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Abstract: The phase field method was applied to study the microstructure evolution of NisTi; precipitates during stress-free and
stress-assisted aging of bi-crystalline NiTi shape memory alloys (SAMs) with two different initial Ni-contents of 51.5% and 52.5%
(mole fraction), respectively. The simulation results show that, during stress-free aging of the NiTi alloy with a low supersaturation of
Ni (i.e., Ti—51.5%Ni), the NiyTi; precipitates exhibit a heterogeneous distribution with a high number density of particles at the grain
boundary, leaving most of the grain interiors free of precipitates; while for the NiTi alloy with a high supersaturation of Ni (i.e.,
Ti—52.5%Ni), the NiyTi; precipitates show a homogeneous distribution across the entire simulation system. The stress-assisted aging
can give rise to homogeneous distribution of the precipitates, regardless of the initial Ni-content; however, the distribution of variant

type within the two grains is heterogeneous.
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1 Introduction

Near-equiatomic NiTi alloys have attracted a great
deal of interests in the past decades on account of
excellent shape memory effect and superelastic property.
They have become one of the most important metal
functional materials widely used in the field of aerospace
and aeronautical engineering, as well as in biomedical
engineering and technology. Generally, the NiTi shape
memory alloys (SMAs) may undergo aging treatment
leading to the metastable precipitation of NisTi; particles
which possess the lenticular and disc-like morphologies
in 2D and 3D observation [1], respectively. Experimental
characterizations showed that the coherently distributed
NiyTi; particles have rhombohedral structure with space
group R3 and can form four groups of variants, in which
each group takes different (111)g, as the habit plane and
owns a pair of conjugate variants [2,3]. Further, it has
been well understood that the presence of NisTi; particles
favors the formation of R-phase rather than BI19’
martensite since the latter produces larger lattice

deformation [4]. The study of the influence of NisTi; on
martensitic transformation was mainly performed by
experimental observation and characterization such as
differential scanning calorimetry (DSC) and in situ
transmission electron microscopy (TEM) [5—7]. Thus far,
it has been well recognized that the martensitic
transformation behavior in NiTi SMAs is associated with
the distribution of Ni,Ti; particles, while the distribution
behavior of NiyTi; precipitates can be affected by several
factors including the heat treatment condition, initial
Ni/Ti atomic ratio and the applied external stress.
However, there is a serious lack of understanding of the
comprehensive effect of the grain boundary in
polycrystal (or bi-crystal for simplicity) and the initial
supersaturation level of Ni-content as well as the external
stress on the distribution of Ni,Ti; precipitates. Moreover,
it has been noticed that the previous simulation studies
[8—10] were confined within single crystal or single
precipitate variant, while polycrystalline and multiple
precipitate variants are of great importance in practical
applications and the corresponding simulation work is
indeed imperative [11]. In addition, some simulation
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inputs in the previous works [§—10] were not accurate
due to the technique limitations in the original
experimental study [12]. With the rapid development in
experiments and simulation technology, nowadays the
model inputs can be calculated precisely [13].

In order to clarify the above comprehensive effect
and the heterogeneous precipitation of NiyTi; particles,
the present study employs more accurate model inputs
and extends the phase field model [8—10] to simulate the
precipitation behavior of NisTi; phase in bi-crystalline
NiTi alloys and, the focus is placed on identifying the
effect of different initial supersaturation levels of
Ni-content, grain boundary and external stress on the
microstructure evolution and distribution behavior of
NiyTi; precipitates.

2 Phase field model

In the phase field model, the bulk chemical free
energy of all phases, the interfacial energy and the elastic
strain are necessary inputs. The equilibrium shapes of all
phases are determined by the competition and interaction
of the above energies. These energies for NiyTi;
precipitation will be briefly introduced as follows.

2.1 Total chemical free energy

Assuming isotropic interface properties, the total
chemical free energy, including the bulk free energy
expressed by adopting a Landau polynomial and the
interfacial energy characterized by gradient terms, can be
written as [8]:

Fy = [&*r{f1C(r)m, (r)]+"7c[v0(r)]2 +
z%”[vf;p(r)]z} (1)
p=1

where C(r) and #,(r) are composition field and order
parameter field, respectively; v is the number of NiyTi;
variant groups, here v=4; k¢ and k, are the gradient
energy coefficients for composition and order parameter
field, respectively.

2.2 Elastic energy

According to KHACHATURYAN’s micro-elasticity
theory [11], the modulus of NisTi; precipitate is
supposed to be the same as that of the B2 matrix. The
elastic constants used in this study are: C;;=162 GPa,
C1,=129 GPa and C4=34 GPa [12]. The elastic energy
can be expressed by the following equation:

1. dk P
o= | Gyt 1y W )" -
Gy ()R, (mogy (k) m]- [0 5] (rd’r )
14

where Cjy, is the elastic constants, Z‘l;) (k) is the Fourier

transform of the local stress-free transformation strain
g;}(r), n; is the unit vector in the reciprocal space,
54-(}(k)=C4-]-k,5,2(k), 2, (n) is the inverse matrix of
the Green function Q;kl (n)=Cye;e;. The integral
calculation must exclude a volume (2n)3/V in the
reciprocal space at g=0, and here V denotes the total
volume of the system. o-f}ppl is the external stress,
eg(r) is assumed to be linearly dependent on the square
of the structural order parameter through stress-free
transformation strain g;}( p), the value of 53 in its
principal reference is chosen as [13,14]:

~0.00417 0 0
gl=| 0 -0.00417 0 3)
0 0 —~0.0257

2.3 Description of grain boundary energy

In this study, bi-crystal is considered to be a simple
system which contains two grains with different
orientations and a grain boundary between them. We
consider the segregation effect when describing the grain
boundary. The phase field grain boundary segregation
model similar to those of KIM and PARK [15] and
GRONHAGEN and ARGEN [16] was used. Another
phase field ¢(i=1, 2) is assigned to depict the two grains.
The values of ¢ in the grain boundary region change
gradually from #=1 (£=0) to #=0 (4h=1). Since the
grain boundary is immobile in the model, in which only
one column is assigned, the values of ¢ can be manually
set as ¢=¢@=0.5. Taking grain boundary into account, the
total free energy can be rewritten as:

k
Fa = [LF (O, () + =V C@) +
V

v 2 2
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“4)
where ¢ is the gradient energy coefficient, the function of
g(#) is a double-well potential which satisfies
2(0)=g(1)=1, and W(C(r)) stands for the height of the
potential. The last two terms in Eq. (4) are the energy
contributions from the grain boundary. In the present
study, g(4)=¢>(1—¢,)*is introduced to characterize the
double-well potential. Considering the grain boundary
segregation, W(C(r)) should decrease with the solute (Ni)
concentration, while in this study the W(C(r)) increases
with increasing C(r) which denotes Ti concentration.
Moreover, once NigTi; precipitates form at the grain
boundary, the value of W(C(r)) is minimized due to the
replacement of the grain boundary by NisTi; particles;
thus, the function of W(C(r)) can be expressed by:

W(C) =+ 2O -1 n%) 5)

p=l
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where y is a parameter relating the interactions between
the solute atoms and the grain boundary, @ is the grain
boundary energy density.

2.4 Kinetic equations for microstructure evolution
The microstructure evolution is determined by the
following equations:

o) 8F

af - m 57]p(l’,f) +§n(rat) (6)
ac(rt) o SF
o =V {MCVSC(r,t)}+§C(r’t) (7)

where L, and Mc are the mobility of the order parameter
and chemical mobility, respectively. Two sets of order
parameters are needed to define the bi-crystal, and each
set includes four order parameters corresponding to the
four NiyTi; variants whose habit planes belong to
different {111}p,. To facilitate the computation, Egs. (6)
and (7) should be converted into dimensionless forms.
G=Cyy=34 GPa=34x10° J/m’, M=1.008x10"** mol*/(J-m-s)
[17,18] are chosen as the normalized factors for energy
and mobility, respectively. The dimensionless numerical
values of gradient coefficients are set as k: =1.0 and
ké =0.01. In order to keep computational stability, the
dimensionless values of kinetic coefficients are assigned
as L'=3.0 and M'=1.0. Due to the lack of accurate
parameter values in Eq. (5), all the values are chosen
from a previous study [15], i.e., =4, @ =2, &=0.1 and
b=1.

3 Simulation results and discussion

In our simulation, small angle grain boundary was
taken into account due to the limitation of the submodels
in Refs. [15,16]. The misfit angle was set as 6=10°,
which means the right-hand grain is rotated by 10° along
[001]g, from the left-hand grain, in which the frame is
the same as the B2 frame, i.e, the simulation coordinate.

In the simulation, a computation cell of
5121yx5121yx 11, was employed. The initial values of all
order parameters were set to zero; different initial values
of C(rt) were set as 0.43 and 0.42, which are
corresponding to the Ni atom fraction dropping into
0.515 and 0.525, respectively. In the initial 1500 time
steps, the two noise terms in Eq. (6) were switched on to
imitate the random nucleation. In order to investigate the
effect of the external stress on the precipitate
microstructure, different levels of uniaxial compressive
stresses, whose non-zero component was set as
0=-0.0025 (85 MPa) and o =-0.005 (170 MPa)
respectively, were initially applied to the system, and this
effect is similar to the experimental study of
stress-assisted aging of the NiTi matrix [5,6].

3.1 Ni Ti; precipitate microstructure during
stress-free aging of bi-crystalline NiTi alloys
with different initial supersaturation levels of
Ni-content
To better present the simulation results, the NiyTi;

precipitate variants with different crystallographic

orientations are classified into four {111}, types, as

shown in Table 1.

Table 1 Classification of NisTi; variants and variant scheme in
simulation coordinate

Variant scheme in

Variant type ~ Variant plane normal . ]
simulation frame
! £[111]p) \
2 + [T 11]B2 /
3 + [T 11]B2 /
4 +[111]m \

Figure 1 shows the microstructure evolution of
NisTi; precipitates in the NiTi alloy with the initial
Ni-content of 51.5% (mole fraction). Clearly, the NiyTi;
precipitates prefer to nucleate at the grain boundary
region and a sharp portion of the precipitates dominate at
and near the grain boundary; while in the grain interior,
less precipitates can nucleate and grow. It is also noticed
that the precipitates at the grain boundary show a smaller
size than those in the grain interior, and the small size
particles can be attributed to the simultaneous nucleation
and competitive growth at the grain boundary; whereas,
in the grain interior, the randomly nucleated precipitates
can grow without any retardation. The heterogeneous
distribution of Ni4Ti; precipitates obtained in the present
simulation is in good agreement with the previous results
acquired by TEM observations [5—7], in which the grain
boundary is enriched in smaller size NisTi; precipitates,
while the grain interiors are sparsely occupied by larger
size NisTi; particles, as typically shown in Fig. 1(d).
Thus, it can be generally concluded that the grain
boundary plays an important role in bringing the
heterogeneous distribution of NisTi; precipitates during
aging of the NiTi matrix with a low level of initial
supersaturation of Ni-content.

In contrast to the above heterogeneous distribution,
however, NiyTi; particles precipitate uniformly when the
initial Ni-content is 52.5% (mole fraction), as shown in
Fig. 2. The nucleation of Ni,Ti; particles seems
homogeneous throughout the simulation system, a great
number of precipitates fairly uniformly distribute across
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Fig. 1 Phase field simulation of Ni,Ti; precipitation during stress-free aging of Ti—51.5%Ni bi-crystalline NiTi alloy: (a) £=1500;
(b) £=2500; () £=5000; (d) TEM micrograph of NiyTi; precipitates in NiTi alloy (with a nominal composition of 50.7%Ni)
subjected to stress-free aging [5] (Photograph courtesy of Prof. Gunther Eggeler, Ruhr-University Bochum, Germany)

Fig. 2 Phase field simulation of
NiyTi; precipitation during stress-
free aging of Ti—52.5%Ni bi-
crystalline NiTi alloy at different
time steps: (a) ' =1500; (b) £'=2500;
(c) £'=5000
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the system and the grain boundary preference is not
drastically apparent compared to the one with a low
Ni-content of 51.5%. This means that the high
supersaturation of Ni-content can generate a high driving
force in the entire system in which the effect of the grain
boundary energy may be suppressed to a certain extent.
Further, the results may imply that whether the
distribution of Ni,Ti; precipitates in bi-crystal or
polycrystal is homogenous or heterogeneous depends not
only on the grain boundary energy but also on the initial
supersaturation level of Ni-content in the NiTi alloy, and
the competition between these two factors determines the
precipitation behavior during stress-free aging of the
NiTi alloy.

Figure 3 shows the statistical results of the area
fraction distribution of NisTi; precipitates across the
entire bicrystal system. In the statistical analysis, the
whole simulation system was divided into 25 continuous
sections, and each section covered an area of 20 (along
[100]p2)x512 (along [010]p;) grid points except the
center region which occupied an area of 32x512 grid
points. The total grid points (GP1) occupied by the
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Fig. 3 Area fraction distribution of NisTi; particles across entire
matrix during stress-free aging of NiTi alloys: (a) Ti—51.5%Ni;
(b) Ti—52.5%Ni (Lx(x=1, 2, *-*, 12) and Rx(x=1, 2, -, 12)
represent divided sections in left-hand and right-hand grains,
respectively)

precipitates were counted by the computer, and the area
fraction of the precipitates was calculated by GPr/A4 (here,
A means the specific section area). Figure 3(a) clearly
shows that the area fraction near the grain boundary is
obviously larger than that in the grain interior, meaning
that the Ni Ti; particles tend to precipitate near the grain
boundaries. However, the distribution feature of the
precipitates for the alloy with a higher Ni-content (i.e.,
52.5%) changes, as shown in Fig. 3(b), where the grain
boundary region shows no distinct peak value of the
distribution and there is nearly no big difference in the
area fraction among all sections. This can well support
the conclusion that the homogeneous nucleation of
NisTi; particles may easily occur in the NiTi alloy matrix
with a high supersaturation level of Ni.

The above results may be helpful for the prediction
of the subsequent martensitic transformation behavior.
Based on the simulation results, it is reasonable to see
that the stress-free aging of the NiTi matrix with a low
supersaturation level of Ni can induce B2-R-B19’
transformation preferentially at the grain boundary area
where Ni Ti; precipitates concentrate, while B2-B19’
transformation may occur dominantly in the grain
interior where the most part is precipitate free. However,
the aging process of NiTi bicrystalline matrix with a high
supersaturation level of Ni may lead to the homogeneous
nucleation of R-phase across the whole matrix without
the preferential nucleation of R-phase in the grain
boundary region. It should be pointed out that although
the present work 1is incapable of predicting the
martensitic transformation sequence in the matrix, the
prediction based on the current simulation is consistent
with some previous experimental results [6,7].

3.2 NiyTi; precipitates microstructure during stress-
assisted aging of bi-crystalline NiTi alloys with
different initial supersaturation levels of
Ni-content
Phase field simulation results of the precipitation of

NisTi; particles in NiTi alloys under different levels of

compressive stress are shown in Fig. 4. For the

Ti—51.5%Ni alloy after aging under the compressive

stress of 85 MPa and 170 MPa along [100]g,, it is clear

that the heterogeneous particle distribution caused by the
grain boundary segregation disappears; instead, the
distribution of Ni,Ti; precipitates is homogeneous in the
number density in the whole system, regardless of stress
levels, as shown in Figs. 4(a) and (b). The similar
precipitation behavior and microstructure evolution can
be seen in the NiTi alloy with a higher initial Ni-content

(i.e., 52.5%), as shown in Figs. 4(c) and (d). This means

that the existence of the applied stress can weaken the

grain boundary effect, while promoting the homogeneous
nucleation. Thus, the homogeneous distribution in the
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number density becomes the dominant feature. Figure 5
shows the area fraction distributions in these cases,
which clearly presents the homogeneous precipitation
behavior in the NiTi matrix during stress-assisted aging.
For the NiTi matrix with a lower supersaturation level of
Ni-content (i.e., 51.5%), the area fraction near the grain
boundary is slightly higher than that at other places, but
no obvious difference is observed compared to the case
undergoing stress-free aging as shown in Fig. 3(a).

In addition, it can also be seen clearly in Fig. 4 that

2583

the number density of each type of variant in the
right-hand grain is different from that in the left-hand
grain, regardless of the initial Ni-content and the selected
stress. In the left-hand grain, the four types of variants
are almost equal in the area fraction, while type 2 and 3
variants exist dominantly in the right-hand grain, as
shown in Table 2. This phenomenon was reported as a
kind of heterogeneity [19], while the present simulation
results suggest that this behavior is more likely to be
attributed to the external stress which brings about

Fig. 4 Phase field simulation of microstructure evolution of NisTi; precipitates in bi-crystalline NiTi alloys under different
compressive stresses at £ =5000: (a) Ti—51.5%Ni, 0=—85 MPa; (b) Ti—51.5%Ni, o=—170 MPa; (c) Ti—52.5%Ni, c=—85 MPa;

(d) Ti-52.5%Ni, 0=—170 MPa
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Fig. § Area fraction distribution of NisTi; particles across entire matrix during stress-assisted aging of NiTi alloys with two different
initial supersaturation levels of Ni-content: (a) Ti—51.5%Ni; (b) Ti—52.5%Ni
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Table 2 Statistical results of area fraction of NiyTi; precipitate
variants in each grain (%)

Simulation condition Variant type
N S
0.515% Ni, L 343 378 419 3.56
85 MPa R 375 519 494 0.67
0.515% Ni, L 487 284 272 3.5
170 MPa R 289 6.68 7.75 1.39
0.525% Ni, L 425 457 358 4.09
85 MPa R 270 6.04 6.05 217
0.525% Ni, L 529 548 573 5.69
170 MPa R 3.88 893 828 1.19

selective nucleation and growth of NisTi; particles
through the adjacent misorientational grains. Moreover,
the degree of this kind of inhomogeneity becomes
slightly distinct under a higher stress.

From the above simulation results, it is indicated
that the grain boundary effect is dependent on the
composition (or supersaturation) and stress. In the NiTi
alloy with a low supersaturation level of Ni-content (i.e.,
51.5%), the Ni-rich grain boundary may favor the
nucleation of precipitates, while for the one with high
initial Ni-content (i.e., 52.5%), the Ni concentration
difference between the grain boundary and grain interior
is small, thus the precipitates generate homogeneously
without obvious preference for precipitation in the grain
boundary. Furthermore, the external stress can change
the precipitation behavior of NisTi; particles and this
effect can become more sensitive in the NiTi alloy with a
low initial Ni-content compared to the one with a high
Ni-content.

It is noticed that in the NiTi matrix with a high
initial supersaturation level of Ni-content, the particle
distribution seems to be independent of the existence of
the external stress and its level; this demonstrates that the
nucleation behavior not only depends on the applied
external stress, but also on the initial concentration.
However, the heterogeneous distribution behavior of the
four types of precipitate variants across the two adjacent
NiTi matrix grains may be mainly determined by the
external stress. This distribution behavior was considered
a kind of heterogeneity first introduced in Ref. [19].

Furthermore, it should also be pointed out that the
stress in the present study indeed reaches a certain level.
Through several times of simulation with different levels
of stress, it is found that the particle distribution exhibits
homogeneity in the entire bicrystal system when the
stress reaches 65 MPa, in contrast to the slightly lower
external stress of around 50 MPa in the previous
experimental study [19]. However, the present study is
incapable of providing the critical value of the external

stress, since there is lack of accurate free energies of both
NiTi and NisTi; phases as well as the precise grain
boundary parameters.

Due to the limitations of the submodels in Refs.
[15,16], in which the description of grain boundary in
terms of the order parameter in phase field model is
confined to low-angle grain boundary, thus, the current
work can only address the precipitation issue in
bi-crystal with low-angle grain boundary, despite the
model in present work is capable of simulating general
high angle grain boundary. In future work, a more
applicable model, including all angle levels of grain
boundary will be employed to study the NiyTi;
precipitation in polycrystalline NiTi shape memory
alloys.

4 Conclusions

1) In bi-crystalline NiTi alloys, the grain boundary
plays a necessary but insufficient role in the
heterogeneous distribution of Ni,Ti; precipitates, in
which the NisTi; particles prefer to precipitate in the
grain boundary area and leave the most of the grain
interiors free of precipitates, whereas the grain boundary
effect is dependent on the composition of the alloy and
the applied stress.

2) The applied compressive stress and the initial
supersaturation level of Ni-content can suppress the grain
boundary effect and consequently change the
precipitation behavior of NisTi; particles. The effect of
the external stress is more sensitive in the NiTi alloy with
a low supersaturation level of Ni-content.

3) The initial supersaturation level of Ni-content
seems to be the determinative factor in the number
density of NisTi; precipitates, while the heterogeneous
distribution of each type of variant across the two
adjacent grains with different orientations is mainly
controlled by the external stress.
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