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Abstract
The thermal stability of nanocrystalline Ni due to small additions of Mo or W
(up to 1 at%) was investigated in computer simulations by means of a com-
bined Monte Carlo (MC)/molecular dynamics (MD) two-steps approach. In
the first step, energy-biased on-lattice MC revealed segregation of the alloying
elements to grain boundaries. However, the condition for the thermodynamic
stability of these nanocrystalline Ni alloys (zero grain boundary energy) was
not fulfilled. Subsequently, MD simulations were carried out for up to 0.5μs
at 1000K. At this temperature, grain growth was hindered for minimum
global concentrations of 0.5at%W and 0.7at%Mo, thus preserving most of
the nanocrystalline structure. This is in clear contrast to a pure Ni model
system, for which the transformation into a monocrystal was observed in MD
simulations within 0.2μs at the same temperature. These results suggest that
grain boundary segregation of low-soluble alloying elements in low-alloyed
systems can produce high-temperature metastable nanocrystalline materials.
MD simulations carried out at 1200 K for 1at%Mo/W showed significant
grain boundary migration accompanied by some degree of solute diffusion,
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thus providing additional evidence that solute drag mostly contributed to the
nanostructure stability observed at lower temperature.

Keywords: segregation, grain growth, nanocrystalline materials, Monte Carlo,
molecular dynamics

(Some figures may appear in colour only in the online journal)

1. Introduction

Nanocrystalline materials have attracted the attention of materials scientists in the last decades
due to their unique mechanical [1–5], electrical [6, 7], magnetic [8] and corrosion [9, 10]
properties. The large deviation of the properties of these materials from those of coarse-
grained polycrystals is related to their very fine structure, with grain sizes smaller than
100 nm. There is a wide interest in the applications of these materials, such as in coatings
[11, 12], thermoelectrics [13, 14], electronics [15], and also biological and biomedical
research [16, 17]. However, owing to the large relative amount of atoms at high energy
positions in grain boundaries, this class of nanostructured materials is far from the thermo-
dynamic equilibrium. Therefore, the research for cost-effective alternatives to stabilize the
nanometer-sized crystallites has been of scientific and technological interest.

In this work, we focused on nanocrystalline nickel (nc-Ni) as the model system of a
nanocrystalline material because of its potential usage in applications requiring high strength
and abrasive wear resistance, such as in coatings. Moreover, controlling the size of Ni
nanoparticles has been experimentally demonstrated to be important for other advanced
applications, such as in nanocomposite-based supercapacitors [18] and catalysis [19]. Electro-
deposition [20] and consolidation of nanocrystalline powder [21] are two experimental routes
to produce nc-Ni. Pure nanocrystalline metals, however, are known to undergo significant
grain growth even at room temperature [22]. This an important drawback particularly if
processing and applications at higher temperatures are envisaged, which is usually the case
for nc-Ni. The addition of alloying elements with limited solubility in the metallic matrix is a
well-established way of hampering grain migration and growth, thus stabilizing the nanos-
tructure [23–29]. This improvement in the thermal stability is generally associated with the
reduction of grain boundary energy through grain boundary segregation [27], although a
kinetic contribution from solute drag effect is also expected to take place [30]. Detor and
Schuh [31] reported experimental evidence of stable nc-Ni upon alloying with the moderately
soluble element W; moreover, they also observed that the amount of W could be used to
control the grain size. Analysis of theirs and others’ experimental findings [27, 32] suggest
that thermodynamics gives a significant contribution to the observed stability of alloyed
nanocrystalline systems.

Modeling at different scales has been playing an important role in understanding the
effect of alloying on the suppression of grain growth in nanocrystalline systems. Chookajorn
and colleagues [33] proposed a thermodynamic model for the design of nanograined mate-
rials. Their model was applied to select W-Ti as a candidate, subsequently produced by high-
energy ball milling. In a further development, Murdoch and Schuh [34] introduced a ‘regular
nanocrystalline solution’ model taking also into account the problem of phase separation
above a certain solute concentration. Liu et al [35] employed an empirical model based on
thermodynamics that described the stability of the nanocrystalline Fe-P and Ni-P systems,
showing a relationship between the solute concentration and the grain size under the condition
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of thermodynamic equilibrium. Detor and Schuh [36] presented an insight into the role of
alloying on the thermal stability of nc-Ni by means of Monte Carlo (MC) simulations. In their
work, the thermal stability of the nanocrystalline Ni-W system was deduced solely from the
grain boundary energy decrease due to W segregation. By comparing the simulation results
with their own experimental findings, they concluded that the nc-Ni-W alloys were likely to
be found in a metastable state in the experiments. In [37], the effect of the atomic size
mismatch of segregated solutes on the thermal stability of nanocrystalline Cu alloys was
investigated with molecular dynamics (MD) employing simple Lennard-Jones potentials. Pun
et al [38], in turn, performed semi-grand canonical MC to study the formation of Ta pre-
cipitates at grain boundaries in nanocrystalline Cu; thereafter, in MD simulations, those
precipitates were able to hinder grain boundary motion through the Zener pinning mech-
anism, thus preventing grain growth. The interatomic interactions were described by a more
sophisticated potential of embedded atom type.

MD is the state-of-the-art technique for atomistic simulations of systems of interest in
materials science. However, the time scale that it can achieve is of the order of nanoseconds,
even employing the largest parallel machines available nowadays. This is not sufficient to
treat segregation, which involves the slow phenomenon of diffusion in the solid state, and
therefore the use of other techniques, such as MC, emerges as an alternative. We present in
this article a simulation protocol to explore the effect of grain boundary segregation on the
stability against grain growth in nc-Ni alloys assuming low concentrations of the alloying
elements. Two chemically similar alloying elements were considered: tungsten (W), which
was experimentally shown to stabilize nc-Ni [31], and molybdenum (Mo), also commonly
utilized as an alloying element in Ni-based alloys. Both are body-centered cubic (Ni is face-
centered cubic) high melting point transition metals with similar atomic radius. They also are
heavier than Ni. In contrast with W, however, Mo presents very low solubility in fcc Ni at low
temperatures. The equilibrium spatial distribution of the alloying elements was estimated
using the computationally efficient biased on-lattice MC method previously used to inves-
tigate carbon segregation near dislocations in iron [39, 40]. MD simulations of the model
systems thus obtained were carried out at high temperature in order to verify whether seg-
regation was able to preserve the nanostructure.

2. Computational approach

2.1. Simulation box and the interatomic potentials

Figure 1 shows the model system, which consisted of nanocrystalline face-centered cubic
(fcc) Ni with six randomly oriented columnar grains (i.e., 18 grain boundaries), constructed
with Voronoi tesselation and presenting 001[ ] texture along the z-axis. Consequently, the box

Figure 1. Simulation box: red spheres represent fcc atoms; grain boundary atoms are in
black.
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contains only tilt boundaries. Periodic boundary conditions are applied in all directions. The
volume of the system corresponds approximately to 15 15 2´ ´ nm3 with about 40 000
atoms. The initial structure was equilibrated at 350 K with MD and subsequently its geometry
was optimized with conjugate gradient. Next, in order to build the binary alloy models
assuming solid solution as the initial system state, atoms of either W or Mo were inserted in
the simulation box in the place of randomly chosen Ni atoms up to the desired concentration
(ranging from 0.1 to 1 at%). In the corresponding equilibrium diagrams of Ni-W and Ni-Mo,
for temperatures above the room temperature and below melting, these solute concentrations
are represented on a single phase field for which W and Mo are both in solid solution in the Ni
matrix.

The atomic interactions in the MC and MD simulations are described by the Ni-W and
Ni-Mo potentials taken from the embedded atom method (EAM) database for alloys intro-
duced in [41]. The potentials in this database were adjusted to reproduce basic properties of
the elemental forms and the heat of solution of the alloy systems. The energy calculations
required by the MC simulations and the MD simulations were performed by the LAMMPS
code [42].

2.2. Biased MC

The biased on-lattice MC algorithm employed in this work is a modified version of the widely
used Metropolis–Hastings algorithm [43]. A biased MC simulation proceeds iteratively as
follows: 1. Random selection of a position j occupied by an atom of the alloying element
(either Mo or W); 2. Selection of a position i occupied by a Ni atom according to the biased
probability wi; 3. Swapping of the occupations of i and j; 4. Energy minimization and
calculation of the energy of the new state; 5. Acceptance or rejection of the new state
according to the acceptance probability p. [39] presents a thorough discussion on this algo-
rithm, addressing particularly the problem of obeying the detailed balance condition. The
difference with respect to this work is related to the biased probability. In that reference,
carbon atoms were seen to segregate in the vicinity of a screw dislocation, well localized
inside the simulation box. Therefore, the bias was applied as a function of the distance of the
lattice position from the line defect. This approach is clearly impracticable in the present case.

Figure 2 shows the map of potential energies of the atoms in the pure nc-Ni system. The
grain boundary positions can be clearly identified as the regions with the highest energies.
The MC algorithm takes advantage of this to speed up the simulations by increasing the

Figure 2. Potential energy of the atoms in the pure nc-Ni system.
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probability of selecting these positions, if occupied by a Ni atom in the alloy system, over
bulk positions. The probability wi of selecting the Ni atom occupying the position i is
calculated as w E Wexpi im= ( ) , where μ is the parameter that determines the strength of the
bias, Ei is the potential energy associated with position i andW Eexpj jm= å ( ) normalizes the
probability. The value of the parameter μ was set to 20meV−1 in order to have a probability
of about 50% of selecting a Ni atom in a grain boundary position. To enforce the detailed
balance condition, the bias is compensated at the acceptance/rejection step, as the probability
p to accept the new state n is calculated as follows:

p o n
w
w

E E
k T

min 1, exp , 1o
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n o
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where wo and wn (Eo and En) are the selection probabilities (energies) of the old and new
states, respectively.

The energy-biased on-lattice MC simulations are performed at 350 K, a typical temp-
erature in electro-deposition experiments [1].

2.3. Molecular dynamics

In this work, the final configurations of the Ni-W and Ni-Mo alloys from the MC simulations
were taken as the initial atomic coordinates for the subsequent MD simulations. For all
nanocrystalline systems, MD simulations were performed at 1000K; a few simulations at
different temperatures were also performed for verification purposes. The pressure is main-
tained at zero while the volume of the simulation box was allowed to fluctuate. The MD
simulations were performed for up to 500ns (5×108 MD steps, using a timestep of 1 fs). At
every 20ns, a snapshot of the system was taken and its energy was minimized with conjugate
gradient in order to determine the state of the grains. The structural evolution of the nano-
grained systems in the MD simulations was characterized by the local orientation of every
atom obtained from the vectors pointing to its neighbors, taking the fcc unit cell with edges
aligned with the x, y and z axes as the reference structure.

3. Results and discussion

3.1. Solubility of the alloying elements in Ni

The interatomic potentials used in this work were not designed for describing intermetallic
compounds [41]. This in principle prevents the simulations of high-alloyed Ni-Mo and Ni-W
systems that exhibit a variety of ordered structures in their equilibrium diagrams. However,
this work is concerned with diluted Ni alloys for which the interatomic potentials are—also in
principle—suitable. The maximum concentration of the alloying elements for which the
model alloyed systems reasonably reproduce the thermodynamic behavior of the actual alloys
was assessed in preliminary simulations.

Molecular statics simulations were carried out for a perfect fcc Ni system with either a
single W or Mo atom replacing an Ni atom in the lattice. This simulation box comprised
16 000 atoms. These simulations showed that W and Mo dilution in bulk fcc Ni requires that
0.69 and 0.72 eV, respectively, are absorbed as heat. Such high solvation energies suggest
that the interatomic potentials have a tendence for phase separation at relatively low solute
concentrations.

Ordinary metropolis MC simulations in the NVT ensemble were performed to determine
the limit at which Mo and W can be dissolved in Ni at T=350 K according to the
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interatomic potentials. The simulation box consisted of a 12 12 12´ ´ fcc rigid lattice
where each site could be occupied by either an Ni atom or a solute atom. The only allowed
MC trial move was the random swap of the occupations of two sites occupied by different
atomic species. In order to discern between solid solution and phase separation, the occu-
pation probability σ of a site by a solute atom was calculated after MC equilibration for every
lattice site in the simulation box. A random solid solution can be characterized by a value of σ
approximately equal to the solute concentration in the alloy for most of the lattice sites. Phase
separation, in turn, is clearly identified by delimited regions of the simulation box with much
higher values of σ. Starting from a high initial concentration of 10at%, reduced in ensuing
MC runs, we observed that for both alloying elements solubilization starts to predominate
over phase separation for the same solute concentration of 1at%, a value close to the actual
solubility limit of Mo in Ni but significantly lower than the solubility limit of W in Ni. This
value was set as the dilute limit and used as the maximum solute content of this study.

3.2. Thermal instability of nanocrystalline Ni

Preliminary MD simulations were also performed to verify the grain boundary behavior in the
pure nc-Ni system depicted in figure 1 as a function of temperature. Pure nanocrystalline
metals are known to usually undergo rapid grain growth, but ‘rapid’ in this case may be slow
enough to be beyond the reach of MD simulations, particularly at low temperatures. Three
annealing temperatures—600, 800 and 1000 K—were considered. Grain boundary migration
was observed for the two lowest temperatures, but only at 1000 K grain growth proceeded
such that the nc-Ni system transformed entirely into a monocrystal. In total, the grain coar-
sening process lasted less than 200 ns.

Figure 3 displays the nanostructure evolution of pure nc-Ni at 1000 K. As it can be
observed, as grain boundaries started to migrate all grains continuously shrank and ended up
disappearing, except one. This last standing grain, initially aligned with the 100( ) direction
and colored in blue, grew at the expense of the other grains and slightly rotated in the course
of the MD simulation.

Additionally, MD simulations of nc-Ni with W or Mo in solid solution were carried out
also at 1000 K for a concentration of 1 at% of the alloying elements. The kinetics of grain
growth was not significantly affected by the presence of solute atoms randomly distributed in

Figure 3. Structural evolution of pure nc-Ni at 1000 K for t=0, 100, and 200 ns.
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the grain interiors, proceeding as fast as in pure nc-Ni. This indicates that, at least for such a
low solute concentration and high temperature, there is no important drag effect of the
migrating grain boundaries as they encounter the solutes on their way.

3.3. Segregation at grain boundaries

On-lattice MC simulations were carried out to estimate the equilibrium spatial distribution of
either W or Mo in the corresponding nc-Ni-based alloy. The energy as a function of the number
of MC steps N was approximated by a function of form E N E kN1 exp0= - - -( ) ( ( )), where
E0 is the theoretical energy minimum and k is a parameter, both adjusted to the MC data, and
the energy reference is taken as the energy of the random initial configuration. Given the large
number of possible configurations for each system (on the order of tens of millions of com-
binations) and the number of systems to be simulated (20 in total), a compromise between the
convergence level and an affordable computing time is necessary. The criterion adopted to
determine the energy convergence in the MC algorithm satisfied the condition

kNexp 10 ;6- < -( ) for all systems, convergence was usually achieved after a few hundred
thousand MC steps. The rigid lattice approach implies that a static microstructure was utilized in
the MC simulations, thus the variation in the system energy was solely due to configurational
changes in the alloy. Under this condition, the first outcome of the MC simulations is that, for
all concentrations of the alloying elements, the energy of the nanocrystalline system was
significantly lowered owing to grain boundary segregation. For instance, the evolution of E(N)
for nc-Ni-W with 0.2, 0.5, and 1.0at%W is shown in figure 4; the energy convergence of the
MC algorithm is also marked as an eye guide. For these model systems, the energy drop after
MC convergence was about 4 meV/atom with an energy difference between the final and the
first converged configurations within 0.1 meV/atom. The same applies to nc-Ni-Mo to an
equivalent extent.

Figure 5 shows ensemble-averaged local concentration maps of the alloying elements for
the systems with 1at% after MC convergence. In both cases, strong solute segregation is
evidenced, with few or even no solute atom remaining in the grain interiors. Enriched grain
boundaries consequently exhibit high Mo or W local concentrations, varying from 1.5 to
almost 7at% in the vicinity of triple junctions. It should also be noticed that the grain
boundaries were not homogeneously enriched with solute atoms. The nc-Ni model, built with

Figure 4. Energy convergence of MC simulations of 0.2, 0.5, and 1.0at% W.
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random grain orientations, contains low and high angle tilt boundaries: solute enrichment is
by far higher for the latter, which have a disordered structure and contain a larger density of
high energy positions (as it can be seen in figure 2). On the other hand, regarding the
segregation at low angle grain boundaries, the solute enrichment is more pronounced near the
core of the grain boundary dislocations.

Voronoi analysis shows that the positions that Mo and W atoms are more likely to
occupy after MC convergence are those with the volume of Voronoi cells (a measure of
atomic volume) larger than 12 10 3´ - nm3, found only at grain boundaries; in the grain
interiors, perfect (non-strained) fcc positions have a Voronoi cell volume of 11 10 3´ - nm3.
The preference of W and Mo atoms for occupying more open positions at grain boundaries is
consistent with the reduction of lattice strain caused by the atomic size misfit. Both alloying
elements are substitutionally dissolved in the Ni matrix and, owing to their larger atomic
radius (about 0.21 nm, compared to 0.18 nm of Ni), they provoke significant local strain.
Conversely, moving Ni atoms from the high-energy miscoordinated grain boundary positions
to perfect 12-coordinated fcc positions at grain interiors also contributes to lower the total
alloy energy E as observed in the MC simulations. However, the hypothesis for the ther-
modynamic stability of the nanocrystalline alloys implies that the excess grain boundary
energy γ should vanish upon solute segregation. This excess energy for an alloy is calculated
as follows:

E E

A
, 2x

f x f x,
gb

,
bulk

g =
D - D

( )

where Ef x,
gbD and Ef x,

bulkD are the formation energies of the nanocrystalline alloy and single
crystal (bulk) alloy, respectively, for a given composition x of solute, and A is the total grain
boundary area. The formation energies, in turn, are given by:

E E x E xE1 . 3f x, alloy Ni W MoD = - - -( ) ( )∣

In the equation above, Ealloy is the per atom energy of either the nanocrystalline alloy or
single crystal alloy, whereas ENi is the per atom energy of fcc Ni and EW Mo∣ is the per atom
energy of either bcc W or bcc Mo. From equation (2), γ is usually expressed in units of
energy per grain boundary area, but obtaining A from the simulation box used in this work is
not trivial. Therefore, the grain boundary energy is shown below in units of energy per atom
by replacing A by the total number of atoms N.

Figure 5. Ensemble-averaged local concentration maps of Mo and W for 1at% after
MC convergence.
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In the tight concentration range of this study, the values of Ef x,
gbD of W and Mo for all the

nc-Ni model systems, lying between 24 and 25 meV/atom, were quite similar and almost
invariant with respect to the solute concentration. On the other hand, it can be seen that γ decays
almost linearly with increasing x for both W and Mo, varying from 23 to 17 meV/atom. Since

33g = meV/atom for x=0, Mo and W segregation effectively reduced the grain boundary
energy, but not enough to reach the thermodynamic equilibrium. These results are consistent
with the results of the MC simulations—using a different interatomic potential—reported by
[36], where the condition for zero grain boundary energy was almost reached only for nc-Ni-W
alloys with W contents as high as 40at%.

3.4. Effect of segregation on grain growth

In the dilute limit considered in this study, W and Mo segregation to grain boundaries in
nc-Ni reduced but not eliminated the grain growth driving force related to γ. Another possible

Figure 6. Angle distribution for Ni-W after 500 ns.

Figure 7. Angle distribution for Ni-Mo after 500 ns.
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contribution to the thermal stability of a nanocrystalline alloy associated with grain boundary
segregation is kinetic and arise from the drag effect. The solute load, particularly when
comprised of slow diffusing atoms such as substitutional Mo and W, can delay (and virtually
stop) grain growth by pinning the grain boundaries. In order to migrate, the grain boundaries
have to drag the segregated impurities until, eventually, being able to leave them behind. Next
we examine with MD simulations if some of of the nanocrystalline systems remain stable at
1000 K due to the additional kinetic contribution coming from the drag effect. As it has been
shown above, at this temperature pure nc-Ni and also nc-Ni with W and Mo in solid solution
in the grain interiors underwent rapid grain coarsening and transformed into monocrystals.

MD simulations were performed taking the nc-Ni-W and nc-Ni-Mo model systems
obtained from converged MC simulations as input coordinates. The effect of segregation on
the nanostructure evolution as a function of W and Mo contents at the end of the MD
simulations, after 500 ns, can be quantitatively assessed in figures 6 and 7, where the dis-
tribution of local atomic tilt angles θ is shown. The peaks in the histograms relate the amount
of atoms with the atomic orientations found in the simulation box. The number of these peaks
therefore indicate how many grains remained when the MD simulations finished. For W and
Mo global concentrations below 0.5 and 0.7at%, respectively, there is a single peak with

Figure 8. Microstructural evolution of Ni-Mo and Ni-W at 1000 K with 0.6at%Mo
and 0.4at%W.
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85q » , meaning that solute segregation did not alter the thermal instability of these nc-Ni
alloys at 1000 K. In other words, grain growth occurred as in pure Ni and these binary
systems also transformed into monocrystals. On the other hand, above these concentration
thresholds, some (or all) peaks remain, which implies that grain coarsening was at least
partially suppressed and the nanocrystalline structure was mostly preserved.

Figure 8 depicts local atomic orientation maps at different simulation times for the nc-Ni-W
with 0.4at%W and nc-Ni-Mo with 0.6at%Mo, the maximum global concentrations for
which the nanostructure transformed into a monocrystal according to figures 6 and 7. In these
alloyed systems, the amount of segregated solutes revealed to be ineffective for pinning the
grain boundaries: the beginning of grain growth was somewhat delayed in the case of 0.6at-
%Mo, whereas for 0.4at%W grain boundary migration started even earlier than in the case of
pure Ni5. In any case, once grain growth initiated, the corresponding nc-Ni alloys evolved into
single crystal systems very quickly, after a few tens of nanoseconds. As underpinned by
figure 9, this drastic grain growth occurred with some degree of diffusion of the alloying
element, with Mo diffusion visually more pronounced than diffusion of heavier W. It can be

Figure 9. Distribution of W atoms for 0.4 at% and Mo atoms for 0.6 at% in the MD
simulations for t=0 and 500ns.

5 Indeed, rapid grain growth in the model systems can start at any moment during the simulation (but in all cases it
started within 200 ns), provided that the amount of segregated solute is not enough to pin the grain boundaries. This
is to say that there is some randomness in the beginning (and, indeed, in the speed) of the process. For the sake of
illustration, MD simulations performed for 0.4at% and 0.5at% Mo, for instance, revealed that grain growth started
earlier and proceeded slightly faster for the highest concentration.
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seen that, in the very beginning of grain coarsening, solute atoms moved along with grain
boundaries. As soon as the moving grain boundaries finally escaped the slow diffusing solute
atoms and were able to migrate faster, the solute-enriched regions left behind constituted a
‘carbon copy’ of the initial nanostructure. On the other hand, figure 10 shows that, although
some slight changes in the shape and size of the grains can be seen for 1at.%of the alloying
elements, the nanostructure of the nc-Ni alloys is maintained almost intact if we compare the
nanostructures at t=0 and 500 ns. Therefore, despite the thermodynamic driving force for
grain growth (i.e., positive grain boundary energy) still holds, it was compensated by the drag
force due to the segregated solute atoms.

MD simulations therefore suggest that the addition of small amounts of W or Mo can
impede or at least considerably retard grain coarsening in the otherwise thermally unstable
nc-Ni model system. In further MD simulations, the temperature was raised to 1200 K for
1at%W/Mo in order to verify the effect of temperature on the apparent stability against
grain growth of these nanocrystalline alloys. Figure 11 shows how both systems evolved after
500 ns. It is evidenced that grain growth occurred in the course of these MD simulations, with
one grain completely disappearing while other grains underwent changes in their shape and
size. At this higher temperature, Mo and W diffusivities are enhanced, hence the solute atoms
tend to spread out and solubilize faster in the alloy. As a consequence, it is easier for the grain
boundary to drag the solute atoms as it migrates and eventually breaks free of the solute
cloud. These results confirm that the observed stability of the low-alloyed nanocrystalline

Figure 10. Microstructural evolution of Ni-Mo and Ni-W at 1000 K with 1at% at the
beginning and the end of the MD simulations.
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model systems at lower temperature is mostly due to the solute drag effect, depending not
only on the amount of segregated solutes but also on the temperature.

4. Conclusions and final remarks

We reported the results of an MC+MD simulation protocol applied to the study of grain
boundary segregation of solute atoms in nc-Ni and its effect on the thermal stability of the
corresponding alloys. Two chemically similar alloying elements, W and Mo, were sub-
stitutionally added in concentrations ranging from 0.1 to 1at%. Interatomic interactions were
described by EAM potentials. Energy biased on-lattice MC simulations were performed at
350K considering a fixed microstructure to obtain the near-equilibrium states of these binary
nanocrystalline systems. The Ni-W and Ni-Mo alloys showed strong segregation of the
alloying elements at grain boundaries. Solute segregation reduced, but not to zero, the grain
boundary energy. The MC-generated atomic configurations were subsequently used as the
initial coordinates in MD simulations. Carried out at 1000K for up to 0.5 μs, the MD
simulations showed that grain boundary segregation inhibited grain growth in the model
systems for minimum global concentrations of 0.5at%W and 0.7at%Mo. This is a very
different picture from the pure nc-Ni system at the same temperature, for which MD revealed
rapid grain growth and the nanocrystalline structure completely transformed into a Ni
monocrystal in less than 0.2 μs. The simulation results therefore suggest that even small
additions of W and Mo can stabilize the nanosctrucure of the resulting diluted Ni alloy at high
temperatures by means of grain boundary segregation.

Figure 11. Microstructural evolution of Ni-Mo and Ni-W at 1200 K with 1at% at the
beginning and the end of the MD simulations.
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For the particular case of Mo as the alloying element, to the authors’ knowledge, no
experiment on this effect of stabilization of nanocrystalline Ni has been reported so far. The
incorporation of computer simulations, particularly at the atomic scale, into the process of
designing new materials or improving the properties of existing ones may contribute to reduce
the cost and time involved in experiments. Under this perspective, the simulation protocol
presented in this work rises as an exploratory methodology that can be used to investigate,
with MC, the thermodynamic state and, with MD, the dynamic properties and/or behavior of
a wide range of multicomponent engineering materials. Since the theoretical grounds and
limitations of MC and MD are well established, the predictability of the modeling technique
depends, as usual, on the availability of reliable interatomic potentials.
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