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Patterning of martensitic nanotwins

Yuan Zhong and Ting Zhu⇑

Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA

Received 21 July 2012; accepted 11 August 2012
Available online 19 August 2012
We perform the atomistic Monte Carlo simulations of formation of nanostructured martensites in nickel–titanium thin films. The
results reveal the atomistically resolved patterning of martensitic nanotwins, including coarsening, branching and twinning within
twins, as mediated by temperature and substrate constraints. A scaling law is derived to elucidate the physical effects governing the
characteristic nanostructure length scale of the twin width. Our modeling approach opens up possibilities for the atomistically based
design of martensitic nanostructures to produce advanced alloys with optimized properties.
� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Advanced materials, such as shape memory al-
loys [1], ferroelectrics [2] and other multiferroics [3],
are being increasingly used for a variety of multifunc-
tional applications. In these materials, the formation
of martensitic microstructures is commonly observed
[4,5]. Understanding the physics and design principles
of nanostructured martensite is crucial for the control
of its properties, e.g. producing large reversible strains
in response to thermomechanical stimuli in shape mem-
ory alloys.

Various theoretical and modeling approaches have
been applied to study martensitic microstructures,
including crystallographic and geometrically nonlinear
theory [1,6], phase-field simulation [7,8], atomistic
molecular dynamics [9,10] and quantum mechanical cal-
culation [11,12]. While those studies have greatly ad-
vanced our understanding of nanostructured
martensites [4,5], they often require a priori assumptions
on the transformation geometry and energy function, or
are limited in their spatial–temporal resolution. Here, we
report a novel way to atomistically model martensitic
nanostructures by combining the interatomic potential
and the Monte Carlo (MC) method. Without geometri-
cal construction and timescale limitations, our MC sim-
ulations reveal the atomistically resolved patterning of
nanotwins in a model system of nickel–titanium (NiTi)
thin film. The results provide insights into the length
scale and temperature effects on the formation of mar-
tensitic nanostructures.
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A Finnis-Sinclair [13] type many-body interatomic
potential is employed to describe the NiTi system. Com-
pared to quantum mechanical modeling, it enables
atomic-level simulations in a much larger system, which
is essential for the study of martensitic nanostructures.
This potential was developed by Lai and Liu [14], and
later improved to smooth the discontinuities at its cutoff
[9]. To overcome the timescale limitation of molecular
dynamics, we perform canonical Monte Carlo simula-
tions (with the Metropolis algorithm [15]) to study the
temperature-driven formation of twinned microstruc-
tures. We construct a NiTi thin film in the austenitic
B2 phase. The system is 5.1 nm � 4.8 nm in the film
plane and 16.8 nm thick, and involves a total of
23,040 atoms. Periodic boundary conditions are applied
along both the h001iB2 and h1�10iB2 directions within
the film plane. The top surface is free to move in the ver-
tical h110iB2 direction. Four bottom layers are fixed to
the parent B2 phase, mimicking the constraint of the
austenitic substrate.

The martensitic phase transformation starting tem-
perature (Ms) in this NiTi thin film model system has
been benchmarked to be around 260 K, lower than the
bulk value of Ms (�310 K) predicted from our previous
simulations [9]. This difference can be attributed to the
boundary effects. Specifically, the atomic bonding envi-
ronment at the free surface and fixed bottom is different
from that in the bulk of the thin film, leading to a shift in
the phase transformation temperature.

We perform the MC simulations in an NVT ensemble
at various undercooling temperatures. For each
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temperature, tens of simulations are conducted to iden-
tify the possibly different metastable microstructures.
Each of MC simulations involves 1.4 billion steps,
ensuring the converged twin structure and energy. We
present here the representative MC results at 250 K
(�10 K undercooling) and 200 K (�60 K undercooling).
Simulations at temperatures lower than 200 K yield re-
sults similar to those at 200 K.

Our MC simulations reveal the temperature-driven
diffusionless phase transformation from the parent B2
to the martensitic B19 phase in the NiTi thin film at both
250 and 200 K. Figure 1(a) shows the schematic of the
displacive B2! B19 transformation in a conventional
unit cell. In the parent B2 phase, the cell edge is
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in both the h110iB2 and h1�10iB2 directions, where a0 de-
notes the B2 lattice constant. Upon phase transforma-
tion, the B19 phase forms two equivalent variants in
the plane of the paper, with c >

ffiffiffi
2
p

a0 > a; the cell edge
in the h001iB2 direction remains unchanged due to geo-
metrical constraint of the austenitic substrate. Note that
the previous molecular dynamics simulations with the
same interatomic potential predicted the B2! B190

phase transformation in both NiTi bulk (temperature-
driven) [9,10] and in a nanopillar (stress-driven) [16].
The favorable formation of the martensitic B19 phase
in the thin film can be attributed to the small film thick-
ness, resulting in an increasing role of the free surface
and the fixed austenitic substrate in selecting the trans-
formation product. Interestingly, the resultant martens-
itic B19 phase exhibits multiple variants, the periodic
arrangement of which leads to nanotwin patterning.

Figure 1(b–d) shows the sequential process of nano-
twin patterning at 250 K (�10 K lower than Ms). In Fig-
ure 1(b), the initiation of the B2! B19 transformation
appears to be a homogeneous nucleation process. The
atomic configuration on the left shows that the martens-
Figure 1. Martensitic transformation and nanotwin patterning in an NiTi thi
fixed to represent the austenitic substrate. (a) Schematic of the B2 to B19 tr
exaggerated to increase the geometric contrast between the two B19 var
transformation. (c) An intermediate state of formation of twinned martensit
stripes. In (b–d), the left image shows the atomic configuration, where atoms
shows the contour of the ratio of the lattice constant in the h110iB2 direction o
the two B19 variants are represented by the red and blue rectangle, resp
interpretation of the references to colour in this figure legend, the reader is
itic B19 phase emerges as equally spaced circular nuclei,
each of which involves a group of light blue atoms with
a diameter about 1.5 nm. In the corresponding contour
of lattice ratios on the right, it is seen that the nuclei with
the same B19 variant (i.e. same color) are neighbored in
the 45� direction. Those nuclei grow and coalesce to
form the inclined twin stripes. Figure 1(c) shows an
intermediate state, and Figure 1(d) the final converged
structure of twinned martensite. Note that the above se-
quence represents a transformation path from an initial
state to the mode of the stationary distribution along the
Markov chain, and does not necessarily reflect the tem-
poral evolution of martensitic phase transformation. A
number of repeated MC simulations at 250 K all yield
the same final product.

Both the atomic configuration and the contour of lat-
tice ratios in Figure 1(d) reveal the periodic stripes of
nanotwins, featuring an atomically sharp twin interface
with its normal in the h100iB2 direction. Of particular
note are the different twin widths in the periodic nano-
twinned stripes, i.e. �1.5 nm for variant I (red stripe)
and �2.0 nm for variant II (blue stripe). Correspond-
ingly, the volume fraction of variant I, denoted as k, is
0.42. This volume fraction can be readily rationalized
on the basis of requirement of geometrical compatibility
at the habit plane between the martensitic twins and
austenitic substrate [1], i.e. kaþ ð1� kÞc ¼ 1, where
c ¼ c=ð
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a0Þ and a ¼ a=ð
ffiffiffi
2
p

a0Þ.
It should be emphasized that nanotwins near the sub-

strate are not in their equilibrium states, as evidenced by
the blurred von Mises shear strain plot and color map in
Figure 1(d). This so-called transformation decay region
results from the accommodation of lattice mismatch be-
tween the austenitic substrate and the twinned martens-
ite. Such a decay region plays a key role in selecting the
size of the nanotwin stripes. That is, the nanotwin width
n film at 250 K (�10 K undercooling). The region below the red line is
ansformation in a conventional unit cell. The unit cell deformation is
iants. (b) MC snapshot showing the initiation of martensitic phase
e. (d) The final converged state with the fully developed periodic twin
are colored by the von Mises shear strain invariant, and the right one
ver that in the h1�10iB2 direction. In the schematic of twin stripes in (d),

ectively, and the B2 phase is represented by the green square. (For
referred to the web version of this article.)
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is governed by the competition between the strain en-
ergy in the decay region and the twin interface energy
in the film. Incidentally, a similar energy competition
leads to periodic stripes in the strained liquid crystal
elastomer, and a scaling analysis of stripe width has
been given by Verwey and co-workers [17]. Along the
same line of reasoning, we note that the size of the decay
region is proportional to the twin width d, since the lat-
tice distortion from the equilibrium B19 state (being
either of the two B19 variants) is periodic in the Lx

direction with a period of the order of d, as indicated
in Figure 1(d). Hence the strain energy per stripe is
� l�2d2Lz, where l is the shear modulus and e is the
characteristic lattice strain in the stripe. There are Lx/d
stripes in the film. As a result, the total elastic energy
in the decay region is � l�2LxLzd. On the other hand,
the total interfacial energy associated with twin bound-
aries is � fTBLxLyLz=d, where fTB is the twin boundary
energy per unit area. Minimization of the sum of the
above elastic and interfacial energies with respect to d
yields the optimal twin width

d �

ffiffiffiffiffiffiffiffiffiffiffiffi
fTB

l�2
Ly

s
ð1Þ

The scaling relation of Eq. (1) elucidates the physical
factors governing the characteristic twin width. It de-
pends on the geometric mean of two length scales: one
is the extrinsic sample length scale of the film thickness
Ly and the other is the intrinsic material length scale
of nBfTB=ðl�2Þ that scales with the twin boundary thick-
ness [17]. Using the typical values of NiTi martensite [9],
fTB � 0:1 J=m2, l � 50 GPa and � � 0:05, we estimate
n � 1 nm. Given that Ly = 16.8 nm in our MC simula-
tions, Eq. (1) predicts the twin width d to be in the range
of a few nanometers, consistent with our MC results.
Moreover, since l increases with decreasing temperature
and usually has a stronger temperature dependence than
fTB [17], Eq. (1) suggests that an increase in undercool-
ing can lead to twin refinement. This has been verified
by our MC simulations, to be detailed next.
Figure 2. Refinement and branching of nanotwins at 200 K (�60 K undercoo
refined twin stripes, as opposed to the coarse ones in Figure 1(d). (b) Branch
Sequential process of formation of branched nanotwins; in contrast to (b), the
The color scheme in (a–c) is the same as in Figure 1. (For interpretation of th
web version of this article.)
Large undercooling can yield a variety of patterning
in nanotwinned martensite. Figure 2(a) shows the con-
verged martensitic microstructure at 200 K. The nano-
twinned stripes consist of alternating B19 variants
similar to those at 250 K, as shown in Figure 1(d). How-
ever, the twin width decreases, as does the size of the
transformation decay region. This twin refinement with
decreasing temperature (equivalently, twin coarsening
with increasing temperature) is consistent with the pre-
diction from our previous scaling analysis.

More interestingly, repeated MC simulations reveal
the branching of nanotwins near the habit plane be-
tween the martensitic twins and austenitic substrate.
One scenario of twin branching is shown in Figure 2(b),
where the coarse twins appear near the free surface and
fine twins, aligned in the same orientation, occur when
approaching the habit plane. Alternatively, the fine
twins could form with twin boundaries in another equiv-
alent {10 0}B2 plane, as shown in Figure 2(c3). This pro-
duces an intriguing pattern of “twins within twins” [4],
with the primary twin interface of {110}B2 and the sec-
ondary twin interfaces of {100}B2.

The branched nanotwins in Figure 2(b and c) are
likely more favorable energetically than the non-
branched ones in Figure 2(a). Along the lines of previ-
ous analysis of the energy competition in twinned mar-
tensite, it is understandable that the energy budget
could be effectively reduced by adopting multiple twin
sizes, e.g. coarse and fine twins coexist but are located
at different places, as shown in our MC simulations.
The fine twins near the habit plane lower the elastic en-
ergy by reducing the size of the decay region. On the
other hand, the coarse twins near the free surface reduce
the overall twin interfacial energy.

Figure 2(c1–c3) shows the sequential process of
nucleation and growth of the branched nanotwins, with
their converged state shown in Figure 2(c3). In contrast
to the homogeneous nucleation of martensite within the
bulk of the thin film at 250 K in Figure 1(b), the mar-
tensitic nanotwins nucleate simultaneously near the free
surface and the substrate at 200 K. They exhibit differ-
ling). (a) The final converged state from a MC simulation showing the
ed nanotwins with twin boundaries aligned in the same orientation. (c)

branched twin boundaries form in another, equivalent {100}B2 plane.
e references to colour in this figure legend, the reader is referred to the
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ent twin widths and grow to meet inside the thin film,
yielding the final product shown in Figure 2(c3). The
geometrical constraints near the free surface and the ha-
bit plane are distinctly different, setting the different
characteristic twin sizes. The apparent branching of
nanotwins actually results from the simultaneous nucle-
ation of nanotwins from both the free surface and the
habit plane. Different branching modes in Figure 2(b
and c) originate from the random orientation of
nanotwins when they are initiated.

In summary, we develop an atomistic Monte Carlo
method to simulate the formation of martensitic nano-
structures without timescale limitations. The results
demonstrate the temperature-mediated patterning of
nanotwins in alloy thin films. This modeling approach
can be applied to the atomistically based design of mar-
tensitic nanostructures to produce advanced alloys with
optimized properties.
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