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Thermal and pressure-induced martensitic phase transformations in a Ni–Al alloy modelled by
Sutton–Chen embedded atom method

S. Kazanc* and S. Ozgen

Department of Physics, Faculty of Arts and Sciences, Firat University, Elazig, Turkey

(Received 27 June 2007; final version received 10 October 2007 )

The Ni–Al alloys which exhibit the thermoelastic martensitic phase transformations in the composition range from 60 to 65
atomic percentage (at.%) of Ni are widely used in the high technology applications. In this study, both thermal and pressure-
induced phase transformations in Ni-37.5 at.%Al alloy model were investigated by a molecular dynamics (MD) method.
Physical interactions between atoms in the alloy system were modelled using the Sutton–Chen version of the embedded
atom method based on many-body interactions. The potential parameters for cross interactions between Ni and Al atoms
were estimated by optimising the results obtained from the MD simulations, taking into account the experimental data
including the crystal lattice properties of the model alloy in high temperature phase.
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1. Introduction

Martensitic phase transformations which occur thermo-

elastically in most of the materials, such as Ni–Al, Cu–Ni

and Ni–Ti alloys, are first-order solid–solid phase

transformations and take place with collective motion of

atoms [1,2]. These transformations can progress with

changes in temperature and/or externally applied stress

[3].

The Ni–Al alloys are attractive as possible high-

temperature structural materials because of their high

melting temperatures, low densities, high thermal conduc-

tivities and excellent oxidation resistance [4,5]. At the Ni-

rich side of the Ni–Al phase diagram, several ordered

phases are known to be exist. The ordered B2 structure of

CsCl type prototype, a high temperature phase of the alloys

called b-phase, is stable at high temperatures over a wide

composition range of 40–68 at.%Ni. Above 63 at.%Ni, the

B2 phase undergoes a martensitic transformation upon

quenching to the tetragonal L10 ordered structure [6]. Also,

the alloy has a super elasticity behaviour when deformed at

above the martensite start temperature (Ms). It is well

known that the pseudoelastic behaviour is related to the

austenite–martensite phase transformations that occur

thermoelastically [7]. Thermally and pressure-induced

martensitic transformations have a thermoelastic character,

controlled by the reduction in Gibbs’ free energy of the

system. This free energy consists of the chemical free

energy and the mechanical potential energy, which depend

on the temperature and the applied pressure, respectively.

In fact, at the suitable temperature region, the applied

pressure on the austenite phase increases the ratio of

transformed martensite body [8]. Although many exper-

imental studies have been reported on these transform-

ations in macroscopic level, theoretical or experimental

studies in atomic scale are very limited and difficult

because of the anharmonic effects. However, molecular

dynamics (MD) simulations allow us to study the structural

changes during the transformation from austenite to

martensite phase, or the reverse transition.

MD method computes the phase space trajectory of

each atom in an array, according to Newton mechanics, so

the evolution of the model system from an initial state to a

final state at desired temperature and/or pressure can be

determined [9]. Hence, MD simulations allow us to study

the structural changes during the transformation from

austenite to martensite phase, or the reverse transition.

However, the choice of the potential energy functions and

the determination of its parameters are the main factors on

the validity of the results from MD simulations.

Recently, the martensitic transformations have been

investigated in FeNi [10], B2 NiAl [3,11,12], TiV BCC

alloys [13], B2 TiNi [14] and NiAl nanowires [15,16]

using various types of empirical and semi-empirical

potential functions in MD simulations. If the pairwise

interatomic interactions are used instead of the potential

energy functions including the density-dependent term in

MD simulations, some properties of metals such as elastic

constants and phonon spectra are not correctly calculated.

The pairwise interatomic interactions can be used to

determine qualitatively the above-mentioned properties of

metals, but these interactions cannot warrant quantitat-

ively the consistency with the experimental data.
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Daw and Baskes have proposed an alternative method

to the pair potential approach based on the many-body

idea, called the embedded atom method (EAM). However,

due to the simplicity of their potential functions, the

versions of the EAM proposed by Vother–Chen [17],

Finnis–Sinclair [18] and Sutton–Chen [19] are widely

used in the investigations of metallic systems and its

alloys. The determination of the potential parameters,

especially for the cross potential functions in alloy

systems, is still a problem, although different approxi-

mations have been used to estimate their values [20,21].

In this study, to model the physical interactions among

the atoms of Ni-37.5 at.%Al alloy, the Sutton–Chen

version of the EAM (SCEAM) was used. The parameters

of the potential energy functions for the model alloy were

taken as given in literature for monatomic interactions, but

the parameters for the cross interactions between Ni and

Al atoms were calculated from the mixing rule of

Lorentz–Berthelet because these parameters were not

found in literature. However, for the calculated cross

potential parameters, the stable model system of B2 type

super-cell cannot be observed in MD simulations at high

temperatures. So, another way to determine the cross

interactions parameters was necessary. Therefore, the

cross potential parameters were optimised by using MD

simulations, taking into account the lattice properties of

the alloy system at high temperature phase. Hence, we

obtained the stable model system in B2 structure at high

temperatures and investigated the martensitic transform-

ations that occurred in our model system based on the

SCEAM with the optimised parameters.

2. The simulation procedure

The MD method which allows the system to vary in shape

and size, proposed by Parrinello and Rahman [22], was

used for the investigation of the martensitic phase

transformations occurring both thermally and pressure-

induced, in Ni-37.5 at.%Al alloy selected as the model

system. The Lagrangian function in Parrinello–Rahman

theory is given by [3,23,24];

LPRðr
N ; _rN ; h; _hÞ ¼

1

2

XN
i¼1

mi _stiG_si
� �

2
XN
i¼1

XN
j.i

fðjhsijjÞ

þ
1

2
MTrð _ht _hÞ2 PextV

ð1Þ

where N is the number of particle, mi is the mass of particle

i, si is a column vector which has elements changing

between zero. The lengths of the MD cell axis are

described with three vectors A(t), B(t) and C(t) as a

function of time. Furthermore, components of the

Cartesian coordinates of these vectors constitute a matrix

h ¼ (A, B, C) which defines the volume of the MD cell, V

¼ det(h). The metric tensor G is given by matrix product

h th, M is an arbitrary constant which has mass in unit and

Pext is external pressure applied on the cell. Thus, the

square of distance between particles i and j is described by

r2
ij ¼ stijGsij. The classical equations of motion of the

system are obtained from the potential energy function,

€si ¼ 2
1

mi

Fi 2G21 _G_si ð2Þ

€h ¼ M21ðP2 IPextÞs ð3Þ

where s ¼ ðB £ C;C £ A;A £ BÞ ¼ VðhtÞ21 and micro-

scopic stress tensor, P, is a dyadic given as follows;

P ¼ V 21
XN
i¼1

mivivi 2
XN
i¼1

XN
j.i

Fij

rij
rijrij

" #
ð4Þ

In a binary alloy of type-a and type-b atoms, the total

energy of a crystal with N atoms in the SCEAM

methodology is given by;

ESC
T ¼

1

2

XN a

i a; j a

1a

Aa

rij

� �na

2
XN a

i a

1aca

X
j

Aa

rij

� �ma

" #1=2
8<
:

9=
;

þ
1

2

XN b

i b; j b

1b

Ab

rij

� �nb

2
XN b

i b

1bcb

X
j

Ab

rij

� �mb

" #1=2
8<
:

9=
;

þ
1

2

XN ab

i a; j b

1ab

Aab

rij

� �nab

þ
1

2

XN ba

i b; j a

1ba

Aba

rij

� �nba

ð5Þ

where, i a and i b indicating summation over type-a and

type-b atoms, respectively. The potential parameters for

different types of atoms in an alloy system can be

calculated from Lorentz–Berthelet [20],

Aab ¼ Aba ¼
Aa þ Ab

2
; nab ¼ nba ¼

na þ nb

2
;

mab ¼ mba ¼
ma þ mb

2

ð6Þ

1ab ¼ 1ba ¼
ffiffiffiffiffiffiffiffiffi
1a1b

p
: ð7Þ

The values of parameters for Ni and Al elements are

given in Table 1. By using the parameters obtained from

equations (6) and (7) for the cross interactions, we could

not observe the stable model system with B2 type super-

cell. Therefore, only the potential parameter 1NiAl was

optimised by means of MD simulations. The optimisation

process was carried out by adjusting the cross parameter

1NiAl so that the model system will be stable in the high

temperature phase and has a lattice parameter which is in
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agreement with experimental one, using bisection method.

Hence, the best estimated value of the cross parameter

1NiAl is 0.0201 eV.

The structural analysis was done by using the atomic

positions, besides the radial distribution functions g(r)

(RDF) and the mean square displacements kR 2l (MSD),

calculated respectively as [8,9];

gðrÞ ¼
V

N 2

PN
i¼1niðrÞ

4pr 2Dr

* +
: ð8Þ

Here, r is the radial distance, ni(r) is the coordination

number of atom i separated with r within Dr interval, and

bracket denotes the time average [9],

kR2l ¼
1

N

XN
i¼1

½riðtÞ2 rið0Þ�
2: ð9Þ

In our study, the simulations were performed on three

dimensional arrays of 10 £ 10 £ 10 unit cells (2000

atoms). The ideal B2 superlattice structure of Ni-37.5

at.%Al model alloy was chosen as the starting configur-

ation for the MD simulations. The initial velocities were

derived from a random number generator so as to confirm

a Maxwell–Boltzmann distribution at a given temperature

initially. In the MD cell, 1000 Ni and 750 Al atoms were

located at the corners and centres of the unit super-cells

respectively and the extra 250 Ni occupying atoms were

randomly assigned on the Al sublattice sites. To avoid the

effects of free surfaces in the simulated array, periodic

boundary conditions were acted on three directions of the

MD cell. The potential functions were truncated at a cut-

off distance of 2.5 times the equilibrium lattice constant of

the alloy. The temperature of the model system was

controlled by rescaling the atomic velocities at every two

integration steps. The equation of motion was numerically

solved by using the Gears’ five order predictor–corrector

algorithm with integration step size of 5.5 fs.

3. Results and discussion

3.1 Thermally induced transformation

To investigate the thermally induced solid–solid phase

transformations in the Ni-37.5 at.%Al alloy, the

equilibrated model system in the structure of B2 type

super-cell at 700 K was cooled to 350 K at intervals of

50 K (Figure 1(a)). The MD simulations at each

temperature run for 20,000 integration steps. As seen

from Figure 1(a) and 1(b), when the system temperature is

decreased to 400 K, the changes in some quantities such as

the cohesive energy (E), MSD (kR 2l), the lengths (a, b, c)

and angles (a, b, g) of the MD cell axis, which is an

important indicator to show how the MD cell is deformed

[25], are observed. The deviation in the MSD during the

transformation from b-phase to product phase was

calculated as 0.05 Å2 (Figure 1(b)). Because the deviation

in the MSD is smaller than the distance between atoms, it

can be said that the transformation exhibits a diffusionless

behaviour which is a typical character observed exper-

imentally for thermoelastic phase transformations [26]. It

can be seen from Figure 1(a) that the value of MD cell axis

in three axes kept almost the same until the temperature

reached 400 K, which means the B2 structure (austenite) is

stable when the temperature is higher than 400 K. But after

the transformation there is a change on the MD cell axis,

which indicates that the MD simulation box underwent a

distortion. The reason for this distortion is that faults

occurred by slipping of atomic planes, twinning, stacking

faults in the structure, which are also observed

experimentally [26]. Afterwards, in order to observe the

reverse transformation the temperature of the system was

raised to 700 K with the same ratio of cooling process.

When the temperature reached a value of 550 K during the

heating process, the changes in the structural quantities

occurred again because the martensite structure became

unstable, and simultaneously the transformation from

martensite to austenite started. From these observations,

one can say that the martensite structure of the model

system transforms reversibly to austenite phase.

The RDF curves obtained at every temperature set

during cooling and heating cycle between 700 and 350 K

are shown in Figure 2. The model alloy has a B2 super-cell

(with bcc unit cell) in the austenite phase at 700 K. The

first peak location on the RDF curve denotes the nearest

interatomic distances and was estimated as 2.53 Å at 700 K

in our study. The second peak location was determined as

2.887 Å, as a lattice parameter of the model alloy. This

result is in good agreement with the experimental result of

2.88 Å [5]. The second peaks have not been shown clearly

from the RDF curves because they shift toward the right

side of the first peaks and make them expand. The atomic

vibrations decrease as the temperature decreases and

the bcc peak locations become clearer. As seen from the

figure, when the temperature decreases to 400 K, the

model system transforms to the martensite structure.

Reverse transformation from martensite to austenite at

550 K has also been observed in heating process, as shown

in Figure 2.

The atomic locations of the austenite and martensitic

phases for the model alloy can be seen in Figure 3. Here,

Table 1. The parameters of Sutton–Chen version of the EAM
functions [20].

Matter 1 ( £ 1022eV) A(Å) c m n

Ni 1.5707 3.52 39.432 6 9
Al 3.3147 4.05 16.399 6 7
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the blue and red circles denote Ni and Al atoms,

respectively. The sliding planes are shown by the arrows in

Figure 3. In the proposal of Mao et al. [27], one set of

parallel (110) planes in the original bcc structure becomes

close-packed by contracting along the [001] direction, and

sliding relative to one another in the [�110] and [1�10]

directions so that neighbouring planes fit together.

Experimental studies reveal that the B2-type martensite

structures have the layered structures which consist of an

array of close-packed planes [28].

The layered structures are characterised by the

stacking sequence depending on the order in parent

austenite phase. The product martensite in b-phase alloys

has an internally faulted complex structure which has a

long period stacking order, such as the 9R or 18R type

structure [29]. Nevertheless, the stacking sequences have

not been clearly obtained in the present model system,

because of the insufficient number of atoms employed in

the simulations. Although our model alloy has the stacking

sequence structure in martensite phase, we cannot give a

proper name to this layered structure such as 7R, 9R or

18R, due to the constrained length of the MD cell axis.

However, Schryvers [30] experimentally observed the 7R

type stacking sequence in Ni–Al alloys, as we have

theoretically obtained in recent research [3,31,32]. It can

be said that the thermally induced austenite $ martensite

phase transformations in Ni-37.5 at.%Al alloy system can

be modelled successfully by the SCEAM based on the

Figure 1. For the model system under zero pressure; (a) temperature, potential energy, volume (b) MSD, the lengths and angles of the
MD cell axis.

Figure 2. The curves of radial distribution functions at different
temperatures during cooling and heating cycle.

Figure 3. View of atomic location from [100] direction in (a)
austenite and (b) martensite phases during thermal-induced
martensitic transformation. Ni and Al atoms are denoted with
blue and red circles.
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many-body idea, apart from our other study based on the

pair interactions [3,33].

3.2 Pressure induced transformation

In order to observe pressure-induced transformation in our

model system, we performed the programme of pressure

change at 700 K constant temperature, as seen in

Figure 4(a). In this programme the pressure acting on the

system increases from zero to 21 GPa with intervals of

3 GPa and decreases with the same ratio. The simulations

run for 20,000 integration steps at each pressure. It can be

seen clearly from Figure 4(a) that, when the pressure

reaches a value of 6 GPa a minimum value of the cohesive

energy is obtained. The mean of decreasing in cohesive

energy is that the system forms a more stable structure.

When the pressure is raised to 15 GPa, the changes in

the structural quantities such as MSD and the length of the

MD cell axis (Figure 4(b)) appear. The deviation in the

MSD after the transformation is calculated as 0.4 Å2. It can

be said that the pressure-induced transformation from the

austenite to the martensite phase in the model system has a

diffusionless character as with the thermally induced case.

From Figure 4(b), the length of the MD cell axis is

calculated as kAl ¼ 26.26 Å ([100] direction), kBl ¼
30.74 Å ([010] direction), kCl ¼ 29.13 Å ([001] direction),

taking the time average over the last 10,000 integration

steps at 21 GPa pressure. From these values, it can be

interpreted that the MD cell has a tetragonal distortion of

C/A ¼ 1.11 after the transformation.

RDF curves plotted as an average of time and particle

numbers at different pressures are shown in Figure 5. With

increasing pressure the intensities of the first peaks of RDF

curves begin to rise before the transformation from the

austenite to the martensite phase, because the coordination

number of the martensite phase (with fcc unit cell of 12

coordination number) is higher then that of the austenite

phase which has a bcc unit cell with eight coordination

number. Also, before the transition, the first peak widths are

narrowed by the efforts that the second-nearest neighbouring

atoms become the nearest neighbouring. The stable structure

of the model system in the austenite phase at 700 K is

preserved until the pressure reaches a value of 15 GPa.

However, the transformation from austenite to martensite

Figure 4. Changes of some quantity for the model system at 700 K constant temperature during pressure-induced transformation. (a)
Applied pressure on the system, cohesive energy, volume. (b) MSD, lengths and angles of MD cell axis.

Figure 5. The curves of radial distribution functions at different
pressures during increasing and decreasing pressure cycles.
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begins at 15 GPa. It can been seen from the right side of

Figure 5 that, in the reverse process with decreasing of

pressure, the martensite structure is stable until 6 GPa. The

reverse transformation is completed by conveying the

applied pressure on the system to 6 GPa when the original

austenite B2 structure occurs newly. After this, the model

system in the austenite structure is stable until zero pressure.

Upon unloading (decreasing pressure), the system comple-

tely recovers (pseudoelastic) at higher temperature [34].

The views of atomic locations in the martensitic

structure after the reverse transformation is completed are

shown in Figure 6. Ni and Al atoms are denoted with blue

and red circles in the figure, respectively. The sliding

planes are shown in Figure 6 by the arrows.

4. Conclusion

Both thermally and pressure-induced martensitic phase

transformations for Ni-37.5 at.%Al model alloy system

have been studied by using the anisotropic MD computer

simulations. To model the alloy system the Sutton–Chen

version of the EAM has been used with the original

parameters, given in literature, for the monatomic

interactions in the alloy. However, by using the parameters

obtained from the mixing rule for the cross interactions,

we could not observe the stable model system in b-phase

of B2 type super-cell. Therefore, only the potential

parameter was optimised by means of MD simulations

and was estimated as 0.0201 eV. These observations make

our study different from the others based on the pair

potential energy functions. The pseudo-elasticity proper-

ties observed in the shape memory alloys have been

observed during the process of increasing and decreasing

pressure.
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