns for the fuel foil 
and the cladding at the end of irradiation process. It was found 
that regions of high stress concentration, located at the corners 
of the foil, grow noticeable larger during irradiation as shown 
in Fig.24a. At the end of irradiation, the equivalent stress is 126 
MPa at these corner locations, while it is roughly 100 MPa for 
the rest of the foil. Low stresses are found along the edges of 
the foil with a magnitude of approximately 65 MPa. Cladding 
has approximately 132 MPa overall as seen in Fig.24b. 
Cladding material above the bond region exhibits significant 
yielding. 

Figure 23 MITR plate, Irradiation (a) Stress transient (b) Equivalent stress (mid-section, end of process) (c) Foil swelling 

Figure 24 MITR plate, End of irradiation (day 365), Equivalent stress [MPa] fields (a) Fuel foil (b) Cladding 
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4. COMPARATIVE EVALUATION

Table 4 compares the overall stress state of the plates during the 
fabrication process. Equivalent stresses were extracted from 3 
different locations. The “Minimum” is around the foil edges, 
the “Maximum” is around the foil corners, “Center” is overall 
magnitude and is found at the volumetric center. The foil 
stresses are all compressive. In table, two distinct AFIP 
simulations were shown. Actual foil thickness of AFIP is 0.330 
mm and the results for this geometry were discussed in Sec.3.2. 
A second set of AFIP simulations used same dimensions with 
the actual dimensions of AFIP plate (shown in ANNEX A), 
except the foil thickness was assumed to be 0.508 mm. Table 4 
indicates that with an increasing foil-cladding thickness ratio 
(R=tfoil/tclad), the overall stress magnitude of the foil decreases.  

Table 4 Comparison of fabrication behavior 

Thickness Foil equivalent stress 
Plate Foil Clad Ratio Min Max Center 

[mm] [mm] [-] [MPa] [MPa] [MPa] 
NBSR 0.210 0.530 0.396 172 321 291 
 MINI1 0.254 0.571 0.444 163 305 279 
 AFIP2 0.330 0.470 0.702 137 252 210 
AFIP3 0.508 0.381 1.333 89 194 127 
MURR 0.457 0.254 1.799 14 170 70 
MITR4 0.508 0.254 2.000 53 216 77 
1 MINI plate was not discussed here. See [25] for complete evaluation. 
2 AFIP plate with actual foil thickness (tfoil = 0.330 mm).  
3 AFIP plate with hypothetical foil thickness (tfoil = 0.508 mm). 
4 MITR plate has heat transfer fins; cladding thickness is fuel-to-fin-base. 

It is important to note that a presence of a compressive stress 
state is advantageous for the foil performance. Under a 
presence of a higher compressive state, the swelling strain 
during an irradiation should be lower and higher service loads 
in a tensile state would be required for a mechanical failure. In 
addition, it would be less likely for blisters to initiate under 
comparable irradiation conditions, for a foil in a higher 
compressive state. On the other hand, increasing the 
compressive stress of the foil excessively would cause an 
increase on the stress gradients between the foil and cladding 
materials. Because the foil is compressive while the cladding is 
tensile states, the magnitude of the stress gradient at the 
interface would increase with an increasing compressive foil 
stress. The metallurgical interface is considerably thin; 
therefore, increased gradients at the bond line may have 
implications on the structural integrity of the interface. 

Table 5 compares estimated behavior of the plates at the end of 
irradiation. Equivalent stresses are from the interface region of 
the plates. They were extracted from a central point, located at 
the mid-plane. Results indicate that increasing foil-cladding 
thickness ratio reduces stress of the foil, while the cladding 
stress increases during irradiation. Similarly, the gradient at the 
bond region decreases with an increasing foil-cladding 

thickness ratio. Thus, the plates with thicker foils would have 
lower foil stresses and smaller interface gradients. 

Table 5 Comparison of irradiation behavior 

Equivalent stress Swelling, mid-point 
Plate Tf/Tc Foil Clad Ratio Δt tfinal Δt/t0 

[-] [MPa] [MPa] [-] [mm] [mm] [%] 
NBSR     0.396 160.3 50.2 3.20 0.124 0.334 59.0 
AFIP1     0.702 155.2 76.0 2.03 0.193 0.523 58.4 
AFIP2     1.333 138.1 124.6 1.11 0.270 0.778 53.1 
MURR   1.799 101.8 132.0 0.76 0.206 0.663 45.0 
MITR     2.000 101.6 132.0 0.76 0.228 0.736 44.8 
1 AFIP plate with the foil thickness of 0.330 mm. 
2 AFIP plate with the foil thickness of 0.508 mm. 

This implies that a cautious evaluation should be carried out to 
optimize plate geometry from a mechanical perspective. The 
results imply a lower foil-cladding ratio (thinner foil, thicker 
cladding) is advantageous, and a higher blister temperature is 
anticipated. If interface stresses are the primary concerns, a 
higher foil-cladding ratio (thicker foil, thinner cladding) would 
lead to reduced stress gradients at the bond region. On the other 
hand, if the foil is relatively thick compared to the cladding, 
yielding of the cladding becomes significantly severe over the 
bond regions including clad-clad bond line. 

5. CONCLUSIONS

Mechanical behaviors of NBSR, MURR, MITR and AFIP 
plates during fabrication, irradiation and thermal cycling 
processes were evaluated. It was found that the plate geometry, 
especially the thickness, has significant effects on stress-strain 
fields of the plates. Changes to the length and width of the foil 
are less significant to plate behavior, if the foil thickness is kept 
constant. Furthermore, the foil-cladding thickness ratio of the 
plate is the determining factor for the stress-strain 
characteristics of the plates and irradiation behavior.  

Results indicate that the fuel becomes increasingly stiff with the 
increasing foil thickness, and deformation of the cladding 
becomes a major concern for these plates. This becomes even 
more significant if the thickness of the cladding is reduced 
(increasing fuel-cladding thickness ratio). Stresses in the 
cladding increase and cladding plasticity is observed over a 
larger area for all stages of operation. High plasticity of the 
cladding, especially at the clad-clad bond and along the 
interface region could result in delamination. 

The thickness ratio has a large effect on the stresses imposed on 
the fuel during fabrication. Compressive residual stresses are 
desired from a mechanical perspective, to decrease swelling 
strain and to confine fission gas. Residual stresses from 
fabrication are superimposed on the loads created during 
irradiation. It was found that the magnitude of compressive 
stress of the fuel foil is reduced significantly for foils 
encapsulated in a thinner cladding. If the cladding is relatively 
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thin, the stiffness decreases, causing a considerable reduction in 
the foil stresses formed during fabrication.  Furthermore, during 
irradiation of plates with thin cladding, the overall magnitude 
of compressive stresses in the foil is reduced. The temperature 
at which the compressive stress state is relieved is the 
contributing factor for blister swelling, therefore, lower post-
irradiation compressive stresses may cause a lower threshold 
temperature, under comparable irradiation conditions. 

Another effect of plate dimensions is the stress patterns of the 
foil. Lower foil-cladding thickness ratio (thinner foil, thicker 
cladding) lead to a residual stress pattern with a semi-circular 
shape located at foil ends and high in magnitude, while higher 
thickness ratio causes roughly uniform stress state lower in 
magnitudes and isolated stress regions at the foil corners.  

The precision of the results presented in this article relies on the 
availability and accuracy of the mechanical property data. 
Recent experiments have considered cold rolling process during 
fabrication. Because the effects of cold rolling process on 
stress-strain characteristics of the plates are being evaluated, the 
plates in this article were assumed to be fabricated with hot 
rolled and annealed foils. Consequently, it was assumed that 
residual stresses of the foil prior HIP process are negligible and 
the anisotropy of the fuel material is minimal. 

NOMENCLATURE 

A Power law multiplier 
Cp Specific Heat 
D Elasticity matrix 
E Modulus of Elasticity 

Fission density
 

 
 Average fission density rate  

k Thermal conductivity  
K Power law multiplier for irradiation creep  
m Time exponent for creep law 
n Stress exponent for creep law 
 p  Flux exponent for irradiation creep 
rij Direction vectors for swelling strain 

 Matrix for anisotropic swelling ratios 
T Temperature 
t Time 

 Swelling in thickness direction 
 Volume change 

Tensor for coefficient of thermal expansion 
Strain tensor 
Equivalent plastic strain 
Equivalent creep strain rate 
Stress tensor 
Deviatoric Kirchhoff stress 

 Equivalent deviatoric stress 
σs Yield stress  

 Neutron flux 
ρ Density
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ANNEX A 

Plate dimensions and Model Setup 

Figure A.1 Proposed dimensions [mm] of the plates (a) NBSR (b) AFIP (c) MURR (d) MITR 

Figure A.2 Finite Element Models (a) Symmetric model (b) NBSR mesh (c) AFIP mesh (d) MURR mesh (e) MITR mesh 

Table A.1 FE Model discretization details 

CLADDING FOIL TOTAL 
Layers Elements Layers Elements Elements 

NBSR 5 88620 3 34500 123120 
AFIP 5 328500 3 97500 426000 
MURR 3 137670 3 93750 231420 
MITR 3 135450 3 81000 216450 
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ANNEX B 

Material Properties 
FUEL FOIL (U10Mo)(1) 
Young’s Modulus(2) Density Yield Stress(4) Thermal Expansion Thermal Conductivity Specific Heat 
[°C] [GPa] [°C]   [kg/m3] [°C] [MPa] [°C] [1/K] [°C] [W/m·K] [°C] [J/kg·K] 
21 65.00 21 16750 21 780 100 11.8x10-6 20 11.3 21 143 

100 16380 94 760 200 12.6x10-6 100 13.2 100 143 
Poisson’s Ratio(3) 200 16310 205 655 300 14.1x10-6 200 20.0 200 144 

[C] [-] 300 16230 316 527 400 16.1x10-6 300 23.9 300 148 
25 0.35 400 16140 427 474 500 16.4x10-6 400 27.1 400 155 

500 16060 539 427 600 16.6x10-6 500 31.2 500 165 
600 15980 700 16.7x10-6 600 35.5 600 167 

CLADDING (AL6061-TO)(5) 
Young’s Modulus(6) Poisson’s Ratio(7)   Yield Stress Thermal Expansion   Thermal Conductivity Specific Heat 
[°C] [GPa] [°C] [-] [°C] [MPa] [°C] [1/K] [°C] [W/m·K] [°C] [J/kg·K] 
21 69.63 21 0.330 24 55.15 100 23.60x10-6 0 177 17 896 
93 66.39 100 0.334 149 55.15 200 24.30x10-6 27 180 127 942 
149 63.43 149 0.335 177 51.71 300 25.40x10-6 126 189 227 988 
204 59.63 204 0.336 204 44.81 227 191 327 1034 
260 54.12 260 0.338 232 36.54 Density(8) 327 190 427 1080 
287 49.92 316 0.360 260 27.57 [°C] [kg/m3] 426 185 527 1126 
316 47.17 371 0.400 288 22.06 21 2702 526 179 581 1151 
371 43.51 427 0.410 315 17.92 149 2670 581 175 
427 28.77 482 0.420 371 12.41 260 2660 
482 20.20 560 6.89 427 2600 

CREEP Data for Cladding (AL6061-TO)(9) 
Time Strain STRESS [MPa] 
[h] [%] 177 [°C] 205 [°C] 260 [°C] 315 [°C] 370 [°C] 
0.1 0.1 52.00 41.00 30.00 21.00 14.00 
0.1 0.2 55.00 45.00 31.00 22.00 15.00 
0.1 0.5 70.00 52.00 34.00 23.00 17.00 
0.1 1.0 75.00 55.00 38.00 25.00 17.00 
1 0.1 48.00 38.00 27.00 19.00 13.00 
1 0.2 52.00 41.00 28.00 20.00 14.00 
1 0.5 62.00 45.00 30.00 21.00 15.00 
1 1.0 70.00 48.00 32.00 22.00 16.00 

10 0.1 41.00 33.00 25.00 16.00 12.00 
10 0.2 45.00 34.00 26.00 18.00 12.00 
10 0.5 55.00 38.00 28.00 19.00 13.00 
10 1.0 62.00 41.00 30.00 20.00 14.00 

100 0.1 38.00 30.00 22.00 14.00 10.00 
100 0.2 41.00 32.00 23.00 15.00 11.00 
100 0.5 52.00 34.00 26.00 17.00 12.00 
100 1.0 59.00 38.00 27.00 18.00 12.00 

1000 0.1 38.00 28.00 20.00 12.00 9.00 
1000 0.2 41.00 30.00 21.00 13.00 10.00 
1000 0.5 48.00 31.00 23.00 14.00 10.00 
1000 1.0 55.00 32.00 23.00 15.00 11.00 

(1) Some mechanical properties in [15] do not cover high temperatures. Density, coefficient of thermal expansion, thermal conductivity and specific heat 
values of U10Mo were collected from [16].  
(2) Modulus at room temperature was taken from [17]. Reference [18] presents high temperature data for Young’s Modulus. However, the data at the room 
temperature conflicts with [17]. High temperature data of [18] was disregarded.    
(3) Various Poisson’s ratios (0.33-0.38) were reported. No recent data is available for hot rolled and HIPed foil. Poisson’s ratio was assumed from [18]. 
(4) Data for yield level at room temperature for U10Mo was taken from [17], and high temperature values were assumed from [19]. 
(5) Yield stress level, conductivity, specific heat and thermal expansion for AL6061 were obtained from [20]. 
(6) Young’s Modulus is from [20] for low temperatures and from [21] for higher temperatures. 
(7) Reference [20] claims that Poisson’s Ratio is independent of temperature. Claim was disregarded and reference [21] was used instead.  
(8) Temperature dependent density properties were collected from [22]. 
(9) Thermal Creep data of Al6061-O is from [23]. Secondary creep, according to time hardening power law, was formulated via numerical fit to the data. 
- Interpolations between the known temperatures were performed by piecewise cubic splines.  
- No extrapolation was performed. Data for outside the bounds was approximated to the nearest neighbor. 
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ANNEX C 

Additional contours from the mid-plane of the plates 

Figure C.1 NBSR plate, End of irradiation, cross section at mid-plane, Equivalent stress [MPa] fields (a) Fuel foil (b) Cladding 

Figure C.2 AFIP plate, End of irradiation, cross section at mid-plane, Equivalent stress [MPa] fields (a) Fuel foil (b) Cladding 

Figure C.3 MURR plate, End of irradiation, cross section at mid-plane, Equivalent stress [MPa] fields (a) Fuel foil (b) Cladding 

Figure C.4 MITR plate, End of irradiation, cross section at mid-plane, Equivalent stress [MPa] fields (a) Fuel foil (b) Cladding 


