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Nanotwin-assisted grain growth in nanocrystalline
gold films under cyclic loading
Xue-Mei Luo1, Xiao-Fei Zhu1 & Guang-Ping Zhang1

Under mechanical loading, nanocrystalline metals show unique behaviour, among the most

common of which are high strength, mechanically induced grain growth and twin formation.

However, mechanically induced grain growth is seldom correlated with twins. Here we report

a clear relationship between grain growth and nanoscale twins in 20-nm-thick gold films with

a grain size ofB19 nm under cyclic loading based on atomic-scale observations and analyses.

We find that the formation of nanotwins is an effective way to assist grain coarsening,

following a fundamental process that the mutual formation of nanotwins in two neighbouring

grains changes the local grain orientation and dissociates the grain boundary into new

segments, which become more mobile. The proposed mechanism of nanotwin-assisted grain

growth may have important implications for understanding the interface-mediated

mechanisms of cyclic plastic deformation and for the interface engineering design of

nanostructured metals with both high strength and good fatigue resistance.
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A
lthough a grain boundary (GB), as an effective barrier to
dislocation motion, plays a key role in enhancing yield
strength of polycrystalline metals through reducing grain

size down to nanometre scales, GBs in nano-grained metals
usually become so unstable that grain growth characterized by GB
migration/grain coarsening always occurs. Grain growth is most
commonly associated with thermally activated GB migration1,2,
but it was also observed in nanocrystalline (nc) copper deformed
at liquid-nitrogen temperature3, indicating that the grain growth
in nc metals could be induced mechanically. Furthermore, Rupert
et al.4 have experimentally uncovered the shear-stress-driven GB
migration behaviour in the aluminium film using the specimens
smartly designed with stress and strain concentrators. Until now,
the grain growth has been observed under various loading modes
including tension5,6, compression7, nanoindentation3,8 and cyclic
deformation9,10.

Several mechanisms are currently correlated to mechanically
induced grain growth such as grain rotation and agglomera-
tion11,12, GB migration4,13, cooperative mechanism11,14,15, and so
on. It is suggested that the grain rotation is a significant factor
only for very small grains and at very high temperatures1, and the
growth mechanism is associated with gradual GB dissociation
caused by dislocation motion15,16. For GB migration, the motion
of a low-angle GB (LAGB) is generally related to the collective
motion of the individual dislocations in these boundaries17–20,
while the migration of a high-angle GB (HAGB) is mainly
described by the shuffling model21, the DSC (displacement shift
complete) model22–24 and the shear coupling models13,25,26. In
the DSC model, the HAGB migration is attributed to the motion
of the secondary GB dislocations, which result in a combined GB
migration and sliding27. Cahn et al.13,25 have recently proposed a
unified approach to the GB motion in the shear coupling mode.
Furthermore, a more generalized formulation28 was proposed to
describe the shear-migration coupling of ordinary GBs with non-
coincidence relationships and irrational habit planes.

Upon plastic deformation of the nc fcc-structured metal,
Shockley partial dislocations (PDs) are usually emitted from
GBs29, leading to frequent twin nucleation. Besides, molecular
dynamics simulation30 and experimental observations31,32

suggest that twins can form by GB motion or dissociation.
These twin-related GB activities may give rise to questions
whether the GB migration is related to nanotwins. If so, the
question arises how these GBs migrate through formation of
nanotwins and how the nanograins become coarsened.

In this communication we show that grain growth of 20-nm-
thick gold films with a grain size of B19 nm under fatigue
loading has a close relationship to nanotwins. The twin formation
in nano-grained gold films is an effective way to gradually change
the local grain orientation from the high-angle misorientations
to the low-angle misorientations. Frequent formation of twins
can lead to the consequent dissociation of GBs and accelerated
GB migration, which remarkably promote grain growth in the
nano-grained gold films subjected to fatigue loading.

Results
Microstructures of the gold films. Transmission electron
microscopy (TEM) bright-field images on both plan-view
(Fig. 1a) and cross-sectional view (Fig. 1b) indicate that the as-
deposited film has a columnar grain structure with an in-plane
grain size of 19.0±7.6 nm. Here twin boundaries (TBs) were
ignored in the determination of the grain size. Some of the grains
have growth twins (Fig. 1b). X-ray diffraction y–2y scans (see
inset in Fig. 1a) reveal that the film has a strong (111) out-of-
plane texture.

We firstly examined the 20-nm-thick gold film sample, in
which fatigue damage happened within 106 cycles under a total

strain range of 1.41%. Such a strain range is expected to cause
a high stress range33. Features of fatigue damage in the gold
film (Fig. 2a) mainly exhibit multiple cracks without any
bulk-like fatigue extrusions/intrusions induced by cyclic strain
localization34. Then, we carefully checked the cyclically deformed
regions far away from and near the cracks, as shown in Fig. 2b,c,
respectively. Obvious grain growth was found in both regions.
The mean grain size of the fatigued sample has increased to
41.3±15.4 nm compared with that (19.0±7.6 nm) of the as-
deposited sample (see Fig. 2d), and the grain size distribution
broadens as the grain size increases. Especially, there is no
appreciable difference in the extent of grain coarsening between
the two regions, implying that the grain growth in the present
nano-grained film is locally uniform.

Coarsening of twinned grains. We surprisingly found that the
coarsened grains had a close correlation with twin formation.
After examining B740 grains in the fatigued samples and in the
as-deposited ones respectively, we noticed that the fraction of
nanotwins evidently increased and many coarsened grains con-
tained multiple nanotwins in the fatigued samples. The dis-
tribution range of the size of twinned grains after cyclic
deformation has shifted from the original range (5–50 nm) to that
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Figure 1 | Microstructure and texture. (a) Plan-view and (b) cross-

sectional view bright-field TEM images of the as-deposited gold film,

showing a columnar grain structure with some growth twins. Inset is

XRD y–2y scanning result, revealing a strong (111) out-of-plane texture.

Scale bars: (a) 50 nm, (b) 10 nm.
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with larger grains (20–80 nm). Meanwhile, the number of the
twinned grains also greatly increased (Fig. 2e). Figure 2f shows a
typical multi-twinned grain with an average twin spacing of 5 nm.
The TBs in the grain are generally imperfect, as characterized by
a high-resolution transmission electron microscopy (HRTEM)
image (Fig. 2g). Here the Frank circuit (see inset in Fig. 2g) with a
closure failure of ½11�2�=12, which is the projected vector of
Shockley PD ½2�1�1�=6 on the ð1�10Þ plane. A number of HRTEM
observations further show the appearance of nanotwins, stacking
faults and multi-twinned grains (see Supplementary Figs S1–3).
At present, it is not definitely proven that these nanotwins are
deformation twins rather than growth twins.

Nanotwin-assisted GB dissociation. Through the following two
examples of the fatigued samples, we will uncover a mechanism
for the observed grain growth, essentially being the process of
nanotwin-assisted GB dissociation and local grain coarsening.

The first example (Fig. 3a) shows an HRTEM image of two
large grains (G1 and G2) with typical multi-twins (note that the
lower right grain labelled by G1 is partly shown but the un-
imaged part of the GB was schematically marked by asterisks).
Figure 3b reveals that the misorientation between G1 and the
upper left grain (G2) is 60�, as a HAGB. The 2-nm-wide twin
lamella (T11) terminated in G1 and changed the local orientation
of G1 to the same orientation as G2 (similarly T12 and G2). As a
result, some parts of G1 were transformed into G2 through such
multiple formation of nanotwins, which made the boundary
between G1 and G2 dissociate gradually. According to Fig. 3c, we
know that the remaining part of the GB is a S3{112} incoherent

TB, which is the relaxed 9R boundary structure, as reported in the
literature35,36. Obviously, such frequent formation of nanotwins
gradually changed the orientation of the grain into that close to
the orientation of the neighbouring grain.

Another example is presented by the HRTEM observation on
two larger grains (G3 and G4) and a smaller grain (G5) (see
Fig. 3d). G3 and G4 had a LAGB with a misorientation of
5.3� (Fig. 3e). When nanotwins T31 and T32 formed in G3,
they impinged on the LAGB and transformed local parts of the
LAGB into several boundary segments with a larger angle,
which are energetically more favourable than the LAGB for
GB migration8,15,37. The local orientation of a nanotwin T41 in
G4 keeps the orientation close to that of T32 in G3 (only 3.4�),
and a perfect dislocation on such a LAGB was also found in
Fig. 3f.

Discussion
Our observations mainly reveal that twin formation may play an
important role in the grain growth, but such a twin-assisted
mechanism does not exclude other mechanisms for grain
growth4,11,25,38, such as some full/partial dislocations are likely
to be involved in the dissociation of the GB, having no
relationship with twin formation and the surface/boundary
effects may also not be neglected. In spite of this, one would
like to know how large are the driving forces of twin nucleation
and grain growth, and what is the relationship between twin
formation and grain growth under cyclic loading?

First, we calculate the driving force for twin nucleation, which
reveals that PDs in gold would be activated preferentially as the
grain size deceases down to B20 nm (see Supplementary
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Figure 2 | Fatigue damage behaviour and quantitative characterization. (a) Scanning electron microscopy (SEM) observation of damage morphology in

the 20-nm-thick gold film after fatigue loading. (b,c) TEM images for places far away from the cracks and near the cracks, respectively. Statistical

distributions of (d) normalized frequency and (e) the number of twinned grains with grain size in as-deposited and fatigued samples. (f) ½1�10� HRTEM
image of a typical large grain with parallel multi-twins, showing seven twin planes indicated by arrows. The red arrow indicates a stacking fault. The inset is

the fast Fourier transformations of one twin. (g) A high magnification of nanotwins in dash-squared region in (f). TB steps show imperfect twin boundaries.

The inset is the Frank circuit with a closure failure ½11�2�=12. Scale bars: (a) 2mm, (b,c) 50 nm, (f) 5 nm, (g) 2 nm.
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Discussion and Supplementary Fig. 4). Thus, PDs to form a twin
would be present in some nanograins in the 20-nm-thick gold
film with grains ranging from 5–50 nm.

Second, diffusion mechanisms like Coble creep and GB sliding
are not the necessary conditions for the grain growth of very
small grains3,38. Grain growth is generally driven by the reduction
in the overall free energy5,27, traditionally including a decrease in
stored deformation energy, elastic strain energy, GB energy or
surface energy27. Here we firstly consider the traditional driving
force for grain growth and then the mechanical stress. (a) An
excess density of defects (for example, dislocations) is a powerful
source of a driving force27. Here no dislocation networks are
observed in both the as-deposited and the as-deformed samples,
so the contribution of the stored deformation energy could be
neglected. (b) The elastic driving force P can be simply given by
the difference in the stored elastic energy density of the two
grains27

P ¼ t2

2
ð 1
E1

� 1
E2
Þ; ð1Þ

where t is the elastic stress B102MPa. E1 and E2 are elastic
moduli of neighbouring grains B105MPa, respectively. Thus, the
diving force is about three orders of magnitude lower than
the elastic stress. (c) The reduction in the GB energy and
the surface energy also promotes the grain growth. These two
types of driving forces dominate the grain growth at elevated
temperature in metal films. Thus, we conducted annealing
treatment at 250 �C for B10 h in vacuum to see how the two
factors affect the grain growth. Here the annealing time was
approximately equal to the fatigue testing time. Furthermore, we
calculate and compare the creep rate _e under the stress-driven

condition and the thermally driven condition according to the
Coble creep equation39.

_e ¼ A
d3

� s
T
e�Hb=RT ; ð2Þ

where A is a constant, s is the stress, d is the average grain size,
Hb is the activation energy (Hb¼ 173.4 kJmol� 1)27, R is the gas
constant and T is the temperature. The calculation results
presented in Table 1 indicate that _e is much larger for the
annealed sample, even if an underestimated stress is chosen.
However, the annealed gold film does not show a more noticeable
predominance in grain growth, instead, the average grain size of
the annealed sample is smaller than that of the fatigued sample, as
shown in Figs 1a and 4. This confirms that the mechanical stress
plays an important role in promoting grain growth.

Third, we estimated the driving force for mechanically driven
grain growth based on the presently available models38. The
comparison of the driving force between twin formation and
grain growth (see Supplementary Discussion and Supplementary
Table S1) indicates that their driving forces are comparable.
Whether the twin formation or grain growth happens may
depend on the applied stress. It is believed that the twin
formation and grain growth would occur simultaneously because
of the larger applied stress in the gold film. Alternatively, even if
the grain growth happened prior to the twin formation at the
first-cycle loading, the nanotwins formed in the subsequent-cycle
loading would immediately participate in the GB dissociation and
grain coarsening, as observed in Figs 2 and 3. As the cyclic stress
in the film varies periodically from the maximum to the
minimum, sometimes it would get smaller than both stresses
for twin formation and grain growth, leading to the repeated
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Figure 3 | GB dissociation induced by twin formation. (a,d) HRTEM images of two typical examples for large grains (G1 and G2 for example 1, G3 and G4

for example 2) with parallel multi-twins in the fatigued samples. (b,c) and (e,f) The corresponding details of the microstructures for examples

1 and 2, respectively. Asterisks indicate GBs. T and M are abbreviation of twin and matrix, respectively. Red arrows indicate stacking faults. In (a), T11

terminates in the grain, and stacking faults at the tip of the T11 are indicated by arrows. (b) A close observation of zone I in a. Red dashed lines indicate the

incoherent TB (ITB). (c) Boundary structure of ITB1. (e) A high magnification of zone II in (d), the twinning relationship is marked by the solid line.

G4(M41) and G3(M31) have a small misorientation of 5.3�. Three perfect dislocations are indicated by a symbol ‘>’. (f) A close examination of zone III in

d, T41 and T32 has a small misorientation of 3.4�. A perfect dislocation is indicated by a symbol ‘>’. The misorientation angles are determined by

the angle between {111} planes, which is labelled by the black straight lines, as shown in b and e. Scale bars: (a,d–f) 5 nm, (b,c) 1 nm.
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growth process starting from twinned grains. Especially, the pre-
existing growth nanotwins may also be involved in the GB
dissociation at the first onset of the grain growth in the first-cycle
loading. Thus, whether the nanotwins formed before or after the
onset of grain growth in the first-cycle loading, they always
assisted GB dissociation with the accumulation of cyclic loading.

Based on our atomic-scale observations, the nanotwin-assisted
grain growth mechanism in the cyclically deformed nc gold films
can be illustrated schematically in Fig. 5. The cyclic loading
sustains the successive formation of nanotwins in the one/two
grains, which frequently impinge on the GB, leading to the local
dissociation of the GB (Fig. 5a–d). The formation of nanotwins
may lead to the fact that some local parts of the HAGB are

transformed into several new LAGB segments. Generally, the
LAGB segments are several nanometres in length with one or
two dislocations, as observed in Fig. 3e,f. These very limited
dislocations could be either removed by reaching the nearby
boundaries38,40 or dissociated to glide into a coherent TB29,41.
Besides, the undissociated segments of the HAGB would become
much easier to move than the whole HAGB under the mechanical
stress (Fig. 5e), because the velocity of the GB motion is inversely
proportional to the size of the moving unit20,42. All these twin-
related activities promote two grains to gradually coalesce into
one grain with multiple twins (Fig. 5f). A similar grain growth
process would occur in the grains with LAGBs. The nanoscale
grain size smaller than 10–20 nm results in the fact that the PDs
are more prevalent29, while twin formation sustained by cyclically
loading–unloading gradually depletes the whole grain through
continuous formation of twins inside the grains. In what follows,
we will consider a general case where the orientation relation
between the two grains fits such local grain coalescence.

We can simply describe the twin orientation relationship as
180�o1114 considering the high crystal symmetry in the fcc
crystal43,44, and the corresponding matrices Gtwin are listed as
follows:

G111 ¼
1
3

� 1 2 2
2 � 1 2
2 2 � 1

2
4

3
5 ð3Þ

G�111 ¼
1
3

� 1 � 2 � 2
� 2 � 1 2
� 2 2 � 1

2
4

3
5 ð4Þ

G1�11 ¼
1
3

� 1 � 2 2
� 2 � 1 � 2
2 � 2 � 1

2
4

3
5 ð5Þ

G11�1 ¼
1
3

� 1 2 � 2
2 � 1 � 2
� 2 � 2 � 1

2
4

3
5 ð6Þ

For a grain G with an orientation ofMG, the orientation of the twin
T in G can be described byMtwin¼Gtwin �MG. The misorientation
between any two orientations (MA and MB) can be expressed as
Gmis¼MB � inv(MA). We can derive the axis and its corresponding
rotation angle (also called misorientation angle) from the matrix
Gmis(more details in ref. 45). Then, 24 symmetry operators (for
cubic symmetry) are used to get the smallest rotation angle among
all symmetrically equivalent misorientation angles.

Since the angle for the transition from low to high angle
boundaries is typically taken as between 10� and 15�, 10� is
chosen as a critical angle misorientation (yc) below which the two
coalesced grains are locally regarded as one with the LAGB.
Following such a criterion, now we have two nanograins with
twins; their mutual misorientation (f) is shown in the inset of
Fig. 6. Once yiryc (i¼ 1, 2 or 3), G1 and G2 would coalesce into
a large grain with the LAGB. Here yi is the smallest rotation angle
and the method to get yi has been described above. We calculate
the possible j between G1 and G2 suitable for yiryc through the
rotation around four typical low-index symmetric axesohkl4 in
the fcc crystal, respectively, as shown in Fig. 6. We find that there
is a large possibility for the present mechanism to occur in G1/G2
with johkl4, especially for jo1104 (j¼ 0–10�, 29–48.9�,
60.6–80.5�, 99.5–119.4�, 131.1–151� and 170–180�) and
jo1114 (j¼ 0–10�, 50–70�, 110–130� and 170–180�).
Obviously, our experimental observations (Table 2) are well
consistent with the calculations, as shown by data points in Fig. 6,
that is, G3/G4 with j¼ 5.3� 1�10½ � could coalesce through twin
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the fatigued sample. (b) Plan-view TEM image of microstructures of

the annealed 20-nm-thick gold film. Scale bar: 100 nm.

Table 1 | A comparison of creep rates of the gold film under
fatigue loading and annealing treatment.

Methods Grain
size,

d (nm)

Stress, r
(MPa)

Temperature
(K)

Hb

(kJ mol� 1)
re�Hb=RT=T

Fatigue 20 250
1000

298.15 173.4 3.3� 10� 25

1.3� 10� 24

Annealing 20 20 523.15 173.4 1.8� 10� 13

Here, stress s¼ 250MPa, which is about the critical stress to form a twin when d¼ 20nm,
according to the Supplementary Discussion, and the higher stress is for comparison. In the
calculation for the annealed sample, due to the thermal expansion misfit between the gold film
and the substrate, the gold film would sustain a high stress. Here, an underestimated stress
20MPa is chosen.
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formation, while G5/G3 with j¼ 87.2� 1�10½ � and G5/G4 with
82.2� 1�10½ � still remained intact without any evident grain growth.

Once the grain coarsens, the perfect dislocation activity
gradually tends to be effective and the GB motion velocity
decreases. Hence, although the orientation relationship between
the coarsened grain and the next neighbouring grain may be

satisfied, the nanotwin-assisted mechanism may not have the
grains to grow so large that fatigue extrusions/intrusions are able
to form, as observed in ultrafine grains produced by severe plastic
deformation46. In the ultrafine grains with highly stored
deformation energy, the thermally activated dynamic recovery
resulted in grain coarsening and subsequent cyclic softening2,
while the limited grain coarsening in the present nano-grained
films led to the fact that the initiation of fatigue cracks is still
rather difficult in these coarsened grains less than 100 nm34.
Furthermore, such nanotwin-assisted grain growth may
effectively dissipate some amount of cyclic plasticity, and thus
partially contribute to enhanced fatigue properties of the 20-nm-
thick gold films compared to that of 900-nm-thick ones, as shown
in Fig. 7. Although there are almost no reports on fatigue
properties of bulk polycrystalline gold, the comparison of the nc
gold films to bulk polycrystalline copper47, micron-thick copper
films48,49 and submicron-thick copper films on polyimide
substrates48,49 demonstrates that the nc gold films is of much
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Table 2 | Mutual misorientation angles among grains and
twins.

G3 G4 T41 in G4

G3 � 5.3� �
T32 in G3 70.5� 70.9� 3.4�
G5 87.2� 82.2� �

The mutual misorientation angles among the corresponding areas in Fig. 3d. The angles are
measured by the angle between {111} planes.
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higher fatigue strength than that of the submicron-scale copper
films and the bulk copper (see Fig. 7), indirectly revealing that
fatigue properties of the nc gold films are evidently enhanced
compared with the bulk ones. In addition to the potential
contribution from high strengths of the nanograins and the
nanotwins, this improvement in fatigue properties may also be
closely associated with the limited coarsening of nanograins,
which is assisted by cyclic loading-sustained nanotwin formation.

In fact, Fang et al.50 have recently shown that mechanically
driven grain growth did play a key role in enhancing plasticity of
gradient nc copper, unveiling the potential plasticity in the high-
strength nc materials. We expect that such nanotwin-assisted
grain growth mechanisms may validate only in the nanoscale
regime where PDs have taken over as the main cyclic deformation
way, but the proposed mechanism would be of considerable
technological importance to the optimum design of GB stability
through the concept of the limited coarsening of the nanograins
assisted by nanotwins for high-performance nanostructured
materials with both high strength and good fatigue resistance.

Our findings reveal, in general, that the grain growth of the
nano-grained gold films under cyclic loading is related to
nanotwin formation, which plays a key role in changing local
grain orientation and dissociating boundaries of nanograins. As a
result, the grain growth can be assisted effectively. The proposed
nanotwin-assisted grain growth mechanism and the theoretical
calculation of crystallographic relationship among the neighbour-
ing grains may provide a clue how to stabilize the nano-GBs, and
even modulate cyclic plasticity of nc metals through the optimum
design of the nano-GBs for the GB engineering.

Methods
Sample preparation. We deposited 20-nm-thick gold films (target purity: 99.99%)
onto 125 mm-thick polyimide (Dupont Kapton) substrates using DC magnetron
sputtering under ultra-high vacuum (10� 7 torr) conditions. Before deposition, the
substrate was cleaned by sputtering Ar ions for B5min to remove the surface
contamination and to improve the bond between the substrate and the film.

Experimental methods. Fatigue tests of the film samples with a gauge section of
13mm in length and 3mm in width were performed under load control at a
frequency of 20Hz and load ratio (the minimum load/the maximum load) of 0.1.
To introduce fatigue damage in the sample, an initial load range (DP) was applied
to the film bonded to the elastic polyimide substrate for a fixed 106 cycle-testing.
Then, DP was not increased successively until the discernable cracks appeared in
the film within 106 cycles. The critical DP needed to generate fatigue damage within
106 cycles was determined to be 16.0N, which corresponds to the total strain range
of 1.41%. The samples for observations on fatigue damage behaviour (Figs 1–3 and
Supplementary Figs 1–3) were conducted by this method.

In order to evaluate fatigue life, fatigue tests of the gold film samples with a
gauge section of 10mm in length and 3mm in width were performed under load
control at a frequency of 20Hz for high cycle regime (4105 cycles) and 1Hz for
low cycle regime. Load ratio is also 0.1. A real-time electrical resistance (R) of the
film was measured during cyclic loading using a digital multimeter (Agilent
34410A) with a resolution of 10� 3O. An increase in DR/R0 (DR¼R�R0 and R0 is
the initial electrical resistance before fatigue testing) is considered to be associated
with the nucleation and propagation of cracks in the film, which was confirmed by
the postmortem SEM observations. To determine the critical DR/R0 corresponding
to the onset of fatigue cracking, we conducted a series of the postmortem SEM
observations at different DR/R0 (see Supplementary Fig. S5). Thus, the number of
cycles to failure is determined to be the fatigue cycles at which DR/R0 increases to
10%, where the macrocrack starts to propagate, resulting in the failure of the film.
Similar definitions of the fatigue life were adopted in former reports51–53.

Characterization. The samples for HRTEM and TEM investigations were ground
mechanically toB30mm in thickness, and then further thinned by ion milling on a
precision ion polishing system (Gatan 691) at � 100 �C. A field emission gun SEM
(Zeiss Supra 35) and a field emission gun TEM (FEI Tecnai F20) were used to
observe the gold films. HRTEM observations were operated at 200 kV and its point
resolution is B0.21 nm. X-ray diffraction y–2y scans were recorded on a
Rigaku X-ray diffractometer D/MAX–2500/PC equipped with Cu Ka radiation
(56 kV, 182mA).
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2. Höppel, H. W., Zhou, Z. M., Mughrabi, H. & Valiev, R. Z. Microstructural

study of the parameters governing coarsening and cyclic softening in fatigued
ultrafine-grained copper. Philos. Mag. A 82, 1781–1794 (2002).

3. Zhang, K., Weertman, J. R. & Eastman, J. A. Rapid stress-driven grain
coarsening in nanocrystalline Cu at ambient and cryogenic temperatures.
Appl. Phys. Lett. 87, 061921 (2005).

4. Rupert, T. J., Gianola, D. S., Gan, Y. & Hemker, K. J. Experimental observations
of stress-driven grain boundary migration. Science 326, 1686–1690 (2009).

5. Gianola, D. S. et al. Stress-assisted discontinuous grain growth and its effect on
the deformation behavior of nanocrystalline aluminium thin films. Acta Mater.
54, 2253–2263 (2006).

6. Fan, G. J. et al. Uniaxial tensile plastic deformation of a bulk nanocrystalline
alloy studied by a high-energy x-ray diffraction technique. Appl. Phys. Lett. 89,
101918 (2006).

7. Pan, D., Kuwano, S., Fujita, T. & Chen, M. W. Ultra-large room-temperature
compressive plasticity of a nanocrystalline metal. Nano Lett. 7, 2108–2111
(2007).

8. Soer, W. A. et al. Effects of solute Mg on grain boundary and dislocation
dynamics during nanoindentation of Al–Mg thin films. Acta Mater. 52,
5783–5790 (2004).

9. Padilla, II H. A. & Boyce, B. L. A review of fatigue behavior in nanocrystalline
metals. Exp. Mech. 50, 5–23 (2009).

10. Cheng, S. et al. Structure modulation driven by cyclic deformation in
nanocrystalline NiFe. Phys. Rev. Lett. 104, 255501 (2010).

11. Haslam, A. J. et al. Stress-enhanced grain growth in a nanocrystalline material
by molecular-dynamics simulation. Acta Mater. 51, 2097–2112 (2003).

12. Shan, Z. W. et al. Inter- and intra-agglomerate fracture in nanocrystalline
nickel. Phys. Rev. Lett. 100, 105502 (2008).

13. Cahn, J. W., Mishin, Y. & Suzuki, A. Coupling grain boundary motion to shear
deformation. Acta Mater. 54, 4953–4975 (2006).

14. Jin, M., Minor, A. M., Stach, E. A. & Morris, Jr J. W. Direct observation of
deformation-induced grain growth during the nanoindentation of ultrafine-
grained Al at room temperature. Acta Mater. 52, 5381–5387 (2004).

15. Haslam, A. J., Phillpot, S. R., Wolf, D., Moldovan, D. & Gleiter, H. Mechanisms
of grain growth in nanocrystalline fcc metals by molecular-dynamics
simulation. Mater. Sci. Eng. A 318, 293–312 (2001).

16. Sandström, R. On recovery of dislocations in subgrains and subgrain
coalescence. Acta Metall. 25, 897–904 (1977).

17. Bainbridge, D. W., Li, C. H. & Edwards, E. H. Recent observations on the
motion of small angle dislocation boundaries. Acta Metall. 2, 322–333 (1954).

18. Bobylev, S. V., Gutkin, M. Y. & Ovid’ko, I. A. Transformations of grain
boundaries in deformed nanocrystalline materials. Acta Mater. 52, 3793–3805
(2004).

19. Li, C. H., Edwards, E. H., Washburn, J. & Parker, E. R. Stress-induced
movement of crystal boundaries. Acta Metall. 1, 223–229 (1953).

20. Winning, M., Gottstein, G. & Shvindlerman, L. S. On the mechanisms of grain
boundary migration. Acta Mater. 50, 353–363 (2002).

21. Babcock, S. E. & Balluffi, R. W. Grain boundary kinetics—II. In situ
observations of the role of grain boundary dislocations in high-angle boundary
migration. Acta Metall. 37, 2367–2376 (1989).

22. Duneau, M., Oguey, C. & Thalal, A. Coincidence lattices and associated shear
transformaions. Acta Crystallogr. A 48, 772–781 (1992).

23. Babcock, S. E. & Balluffi, R. W. Grain boundary kinetics—I. In situ observations
of coupled grain boundary dislocation motion, crystal translation and boundary
displacement. Acta Metall. 37, 2357–2365 (1989).

24. Hyde, B., Farkas, D. & Caturla, M. J. Atomistic sliding mechanisms of the S¼ 5
symmetric tilt grain boundary in bcc iron. Philos. Mag. 85, 3795–3807 (2005).

25. Cahn, J. W. & Taylor, J. E. A unified approach to motion of grain boundaries,
relative tangential translation along grain boundaries, and grain rotation.
Acta Mater. 52, 4887–4898 (2004).

26. Mompiou, F., Caillard, D. & Legros, M. Grain boundary shear–migration
coupling—I. In situ TEM straining experiments in Al polycrystals. Acta Mater.
57, 2198–2209 (2009).

27. Gottstein, G. & Shvindlerman, L. S. Grain Boundary Migration in Metals:
Thermodynamics, Kinetics, Applications 2nd edn (CRC Press, 2010).

28. Caillard, D., Mompiou, F. & Legros, M. Grain-boundary shear-migration
coupling. II. Geometrical model for general boundaries. Acta Mater. 57,
2390–2402 (2009).

29. Zhu, Y. T., Liao, X. Z. & Wu, X. L. Deformation twinning in nanocrystalline
materials. Prog. Mater. Sci. 57, 1–62 (2012).

30. Yamakov, V., Wolf, D., Phillpot, S. R. & Gleiter, H. Deformation twinning
in nanocrystalline Al by molecular-dynamics simulation. Acta Mater. 50,
5005–5020 (2002).

31. Wu, X. L. & Ma, E. Deformation twinning mechanisms in nanocrystalline Ni.
Appl. Phys. Lett. 88, 061905 (2006).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4021 ARTICLE

NATURE COMMUNICATIONS | 5:3021 | DOI: 10.1038/ncomms4021 |www.nature.com/naturecommunications 7

& 2014 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


32. Liao, X. Z., Zhou, F., Lavernia, E. J., He, D. W. & Zhu, Y. T. Deformation twins
in nanocrystalline Al. Appl. Phys. Lett. 83, 5062 (2003).

33. Olliges, S. et al. Thermo mechanical properties and plastic deformation of gold
nanolines and gold thin films. Mater. Sci. Eng. A 528, 6203–6209 (2011).

34. Zhang, G. P. et al. Length-scale-controlled fatigue mechanisms in thin copper
films. Acta Mater. 54, 3127–3139 (2006).

35. Wang, J., Anderoglu, O., Hirth, J. P., Misra, A. & Zhang, X. Dislocation
structures of Sigma 3 {112} twin boundaries in face centered cubic metals.
Appl. Phys. Lett. 95, 021908 (2009).

36. Carter, C. B., Medlin, D. L., Angelo, J. E. & Mills, M. J. The 112 lateral twin
boundary in FCC materials. Mater. Sci. Forum 207-209, 209–212 (1996).

37. Winning, M., Gottstein, G. & Shvindlerman, L. S. Stress induced grain
boundary motion. Acta Mater. 49, 211–219 (2001).

38. Li, J. C. M. Mechanical grain growth in nanocrystalline copper. Phys. Rev. Lett.
96, 215506 (2006).

39. Coble, R. L. A model for boundary diffusion controlled creep in polycrystalline
materials. J. Appl. Phys. 34, 1679 (1963).

40. Yamakov, V., Wolf, D., Phillpot, S. R., Mukherjee, A. K. & Gleiter, H.
Dislocation processes in the deformation of nanocrystalline aluminium by
molecular-dynamics simulation. Nat. Mater. 1, 45–48 (2002).

41. Yamakov, V., Wolf, D., Phillpot, S. R. & Gleiter, H. Dislocation–dislocation and
dislocation–twin reactions in nanocrystalline Al by molecular dynamics
simulation. Acta Mater. 51, 4135–4147 (2003).

42. Upmanyu, M., Srolovitz, D. J., Shvindlerman, L. S. & Gottstein, G. Molecular
dynamics simulation of triple junction migration. Acta Mater. 50, 1405–1420
(2002).

43. Hirth, J. P. & Lothe, J. Theory of Dislocations 2nd edn (John Wiley & Sons, Inc,
1982).

44. Christian, J. W. & Mahajan, S. Deformation twinning. Prog. Mater. Sci. 39,
1–157 (1995).

45. Priester, L. Geometrical order of grain boundaries. In: Grain Boundaries
(Springer Netherlands, 2013).

46. Mughrabi, H. & Höppel, H. W. Cyclic deformation and fatigue properties of
very fine-grained metals and alloys. Int. J. Fatigue 32, 1413–1427 (2010).
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