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In this study, the plastic behaviors of nanocrystalline Auwith an average grain size of 18 nmwere investigated in
situ using a home-made tensile device in a transmission electronmicroscope.Weprovide thedirect experimental
results revealed the process of grain boundary migration. The results show that dislocation behaviors are preva-
lent for large grains. However, for grain sizes below ~15 nm, grain boundarymigration occurs frequently. The re-
sults of our statistical analyses show that grain boundary migration occurs more frequently than grain boundary
sliding and rotation in nanocrystalline Au.
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The deformation mechanisms of nanocrystalline (NC) materials
have attracted intense interest because these materials exhibit greater
strength than their coarse-grained counterparts [1,2]. However, the de-
formation mechanisms of NCs with grain sizes below ~15 nm are still
under debate, though this topic has been extensively studied both the-
oretically [3–15] and experimentally [16–29]. Previous molecular dy-
namic (MD) simulations predict a transition in the deformation mode
that occurs at a critical grain size of ~15 nm; at this point, the plastic de-
formation that is controlled by dislocation activities is transferred into
grain boundary (GB)-mediated plasticity [3–6]. In other words, for
grain sizes of less than ~15 nm, the plastic deformation in NC metals
is controlled by GB-mediated plasticity mechanisms, such as GB sliding,
grain rotation andGBmigration [4–6]. SomeMD simulation studies sug-
gest that GB sliding and GB migration are the dominant deformation
mechanisms [7–10] and that grain rotation is an accommodation

mechanism during the deformation [15,28,29]. In addition, many theo-
ries andMDsimulations have predicted that small grains aremore likely
to undergo GB migration than large grains because small grains exhibit
relatively large GB curvatures [30–33]. However, very few direct exper-
imental results confirm that this is the case.

Experimentally, many previous studies have observed obvious grain
growth by postmortem examination. Based on these studies, grain
growth is believed from GB migration [25,34,35]. Interestingly, Shan et
al., discovered that GB sliding and grain rotation in ~10 nm NC Ni [18,
19], while Kumar et al., andHugo et al., reveal that dislocation-mediated
plasticity plays a dominant role even in ~10 nmNC Ni [20,21]. Previous
in-situ transmission electron microscopy (TEM) studies also observed
the GB migration in Al [22–25] at grain sizes N50 nm. However, for NC
Au, though grain rotations were observed both at low temperature
[26] and during annealing [27], very few studies provide the quantity
analyses on GB mediated plasticity; and at which grain size, there is a
transition occurs from dislocation behavior to GB-mediated plasticity.

In this study, using a home-made device of our own design [36–38],
the plastic behavior of NC Au with an average grain size of 18 nm was
investigated in situ at room temperature using a TEM. We found an ob-
vious transition in the deformation mode from dislocation behavior for
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large grains to GB migration-controlled plasticity for small grains. The
results of our statistical analysis show that GBmigration ismore favored
than other GB deformation mechanisms in NC Au.

NC Au thin films with a thickness of ~10 nmwere deposited on sin-
gle-crystal NaCl substrates by magnetron sputtering deposition. Our
TEM examination shows that the grain size varies from 5 to 45 nm
and that most grains have a diameter in the range between 10 and
20 nm, with an average diameter of 18 nm (see more details in Supple-
mentary Fig. S1). The in situ tensile experiment was conducted using a
specially designed double-tilt bi-metallic extensor [36–38], the real-
time microstructural evolution of the TEM specimen was observed
under a TEM operating at 300 kV and ~40 °C. The tensile strain rate
was measured at ~10−3 s−1 by controlling the temperature increase
rate (themethod formeasuring tensile strain is shown in Supplementa-
ry Fig. S2).

Fig. 1 shows a series of HRTEM images taken at different strain dura-
tions and shows GB migration between two neighboring grains with
similar grain sizes of ~15 nm during tensile deformation. Fig. 1a is the
HRTEM image captured before the GB migration process began. To
show the GB motion, 4 different GBs are highlighted by white dashed
lines and are marked as “G1”, “G2”, “G3” and “G4”. As shown in Fig.
1a, the grain sizes of G1, G2 and G3 are ~15 nm, ~15 nm, and ~5 nm, re-
spectively. For convenience, we defineGBi–j as the GB between grains Gi

and Gj, the shape and position of GBi–j change as the GB migration, and
the misorientation angle change between two grains as grain rotation.
With increasing strain, as shown in Fig. 1b, GB1–2 moved toward the in-
terior of G2; meanwhile, GB1–4 moved toward the interior of G4. This
process lead to an increase in the grain size of G1 and a decrease in
the grain size of G2. As the deformation continues (Fig. 1c) no obvious
motion of GB1–2 is observed; however, GB1–4 clearly moved toward
the interior of G4, leading to an increased grain size of G1 from ~15 to
~18 nm. With extensive loading, both GB1–2 and GB1–4 underwent an
obvious migration process, leading to changes in the shapes of G1 and
G2; the grain size of G1 increases from ~15 to ~20 nm, while the grain
size of G2 decreases from ~15 to ~10 nm (Fig. 1d). More interestingly,
the small G3 grain underwent no obvious migration during the

deformation, possibly because the local stress is not high enough to
cause GB migration. This GB migration between two large grains is in-
consistent with previous theoretical predictions and MD simulation re-
sults, which predicted that small grains are more likely to undergo GB
migration [30–33]. This indicates that the driving force of GB migration
is determined not only by the curvature of the GB but also by local
stresses.

In addition to the GB migration between large grains, we also ob-
served GB migration between large and small grains. Fig. 2 presents a
series of HRTEM images of a region containing both large and small
grains, showing that the small grains are absorbed by the surrounding
large grains due to GB migration. Fig. 2a is a HRTEM image that was re-
corded before the GB migration process. Six grains are identified (“G1”
to “G6”), and the correspondingGBs are highlighted usingwhite dashed
lines to show the GB migration process. As shown in Fig. 2a, the grain
sizes of G2, G3, G4 and G5 are ~12 nm, ~6 nm, ~8 nm and 4 nm, respec-
tively. As the strain increases (Fig. 2a–d) the GBs underwent obvious
migration,which causes the grain sizes of G2, G3, G4 andG5 to decrease
to ~8 nm, ~4 nm, ~2 nmand ~4 nm, respectively (Fig. 2d). As the defor-
mation continued, the GBmigration led to a reduction in the sizes of G4
and G5, while G2 and G3 decrease to 2 nm and 3 nm, respectively, as
shown in Fig. 2e.With extensive loading (Fig. 2f), G2 andG3 diminished
further due to the continuing GBmigration. In this case, the small grains
were absorbed by the surrounding large grains, consistent with previ-
ous theoretical predictions and MD simulations [30–33].

In addition to pure GB migration, GB migration accompanied by
grain rotation was also observed. Fig. 3 presents a series of HRTEM im-
ages showing that the GBs not only undergo GB migration but also un-
dergo grain rotation. Fig. 3a shows a TEM image that was captured
before the deformation, and Fig. 3b shows an enlarged view of Fig. 3a
at atomic resolution, in whichfive grains (“G1” to “G5”) are highlighted.
Fig. 3a shows that the grain size of G1 is ~14 nmand that theGB angle of
GB1–3 is 18.52°. As the strain increases (Fig. 3b–d), GB1–3 and GB3–4

moved toward the interior of G3; at the same time, the angle of GB1–3
decreased from 18.52° to 10.77°. Under further deformation (Fig. 3d–
f) GB1–2 and GB3–2 underwent migration, and the GB angle of GB1–3

Fig. 1. (a–d) A series of HRTEM images taken at different times, showing that GB migration induces grain size reduction. The size of G1 increases as the size of G2 decreases (see also
Supplementary Movie S1).
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