
341 

154 

Posters (Wednesday, February 12, 2014 15:30) 

 

Mechanical Properties Characterization for a Cylindrical Fuel Clad Using the 

Segmented Expanding Cone-Mandrel (SEM) Method 
 

M. Tubul, B. Ostraich, E. Shwageraus 

 

Ben Gurion University P.O.B. 653 Beer-Sheva 8410501 Israel 
       

 

INTRODUCTION 

Rotem Industries is one of the partners in the JHR project .The Project deals with research reactor facilities. 

To train future employees for recruitment, The Company supports and assists students in undergraduate and 

master's degrees. This work is part of an MSc thesis accompanied by Rotem Industries instructors. 

 

Modern demand for higher burn-up of nuclear fuels presents complicated safety related challenges for testing 

of both new and existing fuel cladding materials for integrity during long term operations, and especially for 

several known phenomena that may be expected to occur during the fuel rod operation. 

Irradiation damage, as well as temperature and pressure induced creep along with several other factors have 

significant effect on cladding mechanical properties. Also, the small (usually about 300 μm) fuel to clad gap 

in as-received fuel usually closes rather rapidly due to high external pressure and the thermal expansion 

(swelling) of the fuel pellet. 

The combination of these effects often leads to full contact between the pellet and the cladding inner wall. 

Since the fuel pellet is also subjected to non-uniform temperature gradient and operates at high temperatures 
(1)

, radial pellet cracking may incur, potentially compromising the integrity of the cladding and allowing 

fission products release to the coolant 
(2)

. This process is known as PCI (Pellet cladding interaction) and it is 

of high importance in reactor safety and licensing considerations. 

PCI also affects the fuel pellet itself, the ceramic UO2 pellet geometry often distorts from cylindrical 

geometry into hour glass shaped sections. It is induced also by several other phenomena (Stress Corrosion 

Cracking, Chemical reactions, etc.), and leads to stress concentrations in some contact areas between fuel 

and clad. It is in fact one of the major cladding failure mechanisms. Therefore, it must be addressed when 

designing the fuel. 

The characterization of mechanical properties is very important in the fuel design stages to adequately 

address the phenomena mentioned above.  

Usually, the stress strain curves, produced in uni-axial tests, describe the mechanical properties of materials 

sufficiently well. In the case of fuel cladding, the stress regime is tri-axial. Therefore, properties obtained in 

uni-axial tests do not provide sufficient information on material properties required for obtaining an accurate 

prediction of cladding behavior. As a result, a requirement is emerging for a new simulation method of the 

PCMI phenomenon, suitable also for irradiated materials. Several works on this subject were published. In 

one of these works, the SEM
 (3)

 (segmented expanding cone mandrel) test is used. This test simulates the clad 

loading due to thermal expansion of cracked fuel, by inducing clad radial loading through expanding 

segments, which are placed inside the cladding tube (Fig 1).  

In this work, we propose a method for obtaining a more accurate evaluation of the material properties. By 

using a three-dimensional FEM model based on the SEM test, our method allows a better understanding of 

the three-dimensional complex stress fields occurring during pellet-cladding interaction 
(4)

, including stress 

concentrations at the edges of the segments. In addition, our model takes into account the normal and shear 

stress distribution in all directions, the friction between all surfaces, the reaction force and the strain 

distribution in the clad. For validation of the proposed method, the FEM simulation predictions are compared 

with experimental data from the literature. 
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Figure 29-Schematic illustration of the principles for the cone mandrel test [1] 

 

Finite element modeling 

The following analysis concentrates on the segmented expanding mandrel (SEM) test 
(3)

 shown in Fig.1, in 

which a Cartesian and cylindrical coordinate system is defined. The SEM includes a cylinder (cladding), a 

segment, cone and block. The parametric FEM is performed using the finite element software ANSYS-

APDL. The 3D eight-node solid element SOLID186 is used to mesh the structure. The effects of friction are 

represented by the Ansys Coulomb friction model algorithm on the contact between the clad segment cone 

and block. The finite element mesh model is shown in Fig.2. 

 
Figure 30-meshing and boundary condition 

RESULTS 

The reaction forces from the 3D-FE model are compared to the SEM test 
(1)   

experimental results. The load 

displacement curves are shown in Fig 3. The model results are in good agreement with the experimental 

curves. This suggests that the friction coefficient (µ) in both cases is similar and equal to 0.04. The 

difference between the FE model and experimental curves comes from the difference between the material 

model fed into the 3D-FE model and the actual properties of the material used in the experiment. 

Fig 4a presents the stress-strain curves of Zircaloy 2 obtained by: 1. uniaxial tensile test. This data is the 

material model fed into the 3D-FE model 2. Ansys 3D-FE model. The data in this curve is calculated for the 

clad outer perimeter. 3. Feeding the data in fig 3 to a semi-analytical model
 (3)

, transforming it to stress-

strain. Curves 2 and 3 are calculated using µ=0.04. It can be seen that all curves are similar. In the case of 
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µ=0.5 (Fig 4b), the curves are very different from each other: In the semi-analytical curve, the material 

strength is much lower, the elastic slope is lower and the strain hardening is more moderate. 

All results assume isotropic material. Clearly, the friction coefficient has a large effect on the Semi-

analytical computed stress–strain curve. In order to reduce this effect dramatically, a correction for the semi-

analytical model was developed. Its effect can be seen in Fig. 4b, the stress-strain curve calculated using the 

semi-analytical model changed when the friction coefficient increased, but material mechanical properties 

are expected to be independent of the friction in the measuring system. Thus, the semi-analytical model 

needs to be modified by adding a mathematical expression that fits the semi-analytical curve to the FE model 

curve. Eq. 1 presents such an expression. 

         (1) 

 

 

 
 

Figure 31-Force-displacement relationship with a friction coefficient of 0.04 cone / segment, segment  

/clad compared with experiment cone segment produced from STAVAX [3] 

 

 

 

 

 

 

 

 

 

 

 

Figure 4- calculated stress-strain curve in ANSYS versus stress-strain curve calculated using force curve (Figure 4) taken through the 

calculation results on ANSYS model and entered the semi – analytical model [3]. A- Friction coefficient of 0.04 B- friction coefficient of 

0.5   

 

CONCLUSIONS 

In the current stage of the research, the following conclusions can be drawn: 

A B 



344 

- The 3D FE model can accurately reproduce the experimental results after calibrating the friction 

coefficient.  

 

-The 3D FE model is suitable for the analyses of local failure mechanisms and distribution of stresses/strain 

and stress concentration in the clad segmented interaction.  

 

- A correction for the semi-analytical model was developed using the 3D-FE model. 

The corrected semi-analytical model is independent of the friction coefficient. 

 

- The 3D-FE model can be used to obtain the friction coefficient from experimental results. 

 

For summing up, a 3D model is developed to correct the analytical model which intends to compute the 

stress-strain curve of a clad from SEM test. The analytical model happens to fail at high friction factors. The 

analytical correction, developed by the 3D model, reduces the dependency of the results at the friction and 

suggests useful method for compiling SEM models.  
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