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The kinetic evolution of a multiplicity of metastable grain boundaries (GBs) under fast driving conditions
are studied by atomistic modeling. Assisted with an enhanced statistical analysis, the energetic evolution
of GBs over a broad metastability-temperature space is mapped out, wherein two distinct regimes—an
ageing regime and a rejuvenating regime—are retrieved with high fidelity. By comparing the results un-
der various conditions (e.g. random perturbations, isothermal annealing, and fast heating/cooling), it is
shown that such ageing/rejuvenating mechanism map is universal, irrespective of the actual stimuli used
to elicit the metastable GBs. The ageing/rejuvenating phenomena are demonstrated to stem from the en-
ergy imbalance of uphill climbing and downhill dropping during sequential transitions in the system'’s
potential energy landscape. Without the necessity of introducing free parameters, such model can rec-
oncile experimentally measured hardness variation of nanocrystalline metals subjected to femto-second
laser irradiation, and it therefore provides a novel perspective on achieving a plurality of interfacial states
and facilitating previously inaccessible property regimes.
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1. Introduction

Polycrystalline solids are among the most pervasive engineering
materials, and the interfaces between the grains, known as grain
boundaries (GBs), play a decisive role in determining the system'’s
physical properties [1,2]. In recent years, nanocrystalline (NC) al-
loys have received considerable attention, because the high con-
centration of GBs endows the systems with high strength [3-6],
improved resistance to wear [7] and fatigue [8], and in some in-
stances high ductility [9].

Traditionally, the structure and properties of a given GB are
characterized by five angular degrees of freedom between the
neighboring crystals. While this macroscopic description of GBs is
powerful, it does not uniquely and completely describe the atom-
istic structure of the GB. To be more specific, GBs’ microscopic con-
figurations are typically isolated by identifying the structures with
minimum energy at 0 K. These structures are usually associated
with high coherency and distinguishing structural units, e.g. kites
[10-12] or misfit dislocation arrays [13,14]. However, such “ideal”
equilibrium GBs with “frozen” microstructures are too often over-
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simplified and do not capture the complex behavior of GBs under
realistic environments [1].

Recent computational studies by Han and Srolovitz [15] have
systematically demonstrated that GBs, even with a fixed misori-
entation, can exhibit an essentially infinite number of metastable
states with a broad and continuous spectrum of energies. It has
also been demonstrated that the NC alloys’ enhanced fatigue
toughness [8] and record-breaking combination of strength and
ductility [9] may in fact originate from intentionally introducing
disorder within the GB regions. Moreover, recent sub-ablation fem-
tosecond (fs) laser experiments [16] show that NC samples could
experience a significant hardness variation (up to 87%) following
laser pulses with negligible grain sizes changes. These studies col-
lectively underscore the pressing need for a fundamental knowl-
edge on the evolution of non-equilibrium metastable GBs’ under
external stimuli.

In the present study, we introduce random perturbations to a
group of (100) symmetric tilt grain boundaries (STGBs) in Cu to
create a multiplicity of metastable states with broad energy dis-
tributions, mimicking the consequences of ultrafast external stim-
uli (e.g. fs-laser pulses). We then investigate those metastable GBs’
energetic temporal evolution under the condition of isothermal an-
nealing over a broad temperature range from 0 to 0.95 Ty;. In con-
junction with effective data mining a high-fidelity mechanism map
is constructed, showing that the evolution of metastable GBs over
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a broad energy-temperature space can be distinctly divided into
an ageing regime, and a rejuvenating regime, respectively. It is fur-
ther demonstrated that such ageing/rejuvenating stems from the
energy imbalance during the elementary transitions between lo-
cal minima in the system’s underlying potential energy landscape
(PEL), similar to that in metallic glasses. Such a physical picture
enables an effective description of the energetic and mechanical
responses of metastable GBs to external stimuli without the neces-
sity of invoking free fitting parameters, and it successfully captures
both the non-linear hardness variation of NC alloys under fs-laser
pulses and its dependence on the samples’ processing history [16].

2. Materials and methods

A realistic embedded atom method (EAM) inter-atomic poten-
tial [17] for Cu is employed in atomistic simulation for the con-
struction and investigation of GBs in the present study. At first,
the “ground-state” configurations for a group of (100) STGBs are
created through a conventional bicrystal set-up: the symmetrically
tilted upper and lower grains are joined together, followed by in-
plane rigid body translations, atom deletions, and finally a conju-
gate gradient minimization [18]. The sizes of simulation boxes vary
from 23,840 to 135,200, depending on the specific misorientation
angles (more details in Appendix, Table B1).

Random perturbations are then introduced to the hereby con-
structed ideal GBs to mimic the consequences of fast external stim-
uli. Specifically, a thin plate section near the GBs (between —7 A
and 7 A along the normal direction) is selected, and atoms therein
are randomly chosen and displaced to a random position. By min-
imizing the system after each random perturbation, a multiplicity
of metastable structures and their corresponding energies can thus
be obtained. Note that the atom numbers are kept constant dur-
ing the metastable GBs creation process, because in the scope of
present study the system is driven out of equilibrium under ultra-
fast stimuli (e.g. sub-ablation fs-laser pulses) and thus should no
longer be characterized by a grand canonical ensemble.

The energetic and structural evolutions of metastable GBs un-
der both isothermal annealing and fast thermal-cycling conditions
are investigated by molecular dynamics (MD) simulations using the

Energy Space 4
(Eis)

Perfect > 5 (310)

1065 (mJ/m?)

random
perturbation 1035 (mJ/m?)
1000 (mJ/m?)
« 950 (mJ/m?)

329

LAMMPS software. For isothermal annealing studies, the system is
annealed at a constant temperature with the NPT (P = 0) con-
trol for 500 ps. The time step is set to be 2 fs. The energy and
structure of the system are calculated every 1 ps. For fast thermal-
cycling studies, the metastable GBs’ energy and configurations are
tracked every 5 K. The energy of a metastable GB is calculated as
the excess energy of the present configuration divided by the area
of grain boundary plane, where the excess energy is defined as the
energy difference between the GB system’s potential energy and
the potential energy of a single crystal system with the same num-
ber of atoms.

The activation relaxation technique (ART) [19] is also employed
in sampling the PEL of metastable GBs and obtaining their activa-
tion energy spectra. Specifically, the ART simulation is initiated by
choosing a random atom inside the GBs, which has been charac-
terized as the particles with a centro-symmetry parameter (imple-
mented in LAMMPS) larger than 2.0. Then small perturbations, i.e.
random displacements, were applied to the central atom and its
nearest neighbors with a total displacement of 0.5 A. When the
lowest eigenvalue (i.e. curvature) of the PEL calculated by Lanc-
zos algorithm is found to be smaller than —0.01 eV A~2, the sys-
tem is then relaxed toward the saddle point with a force toler-
ance of 0.005 eV A-!. For each central atom, 10 ART searches
with different perturbation directions are applied. Finally, statisti-
cal histograms are obtained by removing the repeated and failed
searches.

3. Results and discussion
3.1. GBs’ metastability evolution in energy-temperature space

Infinite number of metastable GBs with various energy states
can be created through the random perturbations described above
in Section 2, and the left panel in Fig. 1 shows 4 representative
structures after perturbing the ideal X5 (310) STGB. The hereby
obtained metastable structures are then subjected to isothermal
annealing at various temperatures below the system’s melting
point (T,;,~1350 K), and the corresponding energetic temporal evo-
lution curves are tracked, as seen in the right panel of Fig. 1. To
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Fig. 1. (Left) A multiplicity of metastable X5 (310) GBs across a broad energy range are created by introducing random perturbations to the ideal ground-state GB. (Right)
The produced metastable structures are then subjected to isothermal annealing at various temperatures from 0 K to 1300 K (below the system’s melting point, T;;~1350 K),

and the corresponding energetic temporal evolution curves are tracked.



330 Z. Bai, G.H. Balbus and D.S. Gianola et al./Acta Materialia 200 (2020) 328-337

dE;sldt -
(3) scaid Bor - (b) (@

(mJim?/s) 96x10%  24x100  47x102  95410° 43«00 110" —~ 1100 T ETIR 9 = )
1080 NE \ %‘ms: :Zlmg e 5 1075 Heating/Cooling Rates &
NE = ; £ e cooing 10000K ./. 0.1 Klps &R
= 1025 = |4 cooling: 940-0 K o8>
g g 1050[ = 3 g |o :::x;z 0-1300K | O/O 1 Kips '/;‘::.
=1040 > T s o - R
> ) g e P8 | q025| 0/® 10Kes
g 8 @25 Ageing
51000 '; 1000 e T ien e {egine
g ' o | -~ g; 975
= - s €t
S 960 | given initial o 9501 7"" 3
o state E;5(t=0) by |
0 . - P Rejuvenating| g0 ’

L] ) (
= intr c Regime ——rlt
920 a . . . O‘ 1 i i 1 1 1 1 _ A WlS L
200 400 600 800 1000 1200 100 300 500 700 900 1100 1300 100 500 900 1300

Temperature (K)

Temperature (K) Temperature (K)

Fig. 2. (a) Resolved pixel map of GB’s energetic variation rate in the broad energy-temperature space. In the red regime (9E;s/dt)|r > 0, and the system exhibits a rejuvenating
behavior; while in the blue regime (0E;s/dt)|r < 0, and the system exhibits an ageing behavior. The ageing/rejuvenating crossover boundary is marked by the dashed yellow
curve. The open yellow squares with error bars are the numerically calculated solutions to E4(T) — Eg = 0, provided with the E4 and Eg spectra at different energy levels
in the system’s underlying PEL. (b) MD validations on GB's metastability evolution under fast heating-cooling cycles at the rate of 10 K/ps. The anomalous peaks in the
truncated thermal cycles (i.e. heating/cooling switching at intermediate temperatures of 940 K, 1000 K, and 1050 K marked in the plot) overlap well with the dashed yellow
curve extracted from (a), suggesting the validity of the obtained ageing/rejuvenating mechanism map. Inset plot shows the energetic evolution of a few metastable states
with higher initial energy levels during heating at 10 K/ps. The system’s IS energy keeps decreasing in the early stage until it hits the dashed yellow curve, and then the
system’s IS energy starts to increase afterwards. (c) The heating/cooling cycles at different rates in MD simulations. The hysteretic behavior remains, while its magnitude
becomes smaller at lower rates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

better analyze the GBs’ evolution, we herein adopt the quenching
protocol used by Zhang and Srolovitz [20] and focus on the varia-
tion of the GBs’ inherent structures (ISs) energy. Note that the ISs
are obtained by minimizing the dumped configurations to 0 K with
a steepest descent algorithm, and the real dynamics at finite tem-
peratures are not interrupted.

It is evident in Fig. 1 that the evolution of a metastable GB is
sensitively dependent on both its IS energy (denoted as Ejs) and
surrounding temperature. In some parameter space (blue curves),
E;s decreases to a lower level during annealing, which essentially
represents an ageing phenomenon; while in some other parame-
ter space (red curves), E;s increases as a function of time, which
corresponds to a rejuvenating behavior. Under some specific cases
(grey curves), GBs reach a steady state condition with the E5 be-
ing invariant with annealing time. To avoid the plot being too
crowded in Fig. 1 we only display the evolution of 4 representative
metastable GBs at 4 different temperatures. Many more metastable
states have actually been considered in the present study over
many more assigned temperature conditions, and we note that
they all share the qualitatively similar complexity.

3.2. Mapping of ageing and rejuvenating

Fig. 1 suggests that metastable GBs’ energetic evolution is in-
trinsically non-linear and non-monotonic. To better understand
such behavior subjected to complex conditions, it is critical to
quantify their intrinsic ageing/rejuvenating rate. The energy vari-
ation rate can be calculated by analyzing the time derivative of the
isothermal annealing curves (dEs/dt)|r, at various prescribed (Es,
T) conditions. Using an enhanced statistical analysis to examine the
evolution of all the generated metastable GBs (see Supplementary
Materials Fig. S1 for details), a high-fidelity pixel-wise map on the
energy variation rate is constructed in Fig. 2a across a broad pa-
rameter space.

For the convenience of visualization, each pixel comprising the
map is colored on a log scale according to its energy variation rate.
At first, it is immediately apparent from Fig. 2a that the evolution
of metastable GBs can be divided into two distinct regimes, namely
an ageing regime (blue) where(dEs/dt)|ris negative and a red

regime where (0Es/dt)|tbecomes positive. The crossover bound-
ary is marked by the dashed yellow curve, indicating the steady
state condition. Another intriguing observation is that, the contour
lines in the blue regime exhibit a non-monotonic dependence on
temperature, indicating an optimized condition for the ageing of
metastable GBs to take place.

It is worth noting that, Fig. 2a is constructed upon the isother-
mal annealing analyses independently from any special/extreme
driving forces. In other words, such a map reflects generally the
metastable GBs’ energetic evolution at various prescribed (Ei, T)
conditions. Therefore, to validate the demarcation of ageing and
rejuvenating regimes given by Fig. 2a, the two most straightfor-
ward approaches one can consider is to introduce external stimuli
either along the Ejs-axis or along the T-axis. The Ejs-axis examina-
tion will be discussed later in Section 3.4, and here in this section
we introduce the T-axis stimuli to verify Fig. 2a through a series of
heating/cooling MD simulations.

Specifically, in Fig. 2b the initial ground-state X5 (310) GB is
heated to 1300 K (red open circles) at a rate of 10 K/ps, which is
then immediately followed by a cooling treatment to 0 K (dark
blue open squares) at the same rate. Overall, there exhibits a
clear hysteretic behavior, which is not surprising because the GB
is driven away from equilibrium by the ultrafast processing and
eventually trapped at a metastable state. More specifically, in the
heating stage the system’s IS energy does not substantially in-
crease until it goes beyond the crossover boundary (dashed yel-
low curve) and enters the rejuvenating regime previously identi-
fied in Fig. 2a. Between 1100 K and 1300 K the data points overlap
with the dashed yellow curve, because at high temperatures the
intrinsic relaxation dynamics becomes fast enough and the system
is able to remain at steady state. Upon cooling from high tem-
peratures, the dark blue squares are located consistently on the
left side of the crossover boundary and exhibit a monotonic de-
creasing (i.e. ageing) behavior, corroborating the mechanism map
in Fig. 2a. The heating/cooling rate effects are examined in Fig. 2¢
at lower rates of 1 K/ps, and 0.1 K/ps, respectively. The hysteretic
behavior clearly remains, although the apparent magnitude of hys-
teresis becomes smaller at a lower heating/cooling rate because it
would provide more time for the system to relax towards the equi-
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librium. Admittedly, the heating/cooling rates in MD simulations
are extremely fast. But it is not impossible to benchmark the MD
results by realistic experiments. For example, electrical pulse tech-
nique can reach an effective cooling rate of 10 K/s [21] that is
even shorter than typical MD timescales, although such a compar-
ison is beyond the scope of the present study. We also note that,
while the magnitude varies, such hysteresis is universal in a diver-
sity of other (100) STGBs (see Appendix, Fig. B1).

To further verify the ageing/rejuvenating mechanism map, we
truncate the full thermal cycle and instead begin the cooling treat-
ment at intermediate temperature, e.g. 940 K, 1000 K, and 1050 K
marked in Fig. 2b. An anomalous behavior occurs under such sce-
narios. Specifically, the energy first increases despite the decreas-
ing temperature, reaching a peak value below the temperature
where the simulation is truncated. It therefore suggests that, on
the right side of those anomalous peaks there is (dE;s/dt)|r > O,
while on the left side there is (0Ejs/dt)|lr < 0. It is evident that
those peak positions are well located on the crossover bound-
ary extracted from Fig. 2a. The inset plot in Fig. 2b presents an-
other set of MD validation by heating (at 10 K/ps) a few selected
metastable GBs with higher initial energy states. It is clear that the
energy decreases first and then increases, and transitioning points
of such non-monotonic variations align well again with the ex-
tracted yellow curve from Fig. 2a. The extent of such agreement
suggests that the hereby discovered ageing/rejuvenating mecha-
nism map is rather universal, irrespective of the actual stimuli used
to elicit those non-equilibrium GB structures. As discussed below,
this would also lay the foundation to describe and explain the me-
chanical behavior of NC alloys under fs-laser irradiation.

3.3. PEL origin of the non-equilibrium evolution

In pursuit of explaining the underlying physics of the obtained
mechanism map, here we adopt a PEL perspective because the
time evolution of a condensed matter system and any concomi-
tant property changes are known to correspond to the transitions
between local minima and progressive exploration of different ISs
in the system’s underlying PEL [22-29]. Note that a similar age-
ing/rejuvenating behavior has been recently reported in metal-
lic glasses [30], and it is demonstrated there that the crossover
boundary can be well characterized by the competitions between
an effective uphill climbing energy (E4) and a downhill dropping
energy (E) during sequential transitions in the system’s poten-
tial energy landscape. In particular, whenE, < Eg the system would
evolve towards a lower energy state and thus undergo an ageing
process; otherwise, an opposite rejuvenating effect would occur.
Given the many reported similarities between glasses and GBs [31-
35], here we seek to employ such an energy imbalance criterion to
interpret the resolved map in Fig. 2a. Specifically, the effective E4
and Ey are calculated as [30]:

Es(T)|is = —ksT - In [.fP(EA)hs . efleATdEA] (1)

Erlis = S Er - P(Eg)|isdEg (2)

Note that because in GB systems each IS can be connected with
many different saddle states, all those potential pathways in the
PEL [36] need to be taken into consideration. Therefore, instead
of being explicit numbers, the effective E, and Eg have to be es-
timated over the broad distributions, P(Ea)|;s, andP(Eg)|;s, respec-
tively, which are dependent on the system'’s present IS. The key dif-
ference above is that E4 is T-dependent, while Ey is T-insensitive.
This is because the up-hill climbing is a thermally activated pro-
cess, while the down-hill dropping can spontaneously happen and
does not need thermal assistance [30].

One can analytically prove that E4(T)|;sin Eq. (1) is monoton-
ically increasing as a function of T. Therefore, it is expected that
the term (E, — Eg)would flip from negative to positive as T in-
creases, naturally explaining the transition from ageing to reju-
venation in Fig. 2a. More quantitatively, the ageing/rejuvenating
crossover should occur when E4(T) — Eg = 0. Therefore, according
to Egs. (1-2), a precise quantification of the crossover point re-
lies on the determination of accurate spectra of P(E4)|;s andP(Eg)|;s.
Here we employ the ART method mentioned in Section 2 to obtain
such spectra, which is known as an effective atomistic sampling
algorithm capable of probing the PEL structures with high fidelity
[19,37-39].

Fig. 3.a shows the obtained spectra of E4 and Ep at 4 differ-
ent IS energy levels: 1075 mj/m2, 1025 mj/m2, 1003 mj/m?, and
968 mj/m?. The distributionP(E,)|;sshows an apparent dependence
on the GBs’ IS energy level: as Ejs decreases, the fractional distri-
bution of low energy activation values becomes smaller, resulting
in a larger average E4. On the other hand, P(ER)|;sis evidently IS-
independent and follows a universal exponential decaying distribu-
tion, reminiscent of similar features in glassy materials [30,38]. The
computed spectra of P(E4)|;s andP(Eg)|;sare then fed into Eqs. (1-2)
for numerical calculations, and by varying the temperature one can
thus identify when the crossover condition (i.e. Eo(T) — Eg = 0) is
satisfied. The open yellow squares in Fig. 2a represent such PEL-
enabled calculations, which are consistent with the independent
annealing studies within numerical error. Such agreement is en-
couraging, as it lends credence to the notion that the nature of the
GBs’ ageing/rejuvenation originates from the Kkinetic processes in
the underlying PEL.

It is also worth noting that the broad E, spectra approximately
consist of two modes: a distribution centered around 0.6 eV, and
another complementary mode distributed within the lower en-
ergy tail. These seem to correspond to the reported activation
barriers for GBs' self-diffusion [40,41], and the collective reshuf-
fling processes [40], respectively. In other words, the entire spec-
trum of the GBs’ migration/diffusion mechanisms are implicitly en-
coded in the PEL. Another noteworthy feature is that the acti-
vation energy spectra seem to be sensitive only to the energet-
ics of GBs’ IS rather than its detailed atomic configuration. To be
more specific, in each panel of Fig. 3.a we show the spectra of
two metastable GBs at the same energy level but with different
atomic structures (Fig. 3.b), and the spectra are evidently similar
to each other. As discussed later, this might lead to a vast simpli-
fication in building an explicit expression of P(E4) for metastable
GBs.

The non-monotonic ageing phenomenon discussed above in
Fig. 2a can also be readily explained by such a PEL pic-
ture. Specifically, the system’s overall metastability evolution
should be mutually determined by a driving factor, and a ki-
netic factor, respectively. The driving force factor, namely (E; —
Eg), determines the direction/sign of the evolution. As dis-
cussed above, in the blue regime the sign of (E, — Eg)is neg-
ative while its absolute value keeps decreasing as T increases.
On the other hand, the kinetic factor in general exhibits a
monotonic increasing dependence on T. Such opposite sensitiv-
ities to temperature yield the observed non-monotonic contour
lines in ageing regime. These collective results point to a wholly
consistent viewpoint of metastable GBs’' energetics and their
evolutions.

3.4. Implication on the mechanical behavior of GBs

The mechanical behavior of nanocrystalline materials is inher-
ently linked to the energetic state of GBs in the limit where de-
formation mechanisms become increasingly GB-mediated. Work
from Vo [42] et al. demonstrated that, for a fixed grain size, the
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Fig. 3. (a) The ART-probed E, and Eg spectra of metastable GBs at different energy levels by sampling the system’s underlying PEL. In each panel it displays the spectra of
two metastable GBs at the same energy level but with different atomic configurations shown in (b).

yield strength of nanocrystalline Cu is inversely proportional to
the GB energy. Other simulations have demonstrated that during
the deformation of metastable GBs, mechanisms such as GBs slid-
ing are preferred over traditional dislocation plasticity, which in
turn dramatically affects the mechanical properties [43]. Even in
cases where dislocations participate in plastic deformation via GB
emission and absorption mechanisms, their nucleation and propa-
gation barriers as well as their ability to annihilate at GBs are in-
fluenced by the interface energies. Indeed, experimental evidence
supports the observation that the hardness of a GB-concentrated
system varies inversely as a function of its energy level [16]. There-
fore, the PEL framework discussed above allows for a prediction of
the GBs’ mechanical performance at different conditions. We focus
on recent experiments showing GB rejuvenation using ultrafast (fs)
laser pulses, which result in dramatic changes in the material hard-
ness [16].

The interactions between fs-lasers and materials are rather
complex, but several insights relevant to the present work can be
gleaned. On the one hand, extremely fast temperature variations
can be involved. Although the heating and cooling rates during
sub-ablation threshold fs-laser experiments (focused in the present
study) have not been investigated, simulations of high-energy fs-
laser irradiation that induce material ablation demonstrate heating
and cooling rates upwards of 10!! K/s during the ablation process
[44,45]. While the relaxation phenomena present in sub-ablation
fs-laser irradiation is similar to that during ablation, as no mate-
rial is removed during experiments we do not anticipate such high
temperatures or heating rates, although modeling efforts to inves-
tigate such phenomena would make for intriguing future work.
Despite limited understanding of the temperature effects in this
regime, sub-ablation fs-laser irradiation results in GPa-level ten-
sile and compressive stress waves localized to GBs that may induce
localized atomic rearrangements [16,46], effectively increasing the

energy of GBs regardless of the thermal profile. Thus, while it is
intractable to experimentally measure the effective heating/cooling
rates during sub-ablation fs-laser irradiation, the net result of such
irradiation should be an overall increase in the energetic state of
the GBs at a fixed temperature, as evidenced by the dramatic de-
crease in hardness. Considering these points, the system’s ener-
getic evolution in the presence of external stimuli, as illustrated
in Fig. 2a, should then be determined by the interplay between
two factors, namely the intrinsic energy variation &, (Es.T)
(Ex — Eg), and the external energy input rate $2ey (i.e. net results
of sub-ablation fs-laser irradiation discussed above), respectively.

While an analytical expression of &, (Ejs, T) is not yet avail-
able, its numerical value over broad E;s—T space can be obtained
by interpolating the high-resolution pixel map in Fig. 2a. There-
fore, using experimentally-relevant values of Qex(e.g. the power
of the fs-laser pulse) and the GB’s initial energy state Ejs(t = 0),
one can then numerically resolve the GBs’ metastability evolution.
The qualitative picture is clearly captured in Fig. 2a: if the external
stimuli $2xis larger than the intrinsic ageing (ie. energy dissipa-
tion) ®;p, then the system will move upwards on the map. How-
ever, such an energy increase will not be maintained at a constant
rate because, as Ejs increases, the intrinsic term &, becomes
larger, resulting in a slower net gain rate of E;gz. When absolute val-
ues of the intrinsic and external terms become equal, the system
reaches a steady state and the energy is stabilized at a saturated
level. From a more quantitative perspective, the system’s metasta-
bility evolution and the resultant mechanical behavior would be
determined by the initial energy state, the stimuli strength, and
temperature.

Fig. 4 shows the GB’s energetic evolution at room temperature
and under an external stimulus of 1.0 x 10 mj/m?/s. The choice
of exis rationalized after considering the fs-laser’s pulse energy,
pulse width, and volume fraction of affected GBs in real experi-
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Fig. 4. Numerically calculated GBs’ energetic evolution under the external stimuli of
1.0 x 10™ mj/m?/s. Here we plot the inverse variation of energy (-AE) for the con-
venience of comparison with the sample’s hardness, which is known inversely pro-
portional to GBs’ energy. In general, the curves show a non-linear stiff-to-flat varia-
tion pattern. In addition, a sample with lower initial energy state can accommodate
more variation as opposed to a sample with higher initial energy state. Such pre-
dicted features are in good agreement with recent measurements on the hardness
variation of the Cu-rich NC alloys under fs laser processing (details in Appendix A).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

ments [16]. To facilitate the comparison with the hardness mea-
surement here we plot the inverse variation of the system’s energy
(-AE) with respect to its initial state, because as discussed above,
the hardness of a NC system is inversely proportional to the GBs’
energy. In particular, we examined a series of cases with various
initial energy states ranging from 960 mJ/m? and 1065 mj/mZ. Two
notable features emerge: (i) all curves show non-linear behavior
with a gradually vanishing slope prior to saturation. This behavior
has been discussed above - the net variation rate of E;g becomes
slower and slower under the driving of external stimuli. (ii) A sam-
ple with lower initial energy state can accommodate more uphill
energy variation as opposed to a sample with a high initial en-
ergy state. If we convert these to hardness values, then one should
expect that: (i) the sample’s hardness should gradually reduce and
eventually saturate with increasing laser fluence; and, (ii) the hard-
ness drop in a sample with lower initial energy state is larger than
that in a higher initial energy state sample. Note that while sat-
uration is not always observed experimentally, as it sometimes is
precluded by material removal (ablation) at higher laser energies,
the predicted trends in Fig. 4 are consistent with the reported ex-
perimental measurements [16] on Cu-rich NC alloys (seen in the
inset plot) and many other alloys reflecting a diverse range of GB
chemistries and synthesis routes (see Supplementary Materials Fig.
S2.)

It is also worth remarking that conventional wisdom states
that NC materials soften after annealing owing to grain growth.
However, an emerging body of experimental evidence highlights
an initial regime of hardening with increasing annealing temper-
ature, prior to softening at the onset of microstructural evolution
[5,47-50]. While different origins (e.g. solute segregation and dis-
location annihilation at GBs) have been proposed to explain such

non-monotonic behavior, some studies [5,48| demonstrate that the
anomalous hardening phenomenon still exists even in pure NCs
and with a reduced dislocation density, suggesting that alterna-
tive mechanisms mediate this phenomenon. Fig. 2a in the present
study places such an alternative perspective on a quantitative foun-
dation. Specifically, the contour lines in the ageing regime present
a clear non-monotonic feature as a function of temperature, mean-
ing that at various annealing temperatures the system would be
driven to different energy levels in a concave up shape. Conse-
quently, the hardness should vary non-monotonically in a concave
down manner, which is qualitatively consistent with the reported
experiments.

We would like to clarify that here we do not directly focus
on the specific strengthening and deformation mechanisms of NCs,
such as nucleation of dislocations or disconnections [51-55]. In-
stead, we propose an energy-centric and statistical perspective to
acquire a predictive implication on the metastable GBs’ mechanical
behaviors under various environments. The rationale behind such
a perspective comes from the established fact [42,56,57] that the
yield strengthen of NC alloys are strongly and inversely correlated
with the GBs' energy. Interestingly, very recent studies [58]| on
the GBs containing both structural and chemical complexities also
demonstrate that, from a statistical point of view it is the energet-
ics, rather than detailed structural/chemical features, that governs
the GBs’ behaviors under driving conditions. Therefore, there is
reason to believe the hereby developed energetic evolution model
may be broadly applicable to the understanding of metastable GBs
under non-equilibrium processing.

3.5. E4 spectra correlations between various metastable GBs

As discussed above, the energetic evolution and mechanical be-
havior of metastable GBs are dependent on the system’s surround-
ing E4 spectrum in the PEL. A central question that follows is:
are there unique structural signatures associated with the vari-
ous GB states responsible for the spectrum of accessible behav-
ior? The features of the activation energy spectraP(Ea)|;s provide
an important clue. It is not difficult to imagine that, for a given
GB’s IS, there should be a correspondingP(E,)|;s. However, given
the complex metastability of GBs [15], there are essentially infinite
numbers of ISs and it would be impractical to sample all those
spectra. Fig. 3 in the present study suggests a vast simplification
of this problem. Specifically, in each panel of Fig. 3.a we show
the spectra of two metastable GBs at the same energy level but
with different atomic structures, and the spectra are very simi-
lar to each other. This implies that the E4 spectrum is only sen-
sitive to the energetics of GBs’ IS rather than its detailed atomic
configuration. To further verify such hypothesis, we select multi-
ple different metastable GBs over a broad range of energy scales
and probe each of their E,4 spectra using the ART method men-
tioned above in Section 2. Fig. 5 examines the contrasts between
those spectra defined as A;; = (/[P.(En) —Pj(EA)]szA)”Z, where
Pi(E4)and Pj(Es)correspond to samples #i’s and #j's spectra, respec-
tively. It is clear that, when two samples’ Ejs are close to each other
their activation energy spectra differences are relatively small; on
the contrary, if the Ejs of two samples are far from each other, the
spectra differences are relatively large. Such nice correlation indi-
cates that it might be possible to express the E,4 spectrum as an
explicit function of Ejs, P(E4|E;s). Although obtaining a reliable for-
malism for P(E4|Ejs) is beyond the present work’s scope, it repre-
sents a rich avenue for future inquiry because of its potential in
leading to a reduced-order modeling approach for disordered ma-
terial systems.
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3.6. Further discussion

It would be of interest to ask whether the effective model
developed above for metastable GBs can be applicable to those
ground state GBs (e.g. perfect straight interfaces with repeating
kites), and we believe the nature of E, distribution plays an im-
portant role. More specifically, general metastable GBs contain sig-
nificant disorder and their E, spectra are usually wide, continuous,
and stretch to very low barrier (almost zero), as seen in Fig. 3a. By
contrast, for ground state GBs their E, distributions should present
in a much more discrete pattern with a well-defined lower bound.
For example, it has been reported [36] that the E4 distribution in a
perfect 5 GB in Cu displays a clear onset threshold barrier around
0.6 eV. This is not so surprising because the apparent order in per-
fect GBs (e.g. repeating kites) would impose strong restrictions and
thus considerably reduce the number of available transition path-
ways in the PEL. According to Eq. (1), a threshold of 0.6 eV for P(E,)
distribution means the effective activation barrier E4 can only be
even higher, which is significantly larger than the effective Eg in
Fig. 3b. In other words, from a statistical point of view (E4 — Eg)
should always be greater than 0 in this case, suggesting the sys-
tem can only move up (rejuvenation) while moving down (ageing)
is practically prohibited. This actually complies with the definition
of the “ground” state.

In spite of its qualitative compliance, one should not overstate
the applicability of the present study onto ground state GBs. This
is because Eq. (1) is actually derived after statistical average and
thus holds a mean-field spirit. In other words, its robustness might
be compromised in the absence of a wide and continuous E,
spectrum. Therefore, we believe the framework developed in the
present study is more suitable to investigate general metastable
GBs rather than perfect ground-state GBs.

As a final note, the hereby discovered ageing/rejuvenating evo-
lution map for metastable GBs, and the dependence of their ac-
tivation barrier spectra on Ej, are strongly reminiscent of the re-
cently observed non-equilibrium evolution in metallic glasses [30].
This is not surprising, as many previous studies have also re-
ported the qualitative similarities between GBs and fully amor-
phous glassy materials [31-34,59]. However, we would like to re-
mark that, the robustness of Eqgs. (1-2) demonstrated in the present
study lends quantitative credence to these similarities, which have
not been fully characterized before. Even though the herein em-
ployed EAM potential is, in principle, empirical, the spectra of
P(Es)|;s andP(Eg)|;spresented in Fig. 3.a are directly obtained us-
ing an atomistic algorithm rather than through a numerical fitting
with free parameters. Given this, we see considerable promise in
such a “bottom-up” PEL-oriented model for establishing quantita-
tive structure-property relationships in metastable GBs and other
disordered non-equilibrium materials.

4. Conclusions

Our present studies on the metastability evolution of bicrystal-
GBs subjected to non-equilibrium conditions allow us to draw the
following conclusions:

1. The energetic evolution of metastable GBs over the broad
E;s—T parameter space can be distinctly divided into an ageing
regime (dEis/dt)lr < 0, and a rejuvenating regime (JE;5/dt)|r > O,
respectively.

2. Such ageing/rejuvenating mechanism map is universal, irre-
spective of the actual stimuli used to elicit the metastable GBs.

3. The ageing/rejuvenating crossover stems from the energy im-
balance during the elementary transitions in the PEL, which can be
characterized by an effective kinetic model.
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4., Without invoking free fitting parameters, such kinetic model
is able to capture the energetic and mechanical responses of
metastable GBs to external stimuli. It can naturally explain the
intriguing phenomena observed in recent fs-laser experiments,
namely the non-linear dependence of hardness variation on the
laser fluence and the processing history effect.

We would like to note that many studies have demonstrated
the strong correlations between GB relaxation and the mechanical
performance of NC alloys [42,56,57]. Therefore, the capabilities es-
tablished in the present study might provide a new perspective on
controlling kinetic pathways for achieving a plurality of interfacial
states with desired mechanical performance.
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Appendix A. Experimental
A.1. Sample fabrication

NC Cu-Zr samples were prepared from 99.99% pure Cu and
99.5% pure Zr powders in a SPEX 8000 M high-energy ball mill un-
der Ar atmosphere. Samples were then annealed for 1hr at 950 °C,
and then either quenched (Q) or slowly cooled (SC) to room tem-
perature. Additional details of sample preparation for these mate-
rials can be found elsewhere [9,16].

A.2. Femtosecond Laser Irradiation

Femtosecond laser irradiation experiments were performed
with a Clark MXR CPA-2110 Series Ti:Sapphire Ultrashort Pulse
Laser with 1 kHz repetition rate, 780 nm wavelength, and 150 fs
pulse width. All experiments were performed in air at room tem-
perature. Regions of 0.1-0.5 mm?2 were exposed to single pulse
fs-laser irradiation with ~30% overlap between subsequent pulses.
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Fig. B1. Inherent energy evolution during the fast heating-cooling cycle for different STGBs with the misorientation angle ranges from 12.7° to 73.7° (the 5 (310) was
shown in the main text and not displayed here.) The red open circles represent the heating stage and the blue open squares represent the cooling stage.
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Table B1

The specifics on the dimension, atom number, and the IS energy before and after the fast thermal cycling for

various (100) STGBs.

6(°) CSL x (A) y (A) z(A)  #of Atom E(H-0 K) [mJ/m?]  E(C-0 K) [m}jm?]
127 $£41(019) 327.35 262.14 1446 104,960 719.88 722.84
163  ¥25(017) 255.61 25646 14.46 80,160 796.12 807.83
189  ¥37(016) 219.89 26425 1446 71,040 837.58 860.52
226  £13(015) 18433 25921 1446 58,400 878.27 913.20
251  :85(029) 33328 267.50 1446 108,960 910.25 944.75
28.1  £17(014) 149.05 269.70 14.46 49,120 914.63 958.66
319  £53(027) 263.17 26275 1446 84,480 939.56 971.56
369  £5(013) 11431 24984 1446 34,880 904.83 961.36
411  £73(038) 308.86 246.42 1446 92,960 972.89 1006.39
436  X29(025) 194.67 273.12 1446 64,960 983.11 1020.3
464  £29(037) 27530 27547 1446 92,640 988.22 1027.27
531  %5(012) 80.83 24152 1446 23,840 951.2 993.46
58.1  £53(059) 372.18 297.26 1446 135200 916.59 950.88
619 £17(035) 21078 251.60 14.46 64,800 856.53 903.65
64.0 X89(058) 341.03 272.17 1446 113,440 844.56 879.24
674  £13(023) 13034 26214 1446 41,760 789.78 828.75
73.7  £25(034) 180.75 25414 1446 56,160 676.79 687.46

Ablation thresholds were characterized on non-overlapping single
pulse exposures via optical profilometry.

A.3. Indentation measurements

Indentation experiments were performed using a Nanome-
chanics iNano nanoindenter equipped with a 50 mN load cell
and Berkovich tip. Prior to all indentation experiments, the tip
area function was calibrated on a fused silica standard. Measure-
ments were performed using a CSM indentation protocol, where
a dynamic oscillation is imposed atop the loading curve, al-
lowing depth-resolved hardness measurements [60]. All hardness
measurements reported are extracted from ~ 30 nm penetration
depths. Hardness values and errors reported are the mean and
standard deviation, respectively, of at least 20 indentations.

Appendix B. Universal hysteresis of GBs with different
misorientation angles

Fig. B1 below displays the IS energy responses of 16 additional
(100) STGBs during fast thermal cycling from 0K—1300K—0 K at a
rate of 10 K/ps. The heating stage is shown by red open circles and
the cooling stage is shown by blue open squares. Each data point
in the plot is an average of three runs with the same condition.
It can be seen that, while the rejuvenated IS energy might vary
quantitatively, all the GBs considered here show a clear irreversible
behavior, suggesting that the hysteresis during heating/cooling is
a universal behavior of metastable GBs. Details of the specific di-
mensions, as well as the number of atoms and the GBs’ IS energy
before (H-0 K) and after (C-0 K) the fast thermal cycling with dif-
ferent misorientation angles are shown below in Table B1.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.actamat.2020.09.013.
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