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Abstract
It is almost commonplace to say that physics-based constitutive models developed to characterize the mechanical behavior 
of materials are to be preferred over phenomenological models. However, the constitutive relations offered by physics-based 
approaches are oftentimes too involved to be handled in finite element (FE) simulations for practical applications. There 
is a demand for physics-based, yet robust and user-friendly models, and one such model will be highlighted in this article. 
A simple constitutive model developed recently by Bouaziz to extend the classical physics-based Kocks-Mecking model 
provides a viable tool for modelling a broad range of materials – beyond the single-phase coarse-grained materials it was 
initially devised for. The efficacy of the model was put to the test by investigating its applicability for different materials. A 
broad interval of the true stress vs. true strain curve was studied by the measurement-in-neck-section method in the uniaxial 
tensile mode for six types of metallic materials, and simulations using the finite element method emulating the experimental 
conditions were developed. In this way, the engineering stress-strain curves were obtained corresponding to the true stress-
strain curves for these materials. A comparison of the numerical simulations of the tensile behaviour of all six materials 
with the experimental results for a broad range of strains showed that among the models trialled, the Bouaziz model was the 
best-performing one. The proposed model can be recommended for use in FE simulations of the mechanical behaviour of 
engineering structures as a viable alternative to complex physics-based or simplistic phenomenological constitutive models.
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Introduction

Measurements of the tensile true stress vs. true strain curves 
are the most common way to study the mechanical proper-
ties during plastic deformation [1–3]. However, in a uniaxial 
tensile test, the true stress-strain curve can be calculated 

from an engineering stress-strain curve only within the uni-
form deformation region [4], hence only a limited range of 
strain can be represented. To overcome this limitation, many 
experimental studies were conducted to characterize a wider 
range of true stress-strain curves using a digital image cor-
relation (DIC) technique. The DIC technique can capture 
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surface strains with high accuracy beyond the necking point 
where strain localization sets in [4–8]. In the present study, 
several constitutive models representing the observed strain 
hardening behavior were tested against this experimental 
evidence. The Bouaziz model was shown to provide the best 
description of the overall strain hardening behavior over the 
entire strain range, even beyond the necking point. At least 
for plastically isotropic materials, a generalization to the 
mechanical behavior in different (multiaxial) deformation 
modes is possible on the basis of the von Mises equivalent 
quantities, as reported in references [9–11].

In the industrial practice, the true stress-strain curves are 
commonly expressed in terms of constitutive models that 
require as few modeling parameters as possible. For exam-
ple, the flow stress in the Hollomon model, the Swift model, 
and the Voce model can be defined as follows:

(1)�Hollomon = �0 + KH�
n,

(2)�Swift = KS

(

�0 + �
)n
,

(3)�Voce = �0 + A(1 − exp−B�),

where KH,KS , n , A , and B are modeling parameters 
required to represent strain hardening behavior in terms 
of the axial strain ( � ) and the frictional stress

(

�0

)

 . How-
ever, these simple constitutive models cannot fully rep-
resent the initial yield strength and strain hardening of 
the experimentally obtained material’s properties because 
their physical meaning is not considered [12–14]. There-
fore, several physics-based constitutive models have been 
developed to describe strain hardening behavior based on 
the deformation mechanisms including dislocation glide 
and twinning [15, 16]. Although these physics-based mod-
els represent the evolution of dislocations and twins at 
micro-scale and ensure high accuracy in predicting the 
mechanical properties, they are somewhat difficult to use 
in practice as they involve many model parameters. In this 
study, a simple physics-based constitutive model is pro-
posed and validated by comparing it with experimental 
data. The results demonstrate that the proposed model can 
be a viable alternative to complex dislocation-based con-
stitutive models representing the mechanical properties of 
metallic materials.

Fig. 1   a Distribution of the 
axial strain ( �

y
) in TWIP steel 

with 17 equally spaced points 
selected in the neck region at 
various stages of the tensile 
test. b True stress distribution 
corresponding to the axial strain 
state (left) obtained by the FEM 
simulation
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Fig. 2   Tensile specimen with applied mesh and boundary conditions 
in the FEM simulations
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Experiments and modeling

Phenomenological constitutive models expressed by the 
Hollomon Eq. (1), the Swift Eq. (2), and the Voce Eq. (3), 
have been broadly used for describing uniaxial stress-strain 
behavior and FEM simulations of deformation under multi-
axial loading. The reason for their wide usage is the simplic-
ity of the respective constitutive relations with just a few 
fitting parameters. However, a weak point of these models 
– with the exception of the Voce model, see below - is the 
lack of their physical interpretation. By contrast, micro-
structure-related models such as the Kocks-Mecking-Estrin 
(KME) model [17] or its progenitor, the Kocks-Mecking 
model [18] are based on sound physical considerations and 
incorporate microstructural features and the mechanisms 
underlying plastic deformation. However, this kind of mod-
els is hard to be implemented in FEM. Hence, a simpler 
constitutive model with fewer parameters is needed.

Recently, such a simple constitutive model was proposed by 
Bouaziz in Refs. [19, 20]. In this model, the flow stress is given by

where �0 is the crystalline lattice ‘friction’ that can be 
interpreted as the yield strength associated with the initial 
resistance to dislocation glide based on the corresponding 
frictional shear stress; the �0 and �s are model parameters 
representing the competition between storage and annihi-
lation of dislocations, respectively, as an extension of the 
Kocks-Mecking approach. The heuristic constitutive relation 
given by Eq. (4) recovers the classical physically based strain 
hardening law (the Kocks-Mecking law) for low strains and 
also accounts for large strain behavior considering the com-
bination of the �s and �0 parameters.

These parameters have a clear physical interpretation, �s 
representing the asymptotically approached saturation stress 

(4)�Bouaziz = �0 + �sln

(

1 +
�0

�S

�

)

,

Fig. 3   Comparison of the true 
stress vs. true strain curves 
calculated by using the four 
constitutive models with the 
experimental data
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and �0 denoting the stage II strain hardening coefficient [18]. 
As a side remark, we should mention that the Voce equation 
follows from the Kocks-Mecking model, so that the param-
eters A and B in Eq. (2) can be directly related to �s and �0.

In order to assess the validity of the above constitutive 
models, a wide range of experimental stress-strain curves 
of various materials were employed. The dog bone-shaped 
specimens with different thicknesses depending on the 
type of metal were prepared with a width of 2.5 mm and 
a gauge length of 6.4 mm. The surface of the specimen 
was mechanically polished with 600, 800, and 1,200 sili-
con carbide grit, and then a commercial black and white 
spray was uniformly sprayed to measure the deformation 
of the specimen using the DIC technique. Thereafter, a 
uniaxial tensile test was performed at room temperature at 
a strain rate of 10− 3 s− 1 using a universal testing machine 
(Instron 1361, Instron Corp, USA). The measurement-
in-neck-section method was employed as a type of DIC 
method (using ARAMIS 5 M, GOM, Germany) proposed 

in Ref. [5]. The true strain was estimated as the average 
strain at 17 equally spaced points in the transverse direc-
tion of the neck region (Fig. 1a) as follows:

where �y(i) is a local strain at the i-th point along the uniaxial 
direction. At this moment, the true stress was synchronized 
by finding the load in the corresponding strain state. Because 
the axial stress component exceeds by far the other stress 
components, it can be assumed that the load is mostly gov-
erned by the axial component. Since non-standard tensile 
specimens had to be employed in our experiments, we had to 
resort to the averaging procedure for tensile strain. However, 
this procedure was shown not to compromise the tensile data 
obtained on the basis of the DIC technique. The DIC method 
employed was validated by previous studies [5, 6, 11, 21].

(5)�true =

∑i=n

i=1
�y(i)

n
,

Fig. 4   Comparison of the load-
displacement curves obtained 
by the FEM simulations with 
the experimental results
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In addition, simulations of a uniaxial tensile test by FEM 
were used to validate engineering stress-strain curves. This 
was done for each constitutive model and each material 
tested by implementing a user-defined subroutine (UHARD) 
in commercial ABAQUS 6.17 software. The FEM model 
was designed to replicate the experimental conditions, such 
as the specimen geometry and the loading conditions, as 
shown in Fig. 2. The adequate number of elements was 
determined by comparing them with the experimental 
results. All six types of metallic materials investigated were 
assumed to have the same Poisson’s ratio of 0.3, and their 
elastic modulus and the appropriate values of the fitting 
parameters of the proposed Bouaziz model, along with those 
for the Hollomon, Swift, and Voce models, as summarized 
in Table 1. The latter was determined using the general-
ized reduced gradient (GRG) algorithm, set in the direction 
minimizing the difference between the experimental and 
numerical true stress-strain curves. The true stress distribu-
tion in the neck region is visualized in Fig. 1b, which was 
obtained by FEM simulations for the corresponding axial 
strain conditions (Fig. 1a).

Results and discussion

The true stress vs. true strain curves for the six materi-
als studied (four steels, the Ti alloy, and the Mg alloy) 
calculated with the aid of the four models considered 
are shown in Fig. 3. They were fitted to the experimen-
tal data reported in [11]. The initial part of the true 
stress-strain curve obtained from the four constitutive 
models was in reasonably good agreement with most of 
the experimental results. The Bouaziz model was found 
to outperform the other three models, especially for the 
large-strain parts of the curves. This is reflected in the 
R2 values for the fits being the highest for the Bouaziz 
model in most of the cases considered. This suggests 
that the evolution of the dislocation density expressed 
by this model is captured adequately by this model. A 
further forte of the model is that it contains just two 
adjustable parameters whose physical interpretation is 
straightforward.

In addition, uniaxial tensile tests were simulated by FEM 
using the four constitutive models. To obtain the load-dis-
placement curves corresponding to each constitutive model, 
the elongated gauge length of the specimen was used to esti-
mate the displacement, and the corresponding load values 
were obtained by applying a different thickness of the uni-
axial tensile specimen (Table 1) for each material, as shown 
in Fig. 2. The results presented in Fig. 4 demonstrate that 
for materials exhibiting higher strain hardening, especially 
AISI 316 L and TWIP steel, the simulations agree well with 
the experimental data. Again, the Bouaziz model is seen to 

outperform the other three models considered. In particular, 
it represents the deformation behavior of DP980 at small 
strains better than the Swift and Voce models. We also note 
that the Voce model (and also the Kocks-Mecking one) fol-
low from the Bouaziz model directly in the low strain part 
of the curve. These two models run into problems at large 
strains, whereas the Bouaziz model also accounts for the 
large strain part of the curve as well.

Conclusion

In this work, the models by Hollomon, Swift, Voce, and 
Bouaziz were compared with regard to their descriptive 
capability. These models are in the same ‘league’, as all of 
them involve just two adjustable parameters. In this ‘con-
test of models’, the strain hardening behavior they predict 
was compared with the experimental data for six metallic 
materials under uniaxial tensile deformation. The Bouaziz 
model was found to be in better general agreement with the 
strain hardening data. The ‘runner-up’, the Voce model, 
was almost on par with it in the description of the overall 
strain hardening behavior, but was outperformed by the 
Bouaziz model in the large-strain part of the deformation 
curves. The Bouaziz model can thus be seen as an apt 
extension of the classical Kocks-Mecking model for the 
strain range beyond the stage III hardening for which the 
latter has been developed. The fact that the model works 
so well for materials of different kinds and with a great 
diversity in chemical and phase composition demonstrates 
its surprising universality. With just two adjustable param-
eters, the model is very robust and user-friendly. Thus, this 
simple constitutive model should be applicable in simulat-
ing the mechanical behavior of a broad range of materials.
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