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Abstract. The article introduces some main constitutive models of pure aluminum with regard to 
mechanical response, dynamic recovery and recrystallization during the process of severe plastic 
deformation. Two kinds of constitutive models will be introduced in this paper, because there are few 
models considering two aspects simultaneously, that is, material deformation dynamics and 
microstructure evolution. In the case of deformation dynamics, the JC model, the ZA model, the 
power exponent function model will be introduced in detail; in view of microstructure evolution, the 
M. Zhou explicit dynamic constitutive model, a model considering dynamic recrystallization will be 
introduced in detail. At last, this paper will present the BCJ constitutive model specially, which has 
superiority at macro level and micro level, and has been widely used abroad. An analysis of the 
characteristics of these models, and scope of application of each model, comparison between each 
model as well as the common problems of these models will be summarized. Furthermore, the article 
will exhibit some characteristics of pure aluminum and the reasons for selecting the BCJ constitutive 
model to describe the deformation mechanisms of pure aluminum during single point diamond 
cutting.  

 Introduction 
Pure aluminum exhibits the characteristics of high plasticity and low hardness. It’s easily subjected to 
intense deformation during single point diamond cutting. It belongs to high-fault-energy FCC metal. 
It tends to occur easily cross slip or climb during deformation, followed by dynamic recovery [1]. 
Moreover, when the deformation parameters are adjusted appropriately, its plastic deformation 
capacity can be greatly increased, followed by dynamic recrystallization [2]. Therefore, it’s important 
to establish a dynamic constitutive relation which can reflect the dynamic recovery and 
recrystallization of pure aluminum during the deformation. This work will be of great significance for 
the mechanism study of material deformation and prediction of material deformation trends. 

At present, the constitutive model, describing the material flow stress, can be roughly divided into 
two categories. One kind of models are using mathematical methods or are based on physics in a 
certain extent. They are called empirical or semi-empirical models, e.g. the Johnson-Cook model, the 
power exponent function model and the Zerilli-Armstrong model. This kind of models are simple in 
form and have been widely applied. Another kind of models are physics-based, which consider the 
microstructure evolution, such as the M. Zhou explicit dynamic constitutive model, the model 
considering the dynamic recrystallization and the BCJ model etc. This kind of models involve some 
information such as dislocation proliferation or annihilation, static or dynamic recovery and 
recrystallization in the deformation process, which is helpful to study the deformation mechanisms 
for the materials.  

The factors considered in constitutive models  
Constitutive equation is a mechanical response rule, reflecting the mathematical relationship between 
flow stress and other factors during deformation process. The factors, influencing the rheological 
stress, are strain, strain rate, temperature and other load conditions. They belong to the external causes; 
Other factors (e.g. material composition, grain size, deformation activation energy and the 
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microstructure of material) belong to the internal causes. The two kinds of factors influence the 
magnitude and change trends of flow stress by strain hardening and temperature softening, static or 
dynamic recovery as well as static or dynamic recrystallization[3]. Now, however, there are few 
constitutive models can fully include the influences of the external causes and internal causes, except 
several physics-based models, e.g. the BCJ model. The article will present representative constitutive 
models from literatures at home and abroad, used for pure aluminum or aluminum alloy. 

Representative constitutive models  

    Zerilli-Armstrong constitutive model 
 For BCC metal: 
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where, the units of C0, C1, C2 and C5 are MPa ; for C3, C4, the units are K-1; n denotes a material 

constant; T denotes absolute temperature ,whose unit is K[4]. As can be seen from the formula (1) and 
(2), for BCC metal, the dependence of the flow stress on the strain is not affected by the changes of 
temperature and strain rate, however the influence mechanism of the FCC materials is opposite.  

Zerilli-Armstrong (Z-A) constitutive model is a semi-empirical constitutive model based on the 
dislocation, which can be used to describe armco iron, copper and aluminum in elastic-plastic 
deformation. It is fit for a wide range of temperature and strain rate, and has two forms to adapt to 
metals with different lattice structures [5-7]. But the Z-A model is lacking in the mechanism 
reflecting static or dynamic response, loading paths, and the effect of strain rate history.  Furthermore, 
it’s unable to capture the adiabatic effect [8-10]. 

    Johnson-Cook constitutive equation 
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where, T , roomT , meltT  are deformation temperature, room temperature and material melting point 
temperature respectively; A is the material yield stress (unit:  MPa ); B is the strain hardening constant 
(unit: MPa); C, n, m are the coefficients on material properties [11, 12]. 

The Johnson-Cook (J-C) constitutive equation is simple, used widely to represent the constitutive 
relation of steel, aluminum and their alloys. It’s applicable to describe the stress-strain relation of 
ferrous and non-ferrous metals under large strain rate [6]. But it is unable to reveal the physical basis 
of deformation. In addition, the effects of the strain, strain rate and temperature on stress are mutually 
coupled, the equation also lacks description of elastic deformation  [5-7]. Furthermore, the 
relationship between stress and the logarithm of strain rate, which is seen as a linear relationship, is 
wrong in many cases [13]. 

    Power-exponent function model 
-bTmeεA=σ & .                                                                        (4) 

where, A, m, b are material constants; T is the absolute temperature [14]. This model is applicable 
to describe rheological properties of high plastic material, such as pure aluminum. But it cannot 
consider the relationship between stress and strain, and the sensitivity of the high temperature is not 
very well. Some scholars, based on MARC platform[15], have carried out the secondary development, 
considering all materials as perfecting solid or fluid, as a result, the model gets subsection correction 
according to the temperature. But it still cannot make up for the effect of strain on the stress and 
cannot capture the adiabatic effect. 
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    M. Zhou explicit dynamic recover model  
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where, 1f  describes the strain-hardening area of the flow stress curve; 2f  describes the situation 
under the large deformation condition, that is, the flow stress will tend to be stable. And 2f  can be 
expressed by the hyperbolic function. For 1f , there are two conditions, as shown in equation (7). sε  
is saturated strain. In the strain-hardening stage, 1f  can be represented as equation (9). b and n are 
related to Z, which is temperature compensation strain rate[16]. 

The model contains the strain hardening effect, strain rate hardening effect and temperature 
softening effect. Introducing the deformation activation energy, it can capture the dynamic response 
process, and can explain the reasons of  stress softening, that is, recovery and temperature. This 
model is simple, easy to use. But the model is not fit for simulate tension and compression 
experiment data[16]. 

    Recrystallization model 
There are a lot of models to simulate the static and dynamic recrystallization. Based on physical 
mechanism, DRX model can predict the evolution of the macroscopic stress and grain size, with the 
help of the auxiliary of multiphase plasticity and grain growth models, it can also describe 
quantitatively typical characteristics of dynamic recrystallization, such as unimodal form turning to 
multimodal form; steady-state convergence of stress and grain size; the energy relationship between 
stress and grain size, etc. But this model cannot predict stress softening phenomenon under high strain 
rate, cannot contain the influence of solid solution and the precipitated phases. Using the data of pure 
copper, which has a lot of commonness with pure aluminum, to find that the fitting curve can reflect 
the natural development process converging to a steady state of stress and strain, but the curve 
coincidence degree is not high[17]. S.P. CHEN et al.[18] proposed a recrystallization-kinetics model 
based on physics. The model takes the effect on recrystallization kinetics into account. The simulation 
of single-phase alloy AA1050 shows that nucleation density is closely related to the local strain and 
stress, however, the dependence of the annealing temperature is weak. 

A lot of models, focusing on the simulation of the recrystallization behavior, involve basically the 
grain nucleation model, the growth model, and reflect material microstructure change, but the 
description of the macro flow stress is not specific, even lacking. 

Conclusions on representative constitutive models 
In fact, a variety of deformation mechanisms often coupled during the deformation process, the 
individual description for a deformation mechanism of one kind of constitutive models can't be 
suitable for complex rheological behaviors, making the application of the constitutive equation 
limited. 

This paper will detail another constitutive model -- BCJ model, which is not widely used at home, 
but it have got many researches abroad. The applicability of model is wide. It can be adapted to high 
temperature, large strain and strain rate of deformation, and can also capture the deformation 
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mechanisms of low temperature and low strain rate. At the same time, it is able to consider the macro 
and micro aspects. The BCJ model is good at simulating the rheological stress during the process of 
metal cutting and has great advantage on other types of material and other deformation processes. 

BCJ constitutive model  
The Bammann-Chiesa-Johnson constitutive model(BCJ model) proposed  in 1984[19], is one of the 
few models considering the yield surface theory. This model is a unification of macro and micro 
constitutive model. After years of research and development, its theoretical maturity and application 
range have been improved greatly. In application, its simulation objects are from metal materials to 
the ceramic materials, and even geological materials (such as Bammann et al. (1995), Harley, E.J and 
Bammann (1999), Regueiro and Bammann (2002), Chuzhoy, et al. (2003), Solanki et al. (2007), 
Tucker et al. (2010), Solanki et al. (2010 a), Salehghaffari, S et al. (2011), Salehghaffari, S et al. 
(2012), Koffi Enakoutsa et al. (2012)). Because there are too many model parameters needing to be 
determined  (up to 18 constants), the studies on fitting parameters of the BCJ model have been 
promoted (such as Guo, et al. (2005), M.F. Horstemeyer, (2009), Salehghaffari, S et al. (2011), 
Salehghaffari(2012), Guosheng Wang (2011), Tan Yang(2015)  etc.).BCJ constitutive equations are 
as follows: 
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The above equations are based on the theory of the basic law of thermodynamics. The strain of any 
point in material can be regarded as the sum of elastic strain and inelastic strain. Material mechanics 
performances are decided by the isotropic hardening variable R and kinematic hardening state 
variable α, and these two variables are considered as completely independent. Formula (10) , (11), (12) 
and (13) denote the linear elastic constitutive relation, flow rule, the evolution of kinematic hardening 
internal variable and the evolution of the isotropic hardening variable respectively , equation (12) and 
(13) are based on the evolution of the dislocation dynamics. 

The BCJ model can not only describe the dynamic mechanical behavior under isothermal 
conditions, but also describe the material deformation considering the condition of adiabatic 
temperature rise. There are 9 scalar equations covering yield, recovery and hardening as seen in table 
1 [10, 20]. 

Table 1． 9 scalar equations 

T)C1exp(-C2/=V(T)  T)C7exp(-C8/=(T)rd  4/T)C13exp(-C1=(T)R d  

)C3exp(C4/T=Y(T)  T)C9exp(C10/h(T) =  /T)C15exp(C16H(T) =  

T)C5exp(-C6/=f(T)  2/T)C11exp(-C1=(T)rs  8/T)C17exp(-C1=(T)R s  

where, V(T) , Y(T)  and ( )Tf  are temperature-dependence parameters of the Arrhenius type, 
associated with creep and the plasticity. Y(T) denotes the rate-independent yield stress, 
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( )Tf determines when the rate dependence affects initial yielding, V(T)  determines the magnitude of 
rate dependence on yielding. H(T) and ( )Th  are the hardening moduli, (T)dr and (T)R d  describe the 
dynamic response, (T)sr  and (T)R s  capture the static recovery and heat recovery. Ci (i=1~18) is a 
material constant, which contains uncertainty reflecting indirectly the material microstructure 
changes. All 9 parameters are temperature-dependent, can capture the temperature history effect, and 
can also be used as the contact between material microstructure changes and the macroscopic 
mechanics. 

The BCJ model covers both the macroscopic stress and microstructure, including dynamic 
mechanical response, static recovery, dynamic recovery and dynamic recrystallization. It can also 
capture the adiabatic temperature rise effect. The model retains the yield surface theory of the 
classical strength theory, whose fitting range is not limited to experimental data. In addition, BCJ 
model is suitable for low temperature and low strain rate deformation conditions, and can also be 
applied to high temperature and high strain rate deformation conditions. In summary, the BCJ model 
is fit for capturing and predicting intense deformationa at blade, the adiabatic temperature rise, the 
dynamic recovery and recrystallization during the cutting process of pure aluminum. Furthermore, it 
can also describe the influence of the Baushinger effect [21] on the dynamic mechanical properties of 
pure aluminum. 

Conclusions 
In this paper, the constitutive models applied to simulate pure aluminum or aluminum alloy are 
classified. After comparing the representative empirical, semi-empirical and physical models, the 
BCJ constitutive model is proposed, which is much more suitable for simulation of pure aluminum 
during single point diamond turning process. In summary, taking the characteristics and 
disadvantages of the above models, the processing technologies, the finite element simulation 
softwares and the development of large numerical calculation softwares into consideration, the future 
constitutive models will gradually tend to be more comprehensive, more functional and unified. The 
BCJ model responds to this trend exactly, and it undoubtedly has great prospects for the development 
of constitutive models. However, the parameter recognition method of the model is not sufficiently 
developed, and requires further exploration and adjustment. 
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