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Different types of grain-boundary (GB) solute segregation in nanocrystalline alloys have been described
in the literature as being either homogeneous or heterogeneous, which differently impacts their mechan-
ical properties. In heterogeneous segregation, solute atoms tend to cluster along certain GB areas, while
other GB regions remain solute-free. This phenomenon is evidenced with the segregation of Ni solute in
nanocrystalline FCC Ag. Yet the physical origin for this segregation behavior and its existence in non-FCC
alloys are not fully determined. Here, hybrid Monte-Carlo and molecular dynamics simulations were used
to study the segregation of Ni solutes (4 at.%) into nanocrystalline FCC Ag, BCC Nb and HCP Zr metals at
their solubility limit temperature and the same homologous temperature (0.405-Tp,), respectively. A range
of segregation configurations was found: Fully heterogeneous segregation in AgggNis at 500 K, homoge-
neous segregation with second-phase precipitates in NbggNis at 1110 K, homogeneous segregation with
dispersion of small-scale Ni clusters in NbggNi4 at 1564 K and ZrggNis at 464 K, and fully homogeneous
segregation with amorphous intergranular films in ZrogNis at 1118 K. We rationalize these changes by
quantifying the Ni solute interactions at GBs. Furthermore, significant variations in mechanical behavior
and associated plastic deformation mechanisms are shown for each alloy due to their different segrega-
tion behaviors. It is found that strain-localized shear banding is the most significant at interfaces with
homogeneous solute segregation containing second-phase precipitates and absent with segregation lead-
ing to amorphous intergranular films. These findings underscore the importance of solute interactions in
profoundly altering segregation and mechanical behavior in stable nanocrystalline alloys.
© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction ducing the overall GB network energy that normally drives grain

growth [7, 8], which is mostly accomplished by substitutional GB

Nanocrystalline (NC) metals with a grain size smaller than
100 nm exhibit superior tensile strength and hardness at ambi-
ent temperature compared to their coarse-grained counterparts,
but their strengths dramatically decrease at high temperature [1,
2]. Although extreme grain refinement produces a large fraction of
GBs impeding the motion of dislocations, exposure to temperature
induces GB sliding, GB amorphization and grain growth by GB mi-
gration and GB atom diffusion [3-5]. For NC alloys, however, an
efficient strategy is to stabilize the structure of the GB network by
segregation of solute atoms to the interfaces [6]. As such, NC al-
loys are made thermally stable either kinematically by solute drag
and chemical ordering mechanisms, which have for objective to
pin GBs and decrease their mobility, or thermodynamically by re-

* Corresponding author.
E-mail address: frederic.sansoz@uvm.edu (F. Sansoz).

https://doi.org/10.1016/j.actamat.2022.118367

solute atoms [9]. Therefore, understanding GB solute segregation
mechanisms at atomic scale is critically important for predicting
the mechanical properties of NC alloys.

Theoretically, the classical “average” thermodynamical approach
by McLean [10] predicts the local solute content at GBs in the di-
lute limit, i.e. without solute interactions, such as:

SCB 1-X° AE®8

X _|:l+ Xe exp( T )] (1)
whereXcand X%Bare the average solute contents in the grain inte-
rior and the GB network, respectively, AES8 is the average solute
segregation energy in the GB network, T is the temperature, and k
is the Boltzmann constant. A difference in atomic size between so-
lute and solvent [6], low solubility and low diffusivity [7] are a few
factors enhancing the GB segregation energy. In recent years, how-
ever, a more detailed picture has emerged where GB segregation
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energy in polycrystals is classified by the availability of atomic GB
sites associated with different local environments that either pro-
mote or impede segregation at atomic scale [11-13]. Wagih and
Schuh [14-16] have proposed an efficient approach based on the
spectral analysis of local GB segregation energy in polycrystals by
adapting the McLean equation to atomistic models, while Matson
and Schuh [17] have recently extended the same spectral analy-
sis to GB solute interaction energy. These studies show that both
the spatial distribution of high and low GB segregation energy sites
and intrinsic GB solute interactions have become critically impor-
tant for understanding solute segregation behavior in NC alloys.
In fact, these authors proposed that the segregation behavior is
largely dominated by the negative (most favorable) tail of the seg-
regation energy spectra.

Experimentally, the complex nature of GB solute interaction
is often manifested in NC alloys by the formation of heteroge-
neous solute atom clusters or precipitates along GB interfaces and
triple junctions, as well as, by GB anisotropy with significant vari-
ations of solute content between different GBs [18-23]. Heckman
et al. [24] have revealed that heterogeneous Au segregation results
in higher resistance to cracking and increased fracture toughness
in immiscible NC Pt-Au alloys, compared to alloys with homoge-
neous segregation. Furthermore, Pan et al. [25] proposed a theory
to quantify GB solute interactions by calculating the solute dipole
formation energy obtained from the difference of potential energy
between a GB with two solute atoms in a split configuration to
another configuration containing a dipole of bonded solute atoms.
In the case of Ni segregation into Ag bicrystals, density-functional-
theory (DFT)-based calculations have suggested that the Ni dipole
formation energy at GB is as high as 0.0771 eV corresponding to a
strong tendency for Ni clustering at crystalline interfaces. Concur-
rently, Pan and Sansoz [26] have predicted by atomistic simulation
that Ni solute segregation behavior in a 6-nm-grain-diameter Ag
polycrystal is fully heterogeneous, with significant Ni-rich clusters
forming at random GBs and GB triple junctions, which is consistent
with the hypothesis of the bicrystal study in [25]. Also, an exper-
imental study by Santhi et al. [27] has observed the precipitation
of Ni solute atoms at GBs in consolidated NC Ag;sNiy5 alloys an-
nealed at 500 °C.

Most alloys where heterogeneous GB solute segregation has
been observed in the literature are face-centered cubic (FCC), e.g.
Ag-Ni, Pt-Au [21], and Ni-P [28], whereas GB segregation in other
NC FCC alloys such as Cu-Zr [29], AI-Ni-Y [30, 31], and Al-Ni-Ce
[32] has proven to be fully homogeneous with the formation of
amorphous interfacial films. There is only one recent example of
heterogeneous segregation in a non-FCC alloy, Cr-segregation into a
body-centered cubic (BCC) Fe polycrystal [33]. Since Ni solute seg-
regation gives rise to clustering at FCC Ag GBs, an important ques-
tion is whether the Ni solute clustering at GBs leading to hetero-
geneous segregation behavior is more generally present in binary
alloys with different crystal structures, e.g., BCC and hexagonal-
closed packed (HCP) structures. This work presents the first atom-
istic study providing a direct comparison between systems with
these different crystal structures.

In this article, hybrid Monte Carlo/Molecular Dynamics
(MC/MD) simulations are used to study the effects of crystal
structure (FCC, BCC and HCP) on segregation behavior in random
polycrystals containing the same concentration of Ni solute (4
at%), and their tensile plastic deformation mechanisms at room
temperature. The studied binary alloys are AgggNi4 (FCC), which is
acting as our reference system, NbggNi4 (BCC) and ZrggNi4 (HCP) at
their maximum solubility temperature and the same homologous
temperature of 0.405-T,, respectively, where Ty is the melting
temperature of the studied alloy. This article is divided as follows.
Section 2 covers the computational methodology. The results
and structural analysis of simulated segregation in each alloy are
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presented in Section 3. Section 4 focuses on the simulation of
plastic deformation mechanisms during tensile deformation of
each segregated alloy, in comparison to the mechanical behavior
of pure FCC Ag, BCC Nb and HCP Zr polycrystals. Section 5 dis-
cusses the role played by GB solute interactions on GB solute
clustering mechanisms in NC alloys and the physical origin for
strain localization mechanisms in random polycrystals with GB
solute clustering or GB precipitation.

2. Methodology
2.1. Hybrid MC/MD simulation

All MC/MD simulations were performed with the software
LAMMPS [34] on the supercomputer Cori at the National Energy
Research Scientific Computing Center (NERSC). A generalized form
of the embedded-atom-method potential based on Finnis-Sinclair
formalism was used to compute each pair interaction in Ag-Ni [25],
Nb-Ni [35], and Zr-Ni [36] binary alloys. The simulations were per-
formed in a variance-constrained semi-grand-canonical (VC-SGC)
ensemble following the same methodology as described in [26].
MC trials were run with constant parameters cg, Ay, and ¥ which
are, respectively, the total solute concentration, the chemical po-
tential difference between the elements of the system acting as an
effective average constraint, and the variance constraint parame-
ter. We used k = 2000, which led to fewer oscillations about cg,
noting that the average concentration did not change significantly
with higher « values. The concentration cy was fixed at 4 at.% Ni
for all simulations, because previous MC/MD simulations by Pan
and Sansoz [26] predicted that this concentration caused strength-
ening with the occurrence of shear localization in NC Ag-Ni poly-
crystals with a mean grain size of 6 nm. The chemical potential
difference Apg was varied for each simulated alloy as shown in
Table 1. To obtain these values, k was first temporarily set to 200,
which allowed for more significant variation of Apg at each time
step until Ay was stabilized within +0.05 eV between timesteps.
The MC/MD was then restarted from the stabilized Apg value with
Kk = 2000. This procedure was conducted at each temperature for
all alloys.

To ensure proper structural relaxation and chemical mixing, the
MC algorithm was interrupted by short MD runs [37]. Each MC cy-
cle consisted of a total number of trial moves equal to the number
of atoms in the system and was separated by 1000 MD steps at
the same temperature, which was iterated 600 times. MD was per-
formed in the isothermal-isobaric (NPT) ensemble using a Nose-
Hoover temperature thermostat and a zero pressure barostat. The
MD timestep was 0.001 ps resulting in a total duration of 600 ps.
From visual inspection, Ni positions were found nearly identical
from one step to the next after that duration.

2.2. Segregation temperatures

The reference AgggNiy alloy is known to exhibit heterogeneous
Ni segregation in GBs at a temperature (T) of 500 K [26]. Using
the melting point (Ty,) of 1235 K for pure Ag [38], the homologous
temperature corresponds to 0.405.-Ty, for this alloy. First, a series
of simulations was conducted with each alloy at a constant ho-
mologous temperature of 0.405-Ty, as shown in Table 1. It should
be noted that Zr has two different types of crystal structures, HCP
o and BCC B phases, respectively. The transition temperature from
HCP to BCC (T, g) is 1147 K [39]. Since an HCP crystal structure was
considered for the ZrggNiy alloy, we substituted Tm by T, g4 to en-
sure that all temperatures were in the «-phase. Second, a series of
MC/MD simulations was carried out in the BCC NbggNi,4 alloy and
HCP ZrggNi4 alloy at their maximum solubility temperature to re-
duce the formation of second-phase precipitates. This step was not
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Table 1
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MC/MD simulation parameters for each studied alloy and temperature. *For Zr-Ni, T, = T3, Where Tz is the transition temperature between the HCP
and BCC phase for Zr. The cutoff radius (Reyf) value in parenthesis corresponds to that used for the pure metal.

Alloy FCC AggsNi4 BCC NbgeNL; HCP Zl'gGNi4

Temperature T (K) 500 1110 1564 464 1118
Ao (eV) 1.015 —2.499 —2.420 —1.440 —1.080
Tm (K) 1235 2742 2742 1147+ 1147+
T/ Tm 0.405 0.405 0.570 0.405 0.975
Reutoff (A) 3.585 (3.585) 3.945 (3.975) 4.005 3.885 (3.855) 3.915

" Ni solute
@ GB atom

Fig. 1. Atomistic snapshot of a BCC Nb polycrystal with a solute content of 4 at.%
Ni after MC/MD simulation at 1564 K represented using the polyhedral template
matching and grain segmentation analysis. Grains are colored according to their
crystallographic orientation.

required for FCC AgggNiy, because this alloy is immiscible. For Nb-
Ni, the maximum solubility occurs at the eutectoid temperature of
1564 K [38]. For Zr-Ni, to ensure that the crystal remains HCP, the
maximum solubility temperature was chosen at 1118 K, which is
2.5% lower than the temperature transition T,g.

2.3. Polycrystal models

Three atomic models of random FCC, BCC and HCP polycrystals
were created using the program Atomsk [40]. The total number of
atoms per model was ~12 million. The simulation box for each
polycrystal had an equal length of 60 nm in the x, y, and z di-
rections. All boundaries were periodic. The total number of grains
was kept constant at 27 corresponding to an average grain size of
~24 nm. All polycrystals had grains originating at the same posi-
tions and were oriented in the same directions to maintain sim-
ilar configurations. The lattice constant a for FCC Ag was 4.16 A
[25] and 3.3004 A for BCC Nb [41]. The a and c lattice parameters
for HCP Zr were 3.232 A and 5.147 A, respectively [42]. Fig. 1 rep-
resents an atomistic snapshot of a BCC Nb polycrystal after MC/MD
simulation at the maximum solubility temperature of 1564 K using
the polyhedral template matching and grain segmentation analysis
in the software OVITO [43]. In this example, we found no increase
in average grain size at high temperature, i.e., the grain size before
and after MC/MD at 1564 K was 24.3 £+ 3.6 nm and 23.6 £ 5.7 nm,
respectively, which is attributed to the stabilizing effect of the Ni
solute at GBs. In fact, a slight reduction of grain size was noticeable
after solute segregation due to GB atom relaxation and amorphiza-
tion.

Furthermore, Wagih and Schuh [15] have proven that the GB
misorientation angle distribution is random in polycrystals made
by the same method. By inspecting our models in the software
OVITO, we found that our polycrystals contained mostly high-angle
general GBs, with only one or two low-angle GBs. Therefore, the
GB structure of the simulated polycrystals was also considered to
be random in the present study.

2.4. Solute cluster analysis

The radial distribution function (RDF) for Ni-Ni pairs was used
to analyze the structure of Ni atom clusters among GB atoms. In
theory, the shape of the RDF gives insight into the predominant
interatomic distances between atoms in a cluster, resulting in dif-
ferent peaks [44]. The peaks of the RDF curves for each alloy rep-
resenting the distances between the atoms of Ni at GBs was com-
pared to the peaks produced by the RDF of a perfect FCC Ni unit
cell. The first and second peaks are, respectively, the nearest and
second nearest neighbor (NN) distances. The first, second, third,
and fourth NN distances are a./2/2, a./3/2, a, and a./2, respec-
tively. The NN distances were obtained from the Ni FCC atom ar-
rangement with a lattice constant a of 3.52 A [45]. Therefore, the
NN distances for Ni in order from the first to fourth NN were
249 A, 3.05 A, 3.52 A, and 4.98 A, respectively. Additional peaks
were attributed to the presence of other arrangements of Ni atoms
such as precipitates within the structure.

2.5. Local solute density

To quantify the heterogeneity in solute concentration at GBs,
we calculated the local Ni density within a spherical volume sur-
rounding each GB atom site. The GB atoms were identified by the
common neighbor analysis (CNA) implemented in OVITO using the
cutoff radii given in Table 1. The cutoff radius was chosen as the
minimum distance of the second RDF peak for the specific alloy
to ensure full inclusion of the first NN. The local density was cal-
culated by iterating through all GB atoms including the solvent
atoms. For each iteration, the current atom represented the center
atom of a local sphere of radius set to 1 nm, which corresponds
approximately to the average GB thickness in GB-segregated alloy
polycrystals [46]. The local density was obtained by dividing the
total number of Ni atoms within the local sphere centered on each
GB atom by the spherical volume.

2.6. Tensile deformation and shear localization

Before deformation, each model was cooled down to 300 K at
2 K/ps under zero pressure using NPT integration and a timestep
of 0.002 ps. The models were then maintained at 300 K for an-
other 100 ps. Tensile deformation was simulated by stretching the
simulation box along the x-axis at a constant engineering strain
rate of 108 s = ! up to 10% strain, while zero pressure was im-
posed in the y and z directions using NPT integration. No signifi-
cant change in behavior was observed at a lower strain rate (Sup-
plementary Figure). The timestep was 0.005 ps during deforma-
tion. The total strain was calculated by multiplying the engineering
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Fig. 2. Equilibrium segregation of Ni solute atoms in random polycrystals in (a) AggsNis at 500 K, (b) NbggNi4 at 1110 K, (c) NbggNis at 1564 K, (d) ZrggNiy at 464 K, and (e)
ZrogNiy at 1118 K. Here Ty, = 0.405-Ty, and Tmax is the maximum solubility temperature for each specific alloy.
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Fig. 3. Grain-boundary structural analysis in a segregated AgosNis polycrystal. (a) RDF curve for Ni -Ni pairs at GBs and (b) Ni solute distribution at a representative GB
triple junction in AgesNi4 at a homologous temperature of 0.405-Tp,. The first four nearest-neighbor (NN) distances in a perfect FCC Ni unit cell are indicated by dashed lines.

strain rate with the time elapsed in the simulation. The stress was
calculated from the box pressure retrieved along the x-axis. Simu-
lation snapshots were extracted at 5 ps intervals. The atomic von
Mises shear strain was obtained from the Green-Lagrangian strain
tensor in OVITO. The range of neighbors considered for the strain
calculation was based on the cutoff radii in Table 1.

3. Segregation results
3.1. Segregation differences

Fig. 2 shows that the segregation behavior of Ni solute (4 at.%)
is markedly different between FCC Ag, BCC Nb, and HCP Zr poly-
crystals. In Fig. 2(a), segregation in the AgggNis polycrystal at
500 K is fully heterogeneous. It is characterized by large Ni clus-
ters in some areas of the GB network, while other GB regions have

fewer or no Ni atoms, which agrees well with previous MC/MD re-
sults in Ag-Ni alloys with different solute content and grain size
[26].

In Fig. 2(b), ordered Ni-rich precipitates are detected within
the NbggNi, polycrystal at the same homologous temperature (i.e.,
T, = 0.405-T, = 1110 K). In this case, the precipitates are concen-
trated at GB triple junctions, whereas GB interfaces without no-
ticeable precipitation show a more uniform dispersion of Ni solute
atoms. Therefore, we define this type of segregation in NbggNi4 as
being a homogeneous GB segregation with second-phase precipi-
tation. In Fig. 2(c), we observed that more Ni atoms tend to be at-
tracted towards GB triple junctions in the NbggNi4 polycrystal at its
maximum solubility temperature (i.e., Tmax = 1564 K). Contrary to
the polycrystal at Ty, however, no distinct precipitates are present
at the junctions at Tpax. Also, in Fig. 2(c), a homogeneous distri-
bution of small Ni clusters is seen all around GBs, which is absent
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at Ty, in Fig. 2(b). These differences manifested between low and
high temperatures suggest that the Ni-rich precipitates at homolo-
gous temperature are redissolved into nanoscale Ni clusters at the
solubility limit temperature in NbggNis polycrystals.

Furthermore, in Fig. 2(d) and 2(e), both ZrggNi4 polycrystals do
not show any sign of precipitation or clustering, suggesting a fully
homogeneous Ni solute segregation to GBs. However, in Fig. 2(e),
the segregated GB region is noticeably thicker at the solubility
limit temperature Tpax = 1118 K than at the equivalent homolo-
gous temperature T, = 464 K, which has been observed in past ex-
perimental studies on some nanocrystalline alloys with intergran-
ular amorphous films such as NC Cu-Zr [29], NC AI-Ni-Y [30, 31],
and NC Al-Ni-Ce [32]. In fact, sputter-deposited thin films of Zr-4
at.%Ni have also been found to form ultra-fine grains with a signif-
icant fraction of amorphous phase at GBs [47].

3.2. GB structural analysis

The RDF curve obtained for the GB network in the AgggNiy al-
loy is presented in Fig. 3(a). For comparison, we superimposed the
first four NN distances of a crystal with perfect FCC Ni unit cell.
Fig. 3(a) shows good agreement between the first peak from the
left of this RDF and the 1st NN distance in a perfect FCC Ni unit
cell, which indicates that the first peak coincides with the ability
of solute atoms to form Ni dipoles with one another in the GBs
[48]. Also, the first peak is high, suggesting that Ni-Ni solute in-
teraction is strongly favored inside GBs of the Ag matrix and that
AggsNiy is prone to Ni atom agglomeration and cluster formation
at GBs.

However, Fig. 3(a) shows that the second peak of this alloy RDF
does not match with the 2nd NN distance of the FCC Ni unit cell.
This result signifies that Ni solute atoms have an amorphous ar-
rangement. In the microstructure, this conclusion is confirmed by
the formation of large amorphous Ni clusters at GB triple junctions,
as shown in the example in Fig. 3(b). Because GB atoms in ran-
dom polycrystals are considered to have an amorphous arrange-
ment, the position of the second RDF peak in amorphous mate-
rials is generally shifted further to the right to a wider range of
large distances [49], compared to more crystalline materials. The
RDF curve in Fig. 3(a), however, is split into multiple secondary
sub-peaks to the right, which are close to the 3rd NN and 4th NN
distances of the FCC Ni crystal. This phenomenon is similar to the
RDF of FCC Au nanoclusters, where multiple secondary peaks occur
when the cluster size increases [44]. In fact, Ding et al. [50] have
noted that a split of the second peak of the RDF curve of amor-
phous metals and alloys was related to the formation of 2-atom,
3-atom and 4-atom ordered cluster connections inside the amor-
phous phase. Therefore, the presence of multiple secondary peaks
aligned with the 3rd NN and 4th NN distances of the FCC crystal
could be attributed to small and ordered Ni solute clusters inside
the GBs of the AgggNi4 polycrystal.

Furthermore, Fig. 4(a) presents the RDF curves for the NbggNiy4
polycrystal at both homologous and solubility limit temperatures.
At T, = 1110 K, the RDF curve features a split of the first peak
unlike all other models in this study. In effect, precipitates are
present at GB triple junctions, as seen at temperature Tj, in
Fig. 4(b), and are totally absent at higher temperature Tpax in
Fig. 4(c) when the RDF split disappears in Fig 4(a).

To gain insight into the occurrence of a split, we computed the
RDF curve for Ni atom distances in a specifically large precipitate
formed in the polycrystal as shown in Fig. 5(a). Fig. 5(b) reveals
that the precipitate has the composition of an Nb;Nig stoichiomet-
ric compound [38]. The peaks of the RDF curve extracted from the
precipitate and labelled as A, B, and C in Fig. 5(c) were superim-
posed to the RDF curve of the whole NbggNi4 polycrystal shown
in inset. The precipitate peak positions are found to match with
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the positions of the split of the first peak, the second peak and
third peak of the NbggNis polycrystal RDF in Fig. 4(a), whereas
the 2nd, 3rd, and 4th NN distances in the perfect FCC Ni unit
cell are different. This result provides evidence that the presence
of anomalous peaks in the RDF of NbggNi,4 alloy at 1100 K is due
to the formation of highly ordered precipitates and is not an in-
dication of solute segregation behavior or clustering in this spe-
cific alloy. This conclusion implies that GB areas without precipita-
tion have probably limited Ni crystallization at all temperatures.
Furthermore, although the first RDF peaks of the NbggNis poly-
crystal are smaller than that of the AgggNis polycrystal, this alloy
can be considered prone to small-scale Ni solute clustering at both
temperatures. Therefore, GB segregation behavior in NbggNi4 poly-
crystals qualifies as a homogeneous segregation with dispersion of
small-scale Ni clusters at all temperatures, and the additional pres-
ence of Nb;Nig precipitates at lower temperature T,.

Moreover, Fig. 6(a) shows that the position of the first peak in
the ZrggNiy polycrystal coincides with the 1st NN distance of Ni
interactions. The second peak of ZrggNiy at T, = 464 K follows
the RDF profile previously discussed in the literature for glasses
and liquids [50] and is characterized by a split commonly observed
with amorphous metals and, thus confirms that the Ni solute dis-
tribution in the GB network is amorphous. Also, from the shape of
the second peak at 464 K, it is possible to infer the presence of
few-atom Ni clusters in the GBs. Therefore, GB segregation in the
ZrggNig polycrystal at 464 K is considered similarly to that in the
NbggNi4 polycrystal at 1564 K, i.e., a homogeneous dispersion of
small-scale Ni nanoclusters.

The RDF curve in ZrggNig at Tmax = 1118 K presents less dis-
tinction in the peaks, while the formation of Ni dipoles is also less
evident than at 464 K based on the size of the first peak. This
smoother curve is a representation of a less ordered, but more uni-
form Ni distribution with a significant decrease in clustering. This
result is accompanied by thickening of the amorphous GB region
when the temperature increases from Ty, to Tmax, as manifested in
Fig. 6(b) and Fig. 6(c), respectively.

To support the indirect RDF results, Fig. 7 represents a close-
up view of the different Ni clustering behavior at a same GB triple
junction in each alloy. This figure confirms qualitatively that Ni so-
lute clustering decreases from larger Ni clusters in FCC AgggNig to
smaller few-atom Ni clusters in BCC NbggNis at 1564 K and HCP
ZrggNig at 464 K, and no significant clustering in HCP ZrggNig at
1118 K.

3.3. Local solute density

Profiles of the local solute density distribution inside the ran-
dom GBs are presented in Fig. 8 to quantify the significance of Ni
solute clustering in the GB network across the different models.
The local density distribution in the reference AgggNigs polycrystal
in Fig. 8(a) is noticeably different from that of the other binary
alloys, due to fully heterogeneous Ni segregation at GBs. This den-
sity spectrum characteristically exhibits two major peaks. The first
peak corresponds to solute-starved GB areas containing less than
5 Ni atoms/nm3. The second peak spans a wide range of larger
solute densities from 10 to 40 Ni atoms/nm> in other GB regions
with distributions of amorphous Ni clusters that can be small or
large, as shown in Fig. 2(a).

In contrast, in Figs. 8(b)-(c), local Ni density profiles in the
NbggNiy4 polycrystal present a single peak with a similar skew-
normal distribution at all temperatures. The density peaks are
slightly skewed to the right with local solute densities attaining
high values from 15 to 30 Ni atoms/nm3. At 1110 K, this effect
could be attributed to the ordered Nb;Nig precipitates, which are
naturally richer in Ni atoms than the rest of the amorphous GBs.
Despite the skewness of the curve in Fig. 8(c), however, precipi-
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Fig. 4. Grain-boundary structural analysis in segregated NbggNis polycrystals. (a) RDF curves for Ni-Ni interactions at GBs. Examples of GB triple junction in NbggNi, at (b)
0.405-Ty, and at (c) solubility limit temperature Tyq. The first four NN distances in a perfect FCC Ni unit cell are indicated by dashed lines.
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Fig. 5. Structural analysis of precipitates in NbggNis polycrystal simulated at homologous temperature of 1110 K or 0.405-Ty,. (a) Close-up view on a GB triple junction with
a large Ni-rich precipitate. (b) Chemical composition of the same precipitate. (c) RDF curve of the precipitate for the Ni atoms interaction compared to the RDF for all the Ni

atoms in the NbggNis polycrystal in inset.

tates are absent at 1564 K. A possible reason for the skewed peak
is that GB triple junctions where ordered precipitates would be ex-
pected to occur at lower temperature exhibit high Ni concentra-
tions from local clustering at 1564 K. This result suggests that the
section of the curve with higher local Ni densities in the NbggNiy
polycrystals relates to an agglomeration of Ni-rich precipitates or

clusters towards GB triple junctions in this alloy. Also, in Figs. 8(b)-
(c), the occurrence of a well-defined peak at ~8 Ni atoms/nm3 in-
dicates that the other GB regions are comprised of a homogeneous
distribution of Ni solutes.

Furthermore, local Ni density profiles in the ZrggNi4 polycrys-
tals at 464 K and 1118 K in Fig. 8(d)-(e), respectively, present a
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Fig. 6. Grain-boundary structural analysis in segregated ZrogNis polycrystals. (a) RDF curves for Ni-Ni interactions at GBs. Examples of GB triple junction in ZrggNi4 at (b)
0.405-Ty, and at (c) solubility limit temperature Tyq. The first four NN distances in a perfect FCC Ni unit cell are indicated by dashed lines.
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Fig. 7. Local Ni solute clustering at a GB triple junction. (a) A large Ni cluster in AgggNi4. Few-atom Ni clusters (circled in red) in (b) NbggNis at 1564 K and (c) ZrggNiy at
464 K. (d) No significant clustering evidenced in ZrggNis at 1118 K. Only GB atoms are shown for clarity.

more defined single peak with a statistically normal distribution
centered at 8 Ni atoms/nm?3, which confirms that the segregation
behavior is more homogeneous in this alloy than in the others.
Also, it is worth noting that the RDF analysis in Fig. 6 led to the
conclusion that GBs in ZrggNi,4 displayed more Ni atom ordering at
464 K than at 1118 K, which did not result in marked differences
in local density profiles in Fig. 8(d)-(e). This result proves that Ni
atom ordering at GBs must remain relatively small and localized in
the ZrggNiy alloy.

4. Plastic deformation mechanisms
4.1. FCC Ag polycrystals

Tensile stress-strain curves for pure Ag and AggsNis polycrys-
tals deformed at 300 K are represented in Fig. 9, along with three
snapshots of the distribution of atomic von-Mises shear strain at
2, 6, and 10% applied strains. The curve shape in the reference
AggsNiy polycrystal after GB segregation presents three major dif-
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Fig. 8. Profiles of local Ni solute density distribution in network of random GBs in (a) AgggNis at 500 K, (b) NbggNi4 at 1110 K, (c) NbggNis at 1564 K, (d) ZrggNiy at 464 K,

and (e) ZrogNiy at 1118 K.

ferences compared to that in pure Ag metal. First, GB segregation
increases the initial strain at yield point as shown in snapshot 1
where deformation is uniform with no significant GB plasticity or
amorphization at 2% applied strain. Subsequently, the stress-strain
curve in AgggNiy exhibits a stress peak of 1.78 GPa at 3.2% strain,
a 40% increase from that in pure Ag, followed by an abrupt stress
drop due to GB-mediated dislocation nucleation and GB plasticity
as shown in snapshot 2.

Third, a plateauing at an average flow stress of 1.3 GPa is evi-
denced from 6% to 10% applied strains. Apparently, at 10% applied
strain, snapshot 3 shows some signs of shear band formation by
strain localization across multiple grains. This type of mechanical
behavior has been reported in the literature in other nanocrys-
talline or amorphous metals exhibiting similar shear localization
mechanisms. For example, Pan and Sansoz [26] have studied the
plasticity of different Ag-Ni polycrystals with a grain size averag-
ing 6 nm and noted that shear localization was persistent with
Ni content up to 8 at.% and was suppressed for larger Ni con-
tents. They proposed that, at low solute content, Ni clusters at GB
triple junctions were too small to effectively impede shear banding
across grains, which is most likely the case in the current poly-
crystal model that has a larger grain size. Furthermore, Steif et al.
[51] have previously described that the stress-strain response due
to shear-band softening in amorphous metals is typically charac-
terized by a pronounced stress peak followed by stress plateau-
ing from uniform shearing, because free volume expansion in the
shear strain-localized zone induces a catastrophic softening. How-

ever, the shear bands in amorphous metals do not grow once the
stress is leveling [52]. Likewise, Feng et al. [53] have predicted
by MD simulation that Zr;9Cusy metallic glasses reach a peak at
yielding point, followed by strain-softening to a steady-state stress
plateau, coinciding with the growth of porosity.

4.2. BCC Nb polycrystals

The stress-strain curves for pure Nb and NbggNis polycrystals
segregated at 1110 K and 1564 K are compared in Fig. 10. The
curve in NbggNig4 at 1110 K reaches a maximum stress of 6 GPa at
5% applied strain, before plateauing between 8% and 10% applied
strain. Snapshots of the distribution of atomic von-Mises shear
strain show that a major shear band forms and propagates through
several GBs and grains when the maximum stress is reached. The
shear band becomes increasingly thicker up to 10% strain as seen
in snapshot 3 in the NbggNi4 polycrystal segregated at 1110 K. We
attribute this behavior to the position of precipitates at GB triple
junctions extending from the grain interior to the GBs. The sites
formed by the interface of the main matrix and a precipitate are
known to initiate and help propagate cracks, which is ultimately
induced by shear localization at GBs [54]. Furthermore, as shown
above in Section 3, the NbggNi4 polycrystal at 1564 K did not con-
tain precipitates, but it was found to produce a dispersion of small
Ni solute clusters within GBs. Snapshots in Fig. 10 show that Ni
clusters in NbggNiy at 1564 K have limited the growth of shear
bands and inhibited shear localization mechanisms. Therefore, the
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Fig. 9. Tensile stress-strain curves of pure FCC Ag and segregated FCC AggsNis polycrystals with atomistic snapshots of the von-Mises shear strain at different applied strain.
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Fig. 10. Tensile stress-strain curves of pure BCC Nb and segregated BCC NbggNis polycrystals with atomistic snapshots of the von-Mises shear strain at different applied

strain.

stress-strain curve for NbggNig4 at 1564 K shows the same shape as
that in pure Nb, except for a net increase in yield strength due to
GB segregation effects.

4.3. HCP Zr polycrystals

The stress-strain curves for pure Zr and ZrggNigs polycrystals
segregated at 464 K and 1118 K are compared in Fig. 11. Like the

NbggNig4 polycrystal at 1564 K, the ZrggNig alloys simulated pre-
sented no clear sign of shear localization, as shown in the ac-
companying snapshots of deformation. All simulated curves display
similar characteristics of a homogeneous plastic deformation with-
out strain-softening region. Snapshots 3 at 464 K and 1118 K shows
an increase in the branching of shearing throughout the grains and
GBs from 6% to 10% applied strain, but no significant localization
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Fig. 11. Tensile stress-strain curves of pure HCP Zr and segregated HCP ZrggNi4 polycrystals with atomistic snapshots of the von-Mises shear strain at different applied strain.

or shear bands comparable to those in the AggsNigs and NbggNiy
polycrystals described above.

5. Discussion

5.1. Role of GB solute interaction on heterogeneous segregation
behavior

This investigation finds that the GB segregation behavior of
Ni solute atoms in the studied alloys is not exclusive to being
fully heterogeneous or fully homogeneous and results in a range
of segregation configurations. Ni segregation in the reference FCC
AggsNiy polycrystal agrees with predictions in the literature by
presenting a strong tendency for heterogeneous segregation and
Ni clustering at GBs. The BCC NbggNi4 polycrystal exhibits homo-
geneous segregation with second-phase precipitation at GB triple
junctions at the same homologous temperature (1110 K). Segrega-
tion behavior in both BCC NbggNi4 polycrystal at 1564 K and HCP
ZrggNig polycrystal at 464 K corresponds to a homogeneous segre-
gation with a dispersion of small-scale Ni solute clusters at GBs. At
the opposite of AggsNig, only one polycrystal was found to exhibit
fully homogeneous segregation, the HCP ZrggNi4 polycrystal segre-
gated at its solubility limit (1118 K), containing a perfectly amor-
phous GB layer with no visible Ni clustering.

Although the number of models investigated is too small for
generalizing the observed segregation trends to all BCC and HCP
alloy systems, we propose to account for the difference in Ni so-
lute clustering behavior between each polycrystal, by examining
the local Ni solute interactions at GBs in the three alloys. It should
be noted that the available literature points to a couple of ways
to measure the effects of solute-solute interactions on GB segrega-
tion by atomistic simulation. First, Pan et al. [25] have proposed a
simple molecular statics (MS) method to quantify solute-solute in-
teractions and clustering at GBs based on the concept of a solute
dipole formation energy inside a GB bicrystal. The solute dipole
formation energy can be understood in terms of the GB energy re-
duction associated with the formation of 2-atom GB solute clus-
ters, as opposed to perfectly diluted GB solutes. This concept is
therefore relevant to the difference seen in the local solute distri-
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butions across the GB network in Fig. 8. The second approach re-
cently proposed by Matson and Schuh [17] is an MS-based spectral
analysis of the GB heat of mixing at each GB atom site in a poly-
crystal. This method uses the average solute segregation energy of
atom neighbors of a fixed solute at a specific GB site, considering
only nearest bond interactions. Therefore, calculations of the local
GB heat of mixing are more consistent with the RDF analysis pre-
sented above in Section 3.2.

In the following, we used both methodologies and performed
MS calculations using conjugate-gradient energy minimization of
solute segregation energy and solute — solute interaction energies
at a chosen atom site i inside a GB triple for each alloy polycrys-
tal. The calculation methods for obtaining the GB heat of mix-
ing and GB solute dipole formation energy followed Matson and
Schuh [17] and Pan et al. [25], respectively. The GB triple-junction
studied was the same as that shown in Fig. 3(b), 4(c) and 6(b)
for each respective alloy. For simplicity, our approach only consid-
ered substitutions at one GB atom site and not all GB sites present
in the polycrystal like the spectral analysis. The results presented
in Table 2 for each alloy indicate that the chosen GB atom site
had high (most negative) segregation energy. A recent atomistic
study [55] suggests that the GB solute interaction energy could
vary strongly in the local environment of a fixed GB solute and
that a more rigorous method for analyzing GB solute interaction
energy is to average this value over larger environments. Therefore,
the present analysis based on nearest-neighbor solute interactions
remains qualitative and should only be taken as a simplified ap-
proximation.

Despite this caveat, Table 2 shows that the GB heat of mixing
for Ni solutes at a GB triple junction is favorable in FCC Ag and BCC
Nb (positive values) and not favorable in HCP Zr (negative value).
This finding could explain why, at equivalent solute content, it is
more difficult for ZrggNi4 polycrystals to form large solute clusters
than AgggNig and NbggNi, polycrystals at the same homologous
temperatures. Furthermore, Table 2 shows that the most favorable
(negative) dipole formation energy is encountered in the FCC Ag-Ni
alloy, and the least favorable (positive) in the BCC Nb-Ni and HCP
Zr-Ni alloys. This finding suggests that long-range Ni solute interac-
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Table 2

MS calculations of solute segregation energy and solute — solute interaction energies at a chosen atom site i inside a GB triple for each alloy polycrystal
studied. AEI.”g is the local segregation enthalpy at GB atom site i computed by the method of Wagih and Schuh [15]. The calculation methods for
obtaining the GB heat of mixing and GB solute dipole formation energy follow Matson and Schuh [17] and Pan et al. [25], respectively. The GB triple-

junction studied was the same as in Fig. 3(b), 4(c) and 6(b) for each respective alloy. See text for more details.

Alloy type AE® GB heat of mixing GB solute dipole formation
(kJ/mol) (kJ/mol) (eV)
FCC Ag-Ni -2.977 9.85 £ 12.9 —0.0828 + 0.0359
BCC Nb-Ni —0.982 153 + 143 0.0048 + 0.0233
HCP Zr-Ni —3.860 —19.47 + 24.14 0.068+ 0.022
(a) AgNi, @ 500 K NbgNi, @ 1110 K

ZrNi, @ 1118 K

L

(b)
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Fig. 12. Study of excess free volume expansion in ZrggNis segregated at 1118 K, AggNis segregated at 500 K and NbggNi, segregated at 1110 K. (a) Atomic volume prior to
deformation. (b) Volumetric strain at 9.5% applied strain. GB atoms, dislocations and stacking faults have been highlighted in dark color.

tions may facilitate large solute clustering at GB triple junctions in
the AgggNiy polycrystal, but not in the ZrgyNis and NbggNis poly-
crystals. In summary, this preliminary study suggests that consid-
ering both short-range and long-range solute interaction effects are
important for rationalizing the different heterogeneous segregation
phenomena observed in NC alloy polycrystals.

5.2. Physical origin of strain localization in segregated NC alloys

In this study, inspection of atomic von-Mises strain at 10% ap-
plied strain shows strain localization along GBs in the NbggNiy4
polycrystal segregated at 1110 K, and to a lesser extent, in the
AggsNiy polycrystal segregated at the same homologous temper-
ature. In addition, a salient feature in both polycrystals is that
their stress-strain curve follows the typical response of amorphous
and NC metals with strain localization [51]. In contrast, all pure
metal polycrystals, as well as both ZrggNi4 polycrystals, did not ex-
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hibit any significant shear banding during plastic deformation, but
rather deformed more uniformly via standard GB sliding and dislo-
cation plasticity mechanisms. Furthermore, shear banding was sup-
pressed in the NbggNi, polycrystal when the segregation tempera-
ture was raised to 1564 K to dissolve the Nb;Nig precipitates at GB
triple junctions.

The above results are important in several aspects. First, the ref-
erence AggsNiy polycrystal studied acted in the same way as the
smaller polycrystal simulated by Pan and Sansoz [26] when at low
Ni content, Ni clusters were not significantly large enough to im-
pede shear localization. Second, we found in this study that the
GB precipitates in the NbggNi4 polycrystal at 1110 K were present
where shear localization was predominant. We hypothesized that
the NbggNiy4 polycrystal at 1564 K did not show shear localiza-
tion because the Ni solute clusters at GB triple junctions were too
small. Third, both ZrggNi4 polycrystals did not show any apparent
signs of shear localization despite their segregation behavior being
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on the homogeneous side of the spectrum. This finding is differ-
ent from past observations made in Ag-Cu alloys, where homoge-
neous segregation of solute atoms to GBs led to a strain path ideal
for GB strain localization [26, 46, 56]. Fourth, the different crystal
structure of each alloy is not considered a major factor in the type
of GB segregation, as shown by the GB segregation energies cal-
culated in Table 2, primarily because the GB network structure is
amorphous. Small GB energy variations are primarily due to differ-
ences in solubility between the matrix and solute elements, atomic
size mismatch, as well as the types of GB atom sites present in the
different models [33].

We attribute the difference in shear localization mechanisms
between the present alloy polycrystals to the expansion of excess
free volume in the vicinity of large precipitates or solute clus-
ters formed at GB triple junctions. The initial appearance of shear
bands indicates plastic flow localization where shear transforma-
tion zones (STZ) [57] within the band region induce strain soft-
ening [58]. For the case for bulk metallic glasses, the formation
of shear bands is influenced by local structural ordering and its
microscopic variation during deformation [52]. Once formed, shear
bands grow thicker due to the increase in excess free volume and
void growth, until a steady-state stress plateau is reached at which
point the shear band thickening stops [52, 53]. Similarly for heav-
ily segregated NC alloys, plastic deformation is accommodated by
the expansion of excess free volume and nanoscale voids within
the GB network, rather than GB sliding, primarily because active
solute segregation at GBs tend to block GB plasticity mechanisms
[46].

To substantiate our hypothesis, we calculated in Fig. 12 the
atomic volume before deformation and the volumetric strain after
9.5% applied strain in ZrggNis segregated at 1118 K, AggNi4 segre-
gated at 500 K and NbggNis segregated at 1110 K, which corre-
sponds to strain localization levels from least to most important,
respectively. Fig. 12(a) shows that Ni solute segregation reduces
GB energy in all cases. However, the energy reduction is uniform
in the ZrggNiy polycrystal with an intergranular amorphous film,
localized to GBs with highest local solute content in the heteroge-
neous AggsNiy polycrystal, and strongly discontinuous in the vicin-
ity of GB precipitates within the NbggNi,4 polycrystal.

Fig. 12(b) suggests that the volumetric strain resulting from ex-
cess free volume is predicted to be the largest at GB triple junc-
tions in the NbggNis polycrystal, because in this metal, less dis-
locations nucleate, and GB precipitation reduces GB plasticity. On
the contrary, GB sliding is pervasive in the ZrggNi4 polycrystal with
the intergranular amorphous film, and dislocation nucleation from
GB areas with low solute content provides an alternative strain ac-
commodation mechanism in the heterogeneous AgggNiy polycrys-
tal. Furthermore, the deformability of ZrggNis and AgggNis poly-
crystals is increased by the branching of shear bands to resist plas-
tic flow throughout the system. Ni clusters in the Ag matrix have
been found to reduce deformation from local shear strain and thus
limited the length of shear bands. Therefore, this analysis suggests
that the local solute concentration at the GB directly affected the
shear strength, and Ni clusters formed by heterogeneous solute
segregation acted to block the progression of shear bands.

Conclusion

Hybrid MC/MD simulations were used to study solute segrega-
tion and mechanical behavior in random FCC Ag-Ni, BCC Nb-Ni,
and HCP Zr-Ni polycrystals with a focus on distinguishing homoge-
neous versus heterogeneous segregation behaviors. Each alloy was
simulated with 4 at.% Ni solute at their maximum solubility tem-
perature and the same homologous temperature. The RDF curve of
Ni-Ni pairs in each studied binary alloy was calculated to gain in-
sight into solute clustering at GBs. Ni-Ni dipole formation in GBs
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was analyzed from the intensity of the first peak of the RDF curve
where a higher peak implied more significant GB solute interac-
tions. Also, the RDF analysis provided information on the order-
ing of Ni atoms clusters, which helped to better understand the
distribution of Ni solute atoms within GBs. Furthermore, segrega-
tion heterogeneity was studied by calculating the local density of
Ni atoms in the GBs. The number of peaks present in the density
distribution, indicated either homogeneous segregation or hetero-
geneous segregation, respectively.

It was found that segregation was not limited to being only
fully heterogeneous or fully homogeneous. The types of segrega-
tion ranged from: (1) pure heterogeneous segregation (AgggNiy
at 500 K), (2) homogeneous segregation with second-phase pre-
cipitates at GB triple junctions (NbggNis at 1110 K), (3) homoge-
neous segregation with a dispersion of small-scale Ni clusters at
GBs (NbggNiy at 1564 K, ZrggNiy at 464 K), and (4) pure homoge-
neous segregation with amorphous intergranular films (ZrggNig4 at
1118 K).

Furthermore, it was found that the different types of segrega-
tion behavior led to significant variations in stress-strain response
for each alloy. Fully heterogeneous Ni segregation promoted less
significant shear localization than homogeneous segregation with
GB precipitation, which was associated with the most significant
shear localization, compared to all cases. Homogeneous segrega-
tion with dispersion of small-scale Ni clusters and fully homoge-
neous segregation behaviors did not promote shear localization.

We quantified GB solute interactions in each alloy polycrystal
using previously established MS methods and demonstrated that
both short-range and long-range GB solute interactions contributed
to the heterogeneous segregation phenomenon. Furthermore, we
showed that the difference in shear localization mechanisms be-
tween the polycrystals related to the expansion of excess free vol-
ume in the vicinity of large precipitates or solute clusters formed
at GB triple junctions. Therefore, this study amplifies the impor-
tance of segregation temperature and solute concentration on GB
segregation behavior and associated mechanical properties in sta-
ble NC alloys. Achieving better control over the distribution and
interaction of GB solutes within NC structures could be advanta-
geous to expand the range of applications for NC materials.
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