Letters on Materials 8 (2), 2018 pp. 225-230 www.lettersonmaterials.com

DOI: 10.22226/2410-3535-2018-2-225-230 PACS: 64.70.Kb

Martensitic phase transformation in NiTi bi-crystals
with symmetric ¥25 twist and tilt grain boundaries
S. V. Dmitriev"', R.I. Babicheva? D. V. Gunderov**, V. V. Stolyarov®, K. Zhou?
'dmitriev.sergey.v@gmail.com

"National Research Tomsk State University, 36 Lenin ave., Tomsk, 634050, Russia
*Nanyang Technological University, 50 Nanyang ave., Singapore, 639798, Singapore
*Institute of Molecule and Crystal Physics Ufa Research Center of RAS, 151 Oktyabrya ave., Ufa, 450075, Russia
*Saint Petersburg State University, 28 Universitetsky ave., Saint Petersburg, 198504, Russia
*Mechanical Engineering Research Institute of RAS, 4 Maly Kharitonyevsky Pereulok, Moscow, 101990, Russia

NiTi alloys attract a lot of attention of researchers for a number of reasons; among them are their practical importance and
challenges for theoretical understanding. The most exciting feature of these alloys is the shape memory effect due to the
martensitic transformation at temperatures close to the room temperature. There exist many factors affecting the transition
temperatures in such materials, such as a deviation from stoichiometric composition, dislocation density, grain size, and the
type of grain boundaries. The latter factor is one of the less explored, and we are aware of just a few studies in this direction.
In the present work, molecular dynamics simulations are carried out to reveal the effect of symmetric tilt and twist grain
boundaries in bi-crystals with nanosized grains on the forward and reversed martensitic transformations during cooling
down from the austenite B2 phase and subsequent heating up from the martensite B19' phase. Phase composition, elastic
strain components, relative change of volume, potential energy per atom, and shear stresses are calculated and analyzed as
the functions of temperature. It is found that the type of grain boundaries in the bi-crystals strongly affects the transition
temperatures. Start and finish temperatures of the forward and reverse martensitic transformations are much lower in the
bi-crystal with twist grain boundaries as compared to that having tilt grain boundaries. Overall, the simulation results of this
study are in a good qualitative agreement with the available experimental data.
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NiTi crraBsl IpuBIIeKaloT 60JIbIIOe BHUMAHME MCCIeOBaTeNIel 10 pARY IPUYMH; CPefy HUX UX IMPaKTUYecKas [eHHOCTD
U CTIOKHOCTD JIIS TeOpeTHYecKoro moHnmanuA. Haubonee Bbigaomascsa 0cOOEHHOCTb TaKVUX CIVIABOB 3TO 9¢deKT mams-
T POPMBI, KOTOPBLII 0OYC/IOB/IEH MapTEHCUTHBIM IIpeBpalljeHieM, IPOTeKaoIVIM IIPU TeMIlepaTypax O/M3KUX K KOMHAT-
Hol1. CylecTByeT MHOXKeCTBO (paKTOpPOB BIMAIOMINX Ha TeMIEpaTypy $Ha3oBoro mepexona B STUX MaTepuasax, HaIpuMep,
OT/IMYME XVMMMUYECKOTO COCTaBa CIIaBa OT CTEXMOMETPUYECKOTO, IJIOTHOCTh JUCIOKALNIA, pasMep KPUCTAIMTOB U TUIL
rpaHuy 3epeH. Ilocnennuit Gpakrop, U3 NepedNcIeHHbIX, HaMeHee M3Y4YeH, M Mbl OCBEOM/ICHBI TOIBKO O HECKOJIbKMX pa-
60Tax, MOCBAIICHHBIX 9TOMY BOIIPOCY. B maHHOIT paboTe IPOBEfeHO MOIENIMPOBaHe METOLOM MOJICKY/LAPHOI AMHAMUKI
C IIeJIBI0 M3Y4YEHN BOIIPOCA BIVISHIA CUMMETPUYHON IPAHNUIIbI HAK/IOHA VM KPY4eHMs B HAHOKPYUCTa/UIMYeCKIX OMKpyCTal-
JIaX Ha IPsAMOI U 0OpaTHBII MapTEeHCUTHBIE IIePeXO/bl IIPU OXIAXK/ICHNN ¢ ayCTeHUTHON B2 dasbl u mocnenyonem Harpese
¢ MapTeHcUTHON B19' daspl. Onpenenensl 1 MpoaHaan3MpOBaHbl (Ha3oBblil COCTaB, KOMIIOHEHTBI YIIPYToi e opMarui,
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OTHOCHUTEIbHOE U3MeHeHUe 06'beMa, TOTeHIIMaIbHAs SHEPTY aTOMa ¥ CABUTOBbIE HAIIPSKEHMA B 3aBUCUMOCTY OT TeMIIe-
patypsl. O6HapY>KeHO, YTO THUII TPAHMIIBI 3epPHA B OMKPUCTA/IaX CYIIeCTBEHHO BIMACT Ha TeMIIepaTyphl (a3oBbIX Hepexo-
moB. TeMIepaTypbl Hayala M KOHIA MPSAMOTO M 0OPaTHOTO MapTEHCUTHOTO IIePeXOJ0B CYLIeCTBEHHO HIDKe B OMKpUCTae
C IpaHUIIaMM KPY4YeHMs IT0 CPAaBHEHNIO C OMKPICTAIIOM, MMEIOIMM IPaHNIIbI HAK/IOHA. B 11e710M, pe3ynbTaThl MOJeTMpoBa-
HIAA, IOJTyYeHHbIE B JaHHOU paboTe, Ka4eCTBEHHO XOPOLIO COITIACYIOTCA C MMEIOIIVMMICS SKCIIepYMEeHTaTbHBIMIU TaHHBIMIL.

KiroueBble croBa: MO/IEKY/IAPHO-ANHAMIYECKOE MOJIeTMPOBaHNe, ciias ¢ addexrom nmamatn popmsl, NiTi, MapreHcuTHOE asoBoe

IpeBpallieHe, IpaHNLa 3epHa.

1. Introduction

Thanks to the shape memory effect realized during the
martensitic transformation (MT), NiTi based alloys are
widely used for a number of applications as functional
materials [1 - 3]. One of the main reasons for the wide spread
application of these alloys is their ability to undergo the
phase transformation at temperatures close to the ambient
one. However, the MT temperature interval is dependent on
many aspects, and therefore it is very important to study the
influence of various factors, including microstructure, on
phase transformation behaviour of NiTi alloys.

It is well known that the reduction of average grain size
retards the formation of martensite and results in the shifting
of the critical temperature for the forward martensitic
transformation (FMT) realized at cooling toward lower
temperatures, while an increase in grain size leads to MT at
higher temperatures [4]. In the alloys with nanocrystalline
(NC)and amorphousstructures, the transformation is severely
retarded or totally suppressed [5- 7], while the application of
external stresses can ease the phase transformation; unlike
the temperature-induced martensite, the stress-induced one
can be observed in grains having size less than 60 nm [8 - 10].

It is believed that grain boundary (GB) type can also
influence MT, and not all GBs can facilitate the formation
of martensite. For example, Kajiwara has reported that only
GBs with the special character can be favorable sites for a
martensite nucleation [11]. Ueda et al. [12] have studied
the compatibility of shape strain at the tilt and twist GBs of
the Fe-32at.%Ni bi-crystals during MT experimentally. The
compatibility denotes that martensite variants, i. e. various
configurations of the martensite lattice, in neighboring
crystals do not constrain each other at GB. The authors have
revealed that in the bi-crystal with twist GBs, variants that
can satisfy the compatibility requirement at GB [13] do not
exist. In this case, the FMT start temperature shifts to lower
temperatures. In [14], molecular dynamics (MD) simulation
has been performed to investigate the GB effect on MT in
Fe bi-crystals under shock loadings. The authors have shown
that all the three types of studied GBs provide nucleation
sites for the phase transition, but not all variants nucleating
at the vicinity of X5 twist GB and X3 tilt GB can form at
>3 twist GB. This is because the coincident planes between
both sides of the GB affect the slip process and influence the
variant selection. Qin et al. [15] studied the role of different
tilt GBs on MT in NiTi alloy during thermal cycling using
MD method and concluded that some GBs retarded while
the others promoted the martensite formation. There is also
no general opinion about the effect of twin boundaries on
MT [16,17] that can be responsible for the transformation
induced plasticity effect [18].

From the above presented literature review, one can
conclude that the role of GBs on MT is not yet clear. MD
approach is very helpful in the investigation of an atomic
structure evolution during MT [19-21]. Therefore, in order
to further deepen the understanding of this issue, this paper
studies the effect of GB on MT in the NiTi shape memory alloy
via MD simulation and by using a simplified bi-crystal model.

2. Modeling

NiTi alloy with the equiatomic composition is studied
in the work. At high temperature, the material has the
austenite bcc B2 structure, while at low temperatures, it
normally has the martensite monoclinic B19' structure.
FMT of the material can be realized through the formation
of intermediate phases (IPs), such as the rhombohedral R
or orthorhombic B19 phases. Therefore, it is important to
differentiate FMT that is associated with the appearance of
IP, through the B2 — IP transition, (FMT-1) and FMT which
is characterized by nucleation of the monoclinic phase via
B2—>B19' and/or IP—>B19' (FMT-2). It is believed that,
along with the mentioned IPs, there are other IPs that can be
observed during FMT [22].

MD simulation is conducted for two different
computational cells in the form of rectangular parallelepiped.
Each of them includes almost 50,000 atoms that form
two differently oriented B2 crystals. The first cell of the
12.8x4.0x12.8 nm’ size is separated by the symmetrical
¥25(710) tilt GBs with the <010> misorientation axis, while
the second cell of the 8.5 x 6.4 x 12 nm” size by the symmetrical
¥25(001) twist GBs with the <001> misorientation axis. The
GBs are constructed using the coincidence site lattice model.
The planes of the two GBs existing in each bi-crystal are
parallel to the xy-plane (Fig. 1). One of them is located in

Fig. 1. The bi-crystals with tilt GBs (a) and twist GBs (b). Ti (Ni)
atoms are shown in light-gray (dark-gray).
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the middle of the computational cells, while another one is
formed by the upper and lower faces due to the use of the
periodic boundary conditions along the z direction.

The modeling is performed using the atomic/molecular
massively parallel simulator (LAMMPS) program package
[23]. The periodic boundary conditions are applied along
the three orthogonal directions x, y and z of the cells.
Atomic interactions in the Ni-Ti system are described by the
modified embedded-atom method potential developed by
Ko et al. [24]. This interatomic potential can quite accurately
predict the temperature- and stress-induced MT in NiTi
alloys [24-26].

Initially, the bi-crystals are relaxed to obtain the structures
with the local potential energy minimum. FMT of the alloy
is realized through a gradual decrease in temperature from
450 K, when the material has the B2 structure, down to a
temperature below the one of FMT finish. Subsequent reverse
martensitic transformation (RMT) is initiated by heating up
the alloy in the martensite state up to a temperature higher
than the one of RMT finish. Prior to the cooling-heating
process, the bi-crystals are equilibrated for 10 ps at 450 K.

Due to a computational time limitation during a
continuous change of temperature, MD method may not
correctly reflect MT process that requires some time to
achieve an equilibrium condition of material. Therefore, in
order to avoid this drawback, temperature is changed by steps
of 10 K followed by equilibration at constant temperature
within 50 ps. For the material thermalization at a certain
temperature, the NPT ensemble is applied, and the normal
stress components are kept equal to zero and controlled
independently.

For visualizing the atomic structure and phase
composition at different temperatures, the OVITO software
is adopted [27,28]. In order to differentiate the B2 and B19'
phases, the common neighbor analysis (CNA) [29] is applied
using OVITO. This method allows decomposing the radial
distribution function of a material according to the local
structural environment for pairs of atoms classifying atoms
in crystalline systems, and such way define phases and their
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proportion in the material, as well as the fraction of the
disordered structure [30]. In this work, an adaptive version
of CNA [31] that does not require a fixed cutoft is used. Note
that the CNA method cannot differentiate the monoclinic
B19' phase and IPs that often can be observed during FMT
of NiTi alloys.

Thermal fluctuations of the atoms can make differentiating
of phases challenging and significantly affect the phase
composition analysis. Therefore, before the adaptive CNA,
positions of all atoms are averaged over ten separate structures
obtained right after thermalization with the interval of 10 fs.

3. Results and discussion

Fig. 2a shows the dependence of potential energy
per atom, E, on temperature during cooling and heating
of the bi-crystals with the tilt and twist GBs. For both the
computational cells, the appearance of the B19' phase
during FMT-2 is characterized by the heat absorption and
associated with the decrease in EP, while further RMT (the
B19'—>B2 transformation), when the material releases
the heat, is accompanied by an increase in E. The FMT-2
start temperature can be defined as 290 K and 80 K for the
bi-crystals with the tilt and twist GBs, respectively. Obviously,
temperature of the system must change during the phase
transition, but due to the NVT ensemble applied in the work,
the temperature is fixed after each increment, and the energy
flow during MT is controlled through the change of the
potential energy. The averaged potential energy per atom for
the cell with tilt GBs is higher than that of the twist GB case.
We thus conclude that the tilt GB has higher energy than the
twist GB. It is clearly seen that the hysteresis associated with
MT for the bi-crystal with tilt GBs is at higher temperatures
in comparison with that of the bi-crystal with twist GBs
indicating that both FMT-2 and RMT for the latter case are
inhibited.

Figs. 2b and 3 represent the results of the adaptive
CNA. Fig. 2b shows the atomic structure of the bi-crystals’
fragments, and Fig. 3 demonstrates the change of fraction

250K (FMT) 350K (RMT) 450K (RMT)

150K (RMT) 320K (RMT)

domaln boundary

b

Fig. 2. Potential energy per atom versus temperature. The arrows show the direction of temperature change (a). Fragments of the bi-crystal
structure. The blue atoms represent the bcc B2 structure, while the red atoms can belong either to IP or B19' phase. The areas given in gray
correspond to the undefined or disordered structures. The upper row of snapshots is for the slice of the cell with tilt GBs (the y-axis view),
while the lower row is for the slice of the bi-crystal with twist GBs (the z-axis view) (b).
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of the phases with temperature during FMT and RMT.
The disordered structure is not taken into account in the
calculation of the phase composition.

The adaptive CNA can define the B2 structure but cannot
differentiate the B19' phase and IPs; this algorithm indicates
atoms of the B19' and IP in the same color. At the same
time, it is known that during the IP - B19' and/or B2 B19'
transitions, when a material reaches the FMT-2 start
temperature, the B19' phase forms in a very short temperature
interval, that can be defined from the physical characteristics.
Therefore, in order to calculate the phase composition, it is
necessary to consider both the temperature dependences of
physical characteristics and the fraction of structures colored
according to the CNA results.

FMT-1 realized in the wide temperature interval
indicates that the obtained data should be analyzed taking
into account that B2— IP, similar to the direct B2—> B19' or
IP—B19' transformations, is the first order phase transition
but close to the second one, and therefore, the material is not
featuring jumps in physical properties such as energy, phase
composition or dilatation (will be shown later).

At initial state (450 K), the structure of both bi-crystals
is characterized by the B2 lattice (Fig. 2b). From Figs. 3a
and 3b, it can be seen that at 380 K and 250 K (the FMT-1
start temperature), for the tilt and twist GB cases, respectively,
the fraction of atoms colored in red starts to gradually
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increase at the expense of the atoms colored in blue (the
B2 phase). Physical properties change continuously when
passing these critical points, meaning that the B2—IP
transition demonstrates the second order transition behavior.
Further cooling results in energy jumps at 290 K and 80 K for
the bi-crystals with tilt and twist GBs, respectively (Fig. 2a).
At these temperatures, we also can see the jumps in the
phase composition (Fig. 3) and strain components (Fig. 4a)
signaling the B19' phase nucleation as a result of the FMT-2
transition. The presence of the B2 phase at the FMT-2
start temperature indicates that along with the IP—B19'
transformation, FMT-2 is likely realized through the direct
B2—>B19' transition. The difference in the B2 phase fraction
and the phase composition jump at FMT-2 for the considered
bi-crystals (Fig. 3) denotes that the contribution from the
B2 — B19'to FMT-2 in the material with tilt GBs is higher than
in the case of twist GBs. Along with a significant difference in
the FMT start temperatures, it is revealed that, unlike the tilt
GB case, the generation of the B19' phase in the bi-crystal with
the twist GBs is accompanied with the formation of different
martensite variants separated by domain boundaries inside
the grains (Fig. 2b).

During the following heating, RMT is realized through a
direct B19'— B2 first order phase transition at temperatures
of 400 K and 220 K for the computational cells with tilt and
twist GBs, respectively.

Fig. 3. (Color online) Phase composition versus temperature for the bi-crystals with tilt GBs (a) and twist GBs (b).
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Fig. 4. (Color online) Temperature dependence of the bi-crystal dimensions (a). Relative change in volume for the bi-crystals during cooling

and heating (b).
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In order to understand the reason for such significant
difference in the phase transformation temperatures for the
bi-crystals, the change of linear dimensions of the bi-crystals
during their cooling and heating is analyzed. In Fig. 4a, the
change of the normal strain components ¢ , ¢ , and ¢_ of
the bi-crystals during FMT and RMT is represented. The
appearance of IP during cooling is accompanied with some
extension of the cells in two directions and compression
along the third axis. With further cooling down to the FMT-2
start temperature, dimensions of bi-crystals change gradually.
Unlike the x- and y-axes, FMT-2 does not lead to any abrupt
change of the cell size along the z direction. During RMT, the
bi-crystal having tilt GBs undergoes extension (~3.5%) along
the y-axis, while the bi-crystal with a twist GB demonstrates
such behavior in the direction perpendicular to the GB
plane (the z-axis). In the other two orthogonal directions,
both bi-crystals are contracted. Note that the bi-crystal with
twist GBs shrinks along the x- and y- axis on the same value
(~1.5%), while for the second bi-crystal, the strains along
these axes are different (~2.5% and ~1%, respectively).

As can be seen from Fig. 4b, unlike the B2—IP phase
transition, both the IP—B19' (and B2—>B19') and B19'—> B2
transformations are associated with an abrupt increase and
decrease in relative volume of the bi-crystals, respectively.
During FMT-2, the change of volume of the bi-crystal with
tilt GBs is ~0.06%, while for the second bi-crystal, it is equal
to ~0.04% that is consistent with Ref. [32]. The difference in
the values can be explained by the significant supercooling
of the bi-crystal with the twist GBs in comparison with the
bi-crystal having tilt GBs.

Such anisotropic dilatation of the bi-crystals upon MT
different from the relative change of materials volume is
explained by the formation of preferable martensitic variants.
It is known that during the B19'->B2 transformation,
the crystal lattice demonstrates extension in two normal
directions and compression in the third one. Obviously, the
change of bi-crystal dimensions observed in the study can
be only realized when we deal with two or more martensite
variants, and their sum effect leads to the opposite situation
[7]. But unlike the bi-crystal with tilt GBs, where we can
observe only one type of variants in each grain, in the case of
twist GBs, FMT results in formation of two variants in each
crystal separated by the domain boundary (Fig. 2b).

The formation of certain martensite variants in materials
during FMT is determined by the internal anisotropic stresses
in the austenite state. Therefore, it is important to analyze
the change of internal stresses in the bi-crystals during their
cooling and heating (Fig. 5). As was mentioned earlier, all the
three normal stress components are controlled to be zero, and
their values do not exceed +20 MPa.

When the material is in the austenite state, the shear
stresses 7_ and 7 _ for the bi-crystal with tilt GBs are much
higher (~100 MPa and ~140 MPa, respectively) than 7_, which
is close to zero. In the case of the twist GBs, on the contrary,
7, is very high (~190 MPa) and the other two components
are close to zero (Fig. 5). Apparently, such differences in the
stress distribution in the B2 phase determine the formation
of different martensite variants in the bi-crystals. Unlike the
bi-crystal with tilt GBs, the formation of martensite domains
in the material with the twist GBs results in abrupt increase in
the 7 and 7,_values that decrease again with further heating.
The 7, and 7_ stresses for the bi-crystals with twist GBs and
tilt GBs, respectively, after RMT return to their initial values
(before the cooling). At the same time, after the heating, T, in
the bi-crystal with tilt GBs drops down to zero value indicating
the change of the stress distribution in the material after FMT
and RMT. The obtained results suggest that the GBs determine
the formation of certain variants, and some GBs can retard the
transition requiring cooling down to very low temperatures.

Indeed, not all GBs facilitate the martensite phase nucleation
[11]. According to Ueda et al. [12], symmetric coarse martensite
variants formed near tilt GBs must promote MT, and due to the
non-satisfied compatibility requirement at GBs, twist GBs retard
the formation of martensite phase. The authors mentioned that
in this case, in the vicinity of the twist GBs, plenty of small
irregular variants are formed. Note that in the current study, we
also observe a formation of domains in the grains of the bi-crystal
with twist GBs that is consistent with the experimental study.
This indicates that, unlike the tilt GBs leading to nucleation of
only one type of martensite variants in each grain, the studied
twist GB does not facilitate the easy generation of martensite
phase that results in the formation of different variants within
one crystal. Such behavior of the studied material can be
explained by the fact that, compared to screw dislocations that
form twist GBs, edge dislocations of tilt GBs create areas with
higher strains that promote MT at higher temperatures.
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Fig. 5. (Color online) Shear stresses in the bi-crystals with twist GB (a) and tilt GBs (b) versus temperature.
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4. Conclusions

MT in NiTi bi-crystals with ¥25 tilt GBs or ¥25 twist GBs was
analyzed via MD simulation. It was revealed that the type of
GB has a pronounced effect on the transition temperatures.
Namely, the FMT and RMT start and finish temperatures
of the bi-crystal having the ¥25 twist GBs are much lower
in comparison with those of the bi-crystal with the %25 tilt
GBs. This fact can be explained taking into account that
dislocations play an important role in martensite nucleation
[33] and that tilt and twist grain boundaries produce edge
and screw dislocations, respectively. Edge dislocations
are more efficient in martensite nucleation because they
produce favorable stress fields [22,33]. Along with the direct
B2—B19' transition, in both bi-crystals, FMT occurs also
through the formation of IP (B2—IP— B19'), while RMT is
one-step transition B19'— B2. Both IP - B19' and B19'— B2
are first order transformations, while B2 — IP has features of
second order transition.

Overall, our results are in a good agreement with
experimental results reported in [12]. FMT in the bi-crystal
with tilt GBs is initiated at much higher temperatures in
comparison with the bi-crystal having twist GBs. Due to small
dimensions of the computational cells, the NiTi bi-crystals
considered in our work can be attributed to the material with
NC structure and, therefore, the FMT-2 start temperature is
much lower compared to that observed experimentally for
the coarse grained samples [12].
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