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Abstract: Numerical modeling of microstructure evolution in various regions during uniaxial
compression and canning compression of NiTi shape memory alloy (SMA) are studied through
combined macroscopic and microscopic finite element simulation in order to investigate plastic
deformation of NiTi SMA at 400 ◦ C. In this approach, the macroscale material behavior is modeled
with a relatively coarse finite element mesh, and then the corresponding deformation history in
some selected regions in this mesh is extracted by the sub-model technique of finite element code
ABAQUS and subsequently used as boundary conditions for the microscale simulation by means of
crystal plasticity finite element method (CPFEM). Simulation results show that NiTi SMA exhibits
an inhomogeneous plastic deformation at the microscale. Moreover, regions that suffered canning
compression sustain more homogeneous plastic deformation by comparison with the corresponding
regions subjected to uniaxial compression. The mitigation of inhomogeneous plastic deformation
contributes to reducing the statistically stored dislocation (SSD) density in polycrystalline aggregation
and also to reducing the difference of stress level in various regions of deformed NiTi SMA sample,
and therefore sustaining large plastic deformation in the canning compression process.
Keywords: shape memory alloy; plastic deformation; crystal plasticity; finite element method;
multiscale modeling

1. Introduction
Owing to its functional properties, including shape memory effect, superelasticity, and biological
compatibility, NiTi shape memory alloy (SMA) has attracted increasing attention in the field of
materials science and engineering. It is generally accepted that hot plastic deformation, rather than
cold plastic deformation, plays a significant role in transforming as-cast NiTi SMA ingots into NiTi
SMA products, including NiTi wire, bar, tube, strip, and sheet [1–3]. On the one hand, hot plastic
deformation of NiTi SMA has advantages in obtaining the perfect microstructure during manufacturing
the products of NiTi SMA, which in turn has a significant influence on the mechanical and functional
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properties of NiTi SMA [4,5]. On the other hand, cold plastic deformation of NiTi SMA has an
adverse influence on manufacturing NiTi SMA workpieces since NiTi SMA possesses very poor
plasticity at room temperature [6–8]. Therefore, for the purpose of further broadening the engineering
application of NiTi SMA, it is necessary to perform a deep insight into deformation mechanisms
and microstructure evolution during the process of hot plastic deformation of NiTi SMA. Various
experimental investigations in terms of deformation mechanisms and microstructure evolution of NiTi
SMA have been conducted, and the corresponding results have confirmed that plastic deformation
mechanisms of NiTi SMA are temperature-dependent and there exhibits a predominant distinction in
the case of various temperatures, including stress-induced martensite phase transformation, dislocation
slip, deformation twinning, grain boundary slide, grain rotation, dislocation climb, and grain boundary
migration [9,10]. However, so far, many theoretical analyses and numerical simulations have focused
on coupling plasticity and phase transformation of NiTi SMA [11–13]. In terms of simulating hot plastic
deformation of NiTi SMA, our literature search has shown that both the microscale and macroscale
simulations have not been fully addressed yet.
Historically, the finite element method (FEM), as a numerical method, is the main approach
applied in the industry to simulate large scale forming processes. This method is a perfect candidate
for clarifying the plastic deformation law of a metallic alloy by describing material behavior as a
continuum [14,15]. However, as the major assumption of FEM is that the behavior and interaction of
individual grains in large scale problems are homogenized in the form of a single flow stress model,
FEM, which is based on macroscopic constitutive theory, is unable to capture the microstructure
evolution and texture evolution of polycrystalline metallic alloy subjected to plastic deformation.
The aforementioned problem has been successfully overcome by incorporating the crystal plasticity
theory with FEM, forming the crystal plasticity finite element method (CPFEM). Via using CPFEM,
various studies have been conducted in terms of revealing plastic deformation mechanisms and
inhomogeneous deformation of metallic alloy during plastic deformation [16–20]. Specifically, during
these numerical studies, the mainly adopted boundary conditions are either periodic boundary
conditions (PBCs) or just keep all surface plane. It is worth mentioning that these two kinds of
boundary conditions are both the simplification of interactions between the constructed polycrystalline
model and neighboring grains. Therefore, in order to more realistically reflecting the microstructure
evolution during plastic deformation of polycrystalline metallic alloy, boundary conditions that
can effectively link the microscale and macroscale are needed, particularly in the case of complex
deformation process.
In the present study, numerical modeling of microstructure evolution in various regions during
uniaxial compression and canning compression of NiTi SMA are conducted through combined
macroscopic and microscopic finite element simulation in order to investigate plastic deformation
of NiTi SMA at 400 ◦ C. The corresponding deformation history in some selected regions of the
macroscopic finite element model is directly extracted by means of the sub-model technique of
finite element code ABAQUS and subsequently used as the boundary conditions for the microscale
simulation by means of CPFEM.
2. Modeling Methodology
Figure 1 shows a schematic illustration of the multiscale method used in the present study. In this
approach, the macroscale finite element model is used as a global model with relatively coarse finite
element mesh and the overall response of the polycrystalline material is obtained by the finite element
homogenization, as well as the strain distribution and stress distribution. Afterward, some regions
of interest are then selected in this finite element mesh, and the corresponding deformation history
in these selected regions of finite element model is directly extracted by means of the sub-model
technique of finite element code ABAQUS. Further details about sub-model technology can be found
in [21]. Finally, using this extracted deformation history as boundary conditions, numerical modeling
of microstructure evolution at the microscale level is conducted with a refined finite element mesh.
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∇∗

rate σ 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 σ by the following equation.
∇∗

∇

σ = σ + Ωp · σ − σ · Ωp

∇

(2)

.

where σ = σ − Ω · σ + σ · Ω. In addition, Ω and Ωp are the total lattice spin tensor and plastic part of
the total lattice spin tensor, respectively.
The crystal was assumed to behave as an elasto-viscoplastic solid, so the slipping shear rate
.α
γ in individual α slip system is of great importance in crystal plasticity calculation. Based on the
.α
Schmid law, the slipping shear rate γ can be determined by a simple rate-dependent power law
relation, namely
.α
.
γ = γ0 |τ α /gα |n sign(τ α /gα )
(3)
where n stands for the rate dependency. If the material is rate-independent, a large value can be chosen
up to 50, whereas if the material is highly rate-dependent, a typical value of 10 can be used [19]. In the
present study, the value of n is chosen to be 20, indicating a certain rate dependency as reported in [25].
.
γ0 is a reference shear strain rate. τ α and gα are resolved shear stress on the slip system α and slip
resistance of this system, respectively. Furthermore, the change rate of slip resistance in each slip
system is given as follows:
.α

g =

n

.β

∑ hαβ γ

(4)

β

where hαβ are the slip hardening modulus, and the sum operation is performed over all the activated
slip systems. Here, hαα is known as self-hardening modulus and it is derived from the hardening
of slip system itself. In addition, hαβ (α 6= β) is called latent-hardening modulus, indicating that the
hardening is caused by another slip system.
A simple hardening model is given as follows [26]:
hαα = h(γ) = h0 sec h2

h0 γ
τs −τ0

, γ=∑
α

Rt
0

.α

γ dt

(5)

hαβ = qh(γ) (α 6= β)

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 the slip systems, and q is the ratio of latent-hardening to self-hardening and
q = 1.4 is used in the present study [18].
The aforementioned crystallographic formulations are implemented numerically into ABAQUS
standard solver through a user-defined material subroutine (UMAT), where the implicit (Euler
backward) integration algorithm is adopted [24]. Moreover, the initial orientations of individual
grains are obtained by discretizing the orientation distribution function (ODF) of EBSD data. Further
details of orientation discretization and assignment can be found in [27]. The set of constitutive
parameters used in the present study is shown in Table 1, where the elastic constants of NiTi SMA are
obtained from the literature [9]. These remaining parameters are identified by a “trial-error” procedure
in back-fitting the mechanical result in the polycrystalline model to the mechanical response in uniaxial
compression experiment. In general, a “trial-error” procedure is time consuming, but its results with
respect to parameter identification are not as “improper” as the term might indicate.
Table 1. Material parameters of as-received NiTi SMA.
C11
130 GPa

C12
98 GPa

C44
34 GPa

h0
1200 MPa

τs
322 MPa

τ0
160 MPa

.

γ0
0.001

s−1

q

n

1.4

20
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larger elongation along radial direction than in the case of canning compression. In regions 2 and 3,
7 of 11
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level in
various regions.
stress concentration
near frequently
the grain boundaries
regions.
Moreover,
concentration
near Moreover,
the grain boundaries
has been more
observed
has
frequently
observedthan
in the
casecase
of canning
compression
thanItin
the case
of uniaxial
in
thebeen
casemore
of canning
compression
in the
of uniaxial
compression.
should
be noted
that
compression.
It
should
be
noted
that
in
both
deformation
processes,
the
maximum
value
in
legends
in both deformation processes, the maximum value in legends corresponding to regions 2 and 3 are
corresponding
to regionsvalue
2 and
are lower
than the maximum
legends
corresponding
to
lower
than the maximum
in3legends
corresponding
to regionvalue
1. Thisinissue
is due
to the fact that
region
1. This issuemodels
is due to
the fact that the
polycrystalline
corresponding
to regions
and
the
polycrystalline
corresponding
to regions
2 and 3 models
sustain less
plastic strain
than the2one
3
sustain
less
plastic
strain
than
the
one
corresponding
to
region
1
during
plastic
deformation.
corresponding to region 1 during plastic deformation.
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uniaxial compression
compression and
and canning
canning
Figure
compression processes
processes with
with the
models
corresponding
to regions
1, 2,
compression
the locations
locationsofofthe
thepolycrystalline
polycrystalline
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corresponding
to regions
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3
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Figure
4.
1, 2, and 3 in Figure 4.
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distribution at
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the microscale
microscale level
level during
Figure
6. 6.Stress
during uniaxial
uniaxial compression
compressionand
andcanning
canning
compression
processeswith
with the
the locations
polycrystalline
models
corresponding
to regions
1, 2,
compression
processes
locationsofofthe
the
polycrystalline
models
corresponding
to regions
3 in
Figure
4. 4.
1, 2,and
and
3 in
Figure

3.3. Distribution of Dislocation at Microscale
3.3. Distribution of Dislocation at Microscale
On the one hand, dislocation is the vehicle to sustain plastic deformation. On the other hand,
On the one hand, dislocation is the vehicle to sustain plastic deformation. On the other hand,
region 1 possesses the maximal plastic strain. Therefore, polycrystalline models corresponding to
region 1 possesses the maximal plastic strain. Therefore, polycrystalline models corresponding to
region 1 have the highest dislocation density during uniaxial compression and canning compression.
region
1 have
the highestthe
dislocation
density
during uniaxial
compression
canning
compression.
In order
to investigate
distribution
of statistically
stored dislocation
(SSD)and
density
during
uniaxial
In order
to
investigate
the
distribution
of
statistically
stored
dislocation
(SSD)
density
during
uniaxial
compression and canning compression of NiTi SMA, the methodology described in [28] is adopted
compression
and canning
compression
of NiTi
SMA, points
the methodology
in [28]
is adopted
and SSD density
can be calculated
in each
integration
according todescribed
the following
equation.
and SSD density can be calculated in each integration points according to the following equation.
2


 2 
 SSD   2τ  2
ρSSD =  Gb 
Gb

(6)

(6)

where G is the shear module of NiTi SMA and b is the corresponding magnitude of the Burgers
where
G isthestands
shear for
module
of NiTi SMA
and shear
b is thestress
corresponding
of by
thethe
Burgers
vector.
vector.
the averaged
resolved
and it can magnitude
be expressed
following
τ stands
for the averaged resolved shear stress and it can be expressed by the following equation.
equation.
N
1 N
α
τ= ∑
τ
N α
=
1
 1

(7) (7)

Figure
7 showsthe
theSSD
SSDdensity
densitydistribution
distribution of
of polycrystalline
polycrystalline models
Figure
7 shows
modelssubjected
subjectedtotovarious
various
boundary
conditions
in
region
1
in
the
case
of
uniaxial
compression
and
canning
compression.
These
boundary conditions in region 1 in the case of uniaxial compression and canning compression.
simulated
results
indicate
that that
the the
spatial
distribution
of SSD
density
in region
1 is
highly
These
simulated
results
indicate
spatial
distribution
of SSD
density
in region
1 is
highly
inhomogeneous
in
there
two
deformation
processes.
It
can
be
noted
that
in
the
case
of
uniaxial
inhomogeneous in there two deformation processes. It can be noted that in the case of uniaxial
compression,
individualgrains
grainshave
have higher
higher SSD
SSD density
compression.
compression,
individual
density than
thanininthe
thecase
caseofofcanning
canning
compression.
This
issue
can
be
further
confirmed
by
the
statistical
analysis
of
SSD
density,
as
shown
Figure
7c 7c
This issue can be further confirmed by the statistical analysis of SSD density, as showninin
Figure
15
−2
where
average
SSDdensity
densityisis3.38
3.38×× 10
1015 m
m−2 in
thethe
where
thethe
average
SSD
in the
the case
caseofofuniaxial
uniaxialcompression
compressionand
and
15 m−2. This can be served as an
corresponding value in the case of canning compression is 3.15 × 1015
−
2
corresponding value in the case of canning compression is 3.15 × 10 m . This can be served as an

Materials 2017, 10, 1172

9 of 11

Materials 2017, 10, 1172

9 of 11

evidence
at the
the same
same deformation
deformation degree,
degree, canning
canning compression
compression contributes
evidence that
that at
contributes to
to relieving
relieving the
the SSD
SSD
density
within
the
deformed
sample
than
uniaxial
compression.
As
a
result,
canning
compression
density within the deformed sample than uniaxial compression. As a result, canning compression is
is
favorable
favorable of
of sustaining
sustaining large
large plastic
plastic deformation.
deformation.

Figure 7. Contour plots of SSD density at the microscale level with the locations of the polycrystalline
models corresponding
1 in1 Figure
4 during:
(a) uniaxial
compression
processprocess
and (b) canning
correspondingtotoregion
region
in Figure
4 during:
(a) uniaxial
compression
and (b)
compression
process; (c)
Statistical
analysis of
SSD density
(a,b). in (a,b).
canning compression
process;
(c) Statistical
analysis
of SSDindensity

4. Conclusions

Due totothe
the
aforementioned
analysis,
the results
obtained
from
the macroscale
aforementioned
analysis,
the results
obtained
from the
macroscale
numericalnumerical
modeling
modeling
by the
FEM
and the numerical
microscale modeling
numericalon
modeling
the basiscontribute
of CPFEMtocontribute
by
FEM and
microscale
the basison
of CPFEM
presentingto
a
presenting
a clear understanding
of microstructure
evolution
in during
variousuniaxial
regionscompression
during uniaxial
clear
understanding
of microstructure
evolution in various
regions
and
compression
and canning compression.
canning
compression.
(1) At
that
canning
compression
contributes
to relieving
the
(1)
At the
the macroscale,
macroscale,ititcan
canbebeconcluded
concluded
that
canning
compression
contributes
to relieving
inhomogeneous
plastic
strainstrain
as theascompression
of the of
lowthe
carbon
steel can
results
a threethe inhomogeneous
plastic
the compression
low carbon
steel
can in
results
in
dimensional
compressive
loading
state
of
NiTi
SMA
sample.
a three-dimensional compressive loading state of NiTi SMA sample.
(2) The sub-model technique in the finite element code ABAQUS is used to extracted the accurate
(2) The sub-model technique in the finite element code ABAQUS is used to extracted the accurate
deformation history of selected regions at the macroscale simulation. Then, this deformation
deformation history of selected regions at the macroscale simulation. Then, this deformation
history, which reflects the complex interaction between the polycrystalline aggregation and
history, which reflects the complex interaction between the polycrystalline aggregation and
neighboring grains, can serve as boundary conditions used at the microsacle simulation.
neighboring grains, can serve as boundary conditions used at the microsacle simulation.
(3) At the microscale, it can be concluded that the mitigation of inhomogeneous plastic deformation
(3) At the microscale, it can be concluded that the mitigation of inhomogeneous plastic deformation
in canning compression contributes to various microstructure evolution in selected regions.
in canning compression contributes to various microstructure evolution in selected regions.
Moreover, the ease of inhomogeneity in plastic strain contributes to reducing the difference of
Moreover, the ease of inhomogeneity in plastic strain contributes to reducing the difference of the
the stress level in various regions and reducing statistically stored dislocation (SSD) density
stress level in various regions and reducing statistically stored dislocation (SSD) density within
within the deformed NiTi SMA sample. Therefore, canning compression is favorable of
the deformed NiTi SMA sample. Therefore, canning compression is favorable of sustaining large
sustaining large plastic deformation.
plastic deformation.
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