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Gradient nano-grained Cu subjected to tensile tests yields at a stress almost twice of that of the con-
ventional coarse-grained Cu at or below the room temperature. Beyond the yield stress, a uniform plastic
strain of larger than 30% can be achieved, accompanied by homogeneous grain coarsening in nano-
grained surface layer. The observed grain coarsening may induce certain degree of “strain softening”.
The measured grain coarsening rates strongly depend on temperature, stress and strain rate, suggesting
that the grain coarsening is presumably limited by thermally activated dislocation activities at defective
grain boundaries, rather than via diffusional process on atom-by-atom basis. A non-diffusional (source-
limited) Mott-Turnbull rate equation has been proposed to interpret the observed grain coarsening
phenomenon.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

According to the well-known Hall-Petch relation [1,2], the
strength of polycrystalline materials depends on grain size [3,4].
Nano-grained (NG) metals with grain size less than 100 nm usually
exhibit high strength. However, with elevating temperature or by
applying stress or strain, nano-grains tend to grow and thematerial
strength tends to decrease. Softening due to grain coarsening or
grain growth seems spontaneous and inevitable in many NGmetals
when the specimen is held at or even below the room temperature
(RT) [5,6]. In particular, such “unusual” grain coarsening may occur
more readily under mechanical deformation (termed as
mechanically-induced grain coarsening), as observed in the
indentation [7e9], rolling [10], compression [11] and tensile
loading [12,13] tests. For example, it has been revealed that a
gradient nano-grained (GNG) surface layer on a bulk coarse-
grained (CG) pure Cu rod may sustain a tensile true strain
exceeding 100% at RT accompanied by significant grain coarsening
approaching to submicrometer levels [14].
imr.ac.cn (L. Lu).
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Proper control of grain coarsening is essential to maintain the
strengthening role of grain boundaries (GBs). Both thermal and
mechanical events at GBs and within grains triggering grain
boundary migration (GBM) must be taken into account in order to
address the physical mechanisms underlying mechanically-
induced grain coarsening. Among possible GB-based mechanisms,
the shear-coupled GBM has been evidenced as a dominant one by
both experimental observations [15e19] and a number of molec-
ular dynamics simulations [20e25]: the normal motion of a GB is
coupled to tangential displacement of adjacent grains results from
an applied shear stress [26]. So far, only the role of stress on the
GBM processes has been emphasized, whereas the elementary
mechanisms occurring during the shear-coupled GBM are not yet
well understood [27], in which temperature and strain-rate effects
are still need to be addressed.

To understand the mechanism and general kinetics of the
mechanically-induced grain coarsening, we have examined the
mechanical behaviors of a GNG Cu layer on the surface of a bulk CG
pure Cu rod (hereafter referred to as the GNG/CG Cu) deformed at
different temperatures and strain rates. With these samples, sig-
nificant grain coarsening can be observed in the top NG layer under
uniaxial tensile deformation and the rate of grain coarsening can be
measured over a broad range of grain sizes at various strains or
loading durations. Besides, the softening due to grain coarsening
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can also be monitored at various temperatures and strain rates.

2. Experimental

2.1. Sample preparation

Commercial-purity Cu rods (99.97 wt%) consisting of well-
annealed equiaxed coarse grains (25 mm) were machined into
dog-bone-shaped tensile samples with a gauge length of 20 mm
and a gauge diameter of 6 mm. Both the gauge sections and the arc
transitions of the samples were subjected to surface mechanical
grinding treatment (SMGT) following the procedure well described
in Ref. [28]. The SMGT processing was repeated six times to obtain
the top GNG layer of our samples.

2.2. Tensile tests

Uniaxial tensile tests of SMGT-processed Cu samples were per-
formed on an Instron 5982 testing machine (Instron, UK) with a
load capacity of 100 kN. An Instron 2620-601 clip-on extensometer
was used to measure strain at RT (300 K), while an Epsilon model
3542 clip-on extensometer was used tomeasure strain at cryogenic
temperature (123 K). To obtain each data set, at least three repeated
tensile tests were carried out. The samples before and after tensile
deformation were refrigerated at 258 K (�15 �C). For comparison,
CG Cu samples were also tested under the same conditions.

In order to estimate the strength of the top NG layer, the surface
20 mm thick NG layers of the GNG/CG Cu were removed by elec-
trolytic polishing. The samples without NG layers, hereafter
referred to as the gradient ultra-fine grained (GFG) Cu, were
tensioned under the same conditions for that of GNG/CG Cu. Based
on the rule-of-mixture, i.e.,

sGNG=CG ¼ VNGsNG þ ð1� VNGÞsGFG=CG (1)

where VNG is the volume fraction of the NG layer in the GNG/CG
samples, sGNG/CG, sGFG/CG and sNG are the strength of the GNG/CG
Cu, GFG/CG Cu and NG Cu layer, respectively, the strength of the top
surface NG layer as a function of plastic strain can be estimated by
accurately measuring sGNG/CG and sGFG/CG from the tensile tests.
Fig. 1. (a) Typical longitudinal section SEM image of the SMGT Cu sample. (b, c, d) Bright-fie
arrow in (d) represents the tensile loading direction (the same as in the following Figures)
2.2.1. Temperature
Uniaxial tensile tests at 300 K and 123 K were carried out at a

strain rate of 1 � 10�2 s�1. GNG/CG samples were deformed to
εT ¼ 5% and 25%, then unloaded for further microstructural ex-
amination. To be consistent, all strains referred in this study are
true strains. The tensile tests at 123 K were carried out in an Instron
environmental chamber, which was cooled by pouring liquid ni-
trogen inside the chamber in a continuous flow. The temperature
was controlled automatically by a T-type thermocouple tempera-
ture controller.

2.2.2. Strain rate
Four different strain rates, i.e. 1� 10�2 s�1, 1� 10�3 s�1, 1� 10�4

s�1 and 1 � 10�5 s�1, have been used in our tensile tests. The
microstructural evolutions of the GNG layer deformed at 1 � 10�2

s�1 and 1� 10�5 s�1 were investigated further by scrutinizing their
microstructure at strains of εT ¼ 5%, 15% and 25%, respectively.

2.3. Microstructural characterization

The longitudinal sections of the SMGT Cu were examined by a
FEI NanoSEM Nova 430 field emission gun scanning electron mi-
croscope (FEG-SEM). The microstructures of the top GNG surface
layer before and after tensile deformation were examined by a
JEOL-2010 transmission electron microscope (TEM) operated at a
voltage of 200 kV. The grain size distributions of the top GNG Cu
layer were measured using bright-field TEM images. Over 800
grains from about 60 TEM images were measured to determine the
grain size distribution profile for each condition.

3. Results

3.1. Microstructural characterization

As-prepared SMGT Cu samples show shining surfaces with mi-
nor roughness (Ra z 0.3 mm) and are crack-free. As shown in Fig. 1a,
the specimen is characterized by a gradient structure composed of a
GNG layer, a deformed CG layer and an undeformed CG core. The
thickness of the mechanically treated surface layer in the radial
direction is about 700 mm. TEM observations (Fig. 1b) indicate that
ld TEM images at positions B, C and D indicated in (a), respectively. The double-headed
.
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almost equiaxed nano-sized grains (with an average transversal
grain size of ~42 nm) are formed in the top surface layer of about
20 mm thick. Selected-area electron diffraction (SAED) patterns
(inset in Fig. 1b) illustrate that the nano-grains have random crys-
tallographic orientations. Both grains and curved or wavy GBs show
up with high-level stress concentrations. They are highly defective,
similar to those observed in nanostructured Cu prepared by other
top-down approaches, such as dynamic plastic deformation [29].
Our observations suggest that the top GNG layer is definitely not
dislocation-free; instead, nano-grains, GBs and dislocations must
coexist although it is difficult to distinguish individual dislocations
in this regime.

With depth going from 50 mm down to 100 mm (Fig. 1c and d),
the average transversal grain size increases gradually from about
160 to 300 nm.Most of these submicron-sized grains are delineated
by distinct and sharp GBs. When the depth is down to about
700 mm, a regime consisting of typical dislocation tangles and
dislocation cells shows up.

In this study, to examine the evolution of NG structures, we pay
our attention mainly on the top NG surface layer (20 mm thick)
where the grain size is less than 100 nm.

3.2. Temperature effects

True stress-strain curves from tensile tests at different temper-
atures are displayed in Fig. 2. It is found that GNG/CG Cu shows a
yield strength (0.2% offset) almost twice of that of the CG sample.
The increment in yield strength is mainly attributed to the strong
GNG surface layer and deformed CG layer [14]. At lower tempera-
tures, such as 123 K, the measured yield strength of GNG/CG Cu is
149 MPa, almost 20 MPa larger than that at 300 K. In contrast, for
the CG Cu, the measured strength at 123 K increases by a small
amount, merely 7 MPa, comparing to that at 300 K. The stronger
temperature dependence observed for the GNG/CG Cu sample
suggests that the GNG layer is capable of sustaining a higher tensile
stress at lower temperatures before plastic deformation sets in. The
behavior is similar to NG Cu, i.e., the hardness of NG Cu with grain
size of about 11 nm may increase from 2.1 to 3.9 GPa when the
temperature is decreased from RT to 123 K [30].

Comparing to the microstructure in as-SMGT states (Fig. 1b),
obvious grain coarsening and reduction in dislocation density are
Fig. 2. True stress-strain curves for the GNG/CG Cu under uniaxial tensile tests at a
constant strain rate of 1 � 10�2 s�1 at 300 K and 123 K. For comparison, the curves for
CG Cu are also included. All curves are shown up to the point of necking (the same as in
the following Figures).
found in the top NG Cu layer after tensile testing at 300 K (Fig. 3a
and b). Grain coarsening is also detected in the NG layer if the
tensile test is carried out at 123 K (Fig. 3c and d). However, up to a
certain strain, the extent of grain coarsening is less significant and a
much higher density of dislocations is retained at 123 K, underlying
that the recovery effects associated with dislocations and GBs can
be suppressed at low temperatures [31]. A higher dislocation
density can be observed in the small grains compared to the larger
ones in the top NG layer after tensioned to a certain strain. In
different grains, different dislocation density also underlies
different levels of stress. The grain coarsening processes also
modify the GB morphology appreciably. Accompanying grain
coarsening, more and more straight and sharp GBs appear at 300 K
(Fig. 3a and b). The situation is less evident for the low temperature
case (123 K, Fig. 3c and d), suggesting that the GBs after low tem-
perature deformation remain defective to certain degrees.

Grain size distributions in the top NG Cu layer at different tem-
peratures and strains have been determined, in terms of the area-
weighted cumulative distribution profile, which represents the
proportion of the area fraction of grains smaller than a certain given
size. As summarized in Fig. 4, comparing to the relatively narrow
grain size distribution of the as-SMGT Cu (εT ¼ 0%), the profiles
become broader with increasing strain at both 123 K and 300 K.
However, at given strains, i.e. εT¼ 5% and 25%, the low-temperature
profiles always lie on the left-hand side of the corresponding high-
temperature profiles, acting as a direct evidence that grain coars-
ening upon tensile deformation is sensitive to thermal activation:
the lower the temperature, the slower the grain coarsening rate.

3.3. Strain-rate effects

Grain coarsening in the GNG/CG sample also depends on strain
rate. Fig. 5 displays the true stress-strain curves measured under
various strain rates, ranging from 1 � 10�5 to 1 � 10�2 s�1 at 300 K.
With increasing strain rate, the yield stress is elevated from 119 to
129 MPa for the GNG/CG Cu, whereas the strain-rate dependence
for the CG Cu is almost negligible. Such behavior, i.e., the larger the
strain rate, the higher the yield strength, again, is similar to that of
NG Cu. The NG Cu also shows a stronger strain-rate sensitivity than
the CG sample as observed in previous studies [32].

Grain coarsening readily occurs under different strain rates, as
shown in Fig. 6. At given strains (εT ¼ 15% and 25%, respectively),
grain coarsening at lower strain rate (1 � 10�5 s�1, Fig. 6e and f)
turns out to be more significant than that at higher strain rate
(1 � 10�2 s�1, Fig. 6b and c). As evidenced more quantitatively by
grain-size distribution profiles corresponding to different strains
under different strain rates, as shown in Fig. 7a, the distribution
profiles show significant shifts toward larger grain sizes for the low
strain-rate case (1 � 10�5 s�1), comparing to those for the high
strain-rate case (1 � 10�2 s�1). The present results indicate that the
top NG Cu layer may show stronger stability with increasing the
strain rate, indicating that high strain rate and low temperature
(Figs. 4 and 7a) may play similar roles in prohibiting the grain
coarsening of the NG Cu.

Further, we normalized the x-axis of Figs. 4 and 7a with the
mean grain sizes, as shown in Fig. 7b. Obviously, the grain size
distribution curves of the top surface layer at different tempera-
tures and strain rates exhibit a single monotonic curve and overlap
with that of the as-prepared NG layer, indicating that the grain
coarsening of all samples occur in a self-similar manner, rather than
exhibiting a bimodal behavior. The above results further confirm
that the grain coarsening process of the NG Cu layer on a gradient
substrate is uniform and homogeneous, in contrast to the abnormal
grain coarsening observed in the free-standing NG metals under
thermal [5] or mechanical loads [12].



Fig. 3. Bright-field TEM images of the top NG surface layer (2.5 mm below the sample surface) at different deformation temperatures and different strains. (a) εT ¼ 5%, 300 K. (b)
εT ¼ 25%, 300 K. (c) εT ¼ 5%, 123 K. (d) εT ¼ 25%, 123 K.

Fig. 4. Area-weighted cumulative transversal grain size distributions in the top NG
surface layer at different deformation temperatures and different strains.

Fig. 5. True stress-strain curves for the GNG/CG Cu obtained in uniaxial tensile tests at
300 K but with different strain rates. For comparison, the curves for CG Cu are also
included.
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4. Discussion

The microstructural evolution dominated by grain coarsening at
the top NG layer has been examined under various experimental
conditions. Grain coarsening can be enhanced either by increasing
the temperature or by reducing the strain rate. Clearly,
mechanically-induced grain coarsening or associated GBM in the
top NG layer is not merely stress-driven; thermal activation is also
closely relevant. In following sections, the influence of grain
coarsening on the tensile properties of GNG/CG Cuwill be discussed
first. Thenwe proposed an empirical kinetic equation to account for
the roles of stress and temperature on the mechanically-induced
coarsening of nanoscale grains.



Fig. 6. Bright-field TEM images of the top NG surface layer (2.5 mm below the sample surface) at different strain rates and different strains. (a, b, c) εT ¼ 5%, 15%, 25%, 1 � 10�2 s�1. (d,
e, f) εT ¼ 5%, 15%, 25%, 1 � 10�5 s�1.

Fig. 7. (a) Area-weighted cumulative transversal grain size distributions in the top NG surface layer at different strain rates and different strains, as indicated. (b) A mean grain size-
normalized cumulative distribution plot for the top NG Cu layer.
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4.1. Grain coarsening and strain softening

To quantify the effect of grain coarsening on the tensile prop-
erties, one needs to determine the flow stress of the surface NG
layer as a function of strain. For such purpose, the true stress-strain
curves of the GNG/CG and GFG/CG samples are measured and
compared in Fig. 8a. Based on the stress differences between the
GNG/CG and GFG/CG samples, the stress-strain curve of NG layer is
estimated in Fig. 8b. The yield strength of NG layer at 300 K and
1 � 10�5 s�1, about 620 MPa, is consistent with those obtained for
free-standing NG Cu layers [14]. Clearly, a continuous strain soft-
ening beyond plastic yielding takes place in the NG layers during
tensile deformation. Such softening effects can also be confirmed
by the microhardness measurements, where the hardness mono-
tonically decreases as strain increases [33].

The estimated flow stresses of the NG layers at different strains
(as indicated by the open symbols in Fig. 8b) can be plotted as a
function of the inverse square root of the corresponding grain size
(dt�1/2, determined from Figs. 4 and 7a). As shown in Fig. 9, the
stresses follow a “Hall-Petch”-like relation at a constant slope (k) of
~0.11 MPa m1/2 under different deformation conditions. The slope
agrees with previously deduced data for a number of NG Cu sam-
ples [32,34]. Such analyses identify that the flow stress of our GNG/
CG samples obey very well the Hall-Petch relation when grain
coarsening proceeds.

The deformation mechanism induced strain softening in NG
pure Cu layer of this study is different from the geometry necessary
dislocations induced extra strain hardening in gradient surface
nano-crystallized (SNC) IF steel [35,36] and SNC Cu [37]. The major
difference between extra strain hardening and strain softening lies
in the grain coarsening. No grain coarsening phenomena was
observed or reported, either in SNC IF steel [35] or SNC Cu [37]. In
contrary, our investigations demonstrate obvious grain coarsening
in the surface NG Cu layer. This mechanically-induced GBM process
with a substantial concomitant grain coarsening dominates plastic
deformation of the GNG structure and inevitably induces certain
degree of “strain softening”.

In addition, even if in the SNC samples without concurrent grain
coarsening, the extra strain hardening of surface NG layer in the
gradient structure is still very limited. For example, the hardness
increment due to the extra strain hardening is less than 2% in the
top ~25 mm thick layer of SNC IF steel at a strain of 25% [35], and



Fig. 8. (a) True stress-strain curves for the GNG/CG Cu and GFG/CG Cu obtained in uniaxial tensile tests at different temperatures and strain rates. (b) The calculated true stress-
strain curves for the top NG Cu layer.

Fig. 9. Variation of stress with dt
�1/2 for the top NG Cu layer at different plastic strains

tensioned with different temperatures and strain rates. The different symbols repre-
sent the data achieved with different conditions.

Fig. 10. Variation of transversal grain size with the loading time for the top NG Cu layer
at different strain rates and temperatures.
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even smaller than 1% in the top ~100 mm thick layer of SNC Cu at a
strain of 12% [37]. In contrary, as shown in Figs. 8b and 9, when the
GNG/CG Cu tensioned to εT ¼ 25%, there is about 40% decrease in
the strength of the top NG layer accompanied with significant grain
coarsening.

As discussed above, the strain softening induced by grain
coarsening, rather than extra strain hardening, acts as the domi-
nating deformation mode for the top NG layer of GNG/CG Cu. The
Hall-Petch type plots in Fig. 9, which provides usefully an unam-
biguous relation between the stress and grain size, can be consid-
ered as one set of experimental evidences to support our
conclusion.
4.2. Diffusional-limited grain coarsening kinetics

To address grain coarsening kinetics by including the stress,
temperature and strain-rate dependences, it is essential to measure
the coarsening rate of the surface NG layer, which can be done by
plotting the average grain size as a function of deformation dura-
tion, as shown in Fig. 10. The nominal velocity represents the
average migration rate for all the GBs. It is justified since grain
coarsening in the surface NG layer can be treated as steady-state
and homogeneous. From Fig. 10, the coarsening rate is about
1.426 nm s�1 at 300 K under the strain rate of 1 � 10�2 s�1. With
decreasing the temperature to 123 K, the coarsening rate turns out
to be about 0.874 nm s�1. In contrast, the grain coarsening slows
down by almost three orders of magnitude, i.e. 0.003 nm s�1, as the
tensile test is carried out at a much-lower strain rate, i.e.
1 � 10�5 s�1 at 300 K.

To understand the observed grain coarsening rates, we first
consider the conventional diffusional-limited GBM model. Ac-
cording to Mott and Turnbull [38,39], the thermally activated GBM
rate can be expressed as

v ¼ v0 exp½ � QGB=kBT� (2)

where QGB represents the free energy barrier opposing GBM and
has been found to be closely relevant to self-diffusion of GB atoms
[38,39], and v0 is a characteristic rate at which a GB tends to move
without any need to jump over an energy barrier (QGB ¼ 0). By
taking QGB z 1 eV for Cu [31], with Eq. (2), the extrapolated GBM
rate drops from 10�4 nm s�1 at 300 K down to 10�35 nm s�1 at
123 K, tens of orders of magnitude smaller than our measured data,
~10�3 nm s�1. Therefore, the conventional model [40] is not readily
applicable as long as QGB is treated as constant and stress-
independent on the basis that GBM is merely diffusional-limited.



Fig. 11. (a) The average grain coarsening rates as a function of applied stress predicted
via Eq. (4) are plotted. (b) The activation energy predicted by Eq. (5) as a function of
applied stress. (c) The activation volume as a function of applied stress. The different
symbols indicate the yield stress of the NG Cu layer at different tensile conditions. Blue
triangle: 123 K, 1 � 10�2 s�1; red box: 300 K, 1 � 10�2 s�1; black circle: 300 K, 1 � 10�5

s�1. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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The stress dependence was previously included through the
prefactor v0 in Eq. (2) as a linear function of s [41,42]. Accordingly,
the GBM kinetics can be described as

v ¼ MðTÞs ¼ M0 exp½ � QGB=kBT �s (3)

where M0 is a measure of GB mobility. Again, such a model is
incapable of describing our data because the GBM rate at RT may
change by three orders of magnitude depending on the strain rates,
but the stress merely varies by 20%, as shown in Fig. 8b. If v0 is
treated as a linear function of the strain rate regardless of the stress,
one would have a situation similar to Eq. (2), the low-temperature
(123 K) and high-temperature (300 K) migration rates cannot be
treated in a consistent manner.

4.3. Mechanically-induced grain coarsening kinetics

To describe the grain coarsening kinetics by including both
thermal and mechanical effects, an alternative formula can be
adopted

vðs; TÞ ¼ v0 exp½ � QGBðsÞ=kBT � (4)

where the activation free energy QGB(s) is treated explicitly stress-
dependent: at zero applied stress, QGB is maximum; at a critical
stress s0, QGB is essentially zero. Hence, the relation between QGB
and s can be taken as a power-law function [43,44].

QGBðsÞ ¼ Q0ð1� s=s0ÞP (5)

To demonstrate Eq. (4) is applicable to interpret our measured
velocity data we need following considerations in order to assign
reasonable values to parameters Q0, s0 and P in Eq. (5).

(i) The parameter Q0. The number Q0 is a measure of the acti-
vation energy without stress assistance (s ¼ 0). Such values
may range from 1 eV to more than 20 eVs depending on the
structure of the symmetrical GBs for Cu [45]. Defect contents
at GB or dislocations in close proximity of GBs may signifi-
cantly decrease this number to about 1 eV [46]. For general
considerations, the value of Q0 is taken to be 1 eV in this
study.

(ii) The parameter s0. The number s0 measures the critical stress
at which the GBM becomes spontaneous because the
migration energy barrier is essentially zero at s0. This value
can be taken to be themeasuredmaximum strength of NG Cu
(~11 nm) at liquid-nitrogen temperature [30], i.e. ~1.5 GPa in
our case.

(iii) The parameter P. The index number Pmeasures how strongly
the activation energy decreases as a function of the applied
stress. In general, such tendency is measured by the activa-
tion volume, defined by V*(s) ¼ �vQ(s)/vsjs. When P is tak-
ing to be 2 and 3, withQ0¼1 eV, s0¼1.5 GPa and s¼ 0.9 GPa,
the calculated V* is about 9b3 and 5b3, respectively. These
calculated V* is consistent with the experimental measured
data of NG Cu, which is roughly 10�20b3 [32,47].

With the above considerations, we demonstrate the GBM rates
in Fig. 11a as a function of stress at temperatures 123 K and 300 K
predicted according to Eq. (4) and Eq. (5), with parameters
Q0 ¼ 1 eV, s0 ¼ 1.5 GPa and P ¼ 2.8. The theoretical model can
capture both the stress and temperature dependences of our
measured data at different strain rates and temperatures, showing
almost the same pre-exponential velocity parameters v0, which are
about 100e150 nm s�1.

With this theoretical model, the predicted activation energy and
activation volume as functions of stress show similar trends
(Fig. 11b and c), i.e., they both decrease with increasing the applied
stress. That is, the higher the stress, the smaller the activation en-
ergy barrier and activation volume become, and the faster the GBs
migrate. The low activation energies induced by high applied stress
can explain the observations of rapid mechanically-induced grain
coarsening with limited thermal activation at low temperatures.

4.4. Mechanically-induced vs. diffusional-limited grain coarsening
kinetics

Besides the stress dependence of the activation energy, the
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major difference between Eq. (4) and Eq. (2) is the pre-exponential
factor, v0, a characteristic rate at which a GB tends to move without
any need to jump over an energy barrier (QGB ¼ 0). Such jumping
events can be viewed as alignment of GB atoms by following the
lattice orientation of the growing grain. Particularly, one may
wonder howmany GB atoms need to be involved to promote the GB
motion by a certain distance within a certain time. With such
considerations, one may confront at least two entirely different
scenarios.

(i) The GB appears to be “viscous” and unable to carry signifi-
cant shear, a situation in particular true at high temperatures.
All GB atoms show the same probability to align themselves
such that the entire GB may migrate in a “continuous”
fashion. One may call such process the “diffusional-limited
grain coarsening”, featured by almost stress-independent
QGB and relatively large coarsening rate. Eq. (2) can
assemble such features. Since QGB can be much larger than
kBT, the pre-exponential factor v0 may show up as an
extremely large number.

(ii) The GB appears to be “rigid” and capable to resist shear, a
situation in particular true at low temperatures. The GB
atoms have to be forced to displace in order to trigger the
GBM. Such “mechanically-induced grain coarsening” process
is featured by strongly stress-dependent QGB. Because GBM
only occurs when QGB approaches to kBT, as assembled by Eq.
(4), the pre-exponential factor v0 is unnecessarily large.
Furthermore, it allows that GBM occurs locally if stress
concentration is built up preferentially over there, especially
due to the presence of lattice dislocations.

To reveal the trend that thermal activations of dislocation ac-
tivities, either within grains or at GBs, accounts for the low-
temperature grain coarsening, one may map grain-coarsening
rates measured for different metals [13,48e62] as a function of
reduced temperature into a single plot. As illustrated in Fig. 12, the
data seemingly fall into two well-separated zones: A high-
temperature zone (T > 1/3 Tm) demonstrating a trend following
Eq. (2) and a low-temperature zone (T < 1/3 Tm) featured by Eq. (4).
With increasing the temperature, diffusional-limited GB activities
may be enhanced for most metals, featured by a narrow zone
manifested by an almost constant reduced transition temperature,
i.e., one-third of melting point (Tz 1/3 Tm). Such behavior supports
that the activation energy barrier for GB diffusion can be roughly
treated as a linear function of Tmwith negligible stress dependence
Fig. 12. Various grain coarsening rates at different temperatures observed in a number o
temperature are predicated by modified non-diffusional Mott-Turnbull equation (4) and tra
dotted lines, respectively.
[31,63]. On the other hand, the broader zone at the low-
temperature regime underlies that the grain coarsening kinetics
featured by Eq. (4) show a much stronger martial-dependent than
Eq. (2).

4.5. Mechanically-induced grain coarsening kineticsdfurther
issues

Both the strength and the ductility depend on the existence of
dislocations and GBs in Cu. When grain size (d) changes from
millimeters to nanometers, three grain-size regimes can be iden-
tified [64]: regime I, d > 103 nm, dislocation activities dominate;
regime II, dz 103e10 nm, dislocations aremostly restricted to their
slip planes; and regime III, d < 10 nm, lattice dislocations are absent
so GB activities and the reverse Hall-Petch relation play essential
roles. In terms of the flow stress, it is believed that in regimes I and
II grain-size hardening occurs and the Hall-Petch relation applies.

In particular, we found that the transition from regime II to I
occurs in the GNG layer accompanied by grain-size softening of
GNG layer. Such softening has nothing to do with that in regime III
but obeys the normal Hall-Petch relation along with grain coars-
ening (Fig. 9), underlying that dislocations are no longer restricted
at their glide planes but tend to trigger the motion of GBs and/or
gain extra space for their own motion. In contrast to the defor-
mation process in regime I where the mechanism is closely related
to the intersection of dislocations, in regime II the GBM (GB shear)
is promoted by pileup of dislocations and the interaction between
dislocations and GBs. In both regimes, the plastic activities are rate-
controlled, instead of being driven by the applied stress alone.

With Eq. (4) and Eq. (5), both the applied stress and temperature
dependences can be included if the GBM kinetics is addressed in
terms of nucleation and propagation of GB defects resembling
dislocation characteristics such as GB dislocations or disconnec-
tions [18,27,65e67]. Comparing to atomic jumping or shuffling
events along GBs at high temperatures or under different driving
forces [68], stress-dependent atomic motions promoted by propa-
gation of GB dislocations or disconnections [69] can be considered
as plausible mechanisms at low temperatures. The motion of GB
disconnections in GB planes as an effective mode to trigger GBM
has been demonstrated in recent works via molecular dynamics
simulations [27] as well as evidenced experimentally via in-situ
TEM observations [18,66]. It is also worth noting that rearrange-
ment of groups of atoms in asymmetric high-angle GB (or general
GB) region may also require an applied driving force (strain/stress).
The process requires essentially no GB dislocations or GB
f experiments [13,48e62]. The grain coarsening rates at low temperature and high
ditional Mott-Turnbull rate equation (2), respectively, as shown by the solid lines and
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disconnections because they are not well defined for such GBs
[70,71]. Such processes cannot be excluded to understand the
source-limited GBM phenomena in our GNG Cu samples.

The rate-controlled mechanism seems not only useful to
address the grain coarsening normally observed in a variety of NG
samples under mechanical deformation [12,13], but also provide
further clues to understand the abnormal grain coarsening at low
temperatures without mechanical loading [5,6]. To optimize the
mechanical performance of NGmaterials, e.g. in terms of the trade-
off between strength and ductility, it is essential to stabilize the NG
structure at elevated temperatures. To this end, a delayed transition
from “source-limited” to “diffusional-limited” grain coarsening
beyond certain temperature limit, therefore, is highly desirable.

5. Summary and conclusions

Microstructural evolution at the top layer of GNG Cu has been
examined under conditions of various temperatures and strain
rates. The deformation was found to be dominated by grain
coarsening, with significant “strain softening” at all deformation
conditions considered. Although the strength is reduced due to
grain coarsening, the GNG Cu layer becomes capable of accom-
modating massive plastic strain. As such, excellent plasticity of the
entire specimen can be achieved.

At given strains, the grain coarsening tends to be enhanced at
elevated temperatures and/or reduced strain rates, underlying that
the grain coarsening is not exclusively controlled by the stress, but
also thermally activated. To address the grain coarsening kinetics,
an empirical source-limited kinetic equation has been proposed by
incorporating both thermal effect and stress dependence. The new
set of equations is useful to understand the low-temperature grain
coarsening kinetics according to our analyses. Our results provide
strong evidence that the intrinsic mechanism underlying grain
coarsening kinetics is stress-driven, thermally activated and largely
source-limited, in particular, at low temperatures.
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