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ABSTRACT 

 

The present study tries to present a cyclic hardening model with the aim to 

simulate quantitatively the material response under strain controlled cyclic 

loading in tension-compression, of specified axial deformation. A numerical study 

was carried out to investigate the cyclic constitutive behaviour of alloy Indium 

under viscoplastic deformation. The analysis was performed under prescribed 

symmetric strain-controlled cyclic loading. The model contains both isotropic and 

kinematic hardening components, while the analysis were performed using 

Comsol Multiphysics for only 60 seconds duration. The kinematic hardening was 

described by using multiple back stresses. Multiple back stresses can provide a 

smoother transition between the elastic and plastic deformation, and it improves 

the general shape of the hysteresis loop. Two cases (geometries) have been 

examined in this study. From the material model and finite element cyclic 

plasticity model results, it is found that for the same parameters, but different 

dimensions there is difference on the stress-strain curves as well as on the von 

Mises stresses.  
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I. INTRODUCTION 

 

It is well known, that for structural safety, the control 

of progressive strain accumulation is of fundamental 

importance. One of the major topics to be 

investigated are the life predictions techniques for 

large deformation structure designs. It is well known 

that both creep deformations cyclic plasticity as well 

as cyclic plasticity tends structures to failure. It has 

been mentioned that for the cases of specimens with 

notches or welds, the cyclic loading may induce 

stresses more than elastic limit of the material. For 

instance, the material 316SS where during 

experimental procedure may become inelastic and 

may exhibit related phenomena such as the 

Bauschinger effect, cyclic hardening/softening, and 

mean stress relaxation or ratcheting [1]. However, in 

order to describe the above cyclic plasticity 

phenomena numerous material parameters are 

needed [2, 3]. The literature review shows that most 

models were applied to simulate uniaxial and 

multiaxial strain ratcheting effects observed in stress 

or in mixed-control deformation programs [4]. 

Moreover, several material models [1, 5] have been 

developed to describe the cyclic plasticity behavior of 

materials under different loading conditions.  This has 
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also been explored in prior studies by Chaboche [6, 7] 

and Armstrong- Frederick [8] law. A closer look to 

the literature on Armstrong- Frederick law and its 

multi segmented version due to Chaboche and 

Rousselier were limited only to saturated state. 

Despite of that the above models can be found in 

several commercial software, such as Ansys, Abaqus 

and Comsol Multiphysics. It will be noted that the 

accuracy of results depends on the capability of the 

material model [9, 10]. That means, the cyclic 

plasticity theories must be understood before using 

such commercial software’s, especially for specimens 

with the presence of welds and notches [11-17]. In 

previous studies were showed to the limitation of 

Chaboche model in predicting mean stress relaxation 

behaviour at a different total strain ratio [18]. Most 

studies have relied on Chaboche model. A recent 

study by Liu and Liang [19] concluded that using 

Chaboche material model for optimizing material 

parameters (included initial yield stress) plays crucial 

role for model optimization. Some authors have also 

suggested that the Chaboche material model could be 

used to predict the micromechanical response in dual 

phase steels with three back stress terms [20, 21]. 

Isotropic hardening rate cyclic hardening could be 

explained by using a strain memory surface which 

was introduced by Dang Van and Cordier [22]. Their 

model was modified by Ohno and Kachi [23] to 

achieve more realistic model, but the main problem 

was fading memory. 

 

Additional studies to understand more completely the 

key tenets of understanding of the cyclic plasticity of 

metal are required. An interesting approach was 

presented by Meggiolaro et al. [24], by using the 

concept of Tanaka [25]. To give some idea of the 

benefits of this method a new integral was developed 

for the nonproportionality factor of periodic loadings. 

They also introduced a unified approach to the 

modelling of nonlinear kinematic hardening 

represented in the five-dimensional space [26, 27] 

which was reproduced by Mroz,[28]. In his study, the 

plastic modulus calculation is not coupled to the 

kinematic hardening rule through the consistency 

condition as in the previous cases, but it still might be 

indirectly influenced. Hence, the so-called uncoupled 

model. 

 

As it can be seen, there is a wide choice of models 

available in the literature. Most models are based on 

the concept of interaction of hardening and dynamic 

recovery effects. Back stress is a quite useful variable 

because can be increased along the plastic strain rate 

orientation and decreased proportionally to the back-

stress measure. In effect, the back stress evolves 

toward its limit value specified by the hardening 

saturation surface [7, 8, 29-36]. From the models [29-

36], it was shown that the back stress evolution rules 

of those two classes of models are equivalent [37], [38]. 

A notable success was achieved by developing 

simplified two-surface hardening models for which 

the variation of plastic hardening modulus was 

prescribed analytically by Dafalias and Popov [39], 

Tseng and Lee [40], McDowell [41]. It was reported in 

literature that hardening moduli was provided by 

assuming continuous field of yield surfaces [42]. 

Furthermore, for multisurface hardening plasticity 

cases, numerical model was introduced by Khoei and 

Jamali [43]. Previous research by Klisinski [44] was 

used to simulate the fuzzy set of the cyclic response 

for a continuous field of loading surfaces. 

 

The purpose of this study is to conduct a finite 

element analysis for a certain material in order to 

allow useful comparison between the two geometries. 

The stress-strain data have been obtained from 

several stabilized cycles of specimens that are 

subjected to symmetric strain cycles [45]. A combined 

model was used, while the axial strain was  ranged 

between -0.5 to 0.5%.   
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II. MATERIAL METHODS AND METHODS  

A. Material and Specimen Configuration 

For this study, the material was been considered was 

the low melting Indium alloy which will often be 

used in cases of bending, anchoring, chuck, or jig 

applications. The specimen used for this analysis is 

of cylindrical shape having a radius of d=10mm and 

half length  of 100mm (half length Lo=50mm), as 

shown in figure 1. The material properties of the 

selected material are given in Table 1.   

 

 

Figure 1:  Specimen configuration 

TABLE I 

MATERIAL PROPERTIES 

Young Modulus (GPa) 200 

Poission Ratio 0.3 

Density (kg/m3) 7500 

Initial Yield Stress (MPa) 60 

Reference Stress (MPa) - Chaboche 490 

Stress Exponent- Chaboche 9 

Prescribed strain rate eot (1/s) 0.001 and 

0.01 

Initial Kinematic Hardening 

Parameter(g0) 

1200 

Saturation Kinematic Hardening 

Parameter (gs) 

1540 

Kinematic Hardening Parameter 

Exponent (b) 

1000 

Viscoplasticity Rate Coefficient 1 

(1/s) - Chaboche 

Saturation Flow Stress (MPa) - 

Voce 

-35 

Saturation Exponent - Voce 200 

Kinematic Hardening modulus 

(GPa) Armstrong – Frederick 

362.5 

 

B. Finite Element Method 

The FE simulation of the model is implemented on a 

round bar specimen under prescribed symmetric 

strain ( 0.5%), controlled tension compression 

loading (cycling loading). An elasto - plastic finite 

element model was developed in Comsol 

Multiphysics, and a combined model was adopted for 

hardening criterion, in order to simulate the inelastic 

behaviour of the material. This model includes both 

isotropic hardening and kinematic hardening. One of 

the key benefits of the model is that the isotropic 

hardening model predicts shakedown behavior unless 

creep is considered. On the other hand, kinematic 

hardening was also selected for both cases because 

specimens were subjected to repeated loading. One 

primary problem with isotropic hardening is that 

model hardens during cyclic loading. Moreover, in 

the kinematic hardening models, the center of the 

yield surface moves in the stress space due to the 

kinematic hardening component, while the 

combination of the nonlinear isotropic/kinematic 

hardening model tends the yield surface range to 

expand due to the isotropic component. The most 

important advantage of these models is that it can 

perform very well in modeling of inelastic 

deformation in metals that are subjected to cycles of 

load or temperature. To give some idea of the benefits 

of this method is that the both nonlinear kinematic 

hardening as well as isotropic hardening component 

could described the translation of the yield surface in 

the stress space through the back-stress, and the 

change of the equivalent stress defining the size of the 

yield surface as a function of plastic deformation, 

respectively. In this study, the hardening rules 
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considered are the Chaboche model including the 

kinematic and isotropic hardening effects. For 

shortening the computation time, half of the 

specimen is modeled in a 2D axisymmetric geometry. 

The step size was 0.005 (from 0 to 1). The axial 

velocity (z-direction) was constant while the loading 

type was described as 1 to represent axial tension and 

-1 to represent axial compression. The number of 

elements were 104.903, for both cases while the 

boundary conditions are shown in figure 2. 

 

 

Figure 2:  Boundary Conditions 

III.RESULTS AND DISCUSSION  

 

To illustrate model performance, consider the 

uniaxial cyclic behavior. Figure 3a and b presents the 

evolution of back stresses vs time (60sec) for 0.001 

(1/s) and 0.01 (1/s) strain rate, respectively. The 

multiple back stress superposition method is adopted 

for fitting the curve more accurately which offers a 

smoother transition between the elastic and plastic 

deformation, and it improves the general shape of the 

hysteresis loop. The saturated value of back stress in 

tension and compression for both cases are presented 

in table 2. As it can be observed from table 2, by 

increasing the strain rate from 0.001 (1/s) to 0.01 (1/s), 

the results shown that tensile values are lower than 

compression (table 2, case A). However, for the 

second case, tensile values are greater than 

compression. There is a visible deformation and 

necking of the specimens and it is expected that 

during the experimental procedure the failure process 

will be very sudden (figure 4). 

 

The deformation as well as the necking of the 

specimens tends to change the stresses at the critical 

locations. For instance, figure 5a, b shows the Von 

mises stress distribution as a schematic representation 

of 10 levels (iso-surface). The simulated curves have 

difference between the stain rates under cyclic 

loading. At critical locations (Integration point, figure 

1) with a low stress concentration, the effect of strain 

ratchetting would be more severe, if it exists at all, 

because in this case the plastic deformation is less 

constrained. Generally, the back stress is proportional 

to plastic strain [46], while the response is symmetric 

with zero mean back stress. After the first tensile 

cycle the axial stress (figure 6a and b) increases 

linearly, exceeding the yield strength (60 MPa).  
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Figure 3:  Back stress curves for case a and b, for two 

different strain rates. 
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TABLE II 

BACK STRESS – AVERAGED RESULTS 

 

Strain Rate Case A (MPa) Case B (MPa) 

0.001 (1/s) 154.82 -156.89 157.31 -156.67 

0.01 (1/s) 155.23 -156.73 156.92 -121.55 

 

During the analysis, stresses and strains results are 

stored in a table along with all the model internal 

variables as a function of time (60sec) in Comsol 

Multyphysics [47].  

 

 

Figure 4 :  Viscoplastic strain analysis for case a as a 

function of time. 

(a) 

 
(b) 

Figure 5: Von Mises stresses for different strain rates 

at 60 seconds for a) case a and b) case b. 

 

There is in fact sufficient information present in 

figures 6a and b.  The figures show reversed plasticity 

after some transient cycles of load for the Chaboche 

where the axial strain was cycled through -0.5 to 

0.5%. As it can be seen for both cases there is a closely 

match after the first one or two reversal, which 

means that errors are not accentuated.  It is 

interesting to note that, the relation between stress 

and strain is no longer linear, kinematic/isotropic 

hardening evolves, and the back-stress increases 

(figure 3a, b). During the analysis was observed that 

the yield strength in compression is lower than the 

initial one.  
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Figure 6: Axial strain vs. stress for case a and b. 

 

This allows the conclusion that the viscoplastic flow 

starts earlier and lasts for a longer period. After that 

period the prescribed velocity becomes positive in 

order to prescribe tensile loading. In other words, for 

each half cycle, the isotropic component initially 

softens, then hardens. At the cyclically stable state 

(depends upon the strain limits), these two cases-

models predict that the isotropic component has its 

maximum saturation value, the value that it would 

achieve at large strain in a compression test. For a 

larger hysteresis loop, a greater amount of hardening 

takes place, and the isotropic component is larger. 

This means that for predicting cyclic plasticity, the 

isotropic component of stress depends upon the strain 

limits as a function of time (figure 6a, b). Moreover, 

for small to large strain regimes, monotonic loading is 

an important feature where the isotropic component 

can reach a much greater value than for small to 

moderate strain cyclic plasticity. 

  

IV. CONCLUSION 

 

The findings of this study can be understood as, 

Chaboche model including the kinematic and 

isotropic hardening effects. During the analysis was 

observed the translation of the yield surface in the 

stress space through the back-stress, and the change 

of the equivalent stress defining the size of the yield 

surface as a function of plastic deformation. The 

evidence from this study suggests that Chaboche 

model predicts shakedown for the cycled 

deformation-controlled stresses. This could eventually 

lead to the reversed plasticity. During the analysis (for 

both cases) all the important stages of material 

behaviour were mechanically captured as well as the 

stiffness degradation and strength degradation. 
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