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Abstract. Present review is devoted to the application of the molecular dynamics (MD) method to
the investigation of the mechanisms of martensitic transformations in shape-memory alloys. It is
demonstrated that application of simple pair potentials in frames of two-dimensional modeling
can shed light on various processes occurring in nanocrystals undergoing martensitic phase
transitions. After a brief overview of the MD method and introduction of the two-dimensional
models based on the pairwise Lennard-Jones and Morse potentials, recent developments in the
study of the peculiarities of martensitic transformations (thermodynamics, kinetics, structure,
morphology, etc.) are discussed.

1. INTRODUCTION

Shape memory alloys (SMA) are materials that can
be plastically deformed and then regain their original
shape after heating. This excellent property is due
to the diffusiveless, thermoelastic martensitic
transformation (TMT) characterized by a collective
movement of atoms over distances that are typically
smaller than one nearest-neighbor spacing [1].
Martensitic transformations have numerous
technological applications such as enhancing the
alloy’s  strength or  the use of  fascinating shape-
memory effect in the alloys like Nitinol for the design
of medical and engineering devices, etc. SMA can
combine shape memory effect and superelasticity,
corrosion resistance and biocompatibility, as well
as superior engineering properties. To date, TMT
was studied for different industrially important allows:
Ti-Ni [2], Ti-Ni-Cu systems [3,4], Ti-Ni-Hf [5], Ni-

Mn-Ti alloys [6], Ni-Mn-Ga systems [7,8] to name
a few. TMT can be induced by cooling or application
of the external stresses, thus it is very important to
study not only the SMA of different compositions
but also the effects of various external factors like,
for example, severe plastic deformation [9].

Despite a lot of works are devoted to the
investigation of the TMT kinetics, to the study of
rich microstructure of SMA and the effects of different
additions on the structural and physical properties,
still a lot of questions should be answered for better
understanding of the related phenomena.
Experimental methods very often encounter
difficulties in explaining the atomistic mechanisms
of TMT and the effect of intrinsic defects of the
structure, especially for ultra-fine-grained or
nanostructured materials. That is why several
simulation techniques were developed for the
investigation of TMT, for example, the phase field
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method, MD method, analytical models and others,
which are considered to be successful for studying
of TMT at various conditions. For example, the
phase field model can be used to investigate TMT
in thin film attached to a substrate [10]. In [11]
computer simulations are performed for a generic
cubic  tetragonal martensitic transformation in a
multilayer system consisting of alternating active
and inert layers. The phase field microelasticity
theory was used to formulate a three-dimensional
phase field model of a multivariant martensitic
transformation under external load. Also, to date,
martensitic transformation under strain was studied
by  the  other  methods  –  finite  element  [12]  or
continuum mechanics [13] in two- and three-
dimensional models.

Among the abovementioned methods, MD
simulations are performed at the atomic level and
they allow to conduct detailed study of the atomistic
mechanisms and peculiarities of the process. With
MD, there is no need for the implicit assumptions
about microscopic details and symmetry, which are
required in the continuum methods. MD simulations
allow to study the dynamics of various processes
at the atomistic level with the high accuracy in the
frames of the model described, with the parameter
control and with the help of well-organized
visualization instruments. Physical and mechanical
properties of the materials undergoing plastic
deformation and/or martensitic transformation
considerably depend on the rearrangement of the
atomic structure of the crystal lattice, on the
nucleation, transformation, movement of the defects
and fracture of the material under the effect of external
loading or temperature. To the date, numerous
studies of TMT have been done by MD simulations
[14-31]. Mechanisms of the crack propagation during
cyclic loading were studied in [14], where it was
shown that appearance of the shear bands,
vacancies and other defects took place during the
crack propagation. Dislocation movement in different
crystal lattices [15], effect of plastic deformation on
the Al crystal structure under shock-wave loading
[16], and simulation of plasticity and fracture of
nanocrystalline Cu were done with the help of MD
simulations in the frames of three-dimensional model.
Process of cooperation during plastic deformation
in nanocrystalline face-centered cubic (fcc) metal
was investigated in [17]. MD modeling gives a good
qualitative agreement with the corresponding
experimental results, for example, for
nanoindentation of the Fe (100) surface [18], for
investigation of plane shear for Cu-Nb surfaces with

different orientations [20], and for heterogeneous
deformation of Pd [21]. MD simulations allow to
study the evolution of microstructure during cyclic
direct and reverse martensitic transformations [22].
The effect of surface on martensitic cubic-to-
tetragonal transformation in Ni–Al alloy has been
studied in [23]. Vortices of trajectories of atoms were
found as a transient pattern in the numerical
experiment to study martensitic transformation in a
single crystal Fe nanoparticles [24].

In the present paper, two two-dimensional (2D)
models based on the Lennard-Jones (LJ) and Morse
potentials are described. The results obtained by
the authors and by other groups working in the field
of martensitic transformation simulations by MD are
presented.

2. PAIR POTENTIALS FOR
MARTENSITIC
TRANSFORMATIONS

Despite real crystals are three-dimensional (3D), due
to the limited ability of the computational methods,
many important properties of the materials can be
studied at the qualitative level in frames of 2D models
where atomic interactions are described by the
simple pair interatomic potentials (LJ or Morse)
[25,26]. LJ potential was used for the investigation
of the mechanisms of plastic deformation in
nanopolycrystals, including cooperative grain
boundary sliding, effect of loading type on the grain
refinement, studying of ultrasonic treatment of
severely deformed polycrystal [27-31]. It is well-
known, that pair single-well potentials like LJ and
Morse potentials for monoatomic crystals cannot
reproduce stable phase besides close-packed
phase. In the two-dimensional case, only triangle
lattice is stable. However, consideration of ordered
alloys allows to achieve stability of other structures
with the use of pairwise potentials. Morse and LJ
crystals are known to exhibit martensite/austenite
transformations [22,32-34]. The other example of
the application of LJ potential is the investigation of
lattice instabilities and theoretical strength of 2D
solids with surfaces [35,36]. Morse potential was
successfully applied to the investigation of the
vacancy structure, stacking-fault defects, twins [37-
39], discrete breathers [40,41], etc. Two-dimensional
models can be easily visualized allowing the study
of structural transformations in relatively big crystals
in details. In two dimensions it is possible to save
computer resources to consider longer simulation
runs, to study deformation at smaller strain rate and
for larger number of grains, than in 3D models.
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Two-dimensional triangular lattice generated by

the vectors p
0 
= a(1,0) and q

0 
= a(1/2, 3 /2), (a is

the interatomic distance) is considered (see Fig.
1a). This lattice corresponds to the (111) plane of
fcc lattice. In 2D crystal, a wide variety of defect
structures can be found, for example, vacancy (2 in
Fig. 1a), second-phase particle (3 in Fig. 1a) or
dislocation (4 in Fig. 1a). Appearance of these
defects depends on the process simulated, initial
conditions, internal and external conditions to name
a few. Thus, it can be concluded that MD is a
powerful tool for the investigation of microstructure
transformation of polycrystals. In Fig. 1b a typical
example of pair potential is shown.

For simulation of TMT, biatomic ordered alloy
with two atoms in the primitive translational cell is
considered. The schematic of TMT is shown in Fig.
2: austenite phase has the square primitive cell with
the lattice parameter a, and two sorts of atoms
shown by dark and light gray. The three dimensional
analog to this phase is the B2 superstructure based
on bcc lattice, which is characteristic for the NiTi
intermetallic alloy. Low-symmetry martensitic phase
can be obtained from austenite by shear.

In MD simulations, the trajectories of N atoms
located in the computational cell are described by

the Newtonian equations of motions, while
interactions between atoms are described by the
interatomic potentials. Previously, both pair and
many-body interatomic potentials were used for the
investigation of TMT [22,32-34,42-44]. These works
have shown that austenite-martensite phase
transitions can be simulated successfully by the
use of the MD method, if suitably constructed
potential functions are used. In the present work,
two models with the pair interatomic potentials are
considered for the investigation of TMT.

2.1. Lennard-Jones potential

The classical 6-12 LJ potential has the form

KL KL

LJ KL
r r

12 6

4 ,
 

   
    
    
    

 (1)

where r is the distance between considered pair of
atoms, K,L = {A,B} - two types of atoms, 

KL
 and 

KL

are the potential parameters (
KL

 determines the
position of the potential well and 

KL
 provides the

depth of the potential well, i.e. the binding energy).
All the parameters are chosen in accordance with
the goal of the investigation. In a model where two
types of atoms are considered three potential

(a)

(b)

Fig. 1. (a) Two-dimensional crystal (1) with the examples of defects: vacancy (2), inclusion (3), and dislocation
(4). (b) Profile of a typical pair interatomic potential.

Fig. 2. Schematic of the austenite-martensite transformation. Reprinted with permission from [33].
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functions are needed to model interactions between
A–A, B–B and A–B bonds, hence there are six
interaction parameters (

AA
, 

AA
), (

BB
, 

BB
) and (

AB
,


AB

). A–A and B–B potentials model bonds between
the pure species while the A–B potential defines
the cross-species interaction. The balance between
pure- and cross-species potentials determines the
stability of crystal structure.

Potential parameters chosen for the investigation
of the martensitic transformation in the model
proposed by Kastner et al. [22,33,34] are non-
dimensional quantities and equal to 

0 
= 10-10 m,


0 
= 2.510-19 J and 

0 
= 5810-27 kg, the latter is the

mass of atoms A and B. The interaction parameters
are 

AA
=1.2e

0
, 

BB 
= 0.61e

0
, 

AA 
= 

BB 
= 2-1/6s

0
 [22].

Fig. 3. Parameter space. Reprinted with permission
from [22].

Fig. 4. Image obtained by the high resolution tunneling electron microscopy (a,c) and simulation with the LJ
potential (b,d). (a,b) Martensite morphology and (c,d) growth of austenite-martensite boundary. Reprinted
with permission from [22].

The choice of the potential for the mixed interaction
is defined by the data shown in Fig. 3. With the
help of this simple model not only microstructural
evolution can be investigated but also the perfect
lattice and its parameters can be analyzed.

It should be noted, that special 4-8 LJ potential
was also developed to describe the interatomic
interactions for binary B2 alloys and for investigation
of the martensitic transformation [46,47]. To model
a specific material, the values of parameters of the
potential are set according to the experimental data
on molar volumes, cohesive energy and heat of
formation of different phases in the alloy.

For any model, at first, the parameter space
should be analyzed. The whole parameter space
reveals a region in which both phases are
mechanically stable for this model (see Fig. 3). More
details on the potential used are presented in [33,34].

In Fig. 4, results by Kastner and co-authors are
presented [22]. From the comparison of images
obtained in the experiment and simulation, it can
be seen that simulation model gives quite realistic
results. The model exhibits variant diversity, as
anticipated by the crystallographic theory, and
produces a rich transformation morphology, as
observed in real materials.

Martensitic transformation (MT) induced by
cooling and simulated by LJ potentials is shown in
Fig. 5. Upon cooling towards the transition
temperature, the austenitic lattice shears slightly
prior to MT, so as to form metastable pre-martensitic
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Fig. 5. MT simulated with LJ potential. (a)–(c) Time resolved snapshots of the transformation process of the
whole sample. (d) Magnified area I shows the tip of the growing martensite plate. (e) Magnified area II shows
the nucleation of secondary plates. Reprinted with permission from [45].

phases, color coded in orange and pink. At the
critical transition temperature MT nucleates
independently at two distinct sites at the surface.
Each martensite plate consists of compatible twin
variants which are characterized by alternating shear
directions of unit cells but identical shuffle directions
of  sub-lattices,  forming  a  typical  ‘‘herringbone
pattern’’ [45]. Thus it can be seen that presented
model can successfully reproduce the MT in a
binary crystals. Moreover, presented methodology

was used for investigation of cyclic MT [22].
Appearance of the defects identified as the 2D
vacancies decaying gradually after several cycles
was shown. The defects act as the nucleation
sources for the transition [44].

Stress-induced MT was also studied with the help
of pair LJ potential in the crystal representing 3D
NiTi [47]. Softening of the elastic constants is shown
to be common for both temperature and stress-
induced MT. For stress-induced MT, the critical
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stress to induce the transformation increases with
increasing  temperature  and  obey  Clausius–
Clapeyron relationship; at a given temperature,
elastic constants decrease with the applied stress
approaching the critical stress.

2.2. Morse potential

Morse potential for binary crystal has the form

    KL KL KL KL
r R r R

M KL
r D e e2( ) 2 ,        (2)

where K,L={A,B} - two types of atoms, r is distance
between two atoms. Equation (2) has three
parameters which allow, for a pure material, to
reproduce exactly the three physical quantities:
interatomic distance, R, binding energy, D, and bond
rigidity, . With increasing , potential becomes
more short-range and at  = 5 it is sufficient to take
into account only three first coordination spheres.

MT is the transformation of the high-temperature
phase into low-temperature phase with lower
symmetry, which takes place on cooling below the
critical point. To model the phase transformation with
the help of the Morse potential diatomic ordered alloy
with the AB stoichiometry is considered. In this
case, for the description of the interatomic
interactions it is required to find the parameters of
the three potential functions for A-A, B-B and A-B
bonds. As it would be shown further, for the present

Fig. 6. Different phases supported by the 2D Morse diatomic crystal.

study the most suitable parameters are D
AA 

=
D

BB 
= 1, D

AB 
= 2, 

AA 
= 

BB 
= 

AB 
= 5, R

AA 
= R

BB 
= 1 with

the changeable R
AB

. Atomic mass of the atoms of
both sorts is assumed to be equal to 1.

It should be noted, that the binding energy were
chosen such as the ordered state of the alloy is
preferable. Indeed, the ordering energy is E = D

AA 
+

D
BB 

- 2D
AB 

=  -2 and the negative value means that at
low temperatures the ordered state would be
preferable.

As shown in Fig. 6, two martensite phases, M
1

(left part) and M
2
 (right part), can be obtained in this

model. Austenite phase (middle part) has square
primitive cell with the lattice parameter a, and two
atoms of different spices. Interatomic distance is

equal to a/ 2. Martensitic phase M
1
 can be obtained

from austenite by the shear of close-packed atomic
rows alternatively with the following relaxation.
Tetragonal primitive cell of M

1
 contains four atoms

and has the lattice parameters a
1
, b

1
. Martensitic

phase M
2
 can be obtained from austenite by the

shear of close-packed atomic rows by the value

multiple to a/(2 2) with the following relaxation.

Tetragonal primitive cell of M
2
 contains two atoms

and has the lattice parameters a
2
/2, b

2
. The

translational cell with the parameters a
2
, b

2
, contains

two primitive cells and, correspondingly, four atoms.
The analysis of the model parameters with the Morse
potential is presented in [32].
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Fig. 7. Phase distribution for different values of kinetic energy K, which is the measure of temperature:
austenite (A), martensite (M

1
) and domain boundaries (D). Areas with the undefined structure are shown by

grey color.

Fig. 8. Dependence of phase composition on kinetic energy K for (a) forward and (b) reverse transformation.
Reprinted with permission from [32].

An example of the MT simulated with the help of
Morse potential is shown in Fig. 7. In (a-c), the initial
phase is M

1
 and with the temperature increase the

fraction of austenite grows. In (d-f), the initial phase
is austenite which transforms to the M

1
 during

cooling. It should be noted, that only one type of
martensite, M

1
, is observed, while no M

2
 is found

(Fig. 7a) despite the formation energy of both phases
is almost same. This can be explained by the

appearance of high elastic stresses in case of
formation of M

2
. Since M

1
 can be formed by the

shift in two opposite directions, there are two types
of domains in the structure. The areas with the
differently oriented domains are separated by the
domain boundaries with undefined structure.

Temperature in the system is characterized by
the kinetic energy per atom, K. From Fig. 8, the
starting and finishing temperatures of the martensitic
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transformation can be found. It is seen, that the
starting (finishing) temperature of the reverse
transformation under heating is K=0.2 (K=0.3), while
the starting (finishing) temperature of the direct
transformation is K=0.19 (K=0.14).

It was previously shown that external stresses
(strain) can considerably affect the kinetics of TMT
and morphology of the structure. In Fig. 9 phase
composition for different loading conditions is shown
as the function of time. As it can be seen from Fig.
9, tension along x direction is the most effective
way to control the phase composition during MT.
For the first considered case (zero external
stresses), austenite very quickly transforms to the
martensite M

1
, which then partially transforms to

the martensite M
2
. All the structural transformations

finish until 50 time units with the resulting compound
of 80% martensite M

1
 and 20% martensite M

2
. For

the second case (
xx 

> 0, 
yy 

= 0, 
xy 

= 0), qualitatively
different situation took place: at first, austenite
quickly transforms to martensite M

1
, but further

simulation leads to the untwining of the martensite
M

1
 and its transformation to martensite M

2
 (this

process took 230 time units). The third case (
xy 

>
0, 

xx 
= 0, 

yy 
= 0) is similar to the first case with the

quick transformation of the austenite to martensite
M

1
 followed by partial transformation of M

1
 to M

2

with the final composition of 83% M
1
 and 17% M

2
.

Fig. 9. Volume fraction of phases as the function of
time for (a) zero external stresses, (b) stress 

xx
>0,


yy

=0, 
xy

=0  and (c) 
xy

>0, 
xx
=0, 

yy
=0.

One important difference between the cases is the
appearance of domain structure in the two first cases
while for the shear components no domains were
found and martensitic plates are unidirectional.

3. CONCLUSIONS

It can be concluded that presented MD models of
2D crystals with simple interatomic potentials can
be successfully used for the investigation of TMT in
binary ordered alloys. In spite of the simplicity of
the models they can qualitatively reproduce all major
effects experimentally observed in 3D crystals
undergoing TMT (see Fig. 4). Increasing the
complexity of the interatomic potentials and
dimensionality of the system would give more
realistic results, but it would also greatly increase
the requirements for the computational resources.
Therefore, it is desirable to test the simplest
reasonable model first and only incorporate more
complex features where necessary.

The potential of the simple models considered
here is not completely used. They can be applied
to investigate the effect of various defects, for
example dislocations and grain boundaries, on the
martensitic transformation characteristics.

AKNOWLEGEMENT

Authors are grateful for the financial support from
the Russian Scientific Foundation grant № 15-12-
10014.

REFERENCES

[1] K. Otsuka and C.M. Wayman, Shape memory
materials (Cambridge university press, 1998).

[2] S. Miyazaki, K. Otsuka and C.M. Wayman //
Acta Metallurgica 37 (1989) 1873.

[3] N.N. Kuranova, A.V. Pushin, V.G. Pushin, A.V.
Korolev and N.I. Kourov // Technical Physics
Letters 42 (2016) 376.

[4] V.G. Pushin, N.N. Kuranova, A.V. Pushin, A.V.
Korolev and N.I. Kourov // Technical Physics
61 (2016) 554.

[5] V. G. Pushin, N. N. Kuranova, A. V. Pushin,
A. N. Uksusnikov and N. I. Kourova //
Technical Physics 61 (2016) 1009.

[6] E.S. Belosludtseva, N.N. Kuranova, N.I.
Kourov, V.G. Pushin and A.N. Uksusnikov //
Technical Physics 60 (2015) 1330.

[7] I.I. Musabirov, I.Z. Sharipov and R.R. Mulyukov
// Russian Physics Journal 58 (2015) 745.

[8] I.I. Musabirov, R.R. Mulyukov and V.V.
Koledov, In: IOP Conference Series: Materials



94 J.A. Baimova, R.I. Babicheva, A.V. Lukyanov, V.G. Pushin, D.V. Gunderov and S.V. Dmitriev

Science and Engineering, 17th International
Conference on Textures of Materials, ICOTOM
2014 (IOP, 2015), p. 012064.

[9] I.I. Musabirov, I.M. Safarov, R.R. Mulyukov, I.Z.
Sharipov and V.V. Koledov // Letters on
Materials 4 (2014) 265.

[10] D.J. Seol, S.Y. Hu, Y.L. Li, L.Q. Chen and
K.H. Oh // Mater. Sci. Forum 408-412 (2002)
1645.

[11] A. Artemev, Y. Wang and A.G. Khachaturyan
// Acta Mater. 48 (2000) 2503.

[12] Y.H. Wen, S. Denis and E. Gauter // Journal
de Physique IV Colloque 06 (1996) C1-475.

[13] M. Arndt, M. Griebel, V. Novak, T. Roubicek
and P. Sittner // International Journal of
Plasticity 22 (2006) 1943.

[14] L. Ma, S. Xiao, H. Deng and W. Hu // Int. J.
Fatig. 68 (2004) 253.

[15] A. Yu. Kuksin and A. V. Yanilkin // Physics of
the Solid State 55 (2013) 1010.

[16] P. A. Zhilyaev, A. Yu. Kuksin, V. V. Stegailov
and A. V. Yanilkin // Physics of the Solid
State 52 (2010) 1619.

[17] H. Van Swygenhoven, P. M. Derlet and
A. Hasnaoui // Phys. Rev. B 66 (2002)
024101.

[18] A. Yu. Kuksin, V. V. Stegailov and A. V.
Yanilkin // Physics of the Solid State 50
(2008) 2069.

[19] Y. Gao, C.J. Ruestes and H.M. Urbassek //
Comp. Mater. Sci. 90 (2014) 232.

[20] J. Zhou, R.S. Averback and P. Bellon // Acta
Mater. 73 (2014) 116.

[21] D.V. Bachurin and P. Gumbsch // Modelling
Simul. Mater. Sci. Eng. 22 (2014) 025011.

[22] O. Kastner, G. Eggeler, W. Weiss and G. J.
Ackland // Journal of the Mechanics and
Physics of Solids 59 (2011) 1888.

[23] K. Saitoh and W.K. Liu // Comput. Mater.
Sci. 46 (2009) 531.

[24] T. Suzuki, M. Shimono and S. Takeno //
Phys. Rev. Lett. 82 (1999) 1474.

[25] X.-G. Liang and B. Shi // Mat. Sci. Eng. A
292 (2000) 198.

[26] H.-J. Chang, J. Segurado, O. Rodrýguez de
la Fuente, B.M. Pabon and J. Llorca //
Modelling Simul. Mater. Sci. Eng. 21 (2013)
075010.

[27] A.A. Nazarova, S.V. Dmitriev, Yu.A. Baimova,
R.R. Mulyukov and A.A. Nazarov // Phys.
Met. Metallogr. 111 (2011) 513.

[28] J.A. Baimova and S.V. Dmitriev // Comp.
Mater. Sci. 50 (2011) 1414.

[29] V.V. Astanin, Yu.A. Baimova, S.V. Dmitriev
and A.I. Pshenichnyuk // Phys. Met.
Metallogr. 113 (2012) 907.

[30] Yu.A. Baimova, S.V. Dmitriev and A.A.
Nazarov // Phys. Met. Metallogr. 113 (2012)
302.

[31] E.A. Korznikova // Letters on Materials
3 (2013) 330.

[32] R.I. Babicheva, J.A. Baimova, S.V. Dmitriev
and V.G. Pushin // Letters on Materials
5 (2015) 359.

[33] O. Kastner // Continuum Mech. Thermodyn.
15 (2003) 487.

[34] O. Kastner // Continuum Mech. Thermodyn.
18 (2006) 63.

[35] S.V. Dmitriev, T. Kitamura, J. Li, Y. Umeno,
K. Yashiro and N. Yoshikawa // Acta Mater.
53 (2005) 1215.

[36] S.V. Dmitriev, J. Li, N. Yoshikawa and
Y. Shibutani // Phil. Mag. 85 (2005) 2177.

[37] M.D. Starostenkov, B.F. Demyanov and N.V.
Gorlov // Izvestia Vuzov. Tchernaya
metallurgia 10 (1985) 74.

[38] M.D. Starostenkov, N.V. Gorlov and B.F.
Demyanov // Izvestia Vuzov. Fizika 11 (1986)
116.

[39] B.F. Dem’yanov, S.L. Kustov and M.D.
Starostenkov // Mat. Sci. Eng. A 387-389
(2004) 738.

[40] S.V. Dmitriev, E.A. Korznikova, J.A. Baimova
and M.G. Velarde // Phys. Usp. 59 (2016)
446.

[41] A.A. Kistanov, E.A. Korznikova, K.S.
Sergeev, D.A. Shepelev, A.R. Davletshin, D.I.
Bokij and S.V. Dmitriev // Letters on
Materials 6 (2016) 221.

[42] Z.-Z. Yu and P. C. Clapp // Metallurgical
Transactions A 20A (1989) 1617.

[43] Y. Shao, P. C. Clapp and J. A. Rifkin //
Metallurgical and Materials Transactions A
27A (1996) 1477.

[44] U. Pinsook and G. J. Ackland // Phys. Rev. B
62 (2000) 5427.

[45] O. Kastner and G. J. Ackland // J. Mech.
Phys. Solids 57 (2009) 109

[46] T. Suzuki and M. Shimono // J. Phys. IV
(France) 112 (2003) 12.

[47] X.D. Ding, T. Suzuki, J. Sun, X. Ren and
K. Otsuka // Mat. Sci. Eng. A 438–440
(2006) 113.

[48] M.P. Kashchenko and V.G. Chashchina //
Phys.Usp. 54 (2011) 331.


