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Abstract. The dynamic constitutive model of Ti/Ni shape memory alloy based on irreversible 

thermodynamics theory was established by introducing two internal variab les to characterize 

phase transformation and plastic deformat ion process. The evolution laws of phase 

transformation and plastic deformation were deduced respectively by assuming two 

generalized force associated with the corresponding internal variables .Lat in Hypercube 

Sampling method is applied to  sample among the whole parameter space for constitutive 

parameter of Ti/Ni alloy dynamic constitutive model based on irreversible thermodynamics 

theory, and Spearman rank correlat ion analysis of non-parameter statistics method is 

employed to conduct correlation analysis for random-input sample set of constitutive 

parameter and the output set of its corresponding objective function. A model is built  to solve 

parameter sensitivity based on Spearman rank correlat ion coefficient, in order to achieve 

overall analysis of parameter sensitivity. According to results, numerical results, obtained 

with this method, are well consistent with experimental data. Furthermore, the optimal 

solution to the dynamic constitutive parameters can be realized with high efficiency, accuracy 

and reliability v ia the research method on parameter sensitivity analysis and identification put 

forward in this paper.  

1. Introduction 
Ti/Ni alloy is not only widely used in Aviation & Aerospace, Mechanics, Electronics, Energy, and 
Medical field [1-2], but also the Ti/Ni alloy high strain dynamic responding behavior is closely 
related to a great many of applications [3]. Meanwhile, the unique Shape Memory Effect and 
excellent Super-elasticity of the Ti/Ni alloy draws wide attention to researchers at home and abroad, 
and it is currently one of the Shape Memory Alloys that studied and applied most [4]. The Super 
elasticity of Ti/Ni alloy refers to the phenomenon that the strain, which produced under effect of 
external force, is far greater than its elastic limit, but self recovers when unloaded. The Shape 
Memory Effect refers to the phenomenon when material going through plastic deform, and being 
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heated until certain temperature level is reached, it could restore the shape before deform [5]. zone, 
such that the fundamental frame of Super elasticity constitutive relations of Memory Alloy is built. 

In order to study and apply the super elasticity and Shape Memory Effect of Ti/Ni alloy, a 
reasonable description of Ti/Ni alloy constitutive relation model is indeed necessary. Earlier 
phenomenological theory model proposed by Tanaka [6] is limited to one-dimension only. Liang C [7] 
expand its one-dimension constitutive model to three dimension. But neither of the above two model 
take the effect of temperature onMartensitic transformation into consideration, so the Martensitic 
reverse transformation cannot be described. Later in the model raised by Brinson[8], Martensitic 
transformation was divided into two parts, temperature induced transformation and stress induced 
transformation, therefore, Martensitic transformation dynamics equation has two evolution equation, 
positive and negative, under different temperature zone, such that the fundamental frame of Super 
elasticity constitutive relations of Memory Alloy is built. 

Based on irreversible thermodynamics, a macro-phenomenological constitutive model is 
developed to describe the dynamic response of Ti/Ni alloy by introducing two internal variables to 
characterize phase transformation and plastic deformation evolution. Then this paper adopts Latin 
Hyper-cube Sampling method to sample among the whole parameter space of material parameter in 
Ti/Ni alloy dynamic constitutive model based on irreversible thermodynamics theory, adopts 
Spearman correlation analysis in non-parameter statistic method to conduct correlation analysis on 
randomly input sample set of constitutive parameter and the output set of corresponding objective 
function, to build an equation which adopts Spearman rank correlation coefficient to get equivalent 
solution of parameter sensitivity, in order to achieve overall analysis of parameter sensitivity. Based 
on the result obtained through Spearman rank correlation analysis, generic algorithm is applied to 
identify material parameter of Ti/Ni alloy dynamic constitutive model. 

2. Ti/Ni alloy constitutive parameter identification model and constitutive parameter sensitivity 
analysis and generic algorithm procedure 
Based on irreversible thermodynamics theory, Ti/Ni alloy dynamic constitutive model is defined[9], 
which contains eighteen parameters waiting to be identified. Based on its property, the model can be 
divided into four phases and optimize: Austenite elastic phase, transformation phase, Martensite 
elastic phase and plastic flow phase. Use the four vector below to represent the to-be-identified 
parameter of dynamic constitutive model in the four phases: 

Austenite elastic phase: 

                                [ ]
A

T

A EX =                                   (1) 

Transformation phase: 

                          1 1 1 2 0 1 2 0[ , , , , , , , ]tr tr T

TR s fX z n k k c cs s=                        (2) 

Martensite elastic phase: 

                               
[ ]

M

T

M EX =
                                 

  (3) 

Plastic flow phase: 

                       2 2 3 4 0 3 1[ , , , , , , , ]p T

P yX z n k k c m Rs=                            (4) 

The purpose of Ti/Ni alloy constitutive parameter identification is to find out the optimal value of 
*X  in four phases, to achieve the minimum result of the equation of (5) of each phase. 
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Since Ti/Ni alloy constitutive model is non-linear, and subject to the mutual effect of numerous 
parameters, the correlation analysis among random variables is conducted using non-parameter 
statistic method, using Spearman rank correlation coefficient to measure the correlation among 
random variables. Before conducting overall analysis on parameter sensitivity, it is necessary to 
apply Latin Hypercube Sampling method (LHS) [10] to sample in the whole range of Ti/Ni alloy 

constitutive parameters. And sensitivity degree 
ir  of parameter 

ix , which can be expressed as 

below: 
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Generic algorithm is an algorithm which mimics natural biological evolution mechanism. 
Through encoding initial group, operate based on their adaptability to environment, and achieve 
survival of the fittest evolutionary process. Generic algorithm is composed of three basic generic 
operators: Selection, Crossover, and Mutation. 

3. Ti/Ni alloy constitutive parameter identification 
This paper uses Split Hopkinson Pressure Bar (SHPB) device in dynamic mechanics laboratory of 
SiChuan University, to test dynamic compressive performance of Ti/Ni alloy. 

3.1. Solution of Ti/Ni alloy dynamic constitutive parameter sensitivity 
Ti/Ni alloy dynamic constitutive parameter and the LHS range of each parameter are shown as Table 
1. 20 times of unit sampling is conducted within the range of each parameter. Based on the Spearman 
Rank definition method from previous section, the rank value of Ti/Ni alloy dynamic constitutive 
parameter can be obtained, as shown in Table 2. According to equation (6), Spearman correlation 
coefficient of Ti/Ni alloy dynamic constitutive parameter can be calculated, as shown in Table 3. 

From the calculated result, it can be confirmed that the sensitivity degree value of 1z
 2z  1n

 2n
 

1c
 2c

 3c
 0

tr

s
 0

tr

f
 0

p

y
 1

R
 M

E
 A

E  is fairly large, which means the effect of parameter on 

output value is fairly large, and whose value should be focused on while identifying Ti/Ni alloy 

dynamic constitutive parameter. However, sensitivity value of 1k , 2k , 3k , 4k  is rather small, 

which means these parameter has less effect on output value during calculation, and be considered as 
sub-influencing factor of Ti/Ni alloy dynamic constitutive. 

Based on Spearman rank correlation analysis theory, to make sure the accuracy of generic 
algorithm, it is necessary to adjust the range and sampling times of each parameter, in order to make 
sensitivity degree value of each parameter close to each other and all less than 0.2. 

 
Table 1. Dynamic constitutive parameters of Ti/Ni alloy. 
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Table 2. Rank of Latin hypercube sampling data. 
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Table 3. Dynamic constitutive parameter sensitivity of Ti/ Ni alloy. 
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3.2. Generic algorithm optimization of Ti/Ni Alloy dynamic constitutive parameter  
Based on irreversible thermodynamics theory, Ti/Ni alloy dynamics constitutive model can be 
created. During identification of constitutive parameter using generic algorithm, this constitutive 
model can be divided into four phases: parent elastic phase, transformation phase, Marstensite elastic 
phase and plastic flow phase, build objective function on 4 phases respectively. Table 4. is the range 
of parameters in generic algorithm. Next, based on the range of all above mentioned parameter, use 
generic algorithm to conduct identification and solving for each parameters. During solving, set 
crossover rate as 0.5, mutation rate as 0.09, number of generation as 500, binary digit for each 
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variable is 9.Finally Ti/Ni alloy dynamic constitutive parameter can be obtained, as shown in Table 5. 
Substitute the optimal solution of above mentioned parameters into Ti/Ni alloy dynamic 

constitutive correlation, based on the characteristics of master equation of Ti/Ni alloy constitutive 
correlation, semi-implicit stress integration method is applied, which is to solve non-elastic strain 
increment amount using semi-implicit iteration method, and update explicit equation at next 
incremental step to get point (ε, σ). On this basis, the incremental format describing phase 
deformation plasticity process of the Ti/Ni alloy is derived. In addition, nonlinear iterative algorithms 
is raised and the calculation program composed in Fortran language to constructively demonstrate the 
impact process under different strain rates. Refer to Figure 1 for details. 

 
Table 4. Parameter range. 
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Table 5. Optimal solution of dynamic constitutive parameters of Ti/Ni alloy. 
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Based on optimal solution of Ti/Ni alloy dynamic constitutive parameter in Table 5. stress-strain 

numerical simulation result of Ti/Ni alloy under strain rate of 500s-1 , 1300s-1, 1500s-1, 2100s-1, 
3000s-1 can be obtained, and comparison with experimental result is shown as Figure 1. From the 
calculated result, numerical result of Ti/Ni alloy dynamic constitutive model matches nicely with 
experimental value. Under these five strain rate, Ti /Ni alloy dynamic constitutive curve during the 
whole simulation process shows 4 phases: Austenite elastic phase, transformation phase, Martensitic 
elastic phase, plastic flow phase, indicates the sensitivity of Ti /Ni alloy dynamic constitutive 
coefficient can be achieved using Spearman rank correlation analysis, and Ti /Ni alloy dynamic 
constitutive parameter identification can be achieved using generic algorithm. The simulation results 
are higher than experimental data after dislocation plastic deformation occurs and the deviations 
increase obviously with the increasing strain rate. This phenomenon might result in the following 
reasons proposed by Zeng et al[9]. The plastic deformation of materials under a high strain rates is 
regarded as an adiabatic process so that the heat produced by plastic work cannot dissipate in time. 
And its dynamic stress-strain response is an essentially coupled result of strain-rate strengthening, 
strain hardening and adiabatic softening effects. The temperature in material rises will cause the 
decrease in the initial yield stress, which is the so-called adiabatic softening effect. 

At the same time, overall analysis of parameter sensitivity and generic algorithm in this paper has 
important reference meaning to the identification of other engineering materials. 
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Figure 1. Stress and strain curves for Ti/Ni alloy at different strain rate. 

4. Conclusions 
Applied Super-Latin Cube Sampling method to sample among the whole parameter space, and used 
Spearman rank correlation analysis in non-parameter statistic method to conduct correlation analysis 
on random input sample set of constitutive parameter and its corresponding objective function output, 
hence achieved overall analysis of parameter sensitivity. Based on Spearman rank correlation 
coefficient, it reflected the impact extent of Spearman correlation coefficient on objective function of 
Ti/Ni alloy dynamic constitutive parameter, and then confirmed the primary-secondary relation 
among each parameter, and provided an effective method for multi-factor systematic analysis. This 
method overcomed shortcomings of single-factor analysis, so it is a more practical 
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method.Sensitivity value of Ti/Ni alloy dynamic constitutive parameter, obtained through Spearman 
rank correlation analysis, defined the range of constitutive parameter. Generic algorithm was used to 
identify Ti/Ni alloy dynamic constitutive parameter, making the workload of identifying constitutive 
model parameter much less heavy, and locating the optimal solution in a fast, accurate and reliable 
manner. 
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