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ABSTRACT 
 

This article presents thermo-mechanical analysis of the monolithic fuel plates and their 
structural behavior during fabrication and thermal annealing performed by commercial FE solver 
COMSOL Multiphysics.  The detailed 3D non-linear FEM analysis of the monolithic fuel plates 
has been useful not only for benchmarking the new model, but also for obtaining an in-depth 
understanding of fuel-cladding stress/strain characteristics. In particular, the 3D FEM analysis 
has revealed existence of stress gradients at the fuel/cladding interface region which could lead 
to structural failure. Large difference in the coefficient of thermal expansions between the U-
10Mo foil and AL6061-TO cladding is the main reason for these gradients.  During the thermal 
transient, thermo-mechanical behavior of the plate is driven by the significant mismatch 
between thermal expansion and basic mechanical properties of the foil and the cladding 
materials. By using elasto-thermo-perfectly plastic material models, it was shown that cladding 
material exceeds its yield limit; and therefore, deforms plastically; while the fuel foil remains 
below its elastic limit. In addition, it was observed that fabrication-induced residual stresses play 
major role in overall performance of monolithic fuel plates. The simulation results show 
existence of the critical temperature at which the normal and shear components of stresses 
change from compressive to tensile on both cladding and fuel. Furthermore, thermo-mechanical 
analysis of dispersion fuel mini-plates was presented. In order to properly identify three 
dimensional stress states over the dispersion particles and cladding material, micro-structure 
based finite element simulation was performed. It was shown that residual stresses in 
dispersion fuels cannot be neglected and should be included in proceeding simulations.  
 
1. Introduction 
 
Monolithic fuel plates comprised of uranium-molybdenum alloy foils encapsulated in aluminum 
alloy cladding are proposed for conversion of high performance research reactors to low 
enriched uranium fuel [1].   
 
In this article, mechanical behavior of the monolithic plates during fabrication [2] by hot isostatic 
pressing (HIP) and during consequent thermal annealing is considered.  The consequent 
thermal annealing is essentially the so-called “blister test” often performed on the fuel plates. 
 
The process of fabrication of monolithic fuel mini-plates by HIP is as follows [3]. The foils are 
fabricated by arc-melting uranium and molybdenum feedstock in an inert atmosphere glove box, 
casting this alloy into a thin coupons and hot rolling at 650°C to the targeted thickness of 0.250 
mm. Foils are further annealed at 650-675C for 30-120 minutes and assumed to be free of 
residual stresses before HIP process. Cladding material for the RERTR fuel plates was 6061Al-
T6 alloy.  After placing fuel foils between cladding materials, pressure and temperature are 



 

 

gradually increased to 560°C and 104 MPa respectively. Specimens are held 90 minutes under 
constant pressure and cooled down to room temperature with the rate of 4.8 min/s while 
reducing the pressure gradually. Dimensions for final product are given in Figure 1.  
 
The furnace annealing of the as-fabricated plates was assumed to proceed with a heating rate 
of 4.8 C/min to the temperature of 530C. 
 

 
 

Figure 1 Nominal Dimensions (Millimeters) of the Monolithic Fuel Plate. 
 

2.   Modeling 
 
2.1 Background 
 
There are numbers of published works investigating thermal stresses in multi-layered structures. 
However, the modeling of mechanical behavior of the proposed monolithic fuel plates is still in 
its early development stages. This article will provide in-depth understanding of thermo-
mechanical behavior of the fuel plates including residual stresses. Residual stresses are known 
to influence materials mechanical properties such as creep or fatigue life. Sometimes, the effect 
on properties is beneficial; other times, the effect is very deleterious. Therefore, it is important to 
be able to monitor and control the residual stresses. To provide an effective tool for assessment 
of thermal stresses in monolithic fuel plates, it would be more realistic to use a simulation model 
as close as possible to the actual product. Simulations demonstrated the importance of 
temperature dependence and material plasticity on analysis results. The failure would be 
caused by the difference in thermal expansion coefficient and mechanical mismatch between 
neighboring materials. A multiphysics simulation would consider heat transport, along with 
structural stresses and deformations.  
 
2.2 Finite Element Model 
 
General purpose commercial finite element solver COMSOL Multiphysics was utilized for this 
work to calculate the residual stresses in a monolithic fuel plate after the HIP process. Because 
of the symmetry, only one-half of the plate was modeled. Since eight-node hexahedral elements 
produce more accurate results than other elements, brick elements were used for discretization. 
Fuel was represented by using 3 layers totaling 3375 elements, while cladding contains 16200 
elements. Total degrees of freedom solved for was 114660. Elasto-thermo-perfectly-plastic 
models were assigned to both cladding and fuel materials to simulate thermo-plasticity. One 



 

 

node (lower left corner) of the model was constrained in three directions to prevent rigid body 
motion. Resulting symmetric FE model along with partial cut is presented in Figure 2. 
 

 
 

Figure 2 Corresponding FE Symmetric Model 
 

Elasto-plastic parametric solver with reduced integration was used. Since amount of time under 
temperature is small, thermal creep was assumed to be zero. It was also assumed that 
complete mechanical bonding would be achieved at exact HIP temperature, and therefore 560C 
was assumed to be reference starting point for the HIP simulation. From 560C, 28 sub-steps 
were used to reach the room temperature. Solution was stored for every 20C temperature drop. 
Once residual stresses were identified in step 1 (HIP simulation), the same methodology was 
used to solve step 2 (furnace annealing simulation). Results from HIP simulation were 
considered as initial condition for step 2. Namely, normal and shear components were supplied 
to the solver. Same sub-stepping was chosen to reach from room temperature to desired 
annealing temperature (530C). For both simulations, yielding was defined according to Von-
Mises criteria, formulated as, 
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2.3 Material Properties 
 
As the HIP temperature is 560C, material properties at such high temperatures are crucial to 
obtain more accurate simulation results. These properties and experimental details are available 
elsewhere [4-10]. For completeness, material properties used in thermo-plastic simulations are 
given in Table 1.  The temperature dependence of the U-10Mo yield stress was derived from the 
U-10Mo hardness temperature dependence data [7]. 



 

 

Table 1 Material Properties 
 

        
Cladding – [AL6061-TO]  Fuel foil – [U10Mo]  Dispersion fuel meat [U7Mo–AL6061]  

(2) 
        
Thermal Expansion [6]  Thermal Expansion [7]  Thermal Expansion (derived from 

[6,7]) 
[C] [1/K]  [C] [1/K]  [C] [1/K] 
100 23.60x10-6  50 11.81x10-6  50 18.40x10-6 
200 24.30x10-6  100 12.42x10-6  100 18.60 x10-6 
300 25.40x10-6  200 13.63x10-6  200 19.30 x10-6 

   300 14.84x10-6  300 19.90 x10-6 
Modulus of Elasticity [6]  400 16.05x10-6  400 20.60 x10-6 

[C] [GPa]  500 17.26x10-6  500 21.20 x10-6 
21 69.63  600 18.47x10-6  600 21.80 x10-6 
38 68.94       

93 66.39 
 Modulus of Elasticity [7]  Modulus of Elasticity (derived from 

[6,7]) 
149 63.43  [C] [GPa]  [C] [GPa] 
177 61.50  21 83.00  21 74.98 
204 59.63  126 80.00  93 72.22 
232 57.29     149 70.06 

260 54.12 
 Yield Stress (Derived from hardness 

data [7]) 
 

204 67.78 
274 52.53  [C] [MPa]  232 66.37 
287 49.92  20 734.00  287 61.95 

   100 644.73    
Yield Stress [6, 9]  200 549.73  Yield Stress (derived from [6,7]) 

[C] [MPa]  300 464.82  [C] [MPa] 
24 55.15  400 424.58  24 326.69 
38 55.15  500 306.53  100 257.89 
93 55.15  600 295.08  150 272.36 

149 55.15  700 181.35  200 219.89 
177 51.71  800 115.17  300 185.93 
204 44.81     400 169.83 
232 36.54  Poisson’s Ratio (1) [10]  500 122.61 
260 27.57  [C] [-]    
288 22.06  23 0.25  Poisson’s Ratio (1) [derived from 

[4,5,6]) 
315 17.92     [C] [-] 
371 12.41  Density [7]  23 0.30 
560 6.89 (extrapolated)   [C] [kg/m3]    

   23 17200  Density [4,5]  
Poisson’s Ratio (1) [6]     [C] [kg/m3] 

[C] [-]     21 6711 
23 0.33       

    
Density    

[C] [kg/m3]   
23 2702   

        
(1) Temperature dependent data for Poisson’s ratio were not available.  Poisson’s ratio was assumed to be independent of 
temperature. 
(2) Mechanical properties of the dispersion fuel meat were not available. Rule of mixtures was used to derive meat mechanical 
properties from known properties of U10Mo and AL6061TO. 
(3) Properties at undefined temperatures were approximated by interpolation. Piecewise cubic formulation was used to 
interpolate between known values.  

 



 

 

2.4 Constitution of the Continuum 
 
Material properties were assumed to be independent of direction but dependent of temperature. 
Therefore, modulus of elasticity (E), Poisson’s ratio (v) and shear modulus (G) were, 
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Assuming the material of interest undergoes small strains, linearized form of the strain tensor 
can be expressed as, 
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where,  and ij uε strain tensor and displacements respectively. At each point of the plate, the 

total-strain components total
ijε  are represented as the sum of the corresponding components of 

the elastic, plastic, thermal and initial ones. Such as, 
 

( ), ,
1
2

total el pl th in
ij i j j i ij ij ij iju uε ε ε ε ε= + = + + +        (6) 

 
Thermal strain tensor th

klε  is expressed by, 
 

( )th
kl kl T Tε α= ×Δ           (7) 

 
( )kl Tα is the tensor governing coefficient of thermal expansion, and TΔ is the temperature 

change from the reference point. The mechanical constitution of the plate was assumed to be in 
the following form: 
 

el in
ij ijkl kl ijDσ ε σ= × +           (8) 

 
where, ijklD  is 6x6 temperature dependent elasticity matrix (i.e. ( )ijklD T ), el

klε elastic strain 

tensor, and in
ijσ is initial stress (i.e. residual stress). Substituting elastic strains from (6) into the 

mechanical constitution in (8) gives stress distribution on the plate expressed as,  
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3. Results 
 
In order to identify mechanical behavior during the specified thermal cycle, two-step simulation 
was performed. First, HIP simulation was performed to calculate the residual stresses. Once 
residual stresses were identified, they were used as initial condition for second step. HIP 
simulation started at the reference point (560C) and ended at the room temperature (21C). 
Annealing simulation started at the room temperature and ended at 530C. At the end of second 
step, elasto-plastic response was analyzed. Results for thermo-elasto-plastic simulations were 
discussed below. Due to the non-linearity, drastic shifts on the location of maximum stresses 
should be expected. Therefore, stresses presented in all graphs below were captured at 
wherever they were maximum regardless their location. However, for completeness, stress over 
the interface region was captured separately. 
 
3.1 HIP simulation and residual stresses 
 
Equivalent stress distribution with regional zoom is shown in Figure 3. Figure 4 presents contour 
plot for effective plastic strain on the domain. It seems cladding material over the fuel region 
deforms plastically while fuel does not go beyond its elastic limit.  
 

  
Figure 3 Equivalent Stresses Figure 4 Effective Plastic Strain 

 
Figure 5 and Figure 6 show normal and plastic strain history during cooling of the plate from 
560C to room temperature. It seems that the cladding material manifests higher normal strains 
due to its higher compliance, while fuel shows more rigid behavior. Nearly 50% of total strain 
recorded by cladding is plastic deformation. 
 

  
Figure 5 Normal strain history Figure 6 Effective plastic strain history 



 

 

Figure 7 shows maximum equivalent stresses over the body including both cladding and fuel 
materials. Recorded stresses on the fuel are nearly 10 times higher than those on the cladding. 
This is due to property mismatch between the neighboring layers. The fuel has a much higher  
yield stress and somewhat higher modulus. Not surprisingly, this creates significant amount of 
stress gradient at the interface region and raises attention to survivability of the bond and its 
quality.  
 

Figure 7 Equivalent stress history Figure 8 Stresses at the interface 
 
Figure 8 shows equivalent stress history calculated for interface region including edges and 
corners. Maximum calculated stress at the interface is 275 MPa. If maximum equivalent stress 
theory is selected as the failure criteria, then acceptable bond strength should be higher than 
this value.  

 
3.2 Annealing simulation and thermal stresses 
 
By using the results shown in 3.1, behavior of the plate during annealing was calculated. Same 
sub-stepping was chosen to reach the annealing temperature (530C). Yielding was defined 
according to the Von-Mises criteria. Equivalent stress distribution is shown in Figure 9. Figure 
10 presents contours for effective plastic strain on the plate. Similar to previous simulation, 
cladding material over the fuel region exhibits plasticity while the fuel still stays in the elastic 
region. However this time, it seems that plastic deformation on the cladding is significantly 
higher while equivalent stresses are much lower. Equivalent stresses on the fuel are more or 
less uniform, however, higher concentration was noted closer to the fuel ends (indicated by 
circle in Figure 9). 
 



 

 

  
Figure 9 Equivalent stress Figure 10 Effective plastic Strain 

 
Figures 11 and 12 show normal and plastic strain history during the annealing of the fuel plate. 
Unlike HIP simulation, a clear transition temperature (approximately 300C) from compression to 
tension was noted. At this temperature (visible in Figure 11, at approximately 300C) plate would 
be free of any stresses. Similar to HIP simulation, cladding material manifests higher normal 
strains, while fuel still holds its rigidity. Total plastic strain is approximately 3 times of the plastic 
strain computed for the HIP simulation.  
 

Figure 11 Normal strain history Figure 12 Effective plastic strain history 
 
Figure 13 shows maximum equivalent stresses over the body including both cladding and fuel 
materials. It seems that annealing acts a stress relief on the plate. However, there is a bigger 
stress gradient between the cladding and fuel material. This time, maximum equivalent stress 
calculated for fuel is approximately 200MPa while it is approximately 7 MPa for cladding. 
Therefore, stress gradient between the two is nearly 30 times as opposed to 10 times as 
calculated for HIP simulation.  
 



 

 

Figure 13 Equivalent stress history Figure 14 Stresses at the interface 
 
Figure 14 presents equivalent stress history calculated for the interface region. It can be seen 
that stresses are relieved during the thermal annealing. Maximum residual stresses drop to 100 
MPa which is significantly lower than 275 MPa as computed for the HIP. Assuming there are no 
significant microstructural changes that would hinder and defect the mechanical properties, it 
would be safe to postulate that if plate survives HIP process, it should overcome the thermal 
stresses raised during the annealing step. 
 
3.3 Residual stresses in U7Mo-Al dispersion plates 
 
To highlight the difference between the monolithic and dispersion fuel designs, a calculation of 
residual stresses induced in the dispersion plates by the hot rolling fabrication procedure was 
performed. The hot rolling temperature of 500C was adopted [11]. To construct the FE model of 
the dispersion fuel meat, a representative image of the U-Mo powder (Figure 15) taken from the 
reference [12] was selected. Resulting FE model is shown in Figure 16. The boundary 
conditions and the finite element solver settings were the same as described in Section 2 of the 
present paper. In order to identify residual stresses over the mechanical domain after the hot 
rolling, single step elasto-plastic simulation was performed. Hot rolling simulation started at the 
reference point of 500C assuming that mixture is free of residual stresses at this temperature. 
Parametric solver was used with 25C drop in each step until reaching to the room temperature 
(21C).  
 

  
 

Figure 15 A representative micro-structure 
 

Figure 16 FE model of the micro-structure 
 
Equivalent stress distributions over the domain and just on the particles are shown in Figure 17 
and Figure 18 respectively. A complete plastic deformation of the matrix (Al6061TO) and high 



 

 

compressive stresses on the particles (U7Mo) was observed. Existence of several hot spots is 
evident from Figure 18, while the stress in most particles remains below the yield point. It was 
concluded that although there are high local residual stresses around the particles the bulk of 
the fuel meat should have experienced residual stresses of approximately 55 MPa. 
  

  
Figure 17 Stresses after Hot Rolling Figure 18 Stresses in the particles 

 
4. Conclusions 
 
Thermo-mechanical response of the monolithic fuel mini-plates during fabrication by hot 
isostatic pressing and consequent furnace annealing was investigated using commercial finite 
element solver COMSOL Multiphysics. The analysis demonstrated that large residual stresses 
are induced by fabrication.  Residual stresses dominate the mechanical behavior of the 
monolithic plate during thermal annealing.  Existence of the stress gradients at the interface 
region that could lead to the structural failure has been shown. This observation emphasizes the 
significance of the fuel-cladding bond strength on the structural integrity of the plate. It was 
noted, that during the analyzed thermal cycle, the cladding exceeds its yield point, while fuel foil 
remains in the elastic region. A transition temperature a clear transition temperature 
(approximately 300C) from compression to tension during annealing was noted. A micro-
structure based finite element simulation was performed to identify the residual stresses and 
stress concentrations in the dispersion fuel plates.  
 
The accuracy of the results presented in the paper relies on the availability and accuracy of the 
mechanical property data.  Currently, such data is scarce.  The model will be updated when 
mechanical properties become available.  Until then the results of this work should be used with 
caution. 
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