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needed in the future to elucidate the exact criteria of conservative GB 
migration following {020}1-to-{200}2 type lattice correspondence 
relation. 

4. Discussion 

MGBs have both tilt and twist components. A low-angle MGB is 
normally described as an array of edge and screw dislocations. The 
collective motion of these constituent dislocations accommodates the 
deformation of the low-angle MGB, wherein the edge dislocations 
contribute to GB migration whereas the screw ones cause grain rotation 
[19]. For the high-angle MGBs, previous simulation studies indicate that 
some special coincidence site lattice (CSL) MGBs, i.e., Σ3 [111] 60◦

boundary with {11 8 5} GB plane [46] and Σ7 [111] 38.21◦ MGBs [30], 
are faceted, stepped, or kinked at the atomic scale with the corre
sponding low-energy CSL symmetrical tilt GBs being the constituent GB 
facets or terraces. Based on the assumption that only the symmetrical tilt 
GB component contributes to the shear-coupled migration of MGBs, Han 
et al. [20] proposed an unverified theoretical equation to predict the 
shear-coupling factors of MGBs. However, CSL MGBs only represent a 
special set of GBs. MGBs in reality are generally the non-CSL GBs with 
irrational GB planes [47–49]. In these general cases, the MGBs normally 
consist of low-energy GB facets comprised of at least one low-index 
plane, e.g., (100), (110), and (111) planes, instead of symmetrical tilt 
GB facets. Our work takes the 〈001〉{200}/〈011〉{111} MGB as an case 
study to uncover the atomistic mechanims of the shear-coupled migra
tion of the MGBs comprised of at least one low-index plane, and our 
results provide the atomic-scale experimental evidence that the migra
tion of MGBs could be mediated by the motion of GB disconnections on 
the MGB plane itself instead of on its symmetrical tilt GB component. 

As shown in our results, there are several striking features of the 
shear-coupled migration of MGBs. First, there exist distinct types of 
migration behavior showing the opposite signs of shear-coupling factors 
for the same 〈001〉{200}/〈011〉{111} MGB deformed at room temper
ature, which arises from the activation of GB disconnections with 
different crystallographic parameters (Fig. 3 and Table 1). As predicted 
by the disconnection theory, there is a broad spectrum of admissable GB 
disconnections with various choices of Burgers vectors and step heights 
for an arbitrary GB crystallography (including the symmetrical tilt GBs) 
[41,50,51]. Although GB disconnections with different Burgers vectors 
and step heights for the same GB have also been observed in the 
migration of some symmetrical tilt GBs, these disconnections either 
belong to the same type with the identical shear-coupling factors [12, 
14] or produce the opposite signs of shear-coupling factors but can only 
be activated at different temperatures [52,53]. They are notably 
different from the two types of GB disconnections in MGBs that produce 
the opposite signs of shear-coupling factors at room temperature 
(Fig. 1). Secondly, the revealed two lattice correspondence relation
ships, i.e., (020)-to-(111) type and (020)-to-(200) type, during the 
shear-coupled migration of 〈001〉1{200}1/〈011〉2{111}2 MGB involves 
the transformations between different atomic planes, which are different 
from what happens in symmetrical tilt GBs wherein the corresponding 
planes are normally identical atomic planes. For instance, shear-coupled 
migration of 〈001〉 tilt GBs involves the transformation of either {100} 
or {110} atomic planes of one lattice into the identical atomic planes of 
the other lattice, depending on the misorientation angle and the defor
mation temperature [6,13]. Instead, they are similar to the 
Basal-Prismatic [54,55] and Basal-Pyramidal [56,57] transformations 
that have been extensively studied in hexagonal-close packed metals 
that commonly involve complex atoms shuffling. Thirdly, the unique 
transformation relations between different atomic planes during GB 
migration bring the results that the 〈001〉{200}/〈011〉{111} MGB 
cannot easily migrate conservatively like the symmetrical tilt GBs. GB 
plane reorientation and excess GB sliding shall be activated to accom
mdate the GB migration. The GB plane reorientation occurred via the 

stack of 〈001〉{200}/〈011〉{111} GB nanofacets that migrated at 
different distances, regardless of which lattice correspondence relation 
the GB migration follows (Figs. 1e-g, 6, and 7). Note that the GB plane 
reorientation is also found to occur during the shear-coupled migration 
of asymmetrical tilt GBs as reported in our recent work [29]. The excess 
GB sliding can be mediated by the motion of GB disconnections that 
have Burgers vectors but no step height [20,58]. 

Admittedly, the free surface of the nano-bicrystals plays important 
role in accommodating the GB migration in our cases. First, the inter
section of free surface with the GB serves as the primary nucleation site 
for the GB disconnections (Fig. 2). Secondly, the sample geometry (i.e., 
the large taper angle of free surface with the GB) could also propel the 
nucleation of GB disconnections or the twin [59]. In comparison, GB 
migration in nanocrystalline materials receives constraints from the 
neighboring grains. The nucleation of GB disconnections in nano
crystalline materials could either be via the homogeneous/heteroge
neous nucleation of disconnection pairs [23], or occur at the GB 
triple-junctions [60], but not at the free surface in our case. Moreover, 
GB migration in nanocrystalline materials is commonly accommodated 
by GB junctions, the motion of which requires the net Burgers vector of 
disconnections into/out of the junctions to be zero [61–63]. Otherwise, 
other deformation mechanisms such as the emission of lattice disloca
tions or the twinning would be activated to dissipate the accumulated 
Burgers vectors [61,64]. Therefore, shear-coupled GB migration in 
nanocrystalline materials depends largely on the local environment of 
the GB. For the typical case of 〈001〉1{200}1/〈011〉2{111}2 MGB studied 
here, there are multiple admissible combinations of active deformation 
modes in the polycrystalline environment: type-1 shear-coupled GB 
migration and excess GB sliding (Figs. 1b-d, Fig. 7); type-2 shear-
coupled GB migration and excess GB sliding (Fig. 6); and the concurrent 
type-1 and type-2 shear-coupled GB migration (Fig. 1e-g). Note that 
cooperative GB sliding and GB migration have also been observed in the 
tensile deformation of an Au nanocrystalline thin film [65]. An example 
of MGB migration mediated by the GB triple-junction can be found in 
Supplementary Fig. 2. Moreover, akin to the twinning-assisted dynamic 
adjustment of GB mobility during the shear-coupled migration of 〈110〉
tilt GBs [66], twinning is also found to assist the transition between the 
two migration modes of the 〈001〉1{200}1/〈011〉2{111}2 type MGB 
(Supplementary Fig. 3). Lastly, it is worth mentioning that temperature 
[52,67], shear direction [58], and strain rate [68] could also affect the 
shear-coupled migration behavior of GBs. It is expected that other 
migration modes can be observed when these factors are varied, which 
undoubtedly warrant attention in future study. 

5. Conclusion 

By conducting in situ HRTEM shear testing and MD simulations, we 
have explored the shear-coupled migration behavior and underlying 
atomistic mechanisms of a typical MGB, i.e., 〈001〉1{200}1/〈011〉2 

{111}2 GB, in Au nanocrystals. The main conclusions are summarized as 
follows:  

1) Two distinct types of shear-coupled GB migration behavior having 
the opposite signs of shear-coupling factors were observed at the 
room-temperature shear deformation of the 〈001〉1{200}1/〈011〉2 

{111}2 MGB. Both migration patterns can be mediated by the motion 
of one-atomic-layer GB disconnections on the MGB plane, but these 
disconnections have different Burgers vectors.  

2) Based on topological analysis of the crystallographic parameter of 
these GB disconnections, two completely different lattice corre
spondence relations, i.e., 〈001〉{020}-to-〈011〉{200} type and 
〈001〉{020}-to-〈011〉{111} type, during the MGB migration, were 
proposed and then verified by the MD simulations. Except for the 
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shear displacement of atoms, complex atom shuffling is needed in 
both cases to complete the lattice transformation.  

3) GB plane reorientation and excess GB sliding were observed to 
accommodate the shear-coupled migration of the MGB regardless of 
which lattice correspondence relation it follows. A simplified 
geometrical model, derived from the principle of point-to-point lat
tice correspondence during GB migration, is proposed to account for 
the necessity of these extra mechanisms to eventually achieve the 
conservative migration of this MGB.  

4) Our findings not only provide direct experimental evidence on the 
disconnection-mediated migration of MGBs and the atomistic un
derstanding of the lattice transformation during the migration of 
MGBs, but also show that the shear response of MGBs is much more 
complex than that of symmetrical tilt GBs in a way that multiple 
deformation mechanisms, e.g., different shear-coupled migration 
modes, GB plane reorientation, and excess GB sliding, could be 
cooperatively activated. Given that MGBs comprised of at least one 
low-index plane wildly exist in face-centered cubic polycrystals, the 
observed phenomena and uncovered mechanisms should have gen
eral implications for a wide range of GBs and may provide guidance 
for tailoring the mechanical properties of nanocrystalline materials 
through GB engineering. 
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