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Li Hu
1,2
, Shuyong Jiang

1,*, Yanqiu Zhang
1
, and Dong Sun

2

1
College of Mechanical and Electrical Engineering, Harbin Engineering University, Harbin 150001, China

2
College of Materials Science and Chemical Engineering, Harbin Engineering University, Harbin 150001, China

(received date: 11 February 2017 / accepted date: 28 March 2017)

Crystal plasticity finite element method based on a representative volume element model, which includes the effect
of grain shape and size, is combined with electron backscattered diffraction experiment in order to investigate plas-
tic deformation of NiTi shape memory alloy during uniaxial compression at 400 °C. Simulation results indicate
that the constructed representation of the polycrystal microstructure is able to effectively simulate macroscopi-
cally global stress-strain response and microscopically inhomogeneous microstructure evolution in the case of
various loading directions. According to slip activity and Schmid factor in {110}<100>, {010}<100> and
{110}<111> slip modes, <100> slip modes are found to play a dominant role in plastic deformation, while <111>
slip mode is found to be a secondary slip mode. In addition, the simulation results are supported well by the exper-
imental ones. With the progression of plastic deformation, the (001) [010] texture component gradually disap-
pears, while the γ-fiber (<111>) texture is increasingly enhanced.
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1. INTRODUCTION

NiTi shape memory alloy is widely used in the engineering

field because of its shape memory effect. In general, shape

memory effect of NiTi shape memory alloy is attributed to

phase transformation from B2 austenite to B19' martensite on

cooling as well as phase transformation from B19' martensite

to B2 austenite on heating [1]. As we know, plastic deforma-

tion plays an important role in manufacturing NiTi shape

memory alloy products, such as NiTi wire, bar, tube, strip and

sheet [2-4]. It is generally accepted that plastic deformation

has a significant influence on the microstructures of NiTi shape

memory alloy, such as grain size, grain morphology, grain

orientation, substructure and so on, which affect further shape

memory effect and mechanical properties of NiTi shape mem-

ory alloy [5,6]. In particular, depending on temperatures, NiTi

shape memory alloy belongs to either B2 austenite or B19'

martensite. This means that plastic deformation mechanism

of NiTi shape memory alloy is very complicated. It has been

reported that in the case of various temperatures, NiTi shape

memory alloy exhibits multiple plastic deformation mechanisms,

such as stress-induced martensite phase transformation, disloca-

tion slip, deformation twinning, grain boundary slide, grain rota-

tion, dislocation climb and grain boundary migration [1,7].

Therefore, it is of great importance to perform an in-depth

investigation into plastic deformation mechanisms of NiTi shape

memory alloy for the purpose for controlling its microstructures.

However, it is well known that experimental methods pos-

sess a certain limitation in terms of revealing plastic deforma-

tion mechanisms of metallic alloy, so numerical method, such

as finite element method (FEM), becomes a perfect candidate

for clarifying plastic deformation law of metallic alloy [8,9].

However, FEM based on macroscopic phenomenological

constitutive theory is unable to meet the requirement for cap-

turing the microstructural evolution of polycrystalline metal-

lic alloy subjected to plastic deformation. As a consequence,

crystal plasticity finite element method (CPFEM), which is

based on the constitutive model for dislocation slip or defor-

mation twinning, becomes a superior candidate for investigat-

ing plastic deformation of polycrystalline metallic alloy in

terms of multi-scale methods, including macroscale, meso-

scale, and microscale [10-12]. Though CPFEM has been used

to investigate the superelastic deformation and transforma-

tion-induced plasticity of NiTi shape memory alloy [13-15],

few literatures have reported that CPFEM is used for investi-

gating mechanical response, microstructural evolution, texture

evolution and inhomogeneous deformation of NiTi shape

memory alloy subjected to large plastic strain.

In the present study, plastic deformation of NiTi shape mem-

ory alloy during uniaxial compression along the various load-

ing directions at 400 °C is investigated by combining CPFEM
*Corresponding author: jiangshy@sina.com
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with electron backscattered diffraction (EBSD) experiment.

In addition, the representative volume element (RVE) model

and constitutive model based on dislocation slip are used in

the CPFEM.

2. EXPERIMENTAL PROCEDURE

The NiTi shape memory alloy samples with the diameter of

4 mm and the height of 6 mm were prepared from the as-

received NiTi shape memory alloy bar with a nominal com-

position of Ni50.9Ti49.1(at%) by means of electro-discharge

machining (EDM). In addition, the as-received NiTi shape

memory alloy bar was prepared by virtue of vacuum induction

melting method and subsequent rolling at 800 °C. The trans-

formation temperatures of the as-received NiTi shape memory

alloy sample are as follows: Ms = −27.2 °C, Mf = −41.7 °C,

As = −17.3 °C and Af = −4.1 °C. The NiTi shape memory alloy

samples were used for uniaxial compression test at the various

deformation degrees at the temperature of 400 °C and then

were quenched into water at room temperature in order to keep

the deformed microstructure. The compressive deformation

degrees were determined as 20%, 30%, and 40%, respectively.

The compression tests were carried out on INSTRON-5500R

universal testing machine at the strain rate of 0.001 s
-1
. To

acquire the evolution of microstructure and texture of NiTi

shape memory alloy samples, scanning electron microscope

(SEM) experiment and electron backscattered diffraction (EBSD)

experiments were conducted on the as-received specimen and

these deformed specimens using a Zeiss Supra 55 SEM cou-

pled with OXFORD EBSD instrument. Due to the relatively

large scanning area, the scan step in EBSD experiment was

chosen to be 2 μm in comprehensive consideration of scan-

ning time and scanning resolution. Figure 1 shows the initial

microstructure via SEM and EBSD experiments. It is obvious

that the initial microstructure is composed of equiaxed grains

and the average grain size is finally determined to be about

25 μm.

3. CRYSTAL PLASTICITY FINITE ELEMENT 

MODEL

3.1. Crystal plasticity constitutive model

In our previous work, deformation twinning was not observed

in the Ni50.9Ti49.1 (at%) shape memory alloy sample subjected

to compression deformation at 400 °C [7]. Furthermore, it can

be generally accepted that 400 °C is higher than the tempera-

ture of Md, above which stress-induced martensite phase

transformation does not take place. Therefore, in the present

study, dislocation slip instead of deformation twinning plays

a dominant role in plastic deformation of NiTi shape memory

alloy at 400 °C. As a consequence, {110}<100>, {010}<100>

and {110}<111> slip modes are introduced into crystal plas-

ticity constitutive model of NiTi shape memory alloy in order

to accommodate all the strains for generalized polycrystalline

plasticity [1].

In the framework of crystal plasticity [16], the total defor-

mation gradient is decomposed into the elastic and plastic

components through a multiplicative decomposition:

F = F*F
P

(1)

where F
P
 stands for the crystalline slip on specific slip plane

and along specific slip direction and F* represents the elastic

stretching and rigid-body rotation, respectively. 

The velocity gradient L can be expressed as:

(2)

where L
P

=  stands for the plastic velocity gradient in

intermediate configuration. From the kinematics of disloca-

tion, this term is related to the slipping rate  of α slip sys-

tem by the following equation:

(3)

where m0
α

and n0
α

are the unit vectors which stand for the slip
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Fig. 1. Initial microstructure of as-received polycrystalline NiTi shape memory alloy; (a) SEM image and (b) EBSD scan area in rolling-normal
(RD-ND) plane.
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direction and the normal to the slip plane in the intermediate

configuration, respectively, and  stands for the dyadic prod-

uct of two vectors. It is convenient to translate vectors m0
α

 and

n0
α

 in intermediate configuration into corresponding vectors

m
α

 and n
α
 in current configuration according to the following

equation.

 
(4)

Furthermore, the velocity gradient L can be additive decom-

position as the sum of a symmetric deformation tensor

 and an anti-symmetric rotation tensor ,

namely

(5)

where D and Ω can be further decomposed into elastic part

(D*, Ω*) and plastic part (D
p
, Ω

p
), respectively.

In the framework of rate-dependent single crystal plas-

ticity, the elastic constitutive equation is specified by [17]: 

(6)

where I is the second order identity tensor, L is the tensor of

elastic moduli having the full set of symmetries Lijkl = Ljikl =

Lijlk = Lklik. The Jaumann rate  is the corotational stress rate

on the axes that rotate with the crystal lattice, and it is related

to the corotational stress rate on the axes that rotate with the

material  by the following equation.

(7)

where .

Based on the Schmid law, the slipping shear rate  on

individual slip systems can be determined by a simple rate-

dependent power law relation [18].

= (8)

where, n stands for the rate dependency and if the material is

highly rate-dependent, a typical value of 10 can be used, and if

the material is rate independent, a large value can be chosen

up to 50 [19]. In the present study, the value of n is chosen to

be 20, which indicates that NiTi shape memory alloy pos-

sesses a certain rate-dependency at medium to high tempera-

tures as reported in reference [20].  is a reference shear

strain rate and it is chosen to be 0.001s
-1
 in consideration of

quasi-static loading rate. τ
α
 and g

α
 are the resolved shear stress

on the slip system α and the slip resistance of this system,

respectively. Furthermore, the increase rate of g
α
 is given as

follows.

(9)

where hαβ is the slip hardening modulus, and the sum opera-

tion is performed over all activated slip systems. hαα is known

as self-hardening modulus and it is derived from the harden-

ing of slip system itself. In addition, hαβ (α ≠ β) is called

latent-hardening modulus which indicates that the hardening

is caused by another slip system. 

A simple form is used for hardening model [21].

(10)

where h0 is the initial hardening modulus, τ0 is the initial yield

stress, τs is the saturation stress, γ is the total shear strain in all

slip systems, and q is the ratio of latent hardening to self hard-

ening behavior of crystalline and q = 1.4 is used in the present

study [1]. The numerical implementation of the aforemen-

tioned crystallographic formulations is specifically explained

in the reference [22] and the code of crystal plasticity model,

based on the work of Huang [17], is embedded as a user-supplied

subroutine UMAT in the finite element software ABAQUS,

where the implicit integration algorithm is adopted.

3.2. Establishment of polycrystalline aggregate model

The effective properties of crystal plasticity for polycrystal-

line NiTi shape memory alloy are determined by means of the

finite element simulation of representative volume element

(RVE) model which reflects the characteristics of microstruc-

ture. At present, there are mainly two different types of RVE

models [23]. One kind of RVE model, where only one element

stands for one grain, deals with a simple computation model

and thus corresponds to a voxel approach. The other RVE

model, where each crystal is discretized with many cubic finite

elements, represents a relatively sophisticated computation

model and thus corresponds to a realistic polycrystalline

microstructure. Though these voxel RVE models are based

on rather simplified geometrical representations, they can pro-

vide very good results, which are in good agreement with texture

measurement and mechanical properties with high accuracy

and computational efficiency [24]. When one is interested in

understanding the inter-granular and intra-granular behavior

in microscale, these realistic RVE models with refined mesh

are used because the accurate representation of grain shape

and especially grain boundary surface is important in captur-

ing the heterogeneous deformation in polycrystal [25,26]. In

the present study, those two kinds of different representation

of microstructure are used, as shown in Fig. 2. A voxel model

with 1000 grains is made up by a regular mesh of 10×10×10

cubic finite elements. This model is used in the course of

parameter determination because of low computational cost

and high accuracy in predicting the stress-strain response and

the texture evolution of metal materials [27]. The boundary

conditions applied in the course of parameter determination
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are realized by means of periodic boundary conditions (PBCs)

in x, y and z directions of the voxel RVE model which would

be compressed in x direction at the strain rate of 0.001 s
-1
. A

realistic RVE model containing 216 grains is depicted in Fig.

2(b) and it is constructed by means of a free open source soft-

ware package NEPER [28]. Moreover, its microstructure is

based on the SEM and EBSD experiments performed on the

as-received specimen of NiTi shape memory alloy. Figure 2(c)

shows the distribution of grain size in the constructed realistic

RVE model and the average grain size is determined to be about

25 μm, which is similar to the experimental result. Unlike the

applied PBCs in the voxel model, these boundary conditions

used in the realistic model are based on the fact that all faces

are constrained to remain planar and an uniaxial compression

deformation in x, y or z directions is applied respectively at a

total deformation degree of 40% at the strain rate of 0.001 s
-1
.

Compared to the PBCs, this boundary conditions are easy to

establish and it has been confirmed that there are no big dif-

ferences in the results of stress-strain curve and texture evo-

lution anyway [26,29]. 

In the present study, the initial orientations of individual

grains in either RVE model of the polycrystal are extracted

from the EBSD data by discretizing the orientation distribu-

tion function (ODF). Figure 3 shows a comparison between

the measured texture from the initial microstructure and the

corresponding simulated texture with 216 grains. It can be seen

that the synthetic pole figures reproduce the main features of

the experimental ones although the limited number of crys-

tals in the model (particularly for 216 grains) influences the

maximum and minimum intensities. 

3.3. Parameter calibration

The anisotropic elastic tensor for single crystal NiTi shape

memory alloy can be specified in terms of three stiffness param-

Fig. 2. RVE model of polycrystalline NiTi shape memory alloy; (a)
Voxel model with 1000 cubic finite elements in which each element
represents a single crystal, (b) Realistic RVE model containing 216
grains discretized with 21952 cubic finite elements, and (c) The sta-
tistical analysis of equivalent grain diameter in individual grains of the
realisitc RVE model.

Fig. 3. Pole figures for texture in the initial state; (a) Measured results
by means of EBSD experiment and (b) Simulated ones on the basis of
216 extracted grain orientations by discretizing ODF.
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eters, namely C11, C12 and C44. Values of these elastic parameters

are determined as C11 = 130 GPa, C12 = 98 GPa and C44 = 34 GPa

[13]. Based on the constructed voxel model with 1000 grains

as well as the correspondingly extracted orientations from ODF

measured by EBSD experiment, the material parameters used

in the single-crystal constitutive model are determined by

back-fitting the mechanical result in the voxel model to the

mechanical response in the uniaxial compression experiment.

Since Lee et al. [30] has reported that in the case of crystal

plasticity finite element simulation, the global mechanical

behavior is sensitive to the adopted material parameters, so

systematic variations of material parameters are important in

the procedure of parameter identification. In terms of varying

the parameters, a “trial-error” procedure is used in the present

study to optimize the numerical results by means of observ-

ing the difference between the numerical stress-strain curve

and the experimental one. In general, “trial-error” procedure

is time consuming, but its results with respect to parameter

identification are not as “improper” as the term might indicate

[26]. Finally, in this way, a set of best-fit constitutive param-

eters is determined and the adopted parameters are shown in

Table 1.

4. RESULTS AND DISCUSSION

4.1. Effect of loading directions on local microstructure

response

Based on the realistic RVE model containing 216 grains,

the effect of loading direction is examined by comparing the

simulation results for uniaxial compression in the in x , y and z

directions. Figure 4 shows the contour plots of the maximum

principal strain and the second Euler angle (in radians) under

the various loading directions. 

As is expected, the response of individual grain to various

loading directions depends on the crystallography of each

grain. It can be seen from Figs. 4(a), 4(c), and 4(e) that in the

case of various loading conditions, strain is heterogeneously

distributed within the polycrystalline aggregation. It seems

that strain concentration always appears near the grain bound-

aries and on the surfaces of adopted RVE model. It can be

noted that under three various loading conditions, material

parameters, initial texture and grain morphology are definitely

identical, so the divergence of strain distribution is attributed

to the difference in the rotation of grains for the purpose of

accommodating plastic deformation of individual grains. This

aspect can be confirmed by the diverse distributions of sec-

ond Euler angle in Figs. 4(b), 4(d), and 4(f). Furthermore, in

the case of uniaxial compression in different loading directions,

the local orientation varies from the grain boundary to the

grain interior, which is responsible for the texture evolution

and heterogeneous strain distribution of NiTi shape memory

alloy. It can be concluded that the loading direction has an influ-

ence on the local material response in the individual grains.

In order to correlate the simulated material response to a

variety of loading directions, the simulation results from the

realistic RVE model are now analyzed. The scale quantity of

von Mises stress, which represents the intensity of the three-

dimensional stress state, proves valuable in deriving informa-

tion from the complex three-dimensional stress state at a

material point. Figure 5 shows the spatial variation of the von

Mises stress resulting from an applied deformation degree of

40% in the x, y, and z directions, where only those areas in

which the value of von Mises stress exceeds 1000 MPa are

highlighted. As is expected, local stress state represented by

von Mises stress is found to be heterogeneous in the RVE

model. Therefore, these results have an emphasis on the effect

of applied loading directions on the local material response.

Another interesting result in Fig. 5 is that some areas with

maximum stress are found to be located on the free surfaces.

This is probably caused by the constraints of the adopted

boundary conditions. Finally, it can be noted from Fig. 5 that

even in the case of a simple uniaxial applied load, local stress

response is also pretty complex. As a result, CPFEM based on

a realistic RVE model is of great importance in understand-

ing the heterogeneously local stress response.

4.2.Effect of loading directions on global mechanical response

To obtain the global response of material, homogenization

based on averaging theorem over the realistic RVE model is

adopted to make the transition from micro- to macro-vari-

ables of the RVE model. The global stress-strain curves along

the various loading axes are demonstrated in Fig. 6. It is worth

mentioning that the material parameters used in the present

study are calibrated by fitting the simulated response of voxel

RVE model with 1000 grains to the experimental data by

means of ‘trial-error’ method. By comparison with the exper-

imental results, the simulated results of finite element models

corresponding to 216 grains are able to capture the main char-

acteristics of material response. On the one hand, the simu-

lated results verify that the deformation behavior of NiTi

shape memory alloy experiences an initial elastic deforma-

tion stage and a subsequent plastic deformation stage. Moreover,

with the increase in plastic strain, NiTi shape memory alloy

exhibits a continuously and monotonously declining hardening

rate. On the other hand, the simulated material behavior shows

a relatively soft response, where the flow stress is 4.51 MPa,

Table 1. Material parameters of as-received NiTi shape memory alloy

C11 C12 C44 h0 τs τ0 q n

130 GPa 98 GPa 34 GPa 1484.0 MPa 364.5 MPa 186.5 MPa 0.001 s
-1

1.4 20

γ·0
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15.10 MPa and 13.67 MPa, respectively lower than the mea-

sured stress at the deformation degree of 40%. The difference

between the simulated results and the experimental ones should

be attributed to the fact that the realistic RVE model can

accommodate heterogeneous plastic deformation between

neighboring grains, which results in a relatively soft flow

Fig. 4. Contour plots of maximum principal strain and the second Euler angle of adopted RVE model subjected to uniaxial compression along
various loading directions; (a, b) X direction, (c, d) Y direction, and (e, f) Z direction.
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response, whereas the voxel model used for fitting material

parameters provides a harder flow response because the defor-

mation is over-constrained to maintain the compatibility between

adjacent grains [27]. In addition, the global stress-strain response

in the y and z loading directions exhibits a certain similarity,

as shown in Fig. 6. The phenomenon indicates that the RVE

model shows some manner of material symmetry in y-z plane.

4.3. Texture evolution of NiTi shape memory alloy during

uniaxial compression 

According to the aforementioned results, it can be noted

that the simulated stress-strain response is in better agreement

with the experimental one in the case of loading in x direction.

Therefore, the texture evolution of NiTi shape memory alloy

samples at the deformation degrees of 20%, 30%, and 40% is

obtained by means of EBSD experiment, and then the exper-

imental result is compared with the predicted texture obtained

from CPFEM simulation in the case of loading in x direction,

as shown in Fig. 7. These inverse pole figures are derived

from the lattice plane of which the normals are parallel to the

loading direction. It can be observed from Fig. 7 that the sim-

ulated result is in good agreement with the experimental one.

The phenomenon indicates that CPFEM based on the realis-

tic RVE model is able to accurately capture the texture evo-

lution of NiTi shape memory alloy under uniaxial compression

deformation. Furthermore, with the increase in the plastic

strain, the pole intensity of {111} gradually increases, while

the pole intensity of {110} decreases continuously. This phe-

nomenon indicates that in the case of uniaxial compression, a

crystallographic plane gradually rotates to be vertical to the

loading direction, which contributes to the formation of the

<111> fiber texture. 

To further verify the texture evolution predicted by CPFEM

based on the realistic RVE model, ODF for section of ϕ2 = 45°

in Euler space for NiTi shape memory alloy subjected to the

uniaxial compression at the various deformation degrees,

including 20%, 30%, and 40%, is illustrated in Fig. 8, and the

corresponding ODF is in contrast with the main ideal orienta-

tions. It can be generally accepted that ODF plays a signifi-

cant role in clarifying the texture components during texture

evolution. By comparison with the ideal ODF section, it can

be seen in Fig. 8(b) that when NiTi shape memory alloy sam-

ple is compressed at the deformation degree of 20%, the dom-

inant textures are composed of (001)[010] texture component

and γ-fiber (<111>) texture component, where the <111> axis

is parallel to the loading direction. With the progression of

plastic deformation, the (001)[010] texture component grad-

ually disappears, while the γ-fiber (<111>) texture is increas-

Fig. 5. Effect of loading directions on the distribution of von Mises stress in adopted RVE model at a deformation degree of 40%, where the areas
in which the resulting stress exceeds 1000 MPa are shown in color; (a) Loading in x direction, (b) Loading in y direction, and (c) Loading in z
direction.

Fig. 6. Experimental stress-strain curve under the condition of uniax-
ial compression and numerical results by performing finite element
simulations on the realistic RVE model of 216 grains subjected to uni-
axial compression in x, y and z directions, respectively.
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Fig. 7. Inverse pole figures showing comparisons between (a) measured and (b) simulated texture evolution at the deformation degrees of 20%,
30%, and 40%, respectively.

Fig. 8. ODF for section of ϕ2 = 45° determined by (a) ideal orientations and ODF for section of ϕ2 = 45° in Euler space for the realistic RVE
model of NiTi shape memory alloy subjected to the compression deformation degrees of (b) 20%, (c) 30%, and (d) 40%.



Crystal Plasticity Finite Element Simulation of NiTi Shape Memory Alloy Based on Representative Volume Element 1083

ingly enhanced. This phenomenon is consistent with the

observation in Fig. 7.

4.4. Contribution of slip activity to plastic deformation

of NiTi shape memory alloy

According to the aforementioned results, it can be noted that

CPFEM is able to effectively predict the stress-strain response

and the texture evolution of NiTi shape memory alloy during

uniaxial compression. In the present study, crystal plasticity

constitutive model is established on the basis of dislocation slip.

Therefore, it is necessary to clarify the contribution of slip

activity to plastic deformation. In order to analyze the slip

activity during plastic deformation, the methodology reported

by Knezevic et al. [31] has been adopted in the present study,

where a measurement of the relative contribution to shear per

slip mode α normalized by the total contribution of all slip

systems is given by the following expression.

Activity
α

= (21)

where Nα and Ns are the total number of slip modes and the

total number slip systems per slip mode, respectively, and 

is the shear rate on individual slip system. 

The slip activity of each slip mode is captured in the case of

uniaxial compression in x direction at the strain rate of 0.001

s
-1
, as shown in Fig. 9. It can be seen from Fig. 9 that the slip

activity of {110}<100> slip mode increases with the increase

in plastic strain, while the slip activity of {110}<111> and

{010}<100> slip modes decreases with the increase in plastic

strain. In particular, {110}<111> and {110}<100> slip modes

have similar slip activities at the initial stage of deformation,

but the difference becomes more and more apparent with the

increase of plastic strain. However, {010}<100> slip mode

possesses the relatively smaller slip activity at the initial stage

of deformation and its contribution to plastic deformation

continuously reduces with the increase of plastic strain. These

results indicate that the contribution of {110}<100> slip mode

γ·
s

1

N
s

∑

γ·
s

1

N
s

∑
1

N
α

∑
--------------

γ·
s

Fig. 9. Predicted relative slip activities of slip modes for uniaxial com-
pression of NiTi shape memory alloy along x direction.

Fig. 10. Spatial distribution of maximum Schmid factor with respect to various slip modes at the various deformation degrees; (a) {110}<100>
slip mode, (b) {110}<111> slip mode, and (c) {010}<100> slip mode.
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to plastic strain is dominant in plastic deformation of NiTi

shape memory alloy.

It is well known that Schmid factor plays a significant role

in understanding plastic deformation based on dislocation

slip. It is generally accepted that in the case of a given exter-

nal stress, the larger Schmid factor contributes more to plastic

deformation by means of dislocation slip. Therefore, to fur-

ther give an insight into the contribution of slip activity to

plastic deformation, the Schmid factor of individual slip sys-

tem with respect to the loading direction is calculated in each

integration point and consequently the spatial distribution of

the maximum Schmid factor with respect to various slip modes

is determined at the deformation degrees of 20%, 30%, and

40%, respectively, as shown in Fig. 10. It can be seen from

Fig. 10 that with the progression of plastic deformation, in the

case of all the three slip modes, the maximum Schmid factor

exhibits a heterogeneously spatial distribution. Furthermore,

in the case of the {110}<100> slip mode, the spatial distribu-

tion areas of the maximum Schmid factor increase with the

increase in plastic strain, whereas in the case of {110}<111>

and {010} <100> slip modes, the spatial distribution areas of

the maximum Schmid factor decrease with the increase in

plastic strain. In addition, statistical analysis for the spatial

distribution of the maximum Schmid factor with respect to the

various slip modes is obtained in the case of the various defor-

mation degrees, as shown in Fig. 11. It can be noted that in the

case of all the deformation degrees including 20%, 30%, and

40%, {110}<100> slip mode takes up the largest fraction

according to the number of the largest Schmid factor which it

possesses, while {010}<100> slip mode takes up the smallest

fraction according to the number of the largest Schmid factor

which it possesses. In addition, with the increase of the defor-

mation degree, the fraction of the largest Schmid factor which

{110} <111> and {010}<100> slip modes possess gradually

decreases, while the fraction of the largest Schmid factor

which {110} <100> slip mode possesses gradually increases.

These results demonstrate a similar trend with the aforemen-

tioned ones with respect to the contribution of slip activity in

the plastic deformation. Consequently, these results in terms

of Schmid factor provide an indirect support for the contribu-

tion of individual slip mode to the plastic deformation, where

{110}<100> slip mode contributes most to plastic deforma-

tion, then the {110} <111> slip mode, finally the {010}<100>

slip mode. It can be concluded that <100> slip modes play a

dominant role in plastic deformation of NiTi shape memory

alloy, whereas the <111> slip mode is a secondary slip mode.

4.5. Inhomogeneous deformation of NiTi shape memory

alloy during uniaxial compression

With the progression of plastic deformation, since there

exist differences in terms of grain orientation and grain mor-

phology within the polycrystalline NiTi shape memory alloy,

dislocation slip in the individual grains exhibits a certain dis-

crepancy, which leads to the variation of local orientation from

the grain boundary to the grain interior, as shown in Fig. 12.

The misorientation between the orientation in each individ-

ual scanning point and the mean orientation in the corre-

sponding individual grains is also illustrated in Fig. 12. It can

be found from Fig. 12 that in the case of all different deforma-

tion degrees, misorientation is heterogeneously distributed in

each scanning area. In addition, according to the statistical

analysis with respect to misorientation, it can be seen that the

misorientation less than 15° is dominant in NiTi shape memory

alloy subjected to plastic deformation. The heterogeneous

distribution of misorientation lays the foundations for under-

standing the inhomogeneous strain distribution of NiTi shape

memory alloy subjected to uniaxial compression at the grain

level.

To further characterize and verify the heterogeneity of plastic

deformation in the polycrystalline NiTi shape memory alloy,

based on the method reported by Wert et al. [32], the lattice

rotation angles are calculated and visualized by means of

CPFEM simulation. The lattice rotation angle represents the

angle by which slip system needs to rotate before deforma-

tion and after deformation. In general, the lattice rotation

angle has three components, including the angles around the

x, y and z axes, respectively. According to Figs. 13(a)-(c), it

can be seen that the rotation angles along three specific axes

are heterogeneously distributed in the microstructure, which

is responsible for heterogeneous deformation among the

grains and in the grain interior, as shown in Fig. 13(d). As a

consequence, the inhomogeneous distribution of the rotation

angle plays a significant role in the inhomogeneous deforma-

tion of polycrystalline NiTi shape memory alloy in terms of

grain scale.

Fig. 11. Statistical analysis for spatial distribution of maximum Schmid
factor with respect to various slip modes in the case of the various
deformation degrees.
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Fig. 12. Microstructure evolution and misorientation distribution of NiTi shape memory alloy subjected to uniaxial compression at the defor-
mation degrees of (a) 20%, (b) 30%, and (c) 40%, and (d) Statistical analysis of misorientation corresponding to the aforementioned deformation
degrees.

Fig. 13. Distribution of rotation angles and the corresponding strain at the deformation degree of 40% in the middle cross section of the micro-
structure along x direction; (a) Rotation angle around x([100]) direction, (b) Rotation angle around y([010]) direction, (c) Rotation angle around
z([001]) direction, and (d) The corresponding strain distribution.
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5. CONCLUSION

Crystal plasticity finite element method (CPFEM) based on

the realistic representative volume element (RVE) model is

combined with electron backscattered diffraction (EBSD)

experiment in order to investigate plastic deformation of NiTi

shape memory alloy during uniaxial compression at 400 °C,

the following conclusions can be drawn.

(1) Loading direction has an impact on the microscale and

macroscale response of crystal plasticity finite element model

of NiTi shape memory alloy. Moreover, the CPFEM based on

the realistic RVE has the capability to simulate the complicated

and heterogeneous local material response in microstructure.

(2) According to slip activity and Schmid factor, the contri-

bution of {110}<100>, {010}<100> and {110}<111> slip

modes to the plastic deformation of NiTi shape memory alloy

is investigated based on CPFEM simulation. It can be con-

cluded that <100> slip modes play a dominant role in plastic

deformation of NiTi shape memory alloy, while the <111>

slip mode is a secondary slip mode.

(3) CPFEM based on the realistic RVE is able to effectively

simulate texture evolution of NiTi shape memory alloy sub-

jected to uniaxial compression. The simulation results are

consistent with the experimental ones. With the progression

of plastic deformation, the (001)[010] texture component grad-

ually disappears, while the γ-fiber (<111>) texture is increas-

ingly enhanced.

(4) The inhomogeneous plastic deformation of polycrystal-

line NiTi shape memory alloy at the grain level is unavoidable

due to the differences in the grain orientation and the grain

morphology, which can be validated by the heterogeneous

distribution of misorientation based on EBSD experiment

and the heterogeneous distribution of various lattice rotation

angles based on CPFEM simulation. As a result, CPFEM based

on the realistic RVE plays a significant role in predicting

inhomogeneous deformation of polycrystalline NiTi shape

memory alloy in terms of grain scale.
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