
 Transactions, SMiRT-23 
Manchester, United Kingdom - August 10-14, 2015 

                                                                                                          Division III, Paper ID 774

FEM MODELLING OF THE EXPANDING MANDREL TEST 

SIMULATING OUT-OF-PILE PCI SCC OF FUEL CLADDING 

Martin Dostál
1
, Jan Klouzal

2
, Mojmír Valach

3
, Per Magnusson

4
, Francesco Corleoni

5 

1
Senior Researcher, ÚJV Řež, a. s., Czech Republic

2 Department Deputy Head, ÚJV Řež, a. s., Czech Republic
3 Senior Expert, ÚJV Řež, a. s., Czech Republic
4
Project Manager, Studsvik Nuclear AB, Sweden 

5
Project Manager, Studsvik Nuclear AB, Sweden 

ABSTRACT 

This paper describes FEM modelling of the cladding behaviour in the expanding mandrel test technique 

which was developed in the frame of the OECD SCIP project. The test simulates in reactor SCC cracking 

of fuel cladding caused by the expanding pellet during power rise. The precursor of the SCC PCI failure 

is the aggressive chemistry which is controlled iodine environment in the test. Two different notch 

patterns were used in the tests - four and sixteen notches and modelling assessment was made by CEA 

during the SCIP project duration. ÚJV 2D and 3D FEM models were developed to calculate the stresses 

in the cladding with a focus on the localization effect near the notch where intensification is calculated. 

Cladding deformation (including clad thickness measurements) after the test was compared to 

calculations with satisfactory agreement. The dependence of friction coefficient, number of notches and 

material behaviour models (cladding creep and plasticity) is calculated by the models developed in 

ABAQUS. The calculated stresses and deformations are verified not only against the CEA calculations, 

but also against the results achieved in ÚJV with older FEM SW COSMOSM.

INTRODUCTION 

Pellet cladding interaction (PCI) is a nuclear fuel failure mechanism that may occur during fast power 

increase in the light water reactors (LWRs). The mechanism of PCI is caused by expanding pellet and is 

often attributed to iodine induced stress corrosion cracking (I-SCC) which is initiated at the cladding 

inner surface. SCC PCI is dependent on several factors such as cladding properties, chemical 

environment, strain rate, temperature and stresses in the cladding. The expanding mandrel test technique 

which was developed in the frame of the OECD SCIP project /Anghel et al. (2009, 2010)/ simulates the 

reactor SCC PCI cracking mechanism by expansion of the ceramic insert in the cladding sample. The 

aggressive chemistry is controlled by argon and iodine environment in the test. 

In this paper the calculation results of finite element method (FEM) mandrel test modelling using 

ABAQUS /Abaqus (2012)/ and COSMOSM /Cosmosm (2003)/ are presented and compared to measured 

values. The experimental test setup is described very briefly in the following paragraph - more detailed 

description can be found in Anghel et al. (2009, 2010) and Magnusson et al. (2014). 

DESCRIPTION OF EXPERIMENTAL TECHNIQUE 

The expanding mandrel test technique has been developed at Studsvik in the frame of the OECD SCIP 

project to simulate in-reactor PCI SCC of cladding. It enables testing of both fresh and irradiated cladding 

samples. The fuel pellet is simulated by a ceramic sheath of alumina with a certain number of 
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cracks/notches (4 and 16 were used - the free volume to iodine flow is the same) which simulate pellet 

crack pattern. These notches also facilitate inner cladding surface transport of iodine, which is carried by 

argon gas passing through a bath with iodine crystals. There is a Zr mandrel inside the ceramics and its 

radial expansion is governed by the mandrel axial compression by the moving conical plunger - see Fig. 

1. The diameter of the cladding sample is measured at the maximum deformation axial position with laser 

scan micrometer. The plunger position is maeasuted using a linear variable differential transformer 

(LVDT) and controlled by PID regulator to achieve desired outer cladding diameter history. The cladding 

sample failure is detected by the increase in the oxygen content which follows a through wall crack. 

Various temperatures can be achieved because the setup is placed in the furnace. Post-test samples 

investigations were performed by means of light optical microscopy (LOM), laser profilometry, and for 

some tests also electron backscatter diffraction (EBSD) to study the local strain distribution. 

 

 
 

Figure 1.  Scheme of the mandrel test setup: 1 - alumina insert with a pure Zr mandrel in the centre, 2 - 

cladding sample, 3 - plunger, 4 - channel from pure Zr. 

 

Several tests were conducted using 4-notch and 16-notch ceramics in the fresh CWSR Zry-4 and 

irradiated Zry-2 claddings. Fresh Zry-4 samples tested in temperatures of 350°C without iodine are used 

for modelling comparisons presented in the next paragraph. The standard two-stage constant diametrical 

strain rates were used. The first strain rate to 0.6 % cladding sample strain has value 21.6 %/h and the 

second one to 1 or 2 % strain 0.36 %/h. The time evolution of these rates is shown in Figure 2. 

 

         
 

Figure 2.  Two stage constant strain rate mandrel tests (IDS=1 or 2%) and points of interest in the 

calculations (DS=diametrical strain). 
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MODELLING APPROACH 

 

Finite Element Modelling 
FEM modelling of mandrel tests was provided during the SCIP project by CEA, France by using software 

CAST3M and some results were presented in Anghel (2010) and Magnusson (2014). 

Our modelling effort uses software ABAQUS 6.12 /Abaqus (2012)/ and COSMOSM 2.85 /COSMOSM 

(2003)/ which are commercial FEM programs devoted to modelling static, dynamic and other tasks. 

 

2D r-theta, 2D r-z and 3D models were developed in both codes to simulate mandrel test. The 

disadvantage of 2D models is the fact that they cannot take into account cladding sample bending (2D r-

theta) and the notch presence (2D r-z). The full 3D model is thus essential to correctly model cladding 

sample behavior during the test. Both ceramics geometries (4 and 16 notches) are modelled in a 3D 

ABAQUS model using linear brick elements with reduced integration. The FEM mesh was refined in the 

notch position (smallest one with approximate dimension of 30x40x50 microns) to get reasonable 

numbers of finite elements which were around 25 000 to 35 000 giving several hours of computational 

time with used computer. 

 

The dimensions were considered the same as in CEA calculations /Anghel et al. (2010) and Magnusson et 

al. (2014)/ - i.e. cladding outer diameter 9.5 mm and cladding thickness 570 µm. Ceramics has an outer 

diameter of 4.175 mm and inner diameter 5.5 mm, zirconium sheath outer diameter 4 mm. Five micron 

gap is assumed to have a reasonable initial contact solution. The value of friction coefficient between 

cladding and ceramics is assumed 0.1, between ceramics and zirconium mandrel also 0.1 and zero 

between plunger and mandrel. 

Alumina ceramics is considered fully elastic with Young´s modulus (E) 380 GPa and Poisson´s 
coefficient (ν) 0.2. Zirconium mandrel is modelled with isotropic hardening plastic behaviour with E = 98 

GPa, ν = 0.38, yield stress (σy) = 150 MPa, hardening modulus (H) = 2.5 GPa. Steel plunger is assumed 

as fully elastic with E=200 GPa and ν=0.3. 

Zry-4 cladding is modelled according to MATPRO model /Hagrman et al. (1993)/, creep model is 

modelled according to Limback-Andersson /Limback et al. (1996)/ and its implementation in the 

FRAPCON code /Geelhood et al. (2010)/ as an ABAQUS user subroutine. Isotropic material properties 

are used so far, the anisotropic creep model is under development.  

The temperature is assumed to be homogenous in the whole setup and equal to 350°C. The thermal 
expansions are not considered. 

The load is applied as plunger displacement that induces cladding outer diameter change according to test 

specifications (Figure 2). 

 

 

Example of FEM results 
 

COSMOSM was used in order to have a comparison basis for ABAQUS calculations. However, the 

capabilities of this FEM system are limited and no convergence was achieved in contact solution for when 

the symmetry planes were not the planes of the coordinate system. This is the reason for the development 

of the model with the notch at 45° in r-θ and 3D model - Figure 3. All types of models were prepared, r-θ 

model, r-z axi-symmetrical model and 3D model as demonstrated in Figure 3. The FE mesh was quite 

coarse to achieve contact convergence. 

 

The ABAQUS models were prepared based on the COSMOSM experience. The 2D r-θ and 3D models 

were generated as symmetrical according to notch position (45° for 4 notches and 11.25° for 16 notches) 
saving computational time. Special care was devoted to FE mesh in the contact region - it was refined in 
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the notch position, however, not all meshes lead to contact convergence and several tries were done. The 

overview of developed models is in Figure 4. The points of interest were depicted in Figure 2. 

 

 

    
 

Figure 3  Example of COSMOSM results with different geometries: a) r-θ model, b) r-z axi-symmetrical 

model, c) and d) 3D model. 

 

  
 

Figure 4  Calculated residual creep equivalent deformation a) in the ABAQUS 2D r-θ models (4 and 16 

notches) and 3D models: b) ABAQUS model with 4 notches, c) ABAQUS model with 16 notches. 



 

23
rd

 Conference on Structural Mechanics in Reactor Technology 

Manchester, United Kingdom - August 10-14, 2015 

Division III 

 

The calculated hoop and axial stresses in the inner cladding wall in notch position along the sample height 

for 3D model with 4 notches are shown in Figure 5. The hoop stress is higher few mm above the bottom 

of the alumina sheath due to the bending moment. The stress evolution during loading shows that the 

maximum is rising from 0.6 % to 1 % and 2 % DS, during the 12 hours hold at 2 % DS the hoop stress 

relaxes of about 200 MPa with used creep model. 

Time evolution of hoop stress in the inner cladding wall in the notch position and symmetry plane shows 

only small differences between 4 notches and 16 notches 3D model (Figure 6), the biggest difference lies 

in the hoop stress change after the change of applied strain rate (at 0.6 % DS) when lower maximum is 

reached for 4 notches followed by a gradual increase in saturated value. 

FEM calculations using CAST3M software presented in Anghel et al. (2010) and Magnusson et al. (2014) 

show similar qualitative results, the difference seems to be in the hoop stress time evolution during the 

change of strain rate (at 0.6 % DS) where there is a short hoop stress decrease in the CEA calculation. We 

attribute this difference to our creep model (CEA used visco-plastic model). 

 

The calculated cladding thickness, the axial maximum of diameter in the notch position and in the 

symmetry plane shows continuous decrease with time for both positions (Figure 7). The cladding is 

thicker in the notch region (which is also measured - see next chapter) of 2 microns in the 16-notch case 

and 4 microns in the 4-notch model using friction coefficient 0.1. 
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Figure 5.  Hoop and axial stress in the inner cladding wall at notch position along the height - 3D model 4 

notches - DS 2%, friction 0.1. 
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Figure 6.  Calculated cladding thickness in the notch position and in the symmetry plane - 3D 

symmetrical model 45° (4 notches) and 11.25° (16 notches), friction coefficient 0.1. 
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Figure 7.  Calculated cladding thickness in the notch position and in the symmetry plane - 3D 

symmetrical model 45° (4 notches) and 11.25° (16 notches), friction coefficient 0.1. 
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COMPARISON AGAINST EXPERIMENTAL RESULTS 

 

Samples Description 
 

Tests with CWSR (Cold worked stress relieved) Zry-4 samples without iodine are used for comparison 

with calculations. 3D models with 4 and 16 notches prepared in ABAQUS described in the above sections 

are used. Cladding outer diameter profile was measured in all samples, while cladding thickness for one 

sample with 4 notches ceramics and one with 16 notches ceramics.  

 

FEM Calculations Results 
 

Calculated cladding outer diameter of one sample with 4-notch ceramics are higher than the measured 

values of about 10-15 microns as depicted in Figure 8. The measurement taken along the whole 

circumference is not symmetrical, which suggest that plunger does not remain precisely in the middle of 

the setup but moves slightly un-symmetrically. This was confirmed by the cross section cuts in different 

axial positions showing small non-symmetry. On the other hand, the calculation is symmetrical - the 

circumferential 360° diameter is just copied 7 times (one 8th is modelled).  
Cladding thickness measurement was done by LOM in the same positions as outer diameter (one in the 

notch position and three in the ceramic region) for this sample (Figure 9). Calculated result shows that 

thickness in the notch is higher of about 4 microns which is approximately half of the measured 8-10 

microns. Thickness measurement of 16-notch sample also showed thicker cladding in the notch of around 

5 microns, while calculation gives only ~2 microns in this case. 

We see the reason both in the material model of cladding creep and also in the used FE mesh which 

should be further refined both in the cladding and ceramics - such effort is ongoing, however it is not a 

fast process due to several hours computational times of one case. 

 

Measured residual strains of mandrel tests with 4 notches at three final diametrical strains (0.6%, 1.0% 

and 2.0%) are compared to calculated values in symmetry plane position in Figure 10. There is a tendency 

to under-estimate the residual diametrical strain in the calculations which is assumed to be related to the 

fact that the calculation has fixed the maximum at target DS level while the maximum is higher in the 

measurements due to position of the laser and also there is a scatter around circumference. Another factor 

is that the ceramic cannot be removed, which might affect unloading and elastic strain component in the 

residual strain. The calculated differences between symmetry plane and notch position are lower for 

smaller DS. 
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Figure 8.  Measured and calculated (3D FEM model) cladding outer diameter of a mandrel test with 4 

notches (dashed black line). 
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Figure 9.  Measured and calculated (3D FEM model) cladding thickness of a mandrel test with 4 notches. 
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Figure 10.  Diametrical strain at three different diametral strain (0.6, 1, 2% DS) for 4-notch samples - 

measured values are along the circumference (dots) and calculated by the 3D ABAQUS model (dashed 

lines - symmetry plane, dotted lines - notch position). 

 

 

CONCLUSION 

 

Our cladding model with plasticity and creep do not exhibit the same behaviour as in case of visco-

plasticity model used in CEA. Our next step, thus lies in the adoption of cladding visco-plastic model in 

ABAQUS via a user subroutine, to have a direct comparison of both models.  

The overall agreement of calculating results with measurements is quite good both in cladding diameter 

and cladding wall thickness. 

We propose as an improvement of our model the anisotropic material properties application and further 

optimization of the model mesh. 
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