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On the mechanistic origins of maximum strength
in nanocrystalline metals
Ankit Gupta 1, Jacob Gruber1, Satish S. Rajaram 2, Gregory B. Thompson3, David L. McDowell4 and Garritt J. Tucker 1✉

The maximum strength of polycrystalline metals/alloys has been suggested to occur at nanoscale grain sizes where the governing
deformation mechanism transitions from dislocation plasticity to grain boundary mediated deformation. Despite tremendous
progress recently uncovering links between transitions in nanoscale mechanisms and peak strength, the scientific literature is
mostly devoid of any quantitative support, owing to the difficulty in measuring the resolved contribution of individual mechanisms
to microstructural strain accommodation. In this study, the contribution of individual nanoscale mechanisms to the overall
deformation of nanocrystalline Ni is calculated from atomistic simulations leveraging continuum-based kinematic metrics to
compute mechanistic contributions to microstructural strain. By employing such a quantitative approach to analyze deformation
behavior, it is shown that the realization of maximum strength in nanocrystalline metals corresponds to a grain size regime where
the operative nanoscale mechanisms transition, and are thus equally competing to accommodate strain. However, the transition
occurs between intergranular and intragranular mediated mechanisms, as it is found that dislocation plasticity alone is not the
governing mechanism at all grain sizes above the peak strength regime.
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INTRODUCTION
Materials scientists have long sought to understand and control
functional properties, such as mechanical strength, of materials
through fundamental knowledge of chemistry and structure (from
atoms to the continuum). In the realm of metals and metallic
alloys, a significant number of efforts over the past half century
have uncovered a seemingly ubiquitous trend regarding increases
in mechanical strength and hardness with decreasing average
grain size of a polycrystal—the so called ‘Hall–Petch’ relation-
ship1,2. The hardening trend continues well into the nanocrystal-
line (NC) regime (grain size <100 nm)3–5, with a decrease in slope
of the Hall–Petch relationship reported in this regime6,7. However,
the trend appears to reverse below a critical grain size (<20 nm).
Softening in the strength and hardness of NC materials at such
small grain sizes is observed in several experimental studies and
also supported by Molecular Dynamics (MD) simulations8–12. The
maxima in the strength of NC metals were typically observed in a
grain-size regime of 10–20 nm in these studies. The softening
regime is generally attributed to a change in the governing
deformation mechanism from dislocation-based to grain bound-
ary (GB) mediated deformation because of high interfacial volume
fraction and minimal concentration of existing intragranular
defects at the smallest of grain sizes10,13–16. It is further argued
that the grain-size where the transition in the governing
deformation mechanism occurs, should correspond to maximum
strength17–20. The peak strength in several theoretical models is in
fact defined by the cross-over between the scaling laws for the
strength of NC materials in the softening and the hardening
regimes21. Comprehensive reviews underlining the current state
and the existing gaps in the understanding of mechanical
behavior of NC materials are available in the scientific litera-
ture22–24.

One major gap is regarding the present understanding of the
role of individual mechanisms in the deformation of NC materials,
which stems predominantly from a qualitative analysis of the
mechanical behavior, as pointed out by Spearot et al22. In the
majority of seminal studies, the operative nanoscale deformation
mechanisms in disparate grain size regimes were established
mostly from the structural characterization of NC samples by
roughly observing the amount of dislocation slip or twinning in
the deformed structures8,9,16,18–20. In a few MD studies, the
governing deformation mechanisms were at most suggested
based on indirect evidences, such as the number (or fraction) of
atoms participating in a given mechanism25. Yet the relative
contributions of individual mechanisms (e.g., dislocation slip,
twinning, GB sliding/migration, etc.) towards the overall deforma-
tion should ideally be determined by the fraction of strain
accommodated by each of these mechanisms during deformation,
relative to the total strain accommodation within the material.
Quantification of the governing deformation mechanisms directly
from the strain accommodated by individual mechanisms is
limited to a very few studies26–29. The quantification of deforma-
tion mechanisms is necessary for verifying the notion that the
maximum strength corresponds to a grain size at which the
governing deformation mechanism transitions from dislocation to
GB mediated processes. Some previous works have quantified the
mechanistic crossover based on inflections observed in additional
mechanical properties, such as plastic strain rate17, activation
volume30,31, activation enthalpy31; or from atomic fractions of
different defect structures32. However, the notion relating the
maximum strength to the mechanistic cross-over, has not been
verified directly from the strain accommodated by individual
mechanisms, in any previous study. The only such investigation, to
the best of the authors’ knowledge, was presented by Vo et al.33,
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although their discussion was mainly focused on the plastic
component of strain.
This study investigates the mechanical behavior of NC Ni under

uniaxial tension as a function of average grain size using MD
simulations. In contrast to the majority of previous investigations,
we employ a set of post-processing metrics, based on continuum
mechanics, to calculate the contribution of various mechanisms to
the overall deformation by resolving the associated fraction of
total strain accommodation to individual operative mechanisms
during deformation. The mechanism whose contribution to total
strain accommodation is greater than 50%, is identified as the
governing deformation mechanism. This quantitative approach
reveals that while GB-based mechanisms govern the mechanical
response during plastic flow in the softening regime, in agreement
with previous works, dislocation-mediated plasticity by itself is not
the governing deformation mechanism in the hardening regime
at grain sizes below 20 nm. Instead we show it is the collective
contribution of all intragranular deformation mechanisms that
governs the overall response of NC structures in this part of the
hardening regime. Importantly, it is also shown that the maximum
strength (using calculated flow stress) occurs within a range of
grain size at which the governing deformation mechanism
transitions from intergranular (i.e., GB-mediated) to intragranular
(IG)-based mechanisms. However, these intragranular mechanisms
are not solely defined by dislocation slip, as suggested in past
studies, but also include contributions from deformation twinning
and elastic lattice deformation.
The maximum strength corresponding to the grain size regime

at which the governing mechanism transitions, is characterized by
an equal accommodation of the total strain between intergranular
and intragranular mechanisms during flow. In other words, the
dominant deformation mechanisms are equally competing with
each other to accommodate microstructural strain. The validity of
the notion relating the maximum strength to an equal competi-
tion of nanoscale mechanisms (IG versus GB), is further examined
individually for elastic and plastic components of strain and in the
context of potential limitations or artifacts of MD simulations, such
as the high strain rate. Finally, the mechanical behavior of a NC Ni

alloy is presented, to further highlight the significance of the
findings of this study with respect to shifting the strongest grain
size regime in NC alloys by varying the contributions of underlying
mechanisms, where the trends agree well with available
experimental data.

RESULTS AND DISCUSSION
Mechanical behavior of NC Ni
In order to probe the mechanical behavior as a function of grain
size, we performed MD simulations on 3D atomistic structures of
NC Ni with average grain sizes ranging from 6 nm to 20 nm. NC
structures were loaded uniaxially at 300 K to a total tensile strain
of 12% at constant rate of 108 s−1. More details regarding the
generation and tensile testing of these structures can be found in
the “Methods” section. Figure 1a, b shows the average stress-strain
response of different samples with varying average grain size. All
curves show an initial elastic deformation regime, where stress
increases linearly with strain. The initial elastic stiffness (slope of
the curve below 1% strain) increases with increasing grain size, in
agreement with reported experimental trends34,35. Since MD
simulations are at much higher strain rates then what is typically
achieved experimentally, such agreement adds confidence in
linking simulations to experimental observations. Beyond 1%
strain, the curves begin to deviate from the apparent linear stress-
strain behavior. The deviation from linearity is generally
attributed to activation of several microplasticity events in NC
structures27,36–38. The linear regime ends completely around 3–4%
strain in all grain size structures after macroscopic yielding of the
samples. The grain size dependent yielding behavior of NC metals
including the onset of plasticity is discussed in-depth in our
previous work36. Gradual softening can be observed in the stress
response prior to flow, especially for large grain size structures. In
this work, we mainly focus on the deformation behavior in the
flow regime beyond 5% strain, when most of the strain
accommodation becomes plastic in nature. The flow stress was
calculated by averaging stress values in this regime between
5–12% strain.

Fig. 1 Mechanical behavior of NC Ni. Stress-strain curves obtained from the uniaxial tension MD simulations of NC structures with average
grain size ranging from (a) 6–12 nm and (b) 12–20 nm (initial elastic stiffness values are listed in the table). (c) Variation of flow stress as a
function of average grain size of NC structures.
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Figure 1c shows the variation of flow stress as a function of
average grain size obtained from the tensile loading simulations
of NC Ni. Each data point is the average of the flow-stress values
calculated from five different simulations at every grain size and
the error bars represent the standard deviation in the values. It
should be noted here that the grain sizes mentioned here and in
the rest of the study, are initial grain sizes of the NC structures
before tensile loading. Some grain growth is noticed after tensile
loading; the extent of which decreases with increasing grain size.
After 12% applied strain, the average grain size increased by
1.09 nm and 0.41 nm for NC Ni structures with initial grain sizes of
6 nm and 20 nm, respectively. As clearly shown, the flow stress
increases when the grain size decreases from 20 nm to 12 nm (i.e.,
the hardening regime) but then decreases when the grain size
reduces below 12 nm (i.e., the softening regime). In terms of the
calculated flow stress, the 12 nm grain size structure is found to be
the strongest. As noted above, previous studies have also reported
the presence of hardening and softening regimes in the strength
versus grain size plots of several metals with a maximum
appearing in the NC regime23. We further apply a quantitative
analysis to investigate the competition/cooperation of the
nanoscale deformation mechanisms to accommodate microstruc-
tural strain at various grain sizes. A set of recently developed post-
processing tools39 were employed to distinguish individual
mechanisms operating in NC structures and calculate their relative
contributions to microstructural strain accommodation.

Deformation mechanisms in NC Ni
Atoms participating in various deformation mechanisms (i.e.,
dislocation slip, deformation twinning, elastic lattice strain, and GB
deformation) were identified based upon the calculated slip

vector, structural environment and kinematic signatures of
deformation (see “Methods” section). Figure 2a, b shows atoms
sheared by different deformation mechanisms through slices of
NC Ni structures of 16 nm and 6 nm grain size, respectively, at the
end of tensile loading simulation, i.e., 12% applied strain. The
complete evolution of these structures with strain is presented in
Supplementary Movies 1 and 2, respectively. Atoms that deformed
by either dislocations (partial or full), twinning or GB-based
mechanisms are shown in these structures. The remaining grain
atoms (rendered invisible) deformed in an elastic manner. The
degree of twinning appears to be small in both grain size
structures. The 16 nm grain structure lying in the hardening
regime of the flow stress-grain size plot, reveals more dislocation
activity than the 6 nm NC structure, which lies in the softening
regime. In many earlier seminal studies9,19,20, dislocations and GBs
were established as the governing deformation mechanisms in
the hardening and the softening regimes, respectively, based
solely on such qualitative analysis of deformed images or
micrographs in the two regimes and roughly comparing the
amount of defect structures. However, as mentioned earlier, it is
not the number of atoms in each defect or mechanism, but the
total strain accommodated by those atoms participating in a given
mechanism, which should ideally determine the contribution of
that mechanism to the overall deformation. Therefore, in order to
calculate the amount of strain accommodated within individual
mechanisms, the strain tensors of atoms in the NC structure were
computed using continuum-based kinematic metrics26,28,40,41 by
mapping changes in local atomic neighborhoods during deforma-
tion. From the calculated atomic strain tensors and the identifica-
tion of atoms participating in various deformation mechanisms,
the fraction of strain accommodated by individual mechanisms

Fig. 2 Deformation mechanisms in NC Ni. Slices through the NC Ni structures of average grain size of 16 nm (a, c) and 6 nm (b, d), with atoms
colored according to the identified nanoscale deformation mechanisms (a, b), blue: full slip, green: partial slip, red: twinning, gray: GBs, and
von Mises strain accommodation (c, d) at 12% applied strain. Percentages of total strain accommodation by individual deformation
mechanisms, as a function of applied strain, during uniaxial loading of (e) 16nm and (f) 6 nm grain size NC structures.
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was obtained. Further details can be found in the ”Methods”
section.
In Fig. 2c, d, the slices of 16 nm and 6 nm average grain size

structures are colored according to the von Mises (VM) strain in
atoms, obtained from the atomic strain tensors calculated at 12%
applied strain. In particular, atoms associated with the plastic
deformation mechanisms show large VM strain. Atomic VM strain
is generally higher in the GB regions than the twinned or slipped
intragranular regions. The remaining atoms that underwent elastic
deformation can be seen as the black shaded regions with small
VM strain values. The percentages of total strain accommodation
by individual mechanisms are plotted in Fig. 2e, f, as a function of
applied strain for the 16 nm and 6 nm grain size structures,
respectively. Plotted values are averages of the results from five
different simulations for each grain size. Similar plots for rest of
the grain sizes are shown in supplementary Fig. S1. In both grain
size structures, total tensile strain is accommodated in a shared
manner between GBs, dislocation slip, twinning, and elastic
deformation of grains (grain-elastic). Most of the strain is
accommodated by GBs and elastic deformation of grains during
initial loading, corresponding to the initial linear elastic regime in
the stress-strain curves. Importantly, it will be shown in the next
section, where the elastic and plastic components of strain are
delineated, that most of the strain accommodated by GBs during
this early stage of loading is also elastic in nature. The ratio of
strain accommodation between grains to GBs during the initial
linear elastic regime is higher in the 16 nm grain size than the
6 nm gain size structure.
The percentages of total strain accommodated by dislocations

and twinning mechanisms start to rise around 3–4% strain in both
grain size structures (Fig. 2e, f) representative of yielding and
aligning with the end of the initial elastic regime. While the
relative contributions of various mechanisms change rapidly

during the initial elastic regime and yielding, they eventually
plateau during the flow regime as also reflected in flattening out
of the stress response beyond 5% strain. In this flow regime, the
total contribution of intragranular plastic deformation mechan-
isms (dislocation slip+ twinning) towards strain accommodation
is greater than the contribution of elastic deformation of grains,
with dislocation slip accommodating more strain than twinning.
The percentage of total strain accommodated by the GBs also
increases during the flow regime where the majority of the strain
accommodation is also plastic in nature. It is seen for the 6 nm
case, most of the strain (around 70%) is accommodated by the
GBs during flow, indicating that GBs can be quantitatively
identified as the governing deformation mechanism for this
grain-size in the softening regime. Although the contribution of
dislocation mechanisms to strain accommodation during flow is
higher in the 16 nm case (Fig. 2e), the actual percentage is only
around 25%. Since most of the strain during flow is not
accommodated by dislocation slip, dislocation plasticity cannot
be suggested as the governing deformation mechanisms for the
16 nm grain-size structure in the hardening regime. This is found
to be true for higher grain sizes (i.e., up to 20 nm) as well.
To more clearly show the effect of NC grain size on the

governing deformation mechanism, averages of the percentages
of total strain accommodation by individual mechanisms during
the flow regime (5–12% strain) of mechanical loading were
calculated for every grain size structure and plotted in Fig. 3a. For
a single grain size, the plotted value is the mean of the five
different simulations, and the error bar represents the standard
deviation. Since most of the strain (>50%) during flow is
accommodated by the GBs for grain sizes lying in the softening
regime (6–12 nm), GB mediated deformation processes (e.g.,
sliding, migration, atomic shuffling, etc.) can be established as
the governing deformation mechanism in this regime. However,

Fig. 3 Competition of deformation mechanisms. Variation of percentages of total strain accommodation by (a) individual mechanisms and
(b) intragranular (IG) versus intergranular (GB) mechanisms during flow; and variation of (c) percentages of total atoms and (d) strain-per atom
associated with individual mechanisms during flow, as a function of average grain size of NC Ni structures.
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even for the largest grain size structure (i.e., 20 nm) simulated in
the hardening regime, the percentage of total strain accommo-
dated by dislocation slip during flow is just 30% (Fig. 3a). Based
upon the fraction of strain accommodation, dislocation plasticity
by itself cannot be identified as the governing deformation
mechanism in the hardening regime for structures with grain size
up to 20 nm. While dislocation slip will eventually govern the
deformation at larger grain sizes (>20 nm), it is not found to be
necessarily true of all grain sizes in the hardening regime.
Moreover, it is generally suggested in the literature that NC
metals should exhibit maximum strength at a grain size where the
governing deformation mechanism transitions from dislocation
slip to GB-mediated processes17,18. Our results do not support this
conjecture, as the strongest grain size calculated in this study is
12 nm, but according to Fig. 3a, the transition between disloca-
tions and GB mechanisms will occur at a grain size greater than
20 nm. Instead of comparing the contribution of GB mechanisms
with only dislocation mechanism, it is likely more logical to
compare with the contribution of all intragranular mechanisms
because GB mechanisms also encompass the contributions of a
variety of deformation processes including elastic contributions.
The contributions or the percentages of total strain accom-

modation during flow within twinning, dislocation, and grain-
elastic mechanisms were summed up to represent the total
contribution of intragranular (IG) deformation. The intragranular
contributions are compared with the contributions of GB
mechanisms for different grain sizes in Fig. 3b. Clearly, GB-
mediated mechanisms accommodate more strain during flow
than intragranular mechanisms in the softening regime (6–12 nm
grain size). Whereas in the hardening regime (14–20 nm grain
size), the percentage of total strain accommodation during flow
within intragranular mechanisms is higher. These data and trends
suggest that all intragranular mechanisms acting together, not just
dislocation slip or twinning by itself, govern the mechanical
response of NC metals in the hardening regime. Figure 3b further
demonstrates that the cross-over between the contributions of
GB-based (i.e., intergranular) and intragranular mechanisms occurs
in the 12–14 nm grain size regime, around which the flow stress
reaches a maximum. It indicates that the strongest grain size
regime does correspond to a transition in the governing
deformation mechanism but from intergranular (i.e., GB-based)
to intragranular. The latter includes the contribution of deforma-
tion twinning and elastic lattice deformation, not just dislocation
slip as previously suggested in the literature. At grain sizes where
this transition occurs (12–14 nm), the total strain is equally
accommodated between intergranular and intragranular mechan-
isms during flow (Fig. 3b). Therefore, these results indicate that
maximum strength in NC metals is observed at a grain-size regime
where intragranular and GB-based deformation mechanisms are
equally competing to accommodate strain during the flow regime.
As discussed before, some previous studies have also quantified

the mechanistic crossover in terms of percentage/fraction of
atoms participating in different mechanisms. In order to present
such analysis, the percentages of total atoms participating in
individual mechanisms are calculated from the metric code. The
values are averaged over the flow regime and plotted as function
of grain size in Fig. 3c. It can be observed from the figure that
grain-elastic contributes the most, in terms of percentage of
atoms, across all grain-sizes. Hence, no cross-over is noticed
between the percentages of total atoms participating in
intragranular and GB mechanisms at any grain size. It should also
be noted that a cross-over is observed between the percentage of
atoms in dislocation and GB mechanisms at a grain size regime of
18–20 nm, however, it does not correspond to the strongest grain
size regime. The cross-over regime does not shift much even
when the percentages of twinned and dislocation atoms are
combined. Therefore, it can be said that the maximum strength in
NC metals is only observed at a grain size regime, where the total

strain accommodated in the intragranular and GB mechanisms
during flow, are equal. The strain-per-atom associated with each
mechanism, obtained simply up on dividing the total strain by
number of atoms in a given mechanism, is averaged over the flow
regime and plotted in Fig. 3d, as function of grain size. As
expected, intragranular plastic deformation mechanisms (i.e,
dislocations and twinning) accommodate more strain-per-atom
as compared to the elastic deformation of grain, across all grain
sizes. The strain-per-atom associated with GB mechanisms is also
higher and comparable to that of intragranular plastic mechan-
isms, however, the former also has some elastic contribution. It
might then be informative to delineate the elastic and plastic
components of strain accommodated in intragranular and GB
mechanisms and check if the notion relating the maximum
strength to an equal competition of nanoscale mechanisms, holds
independently for each component.

Elastic and plastic components of strain
Plastic strain was computed from the atomic strain tensors after
dynamically relaxing the deformed NC structures at several strain
increments to a zero-stress configuration (see “Methods” section).
Elastic strain was obtained by subtracting the plastic strain from
the total applied strain, calculated from the atomic strain tensors
in the deformed NC structures before relaxation. Elastic strain can
also be calculated from the stress-strain response of the sample
during uniaxial loading, simply as σ divided by E33. Here, σ is the
stress value at the corresponding strain level and E is the initial
elastic stiffness of the sample. Figure 4a plots the elastic
component of strain (as percent total strain), obtained from the
atomic strain tensors, as a function of applied strain for the 6 nm,
12 nm, and 16 nm grain size NC Ni structures. The elastic
component of strain, calculated from the sample’s stress strain
response, is also shown for the 6 nm grain size structure. The
elastic strain calculated from the kinematic metrics at the atomic
scale matches well with the values obtained from the macroscopic
stress-strain response of the simulation cell. It demonstrates the
high accuracy of the kinematic metrics, especially the method
used to approximate the continuum strain field around each atom.
In addition, the plots (Fig. 4a) show that the elastic strain

decreases below 50% in all grain size structures around 5%
applied strain— signifying the beginning of flow when most of
the strain accommodation becomes plastic in nature. Figure 4b, c
show percentages of total strain accommodation in intragranular
(IG) and intergranular (GB) mechanisms, delineated into plastic
and elastic components, as a function of applied strain for the
16 nm and 6 nm grain size structures, respectively. Clearly, most of
the strain accommodation in both grains and GBs is initially elastic
in nature while the plastic strain dominates during the flow
regime for the two grain size structures, hence, confirming our
previous assertions. However, the elastic component of strain does
not completely vanish in the flow regime. It can be observed from
these plots that the contribution of elastic strain in the flow
regime is higher compared to what is typically observed in coarse-
grained metals. The source of relatively large elastic strain during
the flow regime is generally the high overall stress required to
carry plastic deformation in NC metals. As discussed earlier, the
elastic component of strain at any point during the loading is
equal to the applied stress σ divided by the initial elastic stiffness
E33. While the variation in elastic modulus can be small, the yield
and flow stresses increase significantly as grain size approaches
the NC regime38, which also results in large amount of elastic
strain prior to yielding or flow. Since, after yielding, only small
stress relaxations are noticed in the stress-strain curves of NC
metals (Fig. 1), they retain majority of the large elastic strain
acquired before yielding, during the flow regime as well.
Furthermore, the competition between intragranular and
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GB-mediated deformation mechanisms in accommodating elastic
and plastic deformation can be studied from these plots.
The average contributions of intragranular and GB mechanisms

towards total strain accommodation during the flow regime are
plotted as a function of grain size in Fig. 4d. The percentage of
total strain accommodation are further broken down into its
elastic and plastic components for the 6 nm, 12 nm, and 16 nm
grain size structures in order to investigate the competition of
deformation mechanisms in the two components individually. As
compared to the grain size where the contributions of inter-
granular and intragranular mechanisms towards total strain
accommodation become equal (i.e., 12–14 nm), the cross-over
between the two mechanisms occurs at a smaller grain size for the
elastic component and at a larger grain size for the plastic
component. Therefore, we can comment on the notion relating
the maximum strength of NC metals to the grain size where
intragranular and GB mechanisms contribute equally to strain
accommodation during flow; this notion holds for total strain, but
not necessarily for its elastic and plastic components individually.
It should be noted here that the relative contribution of elastic and
plastic components of strain also depends upon the loading strain
rate, which is extremely large in MD simulations. Thereafter, it
might be interesting to discuss these findings within the scope of
artifacts of MD simulations such as high strain rate.

Effect of strain rate
One of the biggest limitations of MD loading simulations is often
the inherent high strain rates encountered during deformation42.
The simulations described to this point were conducted at a strain
rate of 108 s−1. To explore the effect of strain rate on the validity of
the mechanistic competition notion discussed above, we also

performed uniaxial tensile loading simulations of the NC Ni
structures of different grain sizes at the strain rate of 1010 s−1.
Consideration of lower strain rate MD simulations, while desirable,
was not feasible with the current computational resources. Figure
5a shows the stress-strain response during tensile loading of the
16 nm grain size NC structure at two different strain rates (e.g., 108

s−1, 1010 s−1). While the initial slope of the curves in the linear
elastic regime is independent of the strain rate, the response
diverges significantly as strain increases further. The linear elastic
regime extends to larger applied strains at 1010 s−1, indicating
delayed onset of plasticity at higher strain rate. As a result, the
peak in the stress-strain curve appears near 7% strain at 1010 s−1,
shifting from 3% strain at 108 s−1. The peak stress also increases in
magnitude at higher strain rate. The stress response eventually
flattens out to a steady state flow in the two cases. However,
values of both the flow stress and the applied strain where the
flow regime begins, are higher at 1010 s−1. Similar stress-strain
behaviors of NC structures at different MD strain rates were also
reported in previous modeling studies33,42,43.
The delayed onset of plasticity at higher strain rate is also

reflected in Fig. 5b. It plots the percentages of total strain
accommodation by individual mechanisms in the 16 nm grain size
structure, as a function of applied strain, at two different rates of
108 s−1 and 1010 s−1. Similar plots for rest of the grain sizes are
shown in supplementary Fig. S2. The plot shows that most of
strain is accommodated in the elastic deformation of grains up to
7% applied strain during loading at 1010 s−1. The contributions of
intragranular plastic deformation mechanisms such as dislocation
slip and twinning only start to increase after 6–7% strain at higher
strain rate. The delayed yielding further causes the flow regime to
shift to higher strain values in the corresponding stress-strain plot

Fig. 4 Elastic versus plastic deformation. (a) Variation of elastic component of strain calculated as percent total strain and obtained from the
atomic strain tensors, as a function of applied strain during uniaxial tensile loading of 6 nm, 12 nm and 16 nm grain size NC Ni structures
(elastic strain calculated from the sample’s stress strain response is also plotted for the 6 nm case). Percentages of total strain accommodation
by intragranular (IG) and intergranular (GB) mechanisms, delineated into plastic and elastic components, as a function of applied strain for the
(b) 16 nm and (c) 6 nm grain size structures. (d) Percentages of total strain accommodation by IG and GB mechanisms during flow, delineated
into plastic and elastic components, as a function of average grain size of NC Ni structures.
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(Fig. 5a). As seen in Fig. 5b, the contributions of individual
mechanisms at 9% applied strain at 1010 s−1 and at 5% strain at
108 s−1 are similar for the 16 nm grain size structure. Therefore, the
exact strain value, marking the beginning of the flow regime at
1010 s−1 strain rate, is taken to be 9%, so that the contributions of
deformation mechanisms at the beginning of the flow regime for
the two strain rates are comparable. It should also be noted that
the NC Ni structures were loaded up to a total tensile strain of 16%
at 1010 s−1 strain rate to ensure the same length of the flow
regime as the lower strain rate. Figure 5b also demonstrates that
in the 16 nm grain structure, the overall contribution of
intragranular plastic deformation mechanisms, such as dislocation
slip, during flow is smaller at 1010 s−1; instead, the percentage of
strain accommodated within GB mechanisms increases as
compared to their relative contributions at 108 s−1. The reduced
contribution and the delayed activation of intragranular plastic
deformation mechanisms, particularly dislocation plasticity as
observed in this study, can be attributed to the enhanced
difficulty of dislocation nucleation and propagation at higher
strain rates, as reported in the literature44–46.
Similar trends in the variation of the contributions of

intergranular (GB) and intragranular (IG) deformation mechanisms
during the flow regime, as a function of strain rate, can be
observed across all grain sizes of the NC Ni structure in Fig. 5c. The
percentages of total strain accommodation at 1010 s−1 strain rate,
averaged over the flow regime, decrease in general for
intragranular mechanisms and increase for intergranular mechan-
isms across all grain sizes. However, the relative changes in the
magnitude are higher for larger grain size structures. As a

consequence, the cross-over between the two mechanisms occurs
within a grain size regime of 16–18 nm at 1010 s−1. Importantly,
the maximum flow stress (plotted in Fig. 5d as a function of grain
size) also shifts to a larger grain size (18 nm), corresponding to the
grain size regime where the governing deformation mechanism
once again transitions. Therefore, it can be concluded that the
notion relating the maximum strength to an equal competition of
nanoscale mechanisms to accommodate strain during flow, holds
true even at the strain rate of 1010 s−1.
The validity of this notion for the two high strain rates

employed in MD simulations suggests generality for NC materials,
but detailed studies at much lower strain rates are needed for
evaluation of this assertion. At strain rates more commonly
observed in experiments, the strongest grain size regime might
shift to a smaller value, due to increased contribution of
intragranular plastic deformation mechanisms. However, the exact
shift can only be determined from the amount of increase in
dislocation/twinning activity at these small strain rates, something
which is not quantified and out of scope of a MD study. It should
also be noted here that any extrapolation in the value of strongest
grain size from simulation to experimental strain rates must be
done with extreme care because the contributions of individual
deformation mechanisms might vary differently in disparate strain
rate regimes. The strain rate sensitivity of the mechanical behavior
of NC metals, studied at different strain rates in several
experimental and modeling studies33,43,44,47, suggest that the
changes in contribution of individual mechanisms might be less
pronounced when strain rate decreases from 108 s−1 to experi-
mental strain rates in comparison to the changes observed in this

Fig. 5 Effect of strain rate. (a) Stress-strain response of 16 nm grain size NC Ni structure obtained from the uniaxial tension MD simulations
performed at strain rates of 108s−1 and 1010s−1. (b) Percentages of total strain accommodation by deformation mechanisms, as a function of
applied strain, during uniaxial loading of 16 nm structure at strain rates of 108s−1 and 1010s−1. Variation of (c) percentages of total strain
accommodation by intragranular (IG) and intergranular (GB) mechanisms during flow and (d) flow stress, as a function of average grain size of
NC Ni structures, obtained from the loading at strain rates of 108s−1 and 1010s−1.
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study, when the strain rate was varied from 108 to 1010 s−1.
Therefore, the actual shift in the strongest grain size at
experimental strain rates might be smaller than one would expect
from the extrapolation of simulation results. Moreover, at very
small strain rates (<1 s−1), typically used in experiments, the
contribution of GB mechanisms may rise again, due to activation
of diffusion assisted sliding/creep processes44,48. The strongest
grain size can, thus, be expected to again shift to higher values at
smallest of strain rates, where diffusion assisted GB mechanisms
are active48. Thus, it might even be possible that the strongest
grain size value at two drastically different strain rates are equal, as
also proposed by Li et al. 44.
With the caveats discussed above, we regard the present MD

simulations as offering utility in uncovering fundamental trends
regarding the complex deformation behavior of NC materials, as
also noted in previous studies42. These trends in NC behavior
obtained from atomistic simulations can provide valuable decision
support for rationalizing the strongest grain size regime in NC
materials. To present such an example and to further assess the
broader validity of these findings regarding mechanistic competi-
tion and maximum strength, we next consider alloyed NC
structures. The addition of alloying elements can fundamentally
alter the role of individual mechanisms during deformation by
changing their propensity to plastically deform. It has recently
been demonstrated experimentally in NC alloys that segregation
of solute atoms to NC GBs shifted the strongest grain size to
smaller values20. It was attributed to improved GB stability arising
from solute segregation. Here, we show quantitatively that
interfacial solute segregation fundamentally alters the landscape
of competing nanoscale deformation mechanisms during flow,
thereby, shifting the strongest grain size regime in accordance
with the mechanistic competition conjecture discussed above.

Mechanical behavior of NC Ni–P
The Ni-P alloy system is selected for this study, since it has been
shown experimentally to have improved strength and stability
than NC Ni due to segregation of P atoms to Ni GBs49,50. Alloyed
NC structures were generated from the NC Ni structures using
Monte Carlo (MC)/ MD simulations (see “Methods” section). In the
alloyed configuration, P atoms were found to strongly segregate
to NC Ni GBs as seen experimentally51. Alloyed structures were
then subjected to uniaxial tension MD simulations at a strain rate
of 108 s−1. Figure 6a shows the variation of flow stress of alloyed
NC Ni–P as a function of average grain size—NC Ni behavior at
108 s−1 strain rate is also shown for comparison. The data shows
that Ni–P flow stress magnitudes are greater than those of pure Ni
across all grain sizes, exhibiting the expected strengthening
arising from P segregation to Ni GBs. The amount of grain growth

was also found to be smaller in Ni–P, in which case, the average
grain size increased by 0.32 nm and 0.12 nm for NC Ni structures
with initial grain sizes of 6 nm and 20 nm, respectively. These
results indicate that P segregation strengthens the NC Ni GBs
against grain growth, that is perpendicular to the boundaries, and
also against shear in parallel, as reflected by increase in the values
of flow stress. Furthermore, the strongest grain size shifts from
12 nm in pure Ni to 10 nm in Ni–P.
Hardness values taken from experimental studies of NC Ni52–55

and Ni–P50,56–58 samples, are plotted as a function of grain size in
Fig. 6b. If the hardness values are scaled down by a factor of three
to facilitate a rough comparison with the flow stress values59, we
find that the simulation results are higher in magnitude than
experiments for both Ni and Ni–P structures, typical of high strain
rate employed in MD simulations42. The experimental and the
modeling data can further differ in magnitude because of other
artifacts of MD simulations; and specific aspects of experimental
samples, such as grain size and orientation distributions, synthesis
routes, pre-existing impurity and defect content, intrinsic residual
stress, overall solute concentration, and inherent errors in
experimental measurements60. However, since atomistic simula-
tions are capable of revealing proper trends regarding NC
mechanical behavior, we can still compare trends in the variation
of flow stress and hardness data as a function of grain size and
solute content, as obtained from the simulations and experiments,
respectively.
The simulation and the experimental data reveal some identical

trends: (1) flow stress and hardness values are higher in Ni–P than
Ni across all grain sizes, and (2) maxima in flow stress and
hardness values occur at smaller grain sizes in Ni–P as compared
to Ni. The similar trends noticed in the simulation and the
experimental data lends further credence to the simulation results
presented in this study. The shifting of strongest grain size regime
to smaller values in Ni–P is also predicted by the notion relating
maximum strength to an equal competition of governing
deformation mechanisms during flow. Since, alloying strengthens
the GBs in NC Ni–P, the contribution of GB-based deformation
mechanisms in accommodating strain during flow should
decrease across all grain sizes and the transition between the
contributions of intragranular and GB mechanisms should, there-
fore, occur at a lower grain size. In order to test the validity of this
notion in the alloyed case, the relative strain contributions of
underlying mechanisms in NC Ni–P are quantified.
The change in the competition/cooperation of deformation

mechanisms in NC structures as a function of alloying and grain
size is illustrated in Fig. 7. Specifically, Fig. 7a shows slices through
deformed NC structures where individual grains are colored
according to the ratio of strain accommodation in GBs to grain
interior, computed from the kinematic metrics at 5% applied

Fig. 6 Mechanical behavior of NC Ni–P. Variation of (a) flow stress and (b) hardness of NC Ni and Ni–P structures, as a function of average
grain size, obtained from the uniaxial tension MD simulation and several past experimental studies, respectively.
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strain. Strain within the majority of grains in NC Ni of 6 nm and
16 nm grain size is accommodated by intergranular (i.e., GB) and
intragranular mechanisms, respectively. In Ni–P structures, the
contribution of GB mechanisms decreases for both grain sizes,
demonstrating the expected GB strengthening arising from the
presence of solute P atoms at NC Ni GBs. The influence of alloying
and grain size on the overall competition of underlying nanoscale
mechanisms is presented in Fig. 7b. The percentages of total strain
accommodated within intragranular (IG) and GB mechanisms,
averaged over the flow regime, are shown as a function of average
grain size. Plots for individual grain sizes are shown in
supplementary Fig. S3. The contribution of GB-based deformation
mechanisms decreases while that of intragranular mechanisms
increases in the alloyed case across all grain sizes. The results
match well with the changes in the relative contributions of
nanoscale mechanisms expected upon alloying, thereby, provid-
ing additional validation to both the MD simulations in capturing
proper behavioral trends, and the kinematic metrics in accurately
quantifying the simulated mechanical behavior. Furthermore, the
transition between the two mechanisms happens at 10 nm grain
size corresponding to the maximum flow stress in NC Ni–P,
attesting that the strongest grain size still corresponds to an equal
competition between grain-based and GB-based deformation
mechanisms towards strain accommodation. Therefore, it can be
established that the notion relating the maximum strength to an
equal competition of nanoscale mechanisms holds true in the
alloyed case as well.
In summary, we explicitly studied the notion relating the

maximum strength to a transition in the governing deformation
mechanisms from atomistic modeling by resolving the fraction of
total strain accommodated by individual mechanisms using post-
processing kinematic metrics. It was found that in NC Ni, the
maximum strength corresponds to the grain size regime where
the governing mechanisms transition or equally compete to
accommodate strain during flow, thus, verifying the notion.
However, dislocation plasticity was not found to be the sole
governing deformation mechanism at all grain sizes in the
hardening regime contrary to the current understanding. Instead,
it was shown that the combined contributions of all intragranular
mechanisms govern the response of NC materials in the

hardening regime. Furthermore, the results show that the notion
holds only for total strain accommodation and not necessarily for
its elastic and plastic components. The notion held at two MD
strain rates tested in this study, further highlighting the effects of
higher strain rate on the overall mechanical response of NC
materials and the contributions of underlying mechanisms. The
behavioral trends revealed by the simulation data were found to
be in good agreement with the trends observed in experimental
data or reported in previous experimental and modeling studies.
Such agreements add confidence in generalizing the findings of
this simulation study.
Finally, the notion was verified in alloyed NC Ni–P, where, the

strongest grain size was shown to shift to smaller values due to
decreased contributions of GB mechanisms, as suggested in past
studies. The observed transition in the strongest grain size in NC
Ni–P, based on the insight gained through pure Ni, suggests that
the strongest grain size regime in NC materials may possibly be
tuned in other NC alloys by controlling the underlying operative
deformation mechanisms at the nanoscale. Alloying is just one of
several methods that are traditionally utilized to alter the structure
and properties of NC materials. With the knowledge provided in
this study of how these structural changes might fundamentally
affect mechanistic competition, processing and chemistry routes
may be rationally selected to shift the strongest grain size in NC
materials to values which can be manufactured and tailored to
each application. It will although require significant research and
testing in different alloys and loading conditions such as creep
where different operative mechanisms are competing or
governing.

METHODS
Generation of NC Ni structures
In this study, atomistic NC Ni structures of average grain size ranging from
6 nm to 24 nm were created from phase field generated voxelated
microstructure using the method outlined by Gruber et al.61. NC structures
obtained from the phase field simulations tend to be more physically
representative of topologies of grains, GBs and triple junctions and
produce grain size distributions driven by thermodynamics of grain
growth61. In order to compute statistically averaged mechanical behavior,
five different instances of NC structures were created for every grain size. In

Fig. 7 Influence of alloying and grain size. (a) Slices through 6 nm and 16 nm grain size NC structures of Ni and Ni–P showing computed GB
to grain interior strain accommodation ratio for individual grains at 5% applied strain. (b) Percentages of total strain accommodation by
intragranular (IG) and intergranular (GB) mechanisms during flow in NC Ni and Ni–P structures, as a function of their average grain size.
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each microstructural instance, the orientations of grains were chosen from
different random distributions while employing identical microstructural
topologies. Interatomic interactions in NC Ni structures are modeled using
an embedded-atom-method (EAM) style potential62. This potential is
parameterized to yield stacking fault energies similar to experimental
values. Other key material properties such as lattice constant, phonon
frequencies, vacancy formation energy were also fitted using ab initio
calculations. All atomistic simulations in this study were performed using
the LAMMPS software package63.
GBs in NC Ni structures were thermally equilibrated at high temperature

(0.5 Tm) for 1 ns to reach local minima in energy rapidly64. Grain interior
atoms were fixed during the high temperature equilibration to avoid grain
growth; and the high temperature equilibration was followed by thermal
equilibration of the whole system at 300 K with no constraint on any
atoms. The equilibration was performed for an additional nanosecond,
after which systems’ potential energies became constant over time. The
resulting structures had around 40 grains, and 3D periodic boundary
conditions. The size of the simulation cells varied from 18 nm3 and 500,000
atoms at 6 nm grain size to around 72 nm3 and 35 million atoms at 24 nm
grain size. Figure 8a shows a NC Ni structure of 6 nm average grain size
along with the GB misorientation distribution. The GB misorientation angle
distribution matches well with the Mackenzie distribution of a cubic
sample65, indicating a random texture. All visualizations in this work were
performed using OVITO66.

Generation of NC Ni–P structures
Alloyed Ni-P structures were generated from NC Ni structures using hybrid
MC–MD simulations. A certain number of P atoms (depending upon the
desired solute content) were first placed at random inside NC bulk/ grains
in-lieu of Ni atoms. Another EAM force field was used to model interatomic
interactions in alloyed Ni–P67. The potential was fitted to yield
experimental lattice parameters and cohesive energies of Ni and P. In

addition, the potential was parametrized against a large ab initio database
of energetics, lattice parameters and stress tensors of several configura-
tions of Ni–P, including all intermetallic phases. Resulting NC structures
were then subjected to hybrid MC–MD simulations. In the MC step, a pair
of P and Ni atoms were selected at random and swapped by probabilities
dictated by Metropolis criteria68 at 300 K. Every 1000 MC steps were
followed by thermal relaxation of the entire system for 1000 MD steps.
Thermal equilibration was performed at 300 K using an isothermal-isobaric
ensemble while maintaining zero normal pressure at periodic boundaries
in all dimensions. The hybrid MC–MD simulation continued until the
system’s total potential energy reached a local minimum. In the final
configuration, P atoms segregated to NC Ni GBs across all grain sizes in
agreement with experiments49. An in-depth analysis of the interfacial
solute segregation behavior in NC Ni–P as a function of GB character is
provided in our recent investigation51. The bulk solute contents were
chosen such that the total extent of solute segregation at GBs, or the GB
solute content, was 12 atomic % across all grain sizes. It should be noted
that because of the large computational cost of hybrid MC–MD
simulations, only one instance of the microstructure for each grain size
is alloyed and mechanically tested. An alloyed configuration of NC Ni–P
structure of 6 nm grain size is shown in Fig. 8b, where, segregation of P
atoms at NC GBs is clearly visible.

Mechanical testing
Following the generation of NC structures, uniaxial tension MD simulations
were performed under isothermal-isobaric conditions (NPT ensemble),
with a constant imposed strain rate at 300 K temperature and zero normal
pressure along boundaries in transverse directions. NC Ni structures were
loaded at strain rates of 108 s−1 and 1010 s−1, Ni–P at 108 s−1. Global
pressure tensor of the system is used to calculate stress during uniaxial
loading. In order to delineate elastic and plastic components of strain
during loading, deformed NC structures were relaxed to drive system’s

Fig. 8 Simulation Methodology. Atomistic NC structures of (a) Ni and (b) Ni–P of 6 nm grain average grain size (red: GB atoms, blue: FCC
atoms, cyan: HCP atoms, white: P solute atoms; inset shows GB misorientation angle and axis distributions of NC Ni). (c) Schematic
representation of the calculation of atomic deformation gradient tensor by approximating continuum material field around each atom using
the nearest neighbor list.
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elastic strain to zero. To enable a simulation restart from any point during
the loading, NC structural configurations (position and velocities of atoms)
at increments of 1% strain were stored in restart files. These configurations
were then dynamically relaxed to a state of zero normal stress by applying
a constant strain in the direction opposite to initial loading. The plastic
strain was calculated from the atomic strain tensors in these relaxed
structures. Only one instance of NC structure at a given grain size was
subjected to these relaxation simulations due to large computational cost
associated.

Quantification of deformation mechanisms
Strain tensors for every atom in the NC structure were calculated using
the method described by Tucker et al.26,28,40,41. The deformation
gradient tensor F was obtained by mapping the undeformed or
reference configuration to a current or deformed configuration of NC
structure as shown in Fig. 8c. Here, x and X are the vectors between two
material points in the deformed and reference configurations, respec-
tively. However, atomic positions instead of material points were used
for this mapping in the atomistic structure, as detailed by Zimmerman
et al.69. The deformation gradient tensor was estimated for each atom by
mapping the nearest neighbor vectors of that atom in the reference and
deformed configurations, as illustrated Fig. 8c. The strain tensor E was
calculated from the deformation gradient tensor as, E= 0.5 (FTF–I). Here,
I is the identity tensor. Nanoscale deformation mechanisms were
identified from the kinematic signatures of deformation around each
atom, their structural environments (FCC/BCC/HCP/Other) and slip
vectors26,39,70. Particular identification of mechanisms (e.g., dislocation
slip, twinning, GB deformation and elastic lattice strain) from computed
atomic tensors was crucial. Based up on which, the percentage of total
loading strain pk, accommodated within a deformation mechanism
k, at any point during the uniaxial loading was calculated according to
Eq. 1.

pk ¼
Pnk

i¼1 E
i
33PN

i¼1 E
i
33

(1)

Here, Ei33 is the normal component along the loading direction (z in this
case) of the strain tensor of an atom i computed at that point during the
uniaxial loading. Summations in the numerator and the denominator span
over all atoms nk, participating in the mechanism k, and the total number
of atoms in the NC structure N, respectively. It should be noted that this
method includes contribution from all atoms that were deformed by either
dislocations, twins or GBs in previous configurations as well, not just those
that are part of these defect structures in current configuration, and thus
more accurately capturing the complex deformation that occurs within
microstructures by competing mechanisms.
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