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crystal plasticity finite element method
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Abstract: Grain scale plasticity of NiTi shape memory alloy (SMA) during uniaxial compression deformation at 400 °C was
investigated through two-dimensional crystal plasticity finite element simulation and corresponding analysis based on the obtained
orientation data. Stress and strain distributions of the deformed NiTi SMA samples confirm that there exhibits a heterogeneous plastic
deformation at grain scale. Statistically stored dislocation (SSD) density and geometrically necessary dislocation (GND) density were
further used in order to illuminate the microstructure evolution during uniaxial compression. SSD is responsible for sustaining plastic
deformation and it increases along with the increase of plastic strain. GND plays an important role in accommodating compatible
deformation between individual grains and thus it is correlated with the misorientation between neighboring grains, namely, a high
GND density corresponds to large misorientation between grains and a low GND density corresponds to small misorientation
between grains.
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1 Introduction

By virtue of a reversible martensite phase
transformation between a high-symmetry austenite B2
phase and a low-symmetry martensite B19' phase,
NiTi-based shape memory alloys (SMAs) are exploited
for a plenty of applications in different fields including
materials science and engineering [1,2]. As a widely used
kind of NiTi-based SMAs, binary NiTi SMAs have
attracted much attention in fundamental material studies
due to their excellent superelasticity, outstanding shape
memory effect and perfect biological compatibility [3,4].
Plastic deformation plays a dominant role in
manufacturing workpieces of NiTi SMA products. It is
worth mentioning that plastic deformation has a strong
impact on the microstructure evolution of NiTi SMAs,
and therefore further affects the mechanical properties
and shape memory effect [5,6]. So far, investigations
have been conducted mainly in the fields of superelastic

deformation and transformation-induced plasticity of
NiTi SMAs [7-10]. Notwithstanding small plastic
deformation involved in these studies, previous
researches contributed to clarifying the nature and
significance of various deformation mechanisms, and
further clearly discerned the plastic deformation occurred
in NiTi SMAs under different deformation conditions.
However, literatures are still scarce in terms of
mechanical response and microstructure evolution of
NiTi SMAs subjected to large plastic deformation.

It is generally accepted that experimental methods
suffer from a few drawbacks about revealing plastic
deformation mechanisms and microstructure evolution of
metallic alloys during plastic deformation, so numerical
simulation technique, particularly the crystal plasticity
finite element method (CPFEM), has become an efficient
and versatile simulation tool for clarifying plastic
deformation mechanisms and microstructure evolution of
metallic alloys [11,12]. CPFEM refers to the particular
mechanical regime addressed by means of the crystal
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plasticity (CP) theory as well as the approach on the
basis of finite element method (FEM). As to crystal
plasticity theory, the pioneering work was made by
TAYLOR [13], and this theory is on the basis of rather
simple boundary condition that the grains suffer from
homogeneous deformation. Then, based on Taylor model,
HILL and RICE [14], and ASARO and RICE [15]
successfully described the geometry and kinematics of
crystal plastic deformation. Afterwards, a rigorous
constitutive framework established by PEIRCE et al [16],
and ASARO and NEEDLEMAN [17] was put forward to
simulate material response and texture evolution in finite
deformation. Thereafter, the crystal plasticity theory is
incorporated into finite element method, forming the
CPFEM, which can meet the requirements for the
equilibrium of the forces and the compatibility of the
displacements using a weak form of the principle of
virtual work in a given finite-volume element [18]. More
recent researches have been conducted in consideration
of various deformation modes, including dislocation
slip [19,20], martensite transformation [21,22] as well as
deformation twinning [23,24] in order to capture the
global mechanical response, the intra-granular and
inter-granular heterogeneities in polycrystal as well as
texture evolution during plastic deformation [25,26]. In
conclusion, CPFEM contributes to better understanding
plastic deformation of metallic alloys at grain scale.

In the present study, crystal plasticity finite element
(CPFE) simulation and corresponding analysis on the
basis of the meshed orientation data obtained from
simulation results were performed in order to investigate
microstructure evolution and inhomogeneous plastic
deformation throughout uniaxial compression of NiTi
SMA at 400 °C.

2 Crystal plasticity model

2.1 Constitutive model

It has been confirmed that there is not deformation
twinning in the NisgoTis; (at.%) SMA sample suffered
from uniaxial compression at 400 °C [27]. Moreover,
martensite desist temperature My is lower than 400 °C.
Consequently, martensite phase transformation does not
occur at 400 °C and there are totally 24 individual slip
systems to contribute to satisfying requirements for
generalized plasticity, including {110}(100), {010}(100)
and {110}(111) slip modes [3].

The constitutive behavior of NiTi SMA was
illuminated by crystal plasticity theory to capture the
slip-based plastic deformation of polycrystal. Therefore,
the code initially developed by HUANG [28] was used in
the present study in order to capture the material flow via
dislocation motion. The detailed content with respect to

equations of crystal plasticity theory and numerical
implementation as user-supplied subroutine UMAT in the
finite element code ABAQUS are not specified here.
However, to be self-consistent, only the key equations
are reported.

The total deformation gradient F can be
multiplicatively decomposed into the elastic component
and plastic component [14,15].

F=F'FP (1)

where F* represents the elastic deformation gradient
incorporating the elastic stretch and rigid body rotation
of a crystal lattice, and FP stands for the plastic
deformation gradient and it delegates the dislocation slip
in slip planes.

The velocity gradient L can also be decomposed
into two components as follows:

L=FF ' =(F'F° + F' FP)FP F~

=F'F" +F'F’F F" =L +F'IPF" @)
where L fF A represents an elastic part and
I’ =FPFP  stands for a plastic part. Moreover, IP

reflects the slipping rate 7” of « slip system and it can
be calculated by the following equation:

L =F°F" =Y 7 ml ®nf (3)
o

where m{ is the unit vector standing for the slip
direction, n{ is the unit vector representing the normal
to the slip plane in the intermediate configuration, ®
denotes the dyadic product of two vectors. Moreover,
vectors m{ and ng in the intermediate configuration
correlate with the corresponding vectors m® and n®
in the current configuration by the following equation:

m® =F'm, n® = ng‘F*il 4)

The slipping shear rate 7* on « slip system can be
calculated by a power law relation proposed by PEIRCE
et al [16] via the resolved shear stress 7% and the slip
resistance g”:

=1t/ | sign(z¥/g%) O]
where n denotes the rate dependency. ABDOLVAND
et al [23] have reported that if the material is
rate-independent, a large value of n can be chosen up to
50, whereas if the material is highly rate-dependent, a
typical value of 10 can be used. In the present study, the
value of n is chosen to be 20, indicating a certain rate
dependency of the adopted NiTi SMA [4]. 7, is a
reference shear strain rate and its value is chosen to be
0.001 s ' and it is consistent with the macroscopic strain
rate.

During the plastic deformation, the evolution of
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g% through a phenomenological model proposed by
PEIRCE et al [16] is shown as follows:

N
g =Y hysi’ (6)
B

where N stands for the number of all slip systems used in
crystal plasticity finite element simulation and its value
is 24. h, is the slip hardening modulus including
self-hardening modulus %,; (e=f) and latent-hardening
modulus 7,4 (0£f). Furthermore, the hardening model is
given by the following equation:

Py = () = hysech?

hog = qh(y) (& # J)

hyy
T~ 7

N t
, V= /| d
y ;Iolyalt -

where h; is the initial hardening modulus, 7 is the initial
yield stress and its value equals the initial value of the
strength g% 7, denotes the saturation stress, y is the
cumulative shear strain on all slip systems, g is the ratio
of latent hardening to self hardening and ¢=1.4 is
adopted in the present study.

2.2 Finite
tessellation
Emphases of the present study were focused on

element model based on Voronoi

understanding the inhomogeneous plastic deformation
and microstructure evolution at grain scale. Therefore,
representative volume element (RVE) model with refined
mesh by means of Voronoi tessellation was used in the
present study and was constructed via a free open source
software package NEPER [29]. In addition, the
constructed model is based on the electron backscattered
diffraction (EBSD) experiments conducted on two
cross-sections of the initial specimen, i.e. the rolling
direction and normal direction (RD—ND) and transverse
direction and normal direction (TD—ND) sections, as
shown in Fig. 1. The scan step was chosen to be 2 um in
synthetical consideration of scanning resolution and
scanning time. It is obvious in Fig. 1 that the initial
microstructure consists of equiaxed grains and the
equivalent grain diameter is finally determined to be
about 25 um. Moreover, in the constructed RVE model,
each grain is grouped into element sets and assigned to a
specific crystallographic orientation by means of
discretizing the orientation distribution function (ODF)
of EBSD data. Specific details about orientation
discretization and orientation assignment can be found in
Ref. [30]. In addition, the boundary condition applied in
the adopted RVE model is the simplified periodic
boundary condition as specified in Ref. [31] and the RVE
model would be compressed in y direction at the strain
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Fig. 1 RVE model for NiTi SMA on basis of Voronoi tessellation and statistical analysis of individual grains in two EBSD scan areas:

(a) Rolling—normal (RD—ND) plane; (b) Transverse—normal (TD—ND) plane; (c) Voronoi tessellation of microstructure; (d) RVE

model constructed with ABAQUS software
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rate of 0.001 s ™', It is worth mentioning that this kind of
boundary condition can be established easily. Moreover,
it has been verified that there is no great difference in the
result of material response anyway [31,32].

2.3 Parameters calibration

Anisotropic values of elastic parameters, Cy;, Cyp
and Cy, for NiTi SMA are determined as C;;=130 GPa,
C1,=98 GPa and C,=34 GPa [9]. Using these elastic
constants, finite element analysis of the RVE model
subjected to uniaxial compression gives a global elastic
modulus of 77 GPa for NiTi SMA at 400 °C, which
matches the experimental measurement.

A validation of the constructed RVE model is given
according to the following two aspects: (1) whether it
reflects the characteristic of individual grains in NiTi
SMA, and (2) whether the model consists of enough
grains and finite elements. Figure 2(a) shows the
statistical analysis of equivalent grain diameter in the
constructed microstructure. It can be found that the
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equivalent grain diameter is about 25 pum, and it is
similar to the corresponding value obtained by virtue of
the statistical analysis of individual grains in each
scanning area in Fig. 1. Moreover, Figs. 2(b) and (c)
show the convergence analysis of the grain number and
finite elements, and it can be confirmed that the
constructed RVE model, which contains 512 grains and
130915 plane finally meets the
requirement for simulation convergence. After the
validation of adopted RVE model, a “trial-error”
procedure is used to optimize the numerical result, which

strain elements,

is compared with the mechanical response in experiment.
The specific details about wuniaxial compression
experiment of NiTi SMA samples at 400 °C are not
specified here and these contents can be found in
Ref. [33]. Finally, in this way, a good accordance is
achieved between the predicted stress—strain curve and
the experimental stress—strain curve, as shown in
Fig. 2(d), and thus a set of adopted material parameters
are shown in Table 1.
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Fig. 2 Validity of constructed RVE model and material response based on experiment and CPFEM: (a) Distribution of equivalent
grain diameter in virtual microstructure; (b) Convergence of grain number on stress—strain response of RVE model suffering from
uniaxial compression at strain rate of 0.001 s '; (c) Mesh convergence with respect to von Mises stress along section parallel to x-axis
at deformation degree of 20%; (d) Material response based on simulated and experimental results of NiTi SMA subjected to uniaxial

compression
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Table 1 Adopted material parameters of NiTi SMA

Cll/ C12/ C44/ ho/ TS/ To/ . /571 n
GPa GPa GPa MPa MPa MpPa /0 q

130 98 34 1200 322 160  0.001

1.4 20

3 Results and discussion

3.1 Distributions of strain and stress during plastic

deformation

Figure 3(a—d) depicts the evolution of maximum
principal strain at different deformation degrees. It can
be seen that the distribution of maximum principal strain
is inhomogeneous at grain scale and the maximum value
in the color bar tends to appear within the shear bands
across multiple grains. The shear bands are of the most
typical feature in the contour plots of maximum principal
strain, and they are aligned with the compression axis by
an angle of 45°. This observation is consistent with that
obtained from the macroscopic uniaxial compression.
Similarly, heterogeneous stress distribution can also be
clearly observed in Figs. 3(e—h). The grains with harder
and softer orientations reach correspondingly higher and
lower level of stress, respectively. Furthermore, the stress

(a) Max. principal strain
(Avg: 75%)

Max. principal strain
(Avg: 75%)

von Mises stress/MPa

(e) (Avg: 75%)
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concentrations with the highest values trend to emerge
near the grain boundaries, and this aspect has been
confirmed in Ref. [34].

3.2 Coupling crystal plasticity finite element model

with EBSD measurement

Based on the aforementioned results, the
heterogeneous distributions of strain and stress during
uniaxial compression of NiTi SMA can be predicted by
means of CPFE simulation. State variables including
maximum principal strain, von Mises stress, three Euler
angles and so on, prove to be valuable in demonstrating
information at a material point. A drawback of CPFE
simulation is that some features with respect to
microstructure evolution, are unable to be predicted
during plastic deformation because the Euler angles are
not able to be directly analyzed in crystal plasticity finite
element simulation. It is generally accepted that EBSD
measurement is a perfect candidate for capturing the
evolution of microstructure in metallic alloys during
plastic deformation. The format of data used in EBSD
measurement is regular and equally spaced according to
the scanning area and scanning step size. Therefore, if
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Fig. 3 Contour plots of maximum principal strain (a—d) and von Mises stress (e—h) of constructed RVE model under uniaxial
compression at different deformation degrees: (a, e) 10%; (b, f) 20%; (c, g) 30%; (d, h) 40%
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the data obtained from finite element simulation can be
analyzed in a way which is used to handle EBSD data, a
deep-insight investigation can be performed to
characterize the microstructure features during plastic
deformation. It is worth mentioning that these state
variables involving in CPFE simulation are provided at
the spatial positions of the integration points within the
distorted finite elements. Thus, the format of data
directly obtained from finite element model is not
matched with the format of data used in EBSD analysis.
Therefore, it is necessary to map the crystal orientations
and other state variables from the irregular points in
CPFE model onto the regular points in the mesh, which
can be used to conduct EBSD analysis. The mapping
procedure is realized by directly interpolating the finite
element data linearly and the details of the adopted
method can be found in Ref. [35]. Subsequently, a
comparison is conducted between the distribution of
the maximum principal strain obtained from CPFE
simulation and the corresponding one by means of linear
interpolation approach, as shown in Fig. 4. Obviously,
the contour plot directly obtained from CPFE simulation
is in accordance with the linearly interpolated one. This
fact provides a favorable proof on the validity of adopted
mapping approach.

Max. principal strain
(Avg: 75%)
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1.567x10'"
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2.578x10°

Max. principal strain

(Avg: 75%)

0.8
!0.7

Fig. 4 Comparison between contour plots of maximum
principal strain at deformation degree of 20%: (a) Result
obtained from CPFE simulation; (b) Result by linear inter-
polation approach

3.3 Effect of statistically stored dislocation during
plastic deformation
Using the method adopted in Ref. [35], statistically
stored dislocation (SSD) density at each integration point
can be calculated via the following equation:

27\
Pssp = (G_Zj (®

where b denotes the magnitude of Burgers vector, G
represents the shear modulus, and 7 stands for the
average resolved shear stress with respect to all activated
slip systems and it is calculated by the following
equation:

f:iir” O
Na:l

Figure 5 shows the evolution of SSD density during
plastic deformation. The simulated results denote that the
distributions of SSD density at different deformation
degrees are highly inhomogeneous. It can be noted that
the high SSD density is not only concentrated near some
grain boundaries, but also concentrated within some
grain interiors. This observation can be enhanced by the
fact that SSD is the dominant carrier to sustain plastic
deformation and heterogeneous plastic deformation at
grain scale is unavoidable due to different grain
morphologies and grain orientations. Another interesting
result in Fig. 5 is that the locations with large value of
SSD density are similar to those with large plastic strain
within the shear bands in Fig. 3. Consequently, it can be
deduced that on the one hand, some areas of individual
grains suffer from large plastic deformation, thus they
possess large SSD density. On the other hand, some areas
of individual grains sustain small plastic deformation,
thus they have relatively small SSD density.

3.4 Effect of geometrically necessary dislocation

during plastic deformation

It is generally accepted that the geometrically
necessary dislocation (GND) plays an indispensable role
in accommodating plastic deformation between
individual grains. The GND density can be estimated
from an EBSD measurement [36]. Since there are
orientation differences # of neighboring measurement
pixels in scanning area, GND is required to compensate
the orientation gradient in the crystal lattice. Its density is
defined as v, which can be estimated by the following
equation.
v=20/p (10)
where p stands for the size of a pixel. From the
orientation differences between neighboring pixels, the
dislocation tensor (Nye tensor) can be derived and its
corresponding entry-wise norm gives a scalar GND
density.

1
Panp = VO (11)

Figure 6 shows the maps of GND density measured
from EBSD experiments, where the grain boundaries are
superimposed. The corresponding calculation is also
performed through the MATLAB toolbox MTEX. The
maps of GND density indicate that with the progression
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of plastic deformation, GND density is dominant at grain
boundaries and some areas inside individual grains also
possess high GND density. The corresponding maps of
GND density on the basis of the regular orientation data
obtained by means of mapping approach are shown
in Fig. 7. Features of the simulated GND density
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distribution are consistent with the experimental
observations. Furthermore, it can be seen that the
simulated GND density is about three orders of
magnitude higher than the experimental one. This
phenomenon is mainly attributed to the fact that the
CPFE simulation has been performed under the condition
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Fig. 5 Contour plots of SSD density of adopted RVE model under uniaxial compression at different deformation degrees: (a) 10%;

(b) 20%: (c) 30%; (d) 40%
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Fig. 6 Distributions of GND density in scanning areas within microstructures of NiTi SMA under uniaxial compression at different

deformation degrees: (a) 20%; (b) 30%; (c) 40%
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Fig. 7 Distributions of GND density in adopted RVE model under uniaxial compression at different deformation degrees: (a) 10%;

(b) 20%: (c) 30%; (d) 40%
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of two-dimensional uniaxial compression. Therefore, the
grain rotation has been limited within the two-dimension
plane, which results in larger GND density to
accommodate the compatible deformation among
individual grains.

Figure 8 shows the evolution of grain boundary
misorientation between individual grains at different
deformation degrees. By comparing Fig. 7 with Fig. 8§, it
can be obviously seen that the grain boundary
corresponding to large grain boundary misorientation
possesses relatively high GND density, whereas the
grain boundary corresponding to small grain boundary

M1sor1entat10n/(°)

(b) 60
D RS e oty Q I

\(‘

60
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140
130

20
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50

Hao
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Fig. 8 Distributions of grain boundary misorientation between
individual grains in adopted RVE model under uniaxial
compression at different deformation degrees: (a) 10%;

(b) 20%: (c) 30%; (d) 40%

misorientation possesses relatively low GND density.
This observation is in good accordance with the results
reported in Ref. [37].

4 Conclusions

(1) Inhomogeneous plastic deformation and
microstructure evolution of NiTi SMA suffering from
uniaxial compression deformation at 400 °C are
investigated at grain scale via two-dimensional CPFE
simulation.

(2) According to stress and strain distributions, it
can be noted that NiTi SMA exhibits an inhomogeneous
plastic deformation at grain scale. As a result of
heterogeneous plastic deformation, the shear bands are
aligned with the compression axis by an angle of 45°.

(3) The distribution of SSD density is
inhomogeneous at grain scale during
compression. Moreover, SSD plays a significant role in
sustaining plastic deformation, and consequently SSD
density increases with increasing the plastic deformation
degree.

(4) GND contributes to accommodating the
compatible deformation between grains and thus the
distribution of GND density is consistent with that of
misorientation between grains. High GND density
corresponds to large misorientation between grains and
low GND density corresponds to small misorientation
between grains.

uniaxial
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