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bstract

The mechanical deformation properties of nanostructured Ni3Al under uniaxial tensile load were studied at the atomic scale by computer modeling.
he simulations were performed using a classical Molecular-Dynamics scheme based on combined Rahman–Parinello and Nosé techniques with a
any body interatomic potential. This potential is designed in the frame of the second moment approximation of the tight-binding model. A model

ample was prepared by simulation of the compaction of isolated Ni3Al clusters with diameters in the range of 3.3–6.4 nm under 2 GPa external
ydrostatic pressure at room temperature. After this model treatment, clusters were found to keep their identities, and their structure and segregation

tate did not differ much from those in the initial free clusters. Then, a uniaxial tensile stress was applied, and the strain evolution was followed
s a function of time at different constant temperatures. The presence of both elastic and plastic regimes of deformation was observed, depending
n the magnitude of the applied load. The Young modulus, the Poisson ratio and the elastic limit were estimated as functions of temperature. The
ossible intra- and inter-granular plastic deformation mechanisms are briefly discussed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The possibility to synthesize nanostructured materials (NsM)
ives the hope to obtain original mechanical properties, like for
nstance, superplasticity in metals and alloys at low tempera-
ures [1]. NsM are characterized by a large amount of grain
oundaries and their influence on plasticity may be significant.
n coarse-grain samples, interfaces represent obstacles to the
eformation processes that results in hardening associated to
islocation pile up. In NsM however, experimental evidence was
ound for the absence of dislocation pile up during mechanical
eformation [2] and, to a large extent, interfaces are expected
esponsible for the observed plasticity. In coarse-grained poly-
rystalline materials, the plastic deformations result to a large

xtent from dislocation activity and grain boundary junctions
nstability. However, in NsM (with grain size typically less than
00 nm), due to the large volume fraction occupied by interfaces
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s compared to polycrystals, the role of interfaces is expected to
e crucial. If the NsM is formed by grains with sizes smaller than
bout 10 nm, no dislocation activity is expected [3] and the role
f interfaces and interface junctions in mechanical properties
ay become dominant. Interfacial diffusion is predicted very

igh and diffusion coefficients were predicted as high as in a liq-
id [4,5]. Several mechanisms of deformation (like GB sliding,
rain rotation, interfacial viscosity, etc.) have been discussed [3].
uch grains contain no more than several thousands of atoms,

n contrast to normal polycrystals (with typical grain size about
few micrometers). The latter grains are too large for model-

ng by atomic scale simulation techniques). In NsM a collection
f grains forming a nanostructure can realistically be modelled
t atomic level at the 1:1 scale on currently available Parallel
omputer Systems. Hence, it is possible to reproduce at atomic

cale most of possible deformation mechanisms in NsM. How-
ver, time scale limitations (typically in the nanoseconds range)
ake it impossible to reproduce experimental strain rates. There-
ore, atomic scale simulations can only model the initial stage of
eformation which, however, already includes collective motion
uch as GB sliding and dislocation nucleation at GBs. Several
orks were devoted to study of mechanical properties of NsM

mailto:ezhurkin@phmf.spbstu.ru
mailto:mhou@ulb.ac.be
dx.doi.org/10.1016/j.jallcom.2006.08.183
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t the atomic scale [3,6–8]. Simulated nanostructured materials
ay be constructed in different ways mimicking experimen-

al preparation methods. Two basic groups of NsM preparation
echniques may be mentioned: one step methods and two step

ethods. One step methods (as electrodeposition or severe plas-
ic deformation) result in dense compact materials. The atomic
cale structure of such materials is modelled, for instance, by
oronoi construction, starting from randomly distributed and
riented seeds (see, for instance, Ref. [8]). Nanostructured solids
an also be synthesized in two steps (e.g., by inert gas con-
ensation followed by compaction [9] or nanocluster synthesis
ollowed by low energy cluster beam deposition (LECBD) [10]).
roduced in such ways, NsM materials contain voids and they
ay therefore have significantly lower densities than polycrys-

alline or single crystal solids. These voids may play a role in
lastic deformation which is specific to cluster assembled mate-
ials (CAM). The atomic scale modeling of the synthesis of
uch materials can also be achieved at the atomic scale (see, for
nstance, Refs. [11–14]).

In what follows, the model synthesis of Ni3Al nanostruc-
ured materials by cluster assembling and compaction is briefly
utlined and the mechanical response of the model sample to a
niaxial load at various temperatures is characterized.

. The method

.1. The interatomic potential

In order to describe equilibrium properties of metals and their
lloys correctly, it is necessary to use a many body potential. The
otal energy of a system is given by:

coh = 1

2

∑

i�=j

Vij(x) −
∑

i

Fi(x) (1)

here x = |ri − rj| is the interatomic distance between two atoms
and j, Vij is a repulsive pair potential while Fi is associ-

ted with an attraction due to the local electronic density or
he band bonding. We select a potential based on the second

oment approximation of the tight-binding model using cubic
plines which is proposed by Ackland and Vitek [15,16], where
i = (

∑
Φij(x))1/2 and

∑
Φij(x) is a superposition of local elec-

ronic densities over all bonds with neighbors of an atom i. The
ange of the local interaction is limited by a cut-off distance
aken in Refs. [15,16] as 1.225a0, where a0 is the lattice param-
ter. This is the same potential as used in the study isolated
i–Al and Cu–Au clusters and bulk alloys presented in Refs.

13,17,18]. The parameters suggested by Gao, Bacon and Ack-
and [19] were checked to allow an excellent prediction of the
lastic constants of Ni3Al as well as of the cohesive energy and
quilibrium lattice parameter of Ni3Al. These were used in the
resent work.
.2. The atomic scale models

In this section, we briefly describe the atomic scale methods
sed to model free clusters, their compaction into a nanostruc-
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ured material end the mechanical deformation induced by a
niaxial stress.

Equilibrium Ni3Al clusters are modeled by importance sam-
ling according to the Metropolis Monte-Carlo method, which
s well described, among other, in Ref. [20]. The problem we
ave to deal with involves thermal vibrations, the relaxation of
ighly and inhomogeneously stressed systems, and segregation.
he segregation process involves high energy barriers as well as
omplex diffusion jumps that are rare events. Therefore, rather
han considering the physical path to equilibrium, we employ the

MC method in the statistical ensemble currently called “semi-
rand canonical ensemble” (�μ-NPT) [21]. For the purposes of
ur study, allowing for transmutations make the algorithm par-
icularly efficient for predicting segregation. In this approach,
he temperature (T), the pressure (P), the chemical potentials
ifference (�μ = μAl − μNi) and the total number of particles
N = NAl+ NNi) are fixed although the partial numbers of each
ind of atoms (NAl, NNi) may be changed. The method, as used
ere, includes four types of trials [17], namely the random move
f each atom, the change of identity of an atom selected at ran-
om in the simulation box, the site exchange between two atoms
f different kinds and the overall volume change of the sim-
lation box. Acceptance is governed by the usual Metropolis
lgorithm, using the Boltzmann factor appropriate for each kind
f trial. The constant external pressure is taken as zero.

The achievement of the equilibrium state is judged by control-
ing the evolution of instantaneous quantities as cohesive energy,
artial concentrations of atomic species and internal pressure.
n the present study, 106 macro steps were typically sufficient to
each equilibrium.

Clusters containing from 3000 to 12,000 atoms are mod-
led this way, and Molecular Dynamics (MD) is used to model
heir assembling. In its simplest form, the MD technique merely
onsists in numerically solving a system of coupled Newton
quations of motion in the microcanonical (NVE) statistical
nsemble for the particles contained in the simulated box [20]
o which periodic boundary conditions are applied. In systems
ike nanostructured materials, characterized by large inhomo-
eneities, this constant volume method is not quite convenient,
nd one needs to account for the dynamics of the macroscopic
eformation of the simulation box, at constant external pres-
ure and temperature. This can be achieved in the canonical
nsemble, according to the constrained MD scheme introduced
y Rahman and Parinello (RP–MD) [22,23]. In this scheme, the
ystem is extended from 6N to 6N + 10 degrees of freedom. One
overns the dynamics of the exchange of energy with an exter-
al reservoir at constant temperature [24] and the nine further
dditional degrees of freedom are the components of three vec-
ors spanning the MD box. The particle Cartesian coordinates
s well as these additional degrees of freedom evolve according
o equations of motion derived from an appropriate Lagrangian
22].

In the present study we only allow orthogonal macroscopic

hanges of the model box in order to reach consistency with
he MMC simulation model used to monitor segregation. The
P–MD method allows one to apply an external hydrostatic
ressure as well as any stress by blocking the appropriate
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direction than when applied in the others. According to Fig. 1, it
is a factor 2 at 300 K and a factor 3 at 900 K, while the difference
in strains in the other direction differ by less than 20%, whatever
the temperature. This is remarkable since no simple geometrical
E.E. Zhurkin, M. Hou / Journal of Alloy

oefficients of the stress tensor. We apply this method to study
he mechanical response of the model compacted sample to a
niaxial load at different temperatures. Zero Kelvin tempera-
ure simulations were performed using a standard fast quenching

ethod.

. The cluster assembled sample

.1. Isolated clusters

In order to model a cluster assembled material, free clus-
ers need to be modeled first. The structural and thermodynamic
roperties of free Ni1−xAlx clusters were already studied in Ref.
17] and they are thus only briefly summarized in this section.

Initial clusters of fixed size are prepared in the L12 phase
y cutting spheres of various radii in a bulk single crystal. The
luster sizes considered range from 3000 to 12,000 atoms. It was
ound in Ref. [17] that the cores of the Ni3Al clusters remain L12.
his phase can be predicted by MMC simulations for different
xed chemical potential difference values. The dependence of
omposition on the chemical potential difference is not quite sen-
itive to the temperature in this range and it is typical of all cluster
izes considered with n > 200. In the cluster cores, this depen-
ence is identical to that found in the bulk material, displaying
lateau values typical of the stable phases at the expected stoi-
hiometries. The core is, however, surrounded by a disordered
hell in which, depending on �μ, Al segregation may take place
17]. The composition is not constant in the shell and, in case of
egregation, the Al concentration monotonically increases from
.25 to a maximal value at the cluster surface determined by the
hemical potential difference between the Ni and the Al subsys-
ems. The relative thickness of the disordered shell is not much
luster size dependent as far as the cluster contains more than
bout 1000 atoms, which is the case in the present study. The
aximal overall excess Al which can be reached is of the order

f 10%.

.2. Cluster assembled materials (CAM)

The method to build a CAM sample is described in Ref.
13] and it thus only summarized here, giving the conditions
pecific to the present work. Cluster sizes for modeling CAM
re sampled in a realistic distribution. Whatever the experimental
echniques, size distributions are close to follow a log-normal
aw. Therefore, model CAM are synthesized with clusters having
izes distributed according to a log-normal law as well. The
ean number of atoms per cluster is 7000 and the mean cluster

iameter is 5.2 nm.
The free clusters prepared at 300 K as described above are

hen stacked at random in an imaginary orthogonal box, leaving
ome separation between their surfaces of no more than about
ne lattice unit. Periodic boundary conditions are applied to this
imulation box. Once filled with clusters, it contains about 105
toms. The system is then ready for compaction by means of a
P–MD simulation. An external hydrostatic pressure of 2 GPa

s smoothly reached at 300 K by three successive steps. The box
s first equilibrated at zero pressure during 50 ps in order to allow

F
l
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nterfacial accommodation. A pressure of 1 GPa is then applied
or another 40 ps and finally, a pressure of 2 GPa is applied for
uring 40 ps again. In each intermediate step, 10–20 ps evolution
as sufficient to reach thermal equilibrium. No trend for grain

oalescence was observed during the compaction procedure and
isordered areas are essentially found at the interfaces. By this
ethod, the time to bring the system to 2 GPa and thermal equi-

ibrium is still close to 15 orders of magnitude shorter than a real
ompaction experiment and slow processes like segregation, are
mproperly accounted for. This is the reason why a MMC sim-
lation follows the MD compaction, using the same scheme as
or free clusters, though applying suitable periodic boundary
onditions. This simulation is done at room temperature, letting
he system relax to zero pressure. The chemical potential dif-
erence between Ni and Al was adjusted in such a way that no
egregation took place in the initial free clusters. Repeating the

MC on the compacted sample induced no significant change
n the composition of the interfaces. The atomic density of the
AM samples prepared this way, relative to the bulk material, is

ypically 88% at 2 GPa and room temperature, independently of
he segregation state. When relaxing the sample further at 0 K,
he zero pressure density decreases by no more than 0.5%.

. Mechanical deformation

We now turn to the mechanical response of the CAM model
aterial to a uniaxial load and the case of a NI3Al single crystal

s first examined as a reference case. Fig. 1 shows the strain as a
unction of temperature in the cased of a uniaxial load of 2 GPa
pplied in the four lowest index crystallographic directions in
he L12 structure, namely, either a 〈1 0 0〉, 〈1 1 0〉, 〈1 1 1〉 or a
1 1 2〉 direction. The strain is an increasing function of tem-
erature. It is much higher when the load is applied in a 〈1 0 0〉
ig. 1. Strain vs. temperature subsequent to a uniaxial stress of 2 GPa in several
ow index directions of a Ni3Al single crystal.
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Table 1
Young modulus (E) and Poisson ratio (m) calculated in a Ni3Al single crystal
for 〈1 0 0〉 and 〈1 1 1〉 uniaxial loads and for compacted Ni3Al nanostructured
samples (CAM) at different temperatures

Material Direction
of load

Temperature (K) E (GPa) ma

Ni3Al single crystal 〈1 1 1〉 0 276 0.22
〈1 0 0〉 0 100.4 0.38
〈1 0 0〉 300 89.3 0.39

600 73.7 0.39
900 61.4 0.39

CAM 0 65.6 0.24–0.28
300 46.8 0.25–0.45
600 42.1 0.44–1.04

The experimental values of the Young modulus and Poisson ratio for polycrys-
t

w

c
d
h
T
i
b
s
B
t
t
g
b
t
N
t
o
a
i
o
t

c
a
l
e
e
m
d
c
i
t
c
t
s
o
T
w
fi
t

F
r

ature and zero pressure for another 100 ps. The case of a load of
1.2 GPa is compared to that of a smaller load, namely 0.2 GPa.
In the latter case, after releasing the load, the strain reduces to
zero, which demonstrates that the deformation induced by the
alline Ni3Al are Eexp = 200 GPa and mexp = 0.4 [25].
a These values of Poisson ratio m correspond to small uniaxial load region
ithin m values are constant.

onsideration explains this difference. The direction depen-
ence of the mechanical response to a stress in single crystals
as the consequence of a direction dependent Young modulus.
he Young modulus, directly deduced from a strain stress curve

s thus also direction dependent. The extension of the simulation
ox in the direction of the load is accompanied by a transverse
ize reduction and an associated Poisson ratio can be derived.
ecause {1 1 1} planes are more compact than {1 0 0}, contrac-

ions are of smaller magnitude and the Poisson ratio is smaller
oo. The values of the Young modulus and the Poisson ratio are
iven in Table 1, at different temperatures from 0 to 900 K for
oth directions of the applied load. The experimental values of
he Young modulus and of the Poisson ratio for polycrystalline
i3Al [25] are within the values predicted with the present poten-

ial model for loads applied in the 〈1 1 1〉 and 〈1 0 0〉 directions
f a single crystal. The Poisson ratio is not significantly temper-
ture dependent. Since plastic deformations are hardly induced
n perfect infinite single crystals, the same results are expected
n a large range of loads, which were checked for loads up
o 15 GPa.

The situation is quite different in the CAM sample, which
learly comes out Fig. 2. In this figure, the strain is represented
s a function of time at 0–600 K, resulting from different applied
oads ranging from 0.1 to 4 GPa. At the lowest stresses consid-
red, the strain quickly becomes constant, which is typical of
lastics deformations. Comparing Fig. 2a and b shows that the
agnitude of this elastic deformation is not much temperature

ependent. This is consistent with the results obtained in a single
rystal for load directions different from 〈1 0 0〉. When the load
s increased, however, strain becomes an increasing function of
ime. This positive slope increases with load and, as seen by
omparing Fig. 2a and b, the dependence of the slope on load is
emperature dependent. For instance, at 0 K, the deformation is
till elastic under a load of 1.5 Gpa while at 600 K, the increase
f strain is so fast that in could not be measured beyond 30 ps.

his behavior is characteristic of plastic ongoing deformations,
hich is confirmed in Fig. 3. In the simulation shown in this
gure, a load of 1.2 GPa is applied at 600 K during 100 ps and is

hen released, letting the CAM evolve freely at constant temper-

F
i
f
a

ig. 2. Strain of the CAM as a function of time in the case of uniaxial loads
anging from 0.1 to 4 GPa. (a) T = 0 K and (b) T = 600 K.
ig. 3. Time evolution of the strain in the CAM sample at 600 K. A uniaxial load
s applied during the 100 ps evolution and is then released, letting the sample
reely evolve during another 100 ps. The difference between the effects of elastic
nd plastic deformations is clearly seen.
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ig. 4. Strain rate in the CAM as a function of the uniaxial stress at three
emperatures.

oad is elastic. In the former, the strain reduces as well, but to
n intermediate value which can clearly be predicted well above
ero at the limit of long times. This is the signature of a plastic
eformation. The transition between the elastic and the plastic
egimes is illustrated in Fig. 4 where the strain rate is represented
s a function of load. At each temperature considered, the strain
ate is zero for low load values. A transition is seen to a regime
here the strain rate increases with increasing load, correspond-

ng to plastic deformation. An elastic limit can be evidenced at
his transition. However, since the transition is smooth, espe-
ially at low temperature, the elastic limit is not accurate. It is
owever, clearly seen higher at 0 K than at 300 and 600 K, and
o monotonically decrease with increasing temperature.

In the elastic regime, the same measures as in the case of a
ingle crystal can be performed, and a Young modulus and a
oisson ratio are estimated at the various temperatures consid-
red, except 900 K which is high enough for the CAM sample
o start melting. The results are given in Table 1. The Young

odulus is clearly below the values obtained with loads applied
n low index crystallographic directions, and the experimental
stimate for a polycrystal. This is probably the consequence
f the occurrence of a large interfacial volume in the nanos-
ructure which contributes to the elastic deformation differently
rom crystalline areas. The Poisson ratio could only be estimated
ith limited accuracy and limiting values are given in Table 1.
espite of the inaccuracy, significant temperature dependence

s observed, which is also different from the single crystal case
nd may again be assigned to the role of interfacial areas.

One important mechanism for CAM plastic deformation has
een recognized as grain gliding [3]. Here, we have evidence
or another one. Indeed, the effect of the load is systematically
o decrease the density of the CAM. In the elastic regime, this
ecrease is never more than 0.1%. In the plastic regime, the
ensity is monotonically decreasing with time and it may reduce

y two orders of magnitude more in the range of deformation
nvestigated. This is an indication that deformation proceeds by
nlarging the open volumes, which would not occur if grain
liding was the only mechanism involved.

[

[

[
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. Conclusion

The mechanical response of a nanostructured alloy to a uniax-
al load is here characterized by means of atomic scale modeling,
aking the case of a single crystal as a reference. To our knowl-
dge, no such response has ever been measured for Ni3Al single
rystals, but the Young modulus measured for polycrystalline
i3Al falls within the values calculated for a single crystal in
arious crystallographic directions. As a consequence of the
ccurrence of large open volumes, the CAM density, after com-
action at 2 GPa is more than 10% lower than the density of
he single crystal. These volumes induce large differences in
he mechanical properties of the material and their temperature
ependence. Plastic deformation is evidenced, although the time
cale used in the MD simulations is too short for allowing sub-
tantial atomic diffusion, nor cluster coalescence. Hence, the
lastic deformation observed is not governed by thermal diffu-
ion. On the other hand, the grain size in the CAM is probably
oo small for allowing a substantial dislocation activity. It is thus

ost likely that the open volumes play an important role in the
lastic behavior and evidence is given therefore, by the decrease
f the sample density as its deformation proceeds. Since the size
f open volumes depends on the synthesis method, the mechan-
cal properties should depend on them as well.

A previous study showed that interfaces in similar nanostruc-
ured materials display some similarities with liquids [4,5] and
his suggests the relevance of low friction forces between grains
n plastic deformations as well. The further identification of the
tomic scale deformation mechanisms is in progress.
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