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The mechanisms of stress-assisted grain growth are explored using molecular dynamics simulations of
nanoindentation in nanocrystalline Ni and Ni-1 at.% P as a function of grain size and deformation
temperature. Grain coalescence is primarily confined to the high stress region beneath the simulated
indentation zone in nanocrystalline Ni with a grain size of 3 nm. Grain orientation and atomic
displacement vector mapping demonstrates that coalescence transpires through grain rotation and grain
boundary migration, which are manifested in the grain interior and grain boundary components of the
average microrotation. A doubling of the grain size to 6 nm and addition of 1 at.% P eliminates stress-
assisted grain growth in Ni. In the absence of grain coalescence, deformation is accommodated by
grain boundary-mediated dislocation plasticity and thermally activated in pure nanocrystalline Ni. By
adding solute to the grain boundaries, the temperature-dependent deformation behavior observed in
both the lattice and grain boundaries inverts, indicating that the individual processes of dislocation and
grain boundary plasticity will exhibit different activity based on boundary chemistry and deformation
temperature.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Nanocrystalline metals have demonstrated many improvements
in important technological and engineering properties such as high
strength and increased wear resistance [1—-5]. A key microstruc-
tural feature that underpins these performance improvements is
the higher volume fraction of grain boundaries that inherently
accompanies a reduction in grain size to the nanometer regime. By
drastically increasing the volume fraction of grain boundaries,
deformation physics shift to interface-mediated mechanisms
involving interactions between dislocation plasticity, grain
boundary sliding, and shear localization [6—10]. In fact, many
recent studies have underscored the complexity in quantifying the
interplay of different mechanisms in accommodating strain and
accompanying microstructural evolution at the nanoscale [11—13].
Grain boundaries are thus central to the performance of nano-
crystalline metals and must be comprehensively understood to
design, model, and predict the behavior of this novel class of
materials.
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Grain boundaries constitute higher energy regions as compared
with atoms occupying lattice sites within the interior of the grains
in a polycrystalline metal. Specifically in nanocrystalline materials
where the total grain boundary area is far greater than traditional
microcrystalline counterparts, the interfacial free energy domi-
nates the total energy of the system. A significant driving force thus
exists to reduce the total grain boundary area [ 14], which transpires
through grain growth accommodated by mechanisms such as grain
rotation and grain boundary migration [15—18]. Historically, grain
growth was studied as a consequence of instabilities that required a
thermal energy component to overcome the inherent barrier for
activating curvature-driven grain boundary motion. However,
recent findings support spontaneous microstructural evolution in
nanocrystalline metals at temperature regimes often considered
insufficient to initiate grain boundary migration and grain growth
[19,20].

An interesting implication of the far-from-equilibrium state
occupied by nanocrystalline metals that served as an impetus for
this study is the formation of microstructural instabilities under
mechanical loading (e.g., uniaxial loading [21—25], indentation
[26,27], and sliding contact [28,29]) at low homologous tempera-
tures including cryogenic conditions. In the pioneering work by
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Weertman et al. [26], a decrease in hardness was reported during
microindentation creep experiments on nanocrystalline copper
and attributed to rapid grain growth within the plastic zone
beneath the indenter tip. Indentation-induced grain coarsening
during indentation was found to be exaggerated at cryogenic
temperatures [27], suggesting a stress-driven rather than diffusion-
controlled mechanism. Direct observation of deformation-induced
grain growth was accomplished using in situ nanoindentation at
room temperature, which ascribed grain coalescence in nano-
crystalline aluminum to enhanced grain boundary mobility
coupled with grain rotation [18,30]. Mechanical grain coarsening
was also found to influence the tensile properties of nanocrystalline
aluminum at room temperature through microsample tensile
testing [22]. A reduction in strength and enhanced ductility were
correlated to discontinuous grain growth, which was later deter-
mined to be coupled to the applied stress by combining quantita-
tive microstructural analysis with a continuum characterization of
stress gradients [31].

The coupling between stress and grain boundary motion has
been explored extensively through molecular dynamics (MD)
simulations employing a range of structural models including
bicrystal configurations [32—35] as well as equiaxed nanocrystal-
line structures [36—39]. While the former approach has produced
geometrical frameworks to describe the coupling between grain
boundary migration and shear deformation, the latter has proven
particularly convenient for understanding the constraints imposed
by the grain boundary network on stress-assisted grain boundary
motion. For example, the presence of triple junctions was shown to
inhibit grain boundary migration through an asymmetric pinning
effect that resulted in non-linear grain boundary motion [36].
Cooperative grain boundary migration and sliding was also found
to be driven by shear stress accumulation along the grain bound-
aries in nanocrystalline aluminum [40] while simulations in
nanocrystalline palladium demonstrated grain boundary migration
to be accompanied by grain rotation [37]. Simulations of surface
indentation on nanocrystalline nickel were employed to study
competing mechanisms during deformation-induced grain coa-
lescence, and the results indicated the grain coarsening process was
rate-dependent and accompanied by dislocation plasticity and
twinning [41].

The need for improved microstructural stability in nano-
crystalline metals has stimulated a myriad of efforts to probe the
efficacy of stabilizing nanostructures through suppressing grain
boundary mobility/migration. Theoretical/computational work
demonstrated avenues for reducing interfacial energy through
grain boundary segregation to quell the thermodynamic driving
force for grain growth [14,42—46]. The notion of stabilizing nano-
crystalline structures through grain boundary doping has been
substantiated for a range of binary alloy systems at temperatures
approaching 30% of their melting point [47—49]. Stabilization
against mechanical grain growth has also been accomplished in
nanocrystalline aluminum directly through the addition of grain
boundary solute atoms [50] and indirectly through the presence of
impurities [51] that effectively pin the boundaries against sliding
and/or migration under stress. In the absence of stress-assisted
grain growth, a transition to competing deformation mechanisms
can be expected that will depend on the nanocrystalline grain size
as well as extrinsic factors such as temperature and strain rate.

In this paper, indentation-induced grain growth is explored
using large-scale MD simulations of model Ni and Ni-P systems.
Stress-assisted grain growth is first characterized within the high
stress region beneath the simulated indentation zone in nano-
crystalline Ni with an average grain size of 3 nm. Solute stabiliza-
tion and grain size effects are probed through the addition of 1 at.%
P and doubling of the nanocrystalline grain size in pure Ni to 6 nm,

respectively. Mechanisms accommodating mechanical grain
growth are then characterized via grain orientation and atomic
displacement vector mapping. The manifestation of these mecha-
nisms in the atomic microrotation is quantified to explicate average
microrotation trends, which when combined with the dislocation
fraction, provide a more complete signature of the underlying
deformation mechanisms. Based on these results, the role of grain
size, grain boundary doping, and deformation temperature in
stress-assisted grain growth is discussed in the context of mecha-
nistic crossovers to contribute new insights into the deformation
behavior of nanocrystalline metals.

2. Simulation methods

Simulations were conducted using the Large-scale Atomic/Mo-
lecular Massively Parallel Simulator (LAMMPS) platform. Three
nanocrystalline structures were generated through Voronoi
tessellation with a 50 x 50 x 50 nm total cell size that contained
approximately 11 million atoms, which is illustrated in Fig. 1 with
atoms delineated for the grain interior and grain boundary regions.
The samples included pure Ni with grain sizes of 3 and 6 nm and Ni-
1 at.% P with a grain size of 3 nm, and are also shown in Fig. 1
denoted Ni-3nm, Ni-6nm, and NiP-3nm, respectively. The
embedded-atom method (EAM) potential developed by Sheng et al.
[52] was used for the NiP-3nm structure. While this potential in-
corporates Ni-Ni interactions that fit the single-component data, it
was developed specifically to capture short and medium range
order in a Ni-P metallic glass. To better capture the long-range or-
der in the Ni-6nm structure, the Ni EAM potential from Zhou et al.
[53] was employed and also applied to the Ni-3nm structure for
consistency across the pure Ni simulations.

The NiP-3nm sample was first subjected to a parallelized Monte
Carlo (MC) procedure developed by Sadigh et al. [54] to minimize
the system energy with respect to solute distribution. A total of
500,000 MC steps was performed to produce an energy-minimized
structure with the majority of the P atoms occupying grain
boundary sites, in excellent agreement with experimental nano-
crystalline Ni-P alloys [55]. An energy minimization procedure was
then applied to all three structures to reach a final relative energy
convergence of 108 and followed by a 1 ns simulated anneal to
generate more realistic and relaxed interfaces. Annealing temper-
atures of 650 K and 1175 K were employed for the 3 nm and 6 nm
grain size structures, respectively, with a constant cooling rate of
1 K s '; the lower annealing temperature was selected to avoid
thermal coarsening of the 3 nm grain size structures.

Periodic boundary conditions were applied in all directions
during structural relaxation, but removed from the z-direction
post-relaxation to provide a free surface for nanoindentation.
Structures were restrained during loading by a force wall applied to
the lower z surface of the simulation cell, and ideal frictionless
surface indentation was simulated using a moving artificial
external potential following the procedures described in Ref. [41].
The radial force function, F = K(r—R)?, was employed to simulate a
spherical indenter of radius R = 15 nm with K = 10 eV/A> = 1.6 uN/
nm? and r the distance from each atom to the center of the indenter.
Two temperatures of 10 and 300 K were employed with a constant
velocity of 5 m/s to a maximum indentation depth of 5 nm, which
corresponded to 1/10th the total thickness of the simulation cell in
the z-direction — a common constraint imposed on indentation
experiments. The normal stresses in the x- and y-directions were
relaxed to zero to allow lateral expansion/contraction during
indentation, and an isobaric-isothermal (NPT) ensemble was used
to control the temperature and pressure with a time-step of 2 fs.

A number of analytical techniques were employed to charac-
terize atomic and grain configurations to map nanostructural
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Fig. 1. Overview of the 50 x 50 x 50 nm nanocrystalline simulation cell containing approximately 11 million atoms colored according to location within the grain structure in the
3D view. Small 2D sections with atoms colored according to the their CNA value are extracted from the x-z plane and illustrated for the Ni-3nm structure with grain size and solute
effects mapped via the Ni-6nm and NiP-3nm structures, respectively.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

evolution as a function of indentation depth. The common neighbor
analysis (CNA) method was used to index each atom according to its
local atomic coordination where green atoms exhibit face-centered
cubic (FCC) coordination, red atoms hexagonal close-packed (HCP)
coordination (e.g. atoms commonly found in stacking faults), and
grey atoms other coordination widely located in grain boundaries.
From the CNA representation, the grain boundary network was
outlined and used to determine grain size distributions under a
spherical grain approximation. The process of grain coalescence
was tracked using inverse pole figures where grain orientations
were assigned on an atomistic basis using a next-nearest neighbor
analysis. For each atom, the full set of next-nearest neighbors was
first indexed based on a unit vector established from one of its 12
nearest neighbors. For an FCC lattice, these next-nearest neighbors
lie in the {100} family of planes, and the (100) plane that exhibited
the smallest angle with the x-y plane of the simulation cell was
selected from this set of planes. The normal to this particular (100)
plane was then projected onto the crystallographic space defined
by the [001], [101], and [111] directions to assign a specific crys-
tallographic orientation to each atom. This procedure was repeated
for all atoms within a given grain, which collectively represent the
crystallographic orientation for that particular grain.

Dislocation slip was quantified as a function of indentation
depth using a slip vector analysis [12] where each atom’s slip
vector, s¢, is calculated as:

n
s = L S (36 _ xe (1)
n
S B+«

where n and ng are atom «’s total number of nearest neighbors and
slipped nearest neighbors, respectively. The variables x% and X%
represent the interatomic distance vector between atom « and
neighbor § in a deformed condition and reference state, respec-
tively. Through comparison with the Burger’s vector for dislocation
slip in Ni, the slip vector was employed to calculate the fraction of
atoms contributing to dislocation plasticity also referred to as the
dislocation fraction, p. For Ni with a lattice constant of 3.520 A, the
slip vector for partial and full slip is approximately 1.43 and 2.49 A,
respectively.

Microrotation was used as an atomic analysis metric as it cap-
tures the deformation history in the local neighborhood around an

atom of interest, based on a defined reference state. Thus, as the
atomic neighborhood undergoes deformation or straining, micro-
rotation is able to capture that deformation. Deformation mecha-
nisms studied previously using the microrotation metric include
dislocation slip, grain boundary sliding, migration, atomic shuffling,
and twinning [12]. Microrotation was calculated following the
procedures described in Tucker et al. [34] and thus only summa-
rized here. The rotation tensor, R, was first calculated from the
deformation gradient, F, and the right stretch tensor, U:

R=FU! (2)

where F is estimated following procedures in Zimmerman et al.
[56] and U~! is the inverse of the right stretch tensor. The skew-
symmetric component of the rotation tensor, Rseyw Was then
ascertained from the rotation tensor:

Ry = % (R - RT) (3)

The microrotation vector, ¢, was finally determined from Rgew:

1
Pk = ~5¢ijk(Rskew)jj (4)

For visualization in deformation snapshots, atoms are colored
according to their magnitude of microrotation while quantitative
trends employ the microrotation per atom denoted herein the
average microrotation. Local atomic displacements are also tracked
and correlated to microrotation in deformation snapshots. The
open source OVITO software [57] was used in the CNA and
displacement vector visualizations whereas the slip vector, micro-
rotation, and inverse pole figure calculations and mapping were
produced using custom post-processing codes designed for
execution in C; all analysis codes are available from the authors
upon request.

3. Microstructural evolution during surface indentation

In this section, deformation-induced grain growth is quantified
for the model nanocrystalline Ni and Ni-1 at.% P systems. Grain size
was determined from the grain volumes by tracking each grain
during indentation using atomic coordination, and initial



42 Y. Zhang et al. / Acta Materialia 131 (2017) 39—47

distributions following relaxation are depicted in Fig. 2 for each
sample. Under a spherical grain approximation, the mean grain size
was calculated from the distribution of grain volumes and mapped
as a function of indentation depth. Analysis was restricted to atoms
within the high-stress region directly beneath the indenter, which
was defined as the volume where the shear stress at the maximum
indentation depth of 5 nm exceeded 10% of the mean contact
pressure under Hertzian spherical contact. To facilitate a direct
comparison between the different structures, grain size at each
indentation depth was normalized by the mean grain size following
relaxation. Normalized grain sizes are summarized in Fig. 3 as a
function of indentation depth with corresponding deformation
snapshots shown for the maximum indentation depth at 300 K.

The mean grain size of the Ni-3nm sample increased during
indentation by almost 10% relative to the as-relaxed structure. From
the deformation snapshot, grain growth was confined to the region
directly beneath the indenter, which corresponded to the volume
employed in the grain growth analysis; grain growth was
completely absent outside of this high-stress region, thus con-
firming the role of stress in microstructural coarsening during
indentation. A decrease in the deformation temperature to 10 K
suppressed stress-assisted grain growth, indicating the underlying
deformation mechanisms are thermally activated in pure nano-
crystalline Ni. A doubling of the grain size to 6 nm and the addition
of 1 at. % P segregated to the grain boundaries eliminated
deformation-induced grain growth regardless of the deformation
temperature. The surface indentation simulations conducted by
Tucker and Foiles [41] on a comparable 6 nm grain size nano-
crystalline Ni sample produced roughly a 3% increase in grain size
following indentation to the same maximum depth of 5 nm. In light
of the similar nanocrystalline structures and identical relaxation
procedures, the subtle disparity in the extent of indentation-
induced grain growth was attributed to the different EAM poten-
tial employed in the present study.

It was evident from the deformation snapshot for the Ni-3nm
structure that indentation-induced grain growth occurred solely
in the high stress region beneath the indenter. While the Ni-6nm
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Fig. 3. Normalized grain size as a function of indentation depth for the Ni-3nm, NiP-
3nm, and Ni-6nm structures indented at 10 and 300 K. Corresponding deformation
snapshots are illustrated for the maximum indentation depth of 5 nm at 300 K, and
demonstrate that indentation-induced grain growth is limited to the high stress region
of the Ni-3nm sample.

and NiP-3nm structures were subjected to identical indentation
stress fields, the local grain size within this region remained
consistent with the surrounding undeformed material. To gain
further insight into the coalescence process, a small section of
material 5 nm thick was extracted from within the high stress re-
gion of the Ni-3nm structure as depicted in Fig. 4a relative to the
loading configuration, and is shown in Fig. 4b with three grains
labeled grains 1, 2, and 3 demarcated based on their orientations
from the inverse pole figure. The deformation response of this
section to the global surface indentation at 300 K is shown in

(001)

(111)A (011)

Fig. 4. (a) Location of the 5 nm-thick section for grain structure tracking within the
high-stress region of the Ni-3nm structure. (b) Snapshot of the section prior to
indentation containing three grains labeled 1, 2, and 3 demarcated based on their
crystallographic orientations from the inverse pole figure with grain boundaries
denoted by the grey atoms.
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Fig. 5(a—c) for 3, 4, and 5 nm indentation depths, respectively. All
three grains remained present following indentation to 3 nm, but
with an increase to 4 nm, grain 1 grew at the expense of grain 2. The
gradual change in orientation of grain 2 indicated it underwent a
cooperative rotation, which was facilitated by grain boundary
dislocation nucleation/emission as evidenced by the dislocation
debris in the center of the grain and commensurate with experi-
ments on nanocrystalline Pd [15]. While grain 3 remained at this
indentation depth, the boundary between grains 1 and 3 migrated
slightly toward the lower edge of the section. An increase to the
maximum indentation depth of 5 nm resulted in coalescence of
grain 3 with grain 1, thus producing a single large grain with the
(111) orientation originally exhibited by grain 1.

While grain coalesce also transpired during indentation at 10 K
as evident in Fig. 5(d—f), there are a number of noteworthy differ-
ences from the behavior at 300 K — particularly at depths greater
than 3 nm that have mechanistic implications for stress-assisted
grain growth. First, extended partial dislocations were apparent
in the region originally occupied by grain 2 following indentation to
4 nm. Dislocations that were originally apart of the low-angle grain
boundary between grains 1 and 2 also remained in the interior of
grain 1 after indentation to 5 nm. Collectively, these observations
are indicative of a reduced dislocation mobility at low temperatures
and possibly the activation of GB deformation sources that facili-
tated grain rotation and coalescence. Second, while grain boundary
and triple junction migration was detected between grains 1 and 3,
its extent was limited at 10 K as evidenced by grain 3 remaining at
the maximum indentation depth in Fig. 5f. Given that the
indentation-loading configuration was identical at both tempera-
tures, the differences between 10 and 300 K can be attributed to the
thermal activation component of the mechanisms accommodating
mechanical grain growth — explored in more detail in the
remaining sections.

4. Mechanisms accommodating stress-assisted grain growth

The qualitative analysis from Fig. 5 provided insight into the
mechanisms that accommodate stress-assisted grain coalescence.
The processes of grain rotation and grain boundary migration
appeared to transpire simultaneously; however, this was inferred
from changes in grain orientations during an isolated coalescence
event involving only three grains. A global signature of these

mechanisms is needed to understand their apparent temperature
dependence and role of competing deformation mechanisms as a
function of nanocrystalline grain size. In this section, the mecha-
nisms inferred from the grain orientation mapping are first
confirmed, and their manifestation through the calculation of
average microrotation are then quantified in the high stress region
shown in Fig. 4.

Local atomic displacement mapping was employed to help
differentiate between the mechanisms that facilitated the coales-
cence of grains 2 and 3 with grain 1 at 300 K. The center of mass of
grain 1 served as a reference point for computing atomic
displacement vectors, and the resulting atomic displacement map
is shown in Fig. 6a with atoms colored according to their CNA value.
Grain outlines represent the original configuration from Fig. 4, and
the magnitude and direction of the displacement are indicated by
the length and direction of the associated arrows. Atoms within
grain 1 exhibited only subtle reconfigurations that were concen-
trated near the grain boundaries, thus confirming the stability of
grain 1 throughout the indentation process. Coordinated atomic
displacements were apparent in grain 2 where atoms rotated
around the center of grain 1, in turn facilitating a collective grain
rotation process and growth of grain 1 at the expense of grain 2.
Atoms in grain 3 instead exhibited uncoordinated motion that
enabled the boundary between grains 1 and 3 to migrate toward
the bottom of the section as implied by the orientation maps in
Fig. 5(a—c). Grain growth was therefore accommodated by a
cooperative process involving grain rotation and grain boundary
migration facilitated by local atomic reconfigurations.

Atoms are recolored in Fig. 6b according to their atomic
microrotation magnitude with the section divided into three re-
gions along the grain boundaries emanating from the triple junc-
tion between the three delineated grains. In the region containing
grain 1, atoms within grain interiors exhibited near-zero atomic
microrotations while moderate microrotations were apparent for
atoms located in adjacent grain boundaries. The regions containing
grains 2 and 3 exhibited moderate-to-high atomic microrotation
values over the range of 0.5—1, which derived from the atomic
reconfigurations that facilitated growth of grain 1 via the rotation of
grain 2, and migration of the boundary between grains 1 and 3. The
average microrotation (i.e. microrotation per atom) was deter-
mined for each of the three regions during indentation at 300 K and
plotted as a function of indentation depth in Fig. 7a and b for grain

Fig. 5. Tracking grain coalescence at indentation depths of 3, 4, and 5 nm (from left-to-right) and temperatures of 300 K (a—c) and 10 K (d—f). At 300 K, grains 2 and 3 coalesced
with grain 1 whereas grain 3 remained following indentation to 5 nm at 10 K in (f). Atoms are colored according to the inverse pole figure in Fig. 4 with grain boundaries denoted by
the grey atoms.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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microrotation

° N il 1

Fig. 6. Snapshot of the section from the Ni-3nm structure at an indentation depth of 5 nm and temperature of 300 K. (a) Mapping of atomic displacement vectors with the center of
mass of grain 1 serving as a reference point and atoms colored by CNA value. (b) Division of the section along the grain boundaries that meet at the triple junction between grains 1,
2, and 3 on the original grain overlay illustrated in (a) with atoms colored according to atomic microrotation value.(For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

boundary and grain interior (FCC) atoms, respectively. Not only
were the qualitative observations from the atomic microrotation
mapping in Fig. 6b confirmed, new insights into the atomic
mechanisms enabling grain rotation and grain boundary migration
were gained through collective analysis of the trends with inden-
tation depth.

The increase in the average atomic microrotation of the grain
boundaries commenced at different indentation depths of
approximately 2 and 3 nm for grains 2 and 3, respectively, which
can be attributed to a combination of factors such as the evolving
stress state during indentation and the myriad of cooperative grain
boundary deformation mechanisms such as shuffling/sliding [40],
migration [20], and dislocation nucleation/absorption [58].
Although the abrupt increases in the average FCC microrotation
also occurred at different indentation depths of 3 and 4 nm for
grains 2 and 3, respectively, they consistently initiated at larger
indentation depths relative to the average grain boundary micro-
rotation. The primary implication is that atomic deformation or
strain accommodation processes in the grain boundaries support
both grain rotation and grain boundary migration under stress,
which reoriented the lattice planes of grains 2 and 3 to align with
the (111) orientation of grain 1. Atomic reconfigurations in the
migrating grain boundary facilitated local reorientation of the lat-
tice planes as the boundary swept through grain 3. Conversely, a
collective rotation of the atoms within grain 2 was enabled by
atomic shuffling in the grain boundaries between this grain and all
surrounding grains, thus leading to the most drastic increase in the
grain boundary microrotation. It is finally important to note that
grain boundary plasticity in the absence of mechanical grain

a) b) 07
- " | —=—Grain 1
5 S 06{ ——Grain2
% £ 05/ —+—Grain3
= S
Ag G 04
s =03
m o
Q 2 02
= -
z 2 o1
—u— APRE= £ -2
0 1 2 3 4 5 0 1 2 3 4 5

Indent Depth (nm) Indent Depth (nm)

Fig. 7. Average microrotation as a function of indentation depth for (a) grain boundary
and (b) grain interior FCC atoms delineated for the regions corresponding to grains 1, 2,
and 3 divided along the grain boundaries separating these grains as shown in Fig. 6b.

growth also manifests as increased atomic microrotations [34].
Consequently, average atomic microrotation must be tracked
collectively for grain boundary and grain interior mechanisms to
serve as a global mechanistic signature of stress-assisted grain
growth in nanocrystalline metals.

5. The role of grain size, grain boundary dopants, and
deformation temperature

Mechanical grain growth in nanocrystalline Ni was suppressed
by a reduction in temperature and/or the addition of solute, which
primarily segregated to the grain boundaries. A doubling of the
grain size to 6 nm also eliminated grain coalescence under stress,
thus implying that the activation of a different set of competing
deformation mechanisms was necessary to accommodate plastic
strain during indentation as a function of grain size. The grain
boundary and FCC components of the average microrotation are
studied in this section to investigate grain size, solute, and tem-
perature effects, and compared with dislocation fractions to un-
derstand mechanistic transitions during stress-assisted grain
growth. The average grain boundary and FCC microrotation from
the high stress region were computed for each structure deformed
at 300 K and plotted as a function of indentation depth in Fig. 8a
and b, respectively. The dislocation fractions were determined from
the same simulations, and their scaling with indentation depth is
shown in Fig. 8c for each structure. The components of the average
microrotation as well as the dislocation fractions increased
monotonically with indentation depth for all the structures due to
the expansion of the plastic zone under an evolving stress field.

For pure nanocrystalline Ni, the average grain boundary
microrotation was nearly identical for the Ni-3nm and Ni-6nm
structures indicating that local grain boundary plasticity was
active at both nanocrystalline grain sizes despite the different
volume fractions of grain boundaries in these microstructures.
Conversely, the average atomic microrotation in FCC regions (i.e.
grain interiors) of the Ni-6nm sample, which did not exhibit
microstructural evolution, was suppressed relative to the Ni-3nm
with appreciable stress-assisted grain growth. The increase in
initial grain size thus inhibited the reorientation of lattice planes
via grain rotation and grain boundary migration to facilitate grain
coalescence under stress despite the prevalence of grain boundary
deformation. In other words, the distribution of strain accommo-
dation mechanisms within the microstructures is strongly tied to
average grain size in pure Ni. Intragranular plasticity instead tran-
spired through dislocation slip mediated by grain boundary
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Fig. 8. Global deformation metric trends with indentation depth at 300 K for (a) average grain boundary microrotation, (b) average grain interior FCC microrotation, and (c)

dislocation fraction delineated for the Ni-3nm, Ni-6nm, and NiP-3nm structures.

plasticity as evidenced by the enhanced dislocation fraction in the
Ni-6nm relative to the Ni-3nm structure. In the absence of stress-
assisted grain growth, this mechanism represents a common
deformation mode in nanocrystalline metals with grain sizes near
the Hall-Petch breakdown [5].

The NiP-3nm structure with P atoms predominantly segregated
to the grain boundaries exhibited a reduced grain boundary
microrotation as compared with pure nanocrystalline Ni across all
indentation depths. Nanocrystalline structures in Ni-P alloys have
been demonstrated to be less susceptible to microstructural in-
stabilities due to the P atoms augmenting the grain boundary en-
ergy [43]. The reduced grain boundary microrotation thus signaled
a transition to a more stable interfacial configuration where the
enrichment of P atoms limits local atomic reconfigurations in the
grain boundaries under stress. Thus, due to P segregation to the
grain boundaries in Ni, the activation barrier for common grain
boundary deformation processes effectively increases — owing to
the stabilization of the boundaries. Collectively, the reduced
microrotation for the grain interior and boundary regions indicated
that the mechanisms facilitating stress-assisted grain growth were
suppressed by the addition of P, and strain was instead accommo-
dated by enhanced dislocation slip (i.e. relative to the Ni-3nm
structure) as apparent in Fig. 8c.

The temperature effects were explored using normalized
microrotation and dislocation factors, which were ascertained by
dividing the average microrotations and dislocation fractions from
the 300 K indentation simulations with the respective quantities
from the identical simulations performed at 10 K as follows:

5 _ (T =300K)

In Eq. (3), A represents the normalized average microrotation
factor and is calculated separately for the grain boundary (A¢g) and
grain interior (Arcc) regions, and up; the normalized dislocation
fraction. Thermally activated processes in this framework would
exhibit microrotation and dislocation factors greater than unity
while values less than unity indicate an inverse temperature
dependence. The microrotation and dislocation factors are depicted
in the semi-log plots shown in Fig. 9a-c with the former separated
for the grain boundary and grain interior regions akin to the
microrotation analysis in Fig. 8.

Grain boundary plasticity was thermally activated in pure
nanocrystalline Ni regardless of grain size as indicated by Acp
exhibiting values greater than unity across all indentation depths.
Grain boundary mechanisms were activated at low indentation
strains and followed by dislocation slip mediated by the grain
boundaries, which was demonstrated for nanocrystalline copper
of similar grain size [11] and confirmed by the delayed onset of
dislocation plasticity for Ni-3nm in Fig. 8c. While dislocation
plasticity was initially thermally activated (i.e. at shallow inden-
tation depths), the temperature dependence diminished at larger
indentation depths signaling a transition in the fundamental role
of dislocation slip during strain accommodation. Finally, while
Arcc was consistently greater than unity for the Ni-3nm structure
and indicative of a thermally activated deformation process
transpiring in the grain interior regions, its convergence to unity
in Ni-6nm signified that lattice deformation was independent of
temperature at larger nanocrystalline grain sizes and indentation
depths. The conflicting Apcc trends can be attributed to the
different intragranular deformation mechanisms operating at
each grain size — grain rotation accommodating stress-assisted

= (3a) : > : . S
(T =10K) grain coalescence in Ni-3nm and dislocation slip in Ni-6nm,
both of which were facilitated by grain boundary plasticity.
o(T = 300K) 3 Consequently, the process of stress-assisted grain coalescence was
HpisL = p(T =10K) (3b) thermally activated, and an increase in the deformation
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Fig. 9. Global temperature dependence of the deformation metric trends with indentation depth as captured by the normalized average microrotation factor in the (a) grain
boundary and (b) grain interior regions, and (c) normalized dislocation fraction, delineated for the Ni-3nm, Ni-6nm, and NiP-3nm structures.
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temperature or decrease in grain size will accentuate mechanical
grain growth in pure nanocrystalline Ni.

The nanocrystalline Ni-P alloy exhibited starkly different
behavior despite only a small amount of solute added to the
structure, which segregated to the grain boundaries. The micro-
rotation temperature factors Agg and Arcc were less than unity over
all indentation depths indicating higher average atomic micro-
rotation in those regions at lower temperatures — a fundamental
shift in the competition of deformation mechanisms to accom-
modate microstructural strain as compared to pure Ni. These re-
sults suggest that the ability of the grain boundaries in the Ni-P
system to undergo deformation at higher temperatures due to
atomic shuffling and rearrangement (leading to migration, dislo-
cation nucleation, and sliding) is significantly suppressed by
alloying. Thus, the individual processes of grain boundary plasticity
will exhibit different activity based on boundary chemistry and
temperatures. By adding solute into the Ni grain boundaries, our
results show that the temperature-dependent deformation
behavior observed in both the lattice and grain boundaries inverts.
This is both interesting and noteworthy as although the structure-
property relationships of metallic grain boundaries are complex
(dependent on structure, chemistry, temperature, loading, etc.) and
still being fully understood, the ‘inverse’ or ‘anti’ thermal depen-
dence observed in our Ni-P is seemingly similar to some individual
grain boundary shear deformation behavior previously noted
[59—61]. Further exploration of anti-thermal behavior is necessary
to uncover the mechanisms responsible for this shift; however, to
do so comprehensively is beyond the scope of the present work and
will rely on a more complete mapping of individual grain bound-
aries and their connectivity to properly capture topological effects
from the microstructure.

6. Conclusions

Molecular dynamics simulations of surface nanoindentation on
nanocrystalline Ni with a grain size of 3 nm demonstrated that
grain growth was stress-assisted during deformation. An increase
in grain size and the addition of P segregated to the grain bound-
aries suppressed stress-assisted grain growth. Grain orientation
and atomic displacement vector mapping indicated that grain
coalescence was facilitated by a cooperative process involving grain
rotation and grain boundary migration. The manifestation of these
processes in the average microrotation combined with dislocation
fractions provided new insights into the dependence of stress-
assisted grain growth on grain size, solute concentration, and
temperature as follows:

i. For pure nanocrystalline Ni, the average grain boundary
microrotation was independent of grain size indicating that
local grain boundary plasticity was active despite the varying
grain boundary volume fraction. Conversely, the average FCC
microrotation in the Ni-6nm sample was markedly reduced
relative to the Ni-3nm structure. Reorientation of lattice
planes via grain rotation and grain boundary migration was
thus inhibited at the larger nanocrystalline grain size and
intragranular plasticity instead transpired through disloca-
tion slip mediated by grain boundary plasticity.

ii. Grain boundary plasticity was thermally activated in pure
nanocrystalline Ni and independent of grain size. Conse-
quently, the process of stress-assisted grain growth and
transition to grain boundary-mediated dislocation plasticity
at larger nanocrystalline grain sizes were thermally activated
in nanocrystalline Ni.

iii. Temperature-dependent deformation behavior in both the
lattice and grain boundaries inverted due to the addition of P

atoms to the grain boundaries. This ‘inverse’ or ‘anti’ thermal
dependence is commensurate with other findings on grain
boundary shear deformation and underscores the signifi-
cance of grain boundary chemistry in the mechanical sta-
bility of nanocrystalline metals.

Collective analysis of atomic microrotation, dislocation fraction,
and their scaling with indentation depth and temperature provided
a more complete signature of the mechanisms accommodating
stress-assisted grain growth in nanocrystalline metals. Based on
these results, a new fundamental shift in the competition of
deformation mechanisms was identified that has important im-
plications for the role of grain boundary-mediated plasticity in
stress-coupled grain boundary migration and the deformation
behavior of interface-dominated materials.
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