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ABSTRACT 
 

In the present paper the effects of temperature and high 
strain rate loading on the formation of various surface 
patterns in Ni-Al nano-layers are discussed. Effects of 
boundary conditions on the B2→BCT phase 
transformation in the nano-layer are also discussed. This 
study is aimed at developing several interesting patterned 
surface structures in Ni-Al nanolayer by controlling the 
phase transformation temperature and mechanical 
loading. 
 
Keywords: Ni-Al, thin film, nano-layer, phase 
transformation, molecular dynamic simulation, thermo-
mechanical loading, quantum dot array, template. 
 

1. INTRODUCTION 
 

Quantum dot arrays with precisely controlled positions 
and sizes are desirable for making templates for micro-
and nano-electronic devices. Numerous experimental 
works have shown that unguided self-assembled growth 
of quantum dots usually fails to realize perfectly ordered 
dot arrays. Recently much effort has been shifted to the 
usage of guided self-assembly through pre-patterning, 
and several pre-patterning methods have been reported, 
including selective epitaxial growth in oxidized windows 
[1], buried stress field due to ion implantation [2,3], 
surface roughening through cooperative island formation 
[2], and electron beam lithography with subsequent 
reactive ion etching [4]. These pre-patterned substrate 
surfaces are usually manifested with either ordered 
concave pits, or ordered convex humps, or regular strain 
energy profiles [5]. It is expected that at each pit or 
hump, a single quantum dot can form after the 
subsequent growth, resulting in a one pit hump - one dot 
relation.1 
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In reality, quantum dots have been found to nucleate at 
different positions even if an ordered pre-patterned 
substrate is used, often failing to maintain strong 
correlation. Hence the method to reliably and 
reproducibly achieve ordered quantum dot arrays through 
surface pre-patterning is still not known. Furthermore, 
there are still many unresolved issues regarding the 
kinetics and thermodynamics underlying the quantum dot 
formation and self-assembly. In recent years, Molecular 
Dynamics (MD) simulations have been performed 
extensively and reported in published literature for 
material property characterizations including phase-
transformation behavior at nano-scale.  For example, a 
surface stress driven phase transformation from face-
centered-cubic (FCC) to body-centered-tetragonal (BCT) 
has been observed in gold nanowires by Diao et al. [6] 
and from FCC to pentagon crystalline structure has been 
observed in Cu nanowires under high strain rate loading 
by the present authors [7, 8]. Novel shape memory and 
pseudo-elastic behavior have also been observed in 
single crystalline, monoatomic FCC nanowires [9, 10].  

Our present study is focused on the development 
of several interesting patterned surface structures by 
controlling the phase transformation temperature and 
mechanical loading of a NiAl nano-layer using atomistic 
simulations. The effects of boundary conditions and 
mechanical loading on the formation of surface patterns 
of the nano-layer are also discussed.  
 

2. MODELING AND SIMULATIONS 
 

In the present paper, we consider NiAl nano-layer of an 
initial Austenite (B2) phase and results based on 
extensive Molecular Dynamics (MD) simulations of such 
B2-NiAl nano-layers by Embedded Atom Method 
(EAM) [11, 12] are reported. In the EAM, the total 
energy totE  of a binary system of atoms A-B is 
represented as 
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where ( )ijr

ji ααφ −  is a pair-wise interaction potential as a 

function of distance ijr  between atom i and j that have 

chemical sorts iα and jα  (A or B), and I
Fα is the 

embedding energy of an atom of chemical sort iα as a 

function of the host electron density iρ  induced at atom 
site i by all other atoms in the system. The host electron 
density is given by 
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where ( )r 

jαρ  is the electron density function assigned to 

an atom of chemical sort jα . This model involves seven 
potential functions, among which ( )ρAF  and ( )ρBF  are 
the embedding energy functions for atom A and B, ( )rAρ  
and ( )rBρ  are electron density functions for atom A and 
B, ( )rAA−φ , ( )rBB−φ , and ( )rBA−φ  are pair-wise interaction 
functions for atom A-A, B-B, and A-B, respectively. 
 In the present work, EAM potential of Mishin et 
al [13] is used which gives the value of 0.55 J/m2 for the 
APB energy and 0.48 eV for the inter-branch-Al energy, 
while keeping the agreement with all other properties of 
B2-NiAl. Due to the comparable values of APB energy 
and inter-branch-Al energy with experimental data, this 
potential will be able to predict the more accurate phase 
transformation, plastic deformation and fracture 
properties of B2-NiAl more accurately, especially at high 
temperature. 

The B2-NiAl nano-layer is created by 
generating atomic positions as in the bulk corresponding 
to the B2 crystal structure with known lattice constant of 
0.28712 nm. The B2 structure is equivalent to a body-
centered-cubic (BCC) lattice with the Ni atoms at the 
corners of the unit cell and a single Al atom at the body 
center. The B2-NiAl nanowire is first relaxed to the 
minimum energy configuration. After the minimization 
procedure, the ends of nano-layer are constrained in the 
<100> direction. The wires are then thermally 
equilibrated for a given temperature using the Nose-
Hoover thermostat [14, 15] for 200 picosecond (ps) with 
a time step of 0.001 ps. A uniaxial tensile loading is then 
applied by completely restraining one end of the nano-
layer, and then by applying velocity to the atoms along 
the loading direction, linearly from zero at the fixed end 
to the maximum value at the free end, thus creating a 
ramp velocity profile. Such a ramp velocity is used to 
avoid the emission of shock waves from the fixed end of 
the nanowire. The equations of motion are integrated in 
time using velocity Verlet algorithm [16]. Temperature 

of the system is kept constant during the simulations, 
which is to capture the isothermal behavior and its effect 
on the phase transformation of the nano-layer. All 
simulations are performed using an MD code called 
LAMMPS [17, 18]. No periodic boundary conditions are 
used at any stage of simulation, which is to capture 
accurately the relevant surface effects. The stresses are 
calculated using the virial theorem [19] as 
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where N is the total number of atoms, αβr is the distance 

between the two atoms α and β, 
αβ
ix∆ =

βα
ii xx − , U is 

the potential energy, and V is the volume of the nanowire 
for the purpose of averaging. Engineering strain is used 
as a measure of deformation and defined as ε =  (l – l0)/ 
l0, where l is the instantaneous length and l0 is the initial 
length of the wire obtained after the energy minimization 
corresponding to the initial configuration.  
 

3. RESULTS AND DISCUSSIONS 
 
Figure 1(a) shows the nano-layer which is first relaxed to 
energy minimizing positions while keeping the ends of 
the films free to move in all directions. It is then 
thermally equilibrated for a given temperature of 300K 
using the Nose-Hoover thermostat for 200 picoseconds 
(ps) with time step of 0.001 ps. Figure 1(b) shows the 
formation of various B2 and BCT phases after thermal 
equilibration without formation of any regular pattern. A 
uniaxial and linear ramp profile (along x-direction) of 
velocity is applied to the atoms with the edge (x=0) of 
the nano-layer perfectly restrained. The other two parallel 
edges were unconstrained prior to the loading. Figure 
1(c) shows the formation of wrinkle (strips) pattern of 
alternate B2 and BCT phases during tensile loading. 
Further loading causes a complete transformation into 
BCT phase as shown in Figure 1(d).  

The effect of boundary conditions on the 
formation of different patterns is also analyzed. Figure 2 
shows the comparison of energy between two different 
boundary conditions of (i) 4-edge constrained and (ii) 2-
edge constrained. Lower energy of 4-edge constrained 
nano-layer as compared to the 2-edge constrained one is 
an indication that the first configuration is more stable 
than the second one. Further, the variation of energy with 
time is plotted in Figure 2, and subsequently, the 
deformed shape shown in Figure 1 is also marked. One 
can see the wrinkle pattern which is formed (as marked 
as (c) in Figure 2) at a higher energy level as compared to 
the energy of the stable phase. Also, the energy of 
complete transformed BCT phase shows a higher energy 
level, which is an indication of instability in the nano-
layer.
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Figure 1.  Nano-layer of Ni-Al with an initial cross-sectional dimension of 300x300x5.74 nm3 (a) An initial configuration of 
Austenite (B2) phase after energy minimization. (b) Bands of Austenite (B2) and Martensite (BCT) phases after thermally 
equilibrated at 300K for 200ps. (c) Formation of wrinkled pattern (or strips) of alternate Austenite (B2) and Martensite 
(BCT) phases during high strain rate loading. (d) Further loading causes a complete transformation from initial Austenite 
(B2) to Maternsite (BCT) phase. 

 
 
Figure 2.   Effect of boundary conditions on an initially 
Austenite (B2) Ni-Al nano-layer of size 300x300x5.74 nm3. 
 

4. CONCLUSIONS 
 

Proper tailoring of the size and thickness of nano-layers, 
as well as their boundary conditions can lead to a 
controlled surface pattern, which forms under different 
thermo-mechanical loadings for a range of useful nano-
electro-mechanical device applications. In the present 
paper, the formation of different surface patterns on an 
initial B2-NiAl nano-layer is discussed in details.  The 
intermediate unstable phases may be useful for various 
device applications where these can be controlled and 
switched to a stable phase by applying precise thermo-
mechanical loadings.  
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