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Abstract

We present molecular dynamics simulation based on a semi-empirical potential model in analogy to the tight binding scheme in the second
moment approximation on the mechanical properties of Zr,Ni systems formed by different nano-sized grains, having sizes from 2.5 to 4.5 nm.
The systems were initially equilibrated at 7= 650 K and the structures of the nano-particles were identified using Common Neighbor Analysis. We
calculated Poisson ratio, stress—strain curves, yield strength and Young modulus. Since in the present model case, grains smaller than 3.7 nm do
not affect the system’s mechanical response, we deduce that only larger size of grains appears to be important for the mechanical response of the
systems. Deformation of the grains is not homogeneous and micro-cracking occurs in grains with orientation along the strain direction leading to
their amorphization. This new effect for the deformation accommodation happens when the plastic region is reached and it seems to play important

role in the ductility of the system.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Zr based bulk metallic glasses (BMG) have attracted the
scientific interest the last decades due to the particularities of
their elastic properties (high yield stress, hardness, anticorro-
sion resistance, etc.) making them potential candidates for use in
many technological applications. The main problem that limits
their applications is related to their low ductility. The appear-
ance of the nano-structured BMGs having excellent mechanical
properties and enhanced ductility [1-4] gave new interest in
this class of materials. Their improved properties were mainly
attributed to the change of the microscopic mechanisms acting
for the accommodation of an applied deformation [5—-10] and to
the Hall-Petch effect (HP). From these studies, it is generally
accepted nowadays that (a) dislocation processes are responsi-
ble for the response under deformation of nano-grained systems
having grains larger than 50-100 nm, while (b) in the cases of
smaller grain sizes, d <30nm, grain boundary (GB) processes
undertake the accommodation of the applied strain, resulting to
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reduced yield and hardness that is more pronounced upon fur-
ther reduction of the grain size [11-14], an effect that is called
“inverse HP effect”. To explain this behavior, a lot of effort
has been dedicated in the study of the structure of the GBs, to
their similarities with those present in coarse grained materi-
als, as well as to the grain’s nano-structure [15—17]. From these
studies, it came out that the nano-crystalline structure consists
mainly by randomly oriented high energy GBs and that below a
critical size (of approximately 1-2 nm) these structures are ther-
modynamically unstable with respect to the amorphous matrix
[18,19]. Nevertheless, the structure of the nano-grains and its
role in the mechanical behavior of the nano-crystalline material
is still an issue. To this end, we performed large scale molecular
dynamics simulations using systems with different nano-grain
sizes and shapes and we recorded their response under deforma-
tion. Since we focus on the role of the grain boundary activity
and on the processes taking place upon strain application, we
chose to use uniform grain sizes and shapes, suppressing in this
way any possible grain growth process.

2. Computational setup

The molecular dynamics (MD) simulations were based
on a semi-empirical potential model in analogy to the tight
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binding scheme in the second moment approximation [20].
The equations of motion were integrated using the Verlet
algorithm and a timestep of 5fs. All systems were initially
annealed and subsequently equilibrated at room temperature
in the isothermal—isobaric canonical ensemble using the Nose
demon to control the temperature and the Andersen scheme
for the pressure regulation. We used two types of systems
having nano-grains with the Zr,Ni C16 structure but shapes
that were either spherical with sizes 3.7 or 4.5nm (types Al
and A2) or parallelepiped with sizes 2.5 or 4.0nm (types Bl
and B2). The resulting simulation cells contained number of
particles that varied from 95,000 to 120,000 and were treated
using parallel computation. The nano-grains were embedded
into an amorphous Zr,Ni matrix that was prepared by chemical
amorphization, annealing at 700K and then equilibration at
room temperature for 200 ps. Adopting these grain shapes
results into stacking capability that is greater in systems with
type B grains, and therefore in less amorphous mass between
the grains than in systems in which the grains were of type A.

The strain was applied in the z direction in simulations with-
out the use of thermostat at two different rates, 1010 and 1011 s~!
by changing the simulation cell size appropriately, while the lat-
eral dimensions were shrinking taking into account the Poisson
ratio, v. The later was determined for the amorphous stoichio-
metric alloy at several strains by a series of preliminary MD
microcanonical simulations at 300 K using various v values and
finding the one that yielded the lower energy value at each
strain. The strain—Poisson ratio curve was subsequently approx-
imated with a third order polynomial and used in all simulations
that were performed under strain. In order to quantify the crys-
talline state of the system, we used Common Neighbor Analysis
(CNA) [21]. Subsequently, we defined an order parameter k as
the percentage of the Zr atoms that possessed the crystalline
characteristics of the perfect stoichiometric alloy. Therefore, we
used this order parameter in our structural analysis of the sys-
tems under deformation.

3. Results and discussion

In Fig. 1, we present the stress—strain curves at two different
strain rates and two different grain sizes of the systems we stud-
ied. It comes out that the systems that are composed by spherical
grains display practically identical behavior exhibiting less yield
strength than those consisted of type B grains in which the sys-
tem with the larger grains appears to be harder. This result is
closely related to the fact that A type systems contain more
amorphous material between the grains that can accommodate
the imposed deformation. Given that both types contain grains
that have the same crystalline structure, an important issue is
whether the shape is of some importance in the deformation
process. To this end we performed CNA analysis of the trajec-
tories and we calculated the order parameter k. In Fig. 2, we
present this quantity as a function of the applied strain along
with the resulted stress for the systems of type A and for refer-
ence that of the glassy matrix (open squares). As expected, k is
less in the system with smaller grains, circles (d=3.7 nm), the
system with the larger grains, triangles (d=4.5nm), exhibiting
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Fig. 1. True stress—strain curves for the systems containing grains of types Al
and B1 (diamonds and circles, respectively) at two different strain rates of 10'°
and 10" s~ (filled and open symbols, respectively).
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Fig. 2. True stress—strain curves and order parameter evolution for the A-type
systems.

almost double k values until the end of the deformation process.
It comes out that in both cases k decays increasing the applied
stress, indicating progressive loss of grain structure that becomes
important above a strain value of 10%; we note that at this strain
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Fig. 3. True stress—strain curves and order parameter evolution for the B-type
systems.
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Fig. 4. Sequence of snapshots showing the grain structural modifications during the deformation process at strain rate 1019 s~1: (a) before deformation, (b) at 5%

strain, (c) at 10% strain, (d) at 13% strain, (e) at 15% strain and (f) at 20% strain.

value the system exhibits plastic behavior. Interestingly, despite
the important structural loss manifested by the order parameter,
both systems show practically the same response in stress that is
identical with that of the matrix, denoting that these systems are
too dilute in grains or that larger grains are needed to alter the
mechanical properties of the amorphous system. The effect is
more pronounced in the system with the small grains for which
k attains the value of the glassy matrix (close to 0.3). On the con-
trary the system reacts differently in the case of B type grained
matrix, where the packing can be more dense, as in the case
with grains of d=4.0nm. As we can see, diamonds in Fig. 3,
the yield strength in this case is higher, while the stress value
approaches that of the amorphous matrix at high strains (above
16%) where, as the order parameter indicates in the same figure,
the grains have lost most of their crystalline structure. To verify
these results we repeated the calculation using smaller B-type
grains (d=2.5nm), circles in Fig. 3, yielding a glassy matrix
content that was approximately the same with the system with
the small grains of type A, Fig. 2. Indeed, as we can see from
the stress—strain curve the yield strength in this case is lower,
the plastic region is more elongated and the order parameter
indicates important loss of crystallinity in the grains for strains
greater than 10%, a result that is quite similar to what was found
in case of the system with small grains of type A, circles in
Fig. 2. In addition, from these curves we deduced a Young mod-
ulus value around 150 GPa, while the yield stress is estimated
to 6.5 GPa.

The loss of the grain crystalline structure upon deforma-
tion was also verified by visual inspection of the systems. In
Fig. 4a—f, we give a sequence of snapshots showing that the strain
is accommodated mainly by the progressive amorphization of
the grains upon increasing the applied strain. We can also see
the resulting glassy mass moving between the grains that remain
almost immobile. This behavior is qualitatively different from

what is usually proposed as mechanisms for the strain accom-
modation like grain boundary diffusion [22] or grain boundary
sliding usually present in grain boundary diffusion creep [23].
In addition, these pictures reveal that the deformation of the var-
ious grains is not homogeneous and that some grains, namely
those having orientation in the [0 0 1] direction, which is man-
ifested by their hexagonal packing, seem to suffer more from
the deformation and finally are subject to micro-cracking at a
strain of approximately 12%; the resulting amorphous mass is
subsequently incorporated into the glassy matrix. We recall that
in these pictures the lateral directions are shrinking while the
system is expanded in the normal direction. Therefore, in the
present case the accommodation of the applied strain does not
occur via grain boundary sliding and/or rotation as in the case of
nano-crystalline Cu [14], or by “stress induced” grain boundary
diffusion as in the nano-crystalline Ni case [24,25]. This finding
suggests that the plastic region is reached when micro-cracking
sets in and the resulting amorphous mass surrounds the remain-
ing grains playing the role of a “lubricant”. Given that only
[001] oriented grains amorphize first, they act as solvent for
the remaining grains and may lead in elongation of the plastic
region.

4. Conclusions

We can conclude therefore that while the grain shape does not
seem to affect directly the response of the system under strain, it
imposes however geometrical restrictions regarding the packing
capability and therefore can influence the system’s capacity in
grains content and thereby indirectly its mechanical behavior. A
more important factor appears to be the size of the grains since
it seems that in the present model case, systems with grains
smaller that 3.7 nm do not affect the mechanical response of the
system. In addition, we found that the deformation of the grains
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is not homogeneous and that micro-cracking occurs in [00 1]
orientated grains that are along the strain direction resulting into
their amorphization. This effect happens when the plastic region
is reached and it seems to play important role in the ductility of
the system.
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