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Atomistic simulations are utilized to quantify the effects of surface composition
on stress-induced B2 to body centred tetragonal (BCT) martensitic phase
transformations in intermetallic nickel aluminium (NiAl) nanowires. The
simulations show that the phase transformation is observed in all considered
cases, regardless of the material composition of the transverse {100} surfaces of
the initially B2 wires. The results indicate that, for (100) oriented B2 wires with
{100} transverse surfaces, the {100} orientation and not the material composition
of the {100} surfaces is the dominant factor in controlling the ability of NiAl
alloys to undergo martensitic phase transformations at nanometer scales.

1. Introduction

Metallic and semiconducting nanowires are now recognized as being among the most
important building blocks for future nanotechnology-related developments. The
proposed applications involving nanowires are far-reaching and interdisciplinary,
including biosensors [1, 2], nanophotonic materials [3], interconnects in nanoscale
circuitry [4], and many others [5].

Due to their diverse range of potential application, mechanical properties
research has been performed to quantify the strength and failure characteristics of
nanowires resulting from externally applied stresses and forces. This research has
involved first principles calculations [6-8], molecular dynamics (MD) simulations
[9-22], and experiment [23-27]. In general, the overall body of research has indicated
that the nanowires are about one order of magnitude stronger than the correspond-
ing bulk material, that the strength and failure characteristics are dependent on
the crystallographic orientation of the nanowires, and that the deformation and
post-yield behaviour is strain rate and temperature dependent.

Recently, several researchers have found using MD simulations that metal nano-
wires show unique structural reorientations and phase transformations that are not
observed in the corresponding bulk materials. In particular, surface stresses were
found to cause a face centred cubic (FCC) to body centred tetragonal (BCT) phase
transformation in gold nanowires with cross-sectional features less than about
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2nm [28]. A reorientation from a (100) oriented wire to a (110) wire with {111} low
energy side surfaces was seen for larger single crystal monatomic FCC nanowires
[19, 29-34]; the reorientation is possible due to the large surface stresses that exist on
nanometer scale materials [35, 36]. Finally, the (110)/{111} nanowires were shown to
exhibit both shape memory and pseudoelastic behaviour, marking their potential as
self-healing nanoscale materials [30-33].

The phenomena of stress-induced martensitic phase transformations in nickel
aluminium (NiAl) nanowires was recently observed for the first time [37]; the
mechanical properties of the NiAl system including aspects of martensitic phase
transformations have previously been studied by various researchers [38-52].
In [37], initially B2 nanowires were found to phase transform to a BCT phase by
application of applied stress, which resulted in the propagation of {101}-type twins
and the resulting phase transformation. Due to the instability of the resulting BCT
phase, the phase transformation was found to be reversible upon unloading, result-
ing in recoverable pseudoelastic strains of over 40 percent. The large recoverable
pseudoelastic strains in both monatomic and alloyed nanowires far exceeds the
10 percent typically observed in bulk shape memory alloys such as nickel titanium
(NiT) [53].

The purpose of the present paper is to investigate the effects of surface composi-
tion on the stress-induced martensitic phase transformation in the NiAl nanowires.
In particular, simulations were conducted on nanowires containing different combi-
nations of nickel and aluminium {100} surfaces. It is found that, for {100} transverse
surfaces and the (100) orientation, the disparate material surfaces do not degrade the
ability of the NiAl nanowires to phase transform, thus adding additional merit to
previous work on single crystal monatomic nanowires [19] indicating that the surface
orientation, and not the material composition of the surfaces, may be the dominant
factor in predicting and controlling the deformation characteristics of nanoscale
materials.

2. Methods

The alloyed NiAl nanowires were created by generating atomic positions as in the
bulk corresponding to the B2 crystal structure with a (100) orientation in the
longitudinal x-direction. In this work, we considered four different cases of nano-
wires, which are illustrated in figure 1; all wires were initially in the B2 phase. The B2
crystal structure is an alloyed form of the traditional body centred cubic (BCC)
lattice in which one material is found at the body centre, while the other material
occupies the unit cell corners.

The nanowire cases are distinguished based on their surface composition; all
surfaces correspond to {100} planes of the B2 lattice, and are composed of either
nickel or aluminium atoms. Cases I and IV contained only aluminium atoms on
the surfaces; case I contained a total of 9874 atoms with a length of 15.498 nm in
the x-direction, and had a square cross-section with length 2.583 nm in the y and
z-directions. Case IV was a larger nanowire containing 42,103 atoms; its length was
25.106 nm in the x-direction, while having a square cross-section of lengths 4.305 nm
in the y- and z-directions. The case I and IV wires were considered to investigate
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Figure 1. Schematic of the four cases of NiAl nanowires considered in this work.

whether utilizing a B2 structure with aluminium atoms at the unit cell corners with
nickel in the centre prevented the stress-induced martensitic phase transformation
from occurring.

The case II and III nanowires were created with both nickel and aluminium
atoms on the surfaces as shown in figure 1. The case II wire contained 5760 atoms
and had a length of 12.771 nm with a cross-sectional length of 2.009 nm, while the
case III wire contained 6480 atoms and had a length of 12.828 nm with a cross-
sectional length of 2.296 nm. The case II wire had two adjacent surfaces containing
aluminium atoms, with the other two surfaces containing nickel; the case III wire had
alternating nickel and aluminium surfaces. In all cases, the surface composition was
different from that previously considered by Park [37]; the purpose of creating the
wires with different surface compositions was to investigate whether the surface
orientation or the material that constitutes the surface plays a larger role in control-
ling the martensitic phase transformation.

The lattice constant of the B2 structure was 0.28712 nm, and the NiAl alloy was
modelled using the potential of Foiles [54], which is based on those developed by
Voter and Chen [55, 56]. Off-stoichiometric compositions of NiAl, which have been
utilized to increase the yield strength and hardening of polycrystalline NiAl alloys [38]
are not considered in this work.

The NiAl nanowires were first relaxed to energy minimizing positions while
keeping the ends of the wire constrained to move in the (100), or x-direction, then
thermally equilibrated to 300 K using a Nosé—Hoover thermostat [57, 58]. The wires
were then loaded in tension in the x-direction by fixing one end of the wire and
applying a ramp velocity which went from zero at the fixed end to a maximum at the
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loading end; the applied tensile strain rate was é ~ 10’ s~'. The purpose of the initial
ramp velocity was to mitigate effects from shock loading that can occur in dynamic
loading conditions. The tensile loading was performed adiabatically, or without
thermostatting. Finally, no periodic boundary conditions were used during any
phase of the simulations, which were performed using the Sandia-developed code
Warp [59, 60].

3. Results

3.1. Case I and IV nanowires

We first discuss the case I and IV nanowires. As discussed earlier, these wires were
created in order to investigate a B2 lattice containing nickel atoms at the body centre
with aluminium atoms at the unit cell corners; previous work on NiAl nanowires [37]
considered a unit cell with aluminium at the body centre with nickel at the cell
corners. In addition, the case IV wire was created to consider the effects of size on
the martensitic phase transformation, as the shape memory and pseudoelasticity in
single crystal, monatomic FCC nanowires was shown to be strongly dependent on
surface stresses, which decrease with increasing wire size [19, 30-33].

Figure 2 illustrates the stress-induced martensitic phase transformation for
the case I NiAl nanowires; similar behaviour including the martensitic phase
transformation is observed for the case IV wires. The figure illustrates that the
case I wire undergoes the phase transformation via the nucleation, propagation
and annihilation of {101} twinning planes.

The microstructural details regarding the phase transformation can be correlated
to the observed fluctuations and variations of the stress—strain response, as seen in
figure 3. For both wires, the initially linear elastic deformation ceases at a strain of
€ ~ 0.09. At that point, a relaxation is observed followed by a period of constant
stress. The relaxation corresponds to the initiation of the phase transformation
from B2 to BCT by the nucleation of {101} twinning planes that sweep through
the wire forming an interface between the initial B2 and resulting BCT phases.
At a strain of € ~ 0.3, a second period of linear elastic deformation is observed,
which corresponds to stretching of the fully BCT wire following completion of the
phase transformation. The stress increases and relaxations between € ~ 0.09 and
€ ~ 0.3 correspond to the interaction and annihilation of the propagating twin
boundaries.

The stress—strain curve in figure 3 also serves to illustrate the effects of size on the
mechanical properties of the NiAl nanowires. The major differences are the values
for the transformation stress (the stress at € ~ 0.09 when the phase transformation
initiates), and the maximum stress that is supported by the BCT phase (the stress at
€ ~ (.42 before strength loss due to irreversible yielding). The comparison gives
2.7GPa/10.4 GPa for the case I wires versus 1.8 GPa/8.8 GPa for the case IV
wires. In between these end points, the stress—strain behaviour of both wires is
quite similar, indicating that the same mechanisms controlling the phase transforma-
tion are operative in both cases. This reduction in strength with increasing wire size is
consistent with previous investigations of nanowire deformation [16, 20] indicating
that a larger wire size leads to a smaller intrinsic surface stress barrier that needs to



Downloaded By: [Vanderbilt University] At: 13:08 23 May 2007

Surface composition effects on martensitic phase 2163

Casel M R L T ]
Al surface
£=0.16
£=0.20
£=0.22

£=0.29
[= 10 41
¥ 2 5i0ce0
3 iHHe+00
A 5{0e-HY
-4 60e )
K a4 Sl

Figure 2. Stress-induced martensitic phase transformation for case I NiAl nanowire.
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Figure 3. Stress—strain curves for case I and IV NiAl nanowires.
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be overcome in order for yielding to occur, thus leading to reduced strength levels in
the nanowire.

Another interesting result is obtained by comparing the mechanical properties
of NiAl wires with Al surfaces, as is done in the present work, with NiAl wires with
Ni surfaces, as was done by Park [37]; the comparison is shown in figure 4. As can be
seen, the utilization of aluminium surfaces leads to transformation strains and
peak strength levels that are more than double that achieved by the wire with
nickel surfaces. While the eventual fracture strains appear to be similar, this example
clearly illustrates the ability to tailor the mechanical properties and behaviour of
nanoscale materials through surface engineering while maintaining the desired phase
transformation characteristics.

3.2. Case II and III nanowires

We next discuss the phase transformation for the case II and III nanowires, or those
wires with both nickel and aluminium atoms on the transverse {100} free surfaces.
The phase transformation for the case II wire is shown in figure 5, while the trans-
formation for the case III wire is shown in figure 6.

As can be seen in figures 5 and 6, both wires undergo the stress-induced
martensitic phase transformation from B2 to BCT. The characteristics of the
phase transformation are similar to that observed in the case I and IV nanowires,
including the formation and propagation of {101} twinning planes which enable the
transformation from B2 to BCT. In addition, the twin boundary propagation leads
to localized bending in the wire, best seen in figure 5 at a strain of €¢=0.25 and in
figure 6 at a strain of € =0.26. The various nickel and aluminium surfaces are seen to
be relatively defect-free upon completion of the phase transformation, indicating that

Tensile loaded B2 NiAl nanowires
12 - - - - - -
—— Case | Al surfaces
10l— Case | Ni surfaces

Sigma,, (GPa)

_2 L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Strain

Figure 4. Stress—strain curves for NiAl wires with all aluminium or all nickel surfaces.
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Figure 5. Stress-induced martensitic phase transformation for case II NiAl nanowire.
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Figure 6. Stress-induced martensitic phase transformation for case III NiAl nanowire.
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Figure 7. Stress—strain curves for case II and III nanowires.

the relative mismatch in nickel and aluminium surface stresses [61] does not cause
inhomogeneous surface deformations that hinder the phase transformation.

The stress—strain curves for the case II and III nanowires are shown in figure 7.
Both wires show a similar transformation stress of about 2 GPa at a strain level of
about € =0.02. The stress plateau then remains relatively constant until a strain level
of about € =0.2 is reached, at which point the stress beings to increase in both wires.
The relaxations observed in both wires, but most prominently for the case III wire
at a strain level of € =0.25 are due to the annihilation of the {101} twins which form
due to distinct B2 and BCT phases in the wires. The localized stress peaks occur
due to the effort necessary to transform discrete portions of the wire to the BCT
phase; the subsequent relaxation occurs once the BCT phase is formed. The phase
transformation between B2 and BCT phases is complete in both case IT and III wires
at a strain of € ~ 0.31, at which point a second linearly elastic period of deformation
is observed in figure 7.

Comparing the strength levels achieved by the case II and III wires with those
achieved by the case | and IV wires further illustrates the effect of engineering the
mechanical properties of the nanowires by the material composition of the transverse
free surfaces. Interestingly, the case II and III wires show a similar tangent
modulus during the elastic stretching of the resulting BCT phase; this period of
elongation occurs between strain levels of € ~ 0.31 and € &~ 0.42 as shown in figure 7.
This implies that the elastic strength of the BCT phase is more strongly affected
by the fact that both case II and case III wires have two nickel {100} and two
aluminium {100} surfaces than due to the interactions of the adjacent nickel and
aluminium surfaces. Both case II and III wires, which have a combination of
nickel and aluminium free surfaces, also show reduced maximum strength
(<8 GPa) as compared to the case I wire (10.4 GPa). Due to the similarity in
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wire size, this reduction in strength is clearly caused by the incorporation of nickel
atoms on the transverse free surfaces.

4. Conclusions

We have utilized atomistic simulations to study specific aspects of the stress-induced
martensitic phase transformation in intermetallic nickel aluminium (NiAl) nano-
wires. The simulations focused on investigating whether nanowire size or surface
composition deleteriously affected the ability of the NiAl nanowires to undergo a
martensitic phase transformation. In particular, the key finding of this work is that
the surface composition of the nanowires does not appear to deleteriously affect
the phase transformation. This was demonstrated by creating the nanowires with
different materials on the {100} transverse surfaces of the initially B2 wires. For the
systems considered, the nanowires did not appear to be size-limited in exhibiting the
stress-induced phase transformation.

All wires considered in this work were observed to phase transform from the
intial B2 phase to the resultant BCT phase via the same deformation mechanism;
the mechanism observed was the initiation, propagation and annihilation of {101}
twinning planes. However, it was clearly shown that the mechanical properties of the
phase transforming wires, such as transformation strains and maximum strength,
could be dramatically altered simply by changing the material composition of the
transverse free surfaces. We note also that different surface terminations for the (100)
oriented B2 phase were not considered in this work; however, previous research
[19, 22] has indicated that both the surface orientation as well as geometry can
have a first order effect on the observed nanowire deformation modes. Future
research should, in conjunction with experimental data that reveals the commonly
observed surface terminations of B2 NiAl wires, focus on quantifying these effects on
the phase transforming ability of NiAl at nanometer length scales.
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