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Abstract

Molecular dynamics (MD) methods are employed to study the mechanical
properties of Ni3Al nanowires (NWs) along [001], [110] and [111] crystal orientations
under tensile loading at intermediate temperature. The stress—strain responses,
Young’s modulus, elongations and crystal defects of NWs are compared at different
temperatures with the different crystal orientations. The simulation results indicate
that the yield stress decreases linearly with the increase of temperature, which is the
same as the Young’s modulus. In addition, tensile tests exhibit that the Ni3Al NWs has
an obvious intermediate temperature brittleness (ITB) behavior at about 900-1100 K.
The crystal structure is less stable at intermediate temperature. Furthermore, we also
find that the evolutions of different crystal defects are mainly point dislocations and
stacking faults. The higher stacking fault energy (SFE) of NizAl NWs, the easier
dislocation slips. The glide dislocation expands within the {111} glide plane.
Generally, studying the relation between the incipient plastic deformation and the
temperature of NizAl NWs under different crystal orientations can help us further

understand the mechanical properties accurately and completely.

Keywords : NisAl nanowires; Intermediate temperature; Crystal orientation;

Molecular dynamics
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1. Introduction

NizAl is an intermetallic alloy with the face-centered-cubic L1, structure.! It has
been intensively studied due to its potential high strength, high corrosion resistance
and high thermal properties in the aerospace industry, > but it has been vexed with
inherent crystallography characters limitations, especially the intermediate
temperature (900-1100 K) brittleness (ITB).*’ Low plasticity, occurring at the
intermediate temperature, limits the production, processing and application of NizAl
alloy. ** For this reason, it’s essential to have a well understanding of the mechanical
properties in elastic and plastic deformation at intermediate temperature.

It is well accepted that the brittleness of NizAl involve both intrinsic factors such as
the existence of microcavities and extrinsic factors such as hydrogen embrittlement.’
A great deal of experimental and theoretical effort has been made to elucidate the
structural and mechanical properties. Recent studies have revealed that polycrystalline
NizAl suffers from severe intergranular brittleness at ambient temperatures, even
though single crystals of NisAl are quite ductile and extensive plasticity can be
observed on the intergranular fracture surface.'” Furthermore, though a few
investigators suggested that temperature significantly affected the mechanical

11-13

properties of singlephase NizAl, tensile tests of multiphase NizAl-based alloys
have been conducted primarily at room temperature.'* However, the research works
on the mechanical properties of NWs have mainly relied on atomistic simulations

instead of experiments. MD simulations have been utilized to evaluate the properties

of the NWs and explain the fundamental mechanisms in the process of the mechanical
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deformation in a form of numerical experiments to compliment studies in
laboratories". Setoodeh et al.'®'” simulated the mechanical properties of nickel NWs
at different temperatures (temperature varies between 50 K and 600 K). Tschopp and
McDowell used atomistic simulations to investigate how the stress required for
homogeneous nucleation of partial dislocations in single crystal copper under uniaxial
loading changes as a function of crystallographic orientation.'™!? Gao et al. employed
the embedded-atom method (EAM) potential to study anisotropic and temperature
effects on mechanical properties of copper NWs under tensile loading.”’ Alavi et al.
studied mechanical properties of Ni-Al NWs by calculating the stress—strain response
of the wires under various loading conditions."® In addition, Huang et al. simulated the
uniaxial tensile deformation of FCC nickel NWs and observed the strain rate and size
effects on mechanical propeﬁies.21 However, previous studies are focused on
the lower temperature mechanical properties of NWs from 10 K to 700 K, no model
has yet been proposed to investigate the mechanical properties of Ni3;Al NWs under
tensile loading at intermediate temperature.

The purpose of this study is to perform the MD simulations with EAM to
investigate the temperature and anisotropic effect on mechanical properties of NizAl
NWs by reporting the stress—strain responses, Young’s modulus, elongation and
crystal defects. The elongation was followed by a particular discussion on ITB of
NWs from the standpoint of the content of stacking faults. A deep understanding to
the plasticity of NizAl NWs under tensile loading was achieved.

2. Simulation methods
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Here MD simulations with EAM potential were performed to study the
mechanical properties of Ni3zAl NWs under the uniaxial strain along different crystal
orientations ([001], [110], [111]). The EAM had been proposed by Yamakov, 2 Daw
and Baskes™ as a numerical method for calculating atomic energetics. It had been

widely used for deformation research of the nickel NWs.'>'® In the EAM, the total

energy E,, ofasystem of N atoms can be written as

B =2 (E () +5 4,0,)

i=1 J#I

P = zplaj(nj)

J#

where F, is the embedding energy of atom i, p, is the electron density at site i, ¢,
is the pair potential function between atoms i and j and p;; is the atomic charge

density of atom j at the location of atom i.

The crystal was in the cubic orientation. Periodic boundary conditions were
prescribed in all three orthogonal directions. The simulation was carried out by
integrating Newton’s equations of motion for all atoms using a time step of 1 fs. At
the start of simulation, The Ni3Al NWs was then minimized based the aforementioned
EAM interatomic potentials. Samples are relaxed using molecular dynamics for 100
ps at 100 K. This configuration were then heated to different temperatures (800-1200
K) and used as a starting configuration in the molecular statics technique to study the
mechanical properties of Ni;Al NWs. Two layer atoms at the most bottom and top are
fixed as a plane in the model. And displacement with a movement rate 1.5 A/ps was
applied to the top plane which was a reasonable value for MD tension simulations.
The MD simulations were carried out as a NPT isothermal isobaric ensemble. For
convenience of comparison, almost the same size were selected in the three different
models of our simulations. The open source MD code LAMMPS* and the
visualization tools AtomEye® were used in the atomistic simulations. The stresses are
calculated using the virial theorem.

The elements of the tensor of atomic-level stresses were calculated as

5
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J

. 1 a a
(1) = _E[ZE/ ) H2M , Viﬁ}

where a and S label the Cartesian components, € is the atomic volume, F; is

the force on atom i due to atom j, M, is the mass of atom i, and v, is the velocity of

atom 1. An effective stress (o, ) and an effective strain (&,) according to the von Mises

criterion for yielding was calculated as

b

o, = [((0 -0, )2 +(0y —0. )2 +(o. -0, )2 +6(‘75y to. o, ))/2}

where o, o, and o, are the stresses averaged over the entire system in the X, Y,
and Z directions, respectively, and ¢, ¢, ,and &_ are the engineering strains in the
X, Y, and Z directions, respeci:ively.26’27
We performed uniaxial tensile MD simulations on the three atomic models: [001]

crystal orientation, [110] crystal orientation, and [111] crystal orientation, as shown in
Table 1. In solid-state systems, centro-symmetry parameter (CSP) is a useful measure
of the local lattice disorder around an atom and can be used to characterize whether
the atom is part of a perfect lattice, a local defect, or a free surface.” In order to

clearly visualize the defects, the CSP for each atom in the system except the fixed

plane atoms is calculated. The CSP is defined as follows:

N/2
CSP=Y_

i=1

r r /
Ri + Riny2

>

1 1
where the N are the number of neighbors for each atom. R and R.y: are the

vectors or bonds corresponding the N/2 pairs of opposite nearest neighbors in the

Page 6 of 26



Page 7 of 26

RSC Advances

system.
3. Results and discussion
3.1. Deformation behavior under tensile loading

Fig.1 presents the stress—strain relationships of NWs along three different crystal
orientations at different temperatures. The yield stress of NW in [001] crystal
orientation at room temperature (300 K) is greater than the yield stress at intermediate
temperature, as shown in Fig.1(a). The yield stress decreases from 0.3445 GPa to
0.247 GPa as the temperature gradually increasing from 300 K to 1200 K. NizAl NWs
show good elastic performance before yield, and the stress-strain relationships follow
a linear Hooke’s law. At plastic stage, the stress-strain curve fluctuates at 800 K,
which indicates that NW has a small range of work hardening. The yield stress of
NizAl NW decreases obviously at 1100 K. Compared with Fig. 1(a),the temperature
has a little effect on yield stress in Fig. 1(b). The yield stress of 1200 K is about
26.0% smaller than the NisAl NWs at 300 K. At plastic stage, the stress-strain curve
fluctuates significantly, and the stress increases with strain, which indicates that the
work hardening in [110] crystal orientation is more evident than in [001] crystal
orientation. The stress-strain curves are similar in Fig. 1(c) and Fig. 1(a). The yield
stress of [001] crystal orientation is larger than the yield stress of [111] crystal
orientation at the same temperature. The yieldings of three different types of Niz;Al
NWs are accommodated by the activities of Shockley partial dislocations.”” Results
show that the stress-strain responses are strongly dependent on NW’s orientation and

temperature.
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There is a fine linear relationship between the yield stress and the temperature in
different crystal orientations, as shown in Fig.2. The yield stress changes slowly with
the increasing temperature in [110] crystal orientation. However, the yield stresses
decline significantly in [001] crystal orientation and [111] crystal orientation. In [110]
crystal orientation, the yield stress decreases by 26.0% compared with 30.7% in [001]
crystal orientation and 45.6% in [001] crystal orientation with increasing temperature
(from 300 K to 1200 K). At higher temperature, the atomic structure has high entropy,
and the atoms vibrate around their equilibrium position with much larger amplitude,
as compared to those at low temperatures.*’

As mentioned, the temperature has a great influence on the mechanical properties
of NizAl NW. the declining rate of yield stress is shown to have o 1117 > © [o01] >
o oy for NizAl NWs. The work hardening in [110] crystal orientation is more
evident than in [001] crystal orientation, and the [111] crystal orientation hardly has a
work hardening effect. This is mainly because that with the plastic deformation of
NizAl NWs, the grain crystals slip and appear dislocation tangles, in the end crystal
grains elongate and destruct. This results in the increase in strength and hardness but
the decrease in ductility and toughness of NizAl NWs. The results accord with other
reported.”’ > Although the structure of Ni3Al is simpler than nickel-base single crystal,
this simulation will provide the theoretical basis for the further study of the
mechanical properties of NisAl NWs in different crystal orientations at intermediate

temperature.
The simulation results of Yield stress results consistent with previous rep01r‘[.34'3 6

However, the yield stress in reference is greater than the analog value at the same
8

Page 8 of 26



Page 9 of 26

RSC Advances

temperature. There are several reasons that can account for this fact, but the following
four may be the main ones. First, our study is on NizAl NWs and Ni-based
superalloys are strengthened by fine and ordered y' precipitates embedded in an FCC y
matrix. These alloys are far stronger than pure y or y' single phase materials due to the
presence of y/y' interfaces which prevents dislocation motion at high temperatures.®’
But making use of the Ni3Al nanowires to study the ITB is feasible because NizAl is
the main component of y 'phase, and it has similar mechanical properties to Ni-based
superalloys. Second, we take a small strain rate 2x10°. The higher the strain rate, the
lager the corresponding yield stress changes.” In addition, size effect is an important
factor that affect the yield stress.”” The larger size of NisAl NWs, the higher yield
stress at micro and nano scale. Last and most important, Nickel-based alloys generally
contain Co, Cr and other elements. Alloy elements greatly improve the mechanical
properties of NizAl NWs.**

The Young’s modulus is defined as the first derivative of the stress with respect to

the strain at the equilibrium state by the following equation:

E= (d_o'j
dg &=0

where ¢is the strain.’ Fig.3 depicts the variations of Young’s modulus of the NizAl
NWs at various temperatures. The Young’s modulus deceases nearly linearly with the
increasing temperature. In [001] crystal orientation, the Young’s modulus at 1200 K is
about 32.6% smaller than at 300 K compared with 41.4% in [110] crystal orientation
and 34.98% in [111] crystal orientation. The Young’s modulus increases with the
increasing temperature from 1000 K to 1100 K, while it decreases evidently with

increasing temperature from 1100 K to 1200 K in [111] crystal orientation. Then the
g p ry
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conclusion can be drawn that Young’s modulus of the NWs has a negative

TA142 1, -
It is

temperature coefficient, which is in agreement with the experimental results.
noted that the calculated Young’s modulus at 900-1200 K are closer to experimental
measurements. Considering that there are some defects or impurities in Ni3Al NWs
prepared experimentally and they could weaken the elastic modulus of NizAl NWs,
our calculated Young’s modulus is corresponding with the experimental results. The
different values may due to the different definitions about elastic constants and crystal
orientation. The trend of the Ni3Al NW’s elastic property is in accord with many other
materials like Nickel NW'® and Ni-Al NW." Furthermore, the simulation results
correspond well with the results of Gao.”” These phenomena can be illustrated as
follows. The equilibrium distance between two particles (7 ) corresponds to a
minimum potential energy. In addition, a simple analysis of bonding force shows that
the Young’s modulus is proportional to ( 1/ r" ).Therefore by increasing the
temperature, the equilibrium distance of the particle separation is increased.'® This
induces the decline of Young’s modulus. Therefore, both the variation of stress—strain
curves and the drop of Young’s modulus indicate the less stable crystal structure as

. : 20,43
increasing of temperature.”™

With temperature ranging from 300 K to 500 K, the
Young’s modulus of [110] crystal orientation is greater than the value in [001] crystal
orientation. The Young’s modulus is shown to have Ejj117 > Ejoo1] > Efii0) at the same
temperature. The reason might be the difference of the equilibrium distance, as shown
in Table 1. Therefore, the Young’s modulus decreases through the increase of the

equilibrium distance.

10
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Elongation (9) is a description index of the plastic performance. It is the ratio of the
extension in length of the specimen after fracture to its initial gauge length, expressed

in percent.

where /1 is gauge length of specimen after fracture, /;is gauge length before
fracture(i.e. initial gauge length)

In [001] and [111] crystal orientations, the elongation percentages of NizAl NWs
dramatically decline at 900 K, as shown in Fig. 4, there is an ITB phenomenon when
the temperature ranges from 800 K to 1100 K. Meanwhile, in [110] crystal orientation,
the change of the elongation percentage is not clear, but the fluctuation is obvious.
However, it still shows that the Ni3Al NW has an ITB behavior. The changing trend of
elongation percentage between 300 K and 900 K is the same as the strength, while in
the other temperatures, the changes are almost inverse. What is interesting is that the
elongation percentage declines slightly after 800 K and then rises significantly after
1100 K. These agree with the experimental results.>’**

3.2. Evolution of different crystal defects

The pink lines represent the fraction of surface steps, as shown in Fig. 5. We can
see that the fraction of surface steps and perfect surfaces are barely changed, the
content of surface steps and perfect surfaces are relatively low in all disordered atoms

due to the limited dimensions of the system. This will lead to the happening of

necking in tension process. The fraction of all dislocations and stacking faults change

11
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clearly after yielding. These results are closely consistent with the foregoing
description of Fig.1 and Fig.2.

The value of CSP for all dislocations of systems is greater than 1, stacking faults
greater than 4 and less than 11, point dislocations greater than 1 and less than 4,
perfect surface greater than 11 and less than 19 and surface step greater than 19.
Evolution of different crystal defects are mainly point dislocations and stacking faults.
The influence of different crystal orientations on the evolution of point dislocations
and stacking faults is [110] > [111] > [ 001]. Meanwhile, this can also explain how
difficult the open slip system of NizAl NW is in different crystal orientations. To
further understand the different yield responses of the NWs at 900 K, lateral view of
the NisAl NWs dislocations snapshots are shown in Fig. 6.

Fig. 7 shows the evolution of different crystal defects at 800 K and 1000 K. The
higher the temperature, the greater proportion of point dislocations and stacking faults
at the same strain. Although the surface steps and perfect surfaces are basically
horizontal lines, and these do not mean that no necking occurs in NWs. Necking
forms in the center of the NWs and extends to the border. The shape of the NW is
extremely uneven which is not due to the content of surface steps and the fraction of
perfect surfaces.

To further understand the influence of temperature on the evolution of stacking
faults, front view of the NisAl NWs stacking faults snapshots are shown in Fig. 8. In
[110] crystal orientation, the temperature significantly affects the content of stacking
faults. The SFE is proportional to the temperature,45 as shown in Table 2. Meanwhile,

12
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the higher SFE of NizAl NWs, the easier dislocation slips. In addition, comparing
Fig.8 with Fig.2, the yield stress of Ni3Al NWs decreases with the increase of SFE.
The glide dislocation is nucleated from the ends of NWs, and it expands within the
{111} glide plane.” Finally, the forest interactions directly form the sessile
dislocations. Glide dislocations emits mainly in both [101] and [101] directions.

The energy variation of the supercell after introducing stacking fault is

AEsr = Esr — Eo
where Ej is the total energy of the perfect crystal, and Esr is the total energy of the
crystal with stacking fault structure. The stacking fault energy is defined as
yse = AEse [ AS
where AS is the area of stacking fault in the supercell.46
With the increasing temperature, the thermal motion of molecules will be more

violent and the interatomic distance will be expanded, furthermore the atomic
diameter and lattice constants will also change. The above changes will lead to the
increasing SFE.**® When SFE is high, dislocation can extend or tangle easily, then
the work hardening of Ni3Al NWs lags and vice versa.
4. Conclusion

In conclusion, MD simulation has been performed to study the influence of
different crystal orientations and temperatures on the mechanical properties of NizAl
NWs under tensile loading. The results show that the crystal orientation and
temperature play an important influence on yield stress, Young’s modulus and ITB
behavior of NizAl NWs. The yield stress of NW has a significant linear correlation

13
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with the temperature in different crystal orientation. The yield stress changes slowly
with increasing temperature in [110] crystal orientation, and declines significantly in
[001] crystal orientation and [111] crystal orientation. The difference of Young’s
modulus is shown as Epi1; > Epoi; > Epeg for NizAl NWs. In addition, ITB
phenomenon is distinct at 800 K to 1100 K. Furthermore, we also find that evolution
of different crystal defects are mainly point dislocations and stacking faults. The
higher SFE of NizAl NWs, the easier dislocation slips. The glide dislocation expands
within the {111} glide plane.
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Figure captions

Fig. 1. Stress-strain curves for different crystal orientations NWs at different temperatures.

Fig. 2. The yield stress of Ni;Al NWs at different temperatures with different crystal orientations.

Fig. 3. The Young’s modulus of Ni;Al NWs at different temperatures with different crystal
orientations.

Fig. 4. Temperature dependence of the elongation percentage of Niz;Al NWs with three different
crystal orientations.

Fig. 5. Evolution of different crystal defects at different crystal orientations (T= 900 K). (a)
represents the situation of [001] crystal orientation. (b) represents the situation of [110] crystal
orientation. (c) represents the situation of [111] crystal orientation.

Fig. 6. Snapshots of lateral views for the evolution of stacking faults in different crystal
orientations at 900 K. The atoms are colored by CSP values.

Fig. 7. Evolution of different crystal defects in [001] crystal orientation. (a) represents the
situation of 800 K. (b) represents the situation of 1000 K.
Fig.8. Snapshots of front views for the evolution of stacking faults at different temperatures in

[110] crystal orientation. The atoms are colored by CSP values.
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Table caption
Table 1. Atomic configurations for the three models: [001] crystal orientation, [110] crystal
orientation, and [111] crystal orientation.

Table 2. Stacking fault energy of Ni;Al NWs at different temperatures in [110] crystal orientation.
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Table 1
Crystal orientations Lattice constants Number of Model sizes
(x,y,2) (aXbXc) atoms
[100], [010], [001] 3.573AX3.573AX3.573A 48000 202X 20b X 30c
[110], [001], [110] 5.053AX3.573AX5.053A 47040 142X 20bX21c
[112], [110], [111] 8.752A X 5.053A X 6.189A 45696 8aX 14bX 17¢
Table 2
Temperature 800 K 900 K 1000 K 1100 K

SFE (mJ/m%)  252.54 26932 27661  280.56

Ref.a,b,c
(mJ/mZ)

290.15° 305.39° 337.22° 260°

*Ref. 45, °Ref. 46, “Ref. 47.



