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Atomic-scale observation of dynamic grain
boundary structural transformation during

shear-mediated migration
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Grain boundary (GB) structural change is commonly observed during and after stress-driven GB migration in nano-
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crystalline materials, but its exact atomic scale transformation has not been explored experimentally. Here, using
in situ high-resolution transmission electron microscopy combined with molecular dynamics simulations, we
observed the dynamic GB structural transformation stemming from reversible facet transformation and GB disso-
ciation during the shear-mediated migration of faceted GBs in gold nanocrystals. A reversible transformation was
found to occur between (002)/(111) and £11(113) GB facets, accomplished by the coalescence and detachment of
(171)/(002)-type GB steps or disconnections that mediated the GB migration. In comparison, the dissociation of
(002)/(111) GB into X11(113) and £3(111) GBs occurred via the reaction of (111)/(117)-type steps that involved the
emission of partial dislocations. Furthermore, these transformations were loading dependent and could be ac-
commodated by GB junctions. This work provides atomistic insights into the dynamic structural transformation

during GB migration.

INTRODUCTION

Grain boundary (GB), as the ubiquitous interfacial structure in poly-
crystalline materials, influences greatly the properties and micro-
structural development of materials (1). Grain growth and GB
network evolution during plastic deformation in nanocrystalline
materials have been widely reported (2-5), wherein stress-driven
GB migration is regarded as a major phenomenon (6). Theoretical
models, such as the dislocation glide mechanism for low-angle GBs
(7, 8), the local conservative shuffling of atoms for high-angle GBs
(9), and the unified disconnection-mediated mechanism (10, 11),
have been proposed to describe the GB migration. However, these
models do not consider the change of GB structure during and after
the migration, which frequently happens in one of the most com-
mon GBs in polycrystalline materials, i.e., the asymmetrical tilt GBs
(ATGBs) (12), especially in the GB with facets, and could affect their
migration behaviors. For instance, X11 ATGBs (13) in Cu were found
to show unique anisotropic mobility, which is associated with the
transformation events at the facet nodes and incommensurate GB
facets during the migration (14). Although the shear coupling factor
of ATGBs might be predicted on the basis of the disconnection (10)
or geometrical model (15, 16), there has been no direct experimental
observation on the migration process or possible structural change
at the atomic scale yet (3, 10, 17-20).

The faceted morphology is a typical feature of ATGBs (12, 21),
which are formed via GB facet transformation (also termed as GB
faceting). Broadly speaking, GB faceting, dissociation, and structur-
al phase transformation all belong to GB complexion transition, as
they involve the change of GB structure units (22). Previous studies
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have indicated that GB complex transition could affect GB migra-
tion. For example, GB faceting can notably influence the thermally
induced ATGB migration (23, 24), GB structural phase transforma-
tion can facilitate GB migration (25) or even alter the nature of GB
migration (26), and the nonplanar GB structure formed by GB dis-
sociation shows unique mechanical responses (27, 28). Nevertheless,
the experimental evidence on the dynamic GB structural transform-
ation during shear-mediated migration is still lacking. Moreover, a
recent work revealed the absence of a correlation between GB velocity
and curvature but a strong correlation between GB velocity and GB
crystallography (e.g., misorientation and inclination) in Ni polycrystals
(29), which further highlights the importance of investigating GB
structural transformation during the migration and its impact on
the kinetics of GB migration. With the help of the recently developed
in situ transmission electron microscopy (TEM) platform (30), GB
processing with controlled features and direct observation of the
atomistic migration process under shear stress becomes attainable,
which offers a great opportunity to explore this open area.

Here, in situ interface processing with controlled crystal orienta-
tion and in situ high-resolution TEM (HRTEM) shear testing were
performed to study the ATGBs’ migration behavior in gold (Au) nano-
bicrystals. Two kinds of faceted ATGBs, which consist of (002)/(111)
ATGB facets and (111) /(002) or near (111)/(11T) nanofacets, were
fabricated and studied. At equilibrium, (002)/(111) ATGB is a [110] tilt
incommensurate GB with a misorientation angle of 54.74°, which is
found to coexist with X11(113) symmetrical tilt GB (STGB) (with a
misorientation angle of 50.48°) (31) or (111)/(111) GB (with a mis-
orientation angle of 70.5°) (31, 32) and to be a common facet of 211
ATGB in face-centered cubic (FCC) metals (33). A back-and-forth
GB plane reorientation was observed during the migration process
of the GB consisting of (002)/(111) and (111)/(002) facets, which is
attributed to the reversible facet transformation between the (002)/
(111) and (111)/(002) ATGBs and the 211(113) STGB. Moreover,
the dissociation of GB intoa X11(113) STGB and a £3(111) STGB was
found during the migration of the GB consisting of (002)/(111) and
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near (111)/(111) facets. The underlying atomistic mechanisms of these
transformations were revealed with the atomistic molecular dynamics
(MD) simulations. This work enriches our understanding of the atom-
istic migration mechanisms of high-angle ATGBs and offers direct evi-
dence that dynamic GB structural transformation accommodates the
stress-induced microstructural evolution in polycrystalline materials.

RESULTS

Back-and-forth GB plane reorientation during
shear-mediated migration

As shown in Fig. 1A, a [110] tilt Au bicrystal nanojunction with a
diameter of ~10 nm and a misorientation angle of ~53.5° was fabri-
cated by in situ nanowelding inside a TEM. The as-fabricated GB is
a faceted GB that consists of the (002),/(111), ATGB facets and several
interfacial defects connecting them (see section S1 and fig. S1 for
the identification of GB positions and structure unit analysis). Here,
we use “steps,” instead of “disconnections,” to denote these interfacial
defects to distinguish them from the disconnections of X11(113)
STGB. The average GB plane has an inclination angle of ~11° to the
(002),/(111); ATGB (see section S2 and fig. S2 for the definition
and measurement of average inclination angle). A closer observa-
tion on the core structure of these steps shows that they all have a
height of one (002);/(111), lattice spacing with (111);and (002),
planes as abutting planes (Fig. 1I). Thereafter, these steps can be
regarded as (111);/(002), nanofacets to some extent. Note that these
nanofacets accommodate the deviation of the misorientation angle
of this bicrystal from the ideal value of (002)/(111) ATGB (i.e., 54.74°),
the inclination of the overall GB plane from the (002),/(111), ATGB,
and the lattice misfit between (002); and (111), planes (34). Similar
structural features have also been observed in a 29 {221} tilt GB in
copper, where ATGB facets are connected by steps or STGB facets
(35). A shear loading was then applied to the bottom grain of the bicrystal
(denoted as G2 in Fig. 1A) at a constant rate (~0.001 nm s, and
the loading direction (indicated by the white arrow in Fig. 1A) was
nearly parallel to the (002);/(111), ATGB.

Under shear loading, some of the preexisting steps began to move
leftward along the [T12] direction of the bottom grain G2, causing
the migration of the ATGB facets toward grain G2 (Fig. 1B). The
migration behavior observed so far is similar to that of the conven-
tional disconnection-mediated GB migration reported in other studies
(10, 30), except that a new GB facet, which is identified asa £11(113)
STGB (36, 37), was formed at the right end of the GB in Fig. 1B. The
zoom-in view of the STGB facet and the superimposed schematic in
Fig. 11 confirm that the lattices at the two sides of this facet are in a
symmetrical relation to the (113) plane. Note that the serrated GB
structure consisting of (002)/(111) ATGB and £11(113) STGB facets
has been observed in Au polycrystals before (38). A slight clockwise
rotation of the GB plane was found during this process, causing an
increase in the average GB inclination angle (~5°). In the subse-
quent deformation, facet transformation and a back-and-forth GB
plane reorientation were observed (Fig. 1, C to H, and movie S1).
Note that a dislocation slip event happened within G1 between Fig. 1E
and Fig. 1F, the details of which are shown in section S3 and fig. S3.
To quantify the GB plane reorientation and establish the relation-
ship between the facet transformation and the back-and-forth GB
plane reorientation, the average GB inclination angle and the nor-
malized facet ratio are plotted as a function of time in Fig. 1K (see
fig. S2 and section S2 for the calculation of facet length ratio). The
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change in the average inclination angle followed a “zig-zag” pattern
with a minimum value of ~11° at the as-fabricated state and a maxi-
mum value of ~26°, which is close to the theoretical angle between
(002) and (113) planes (i.e., 25.24°). The variation trend of the facet
length ratio of 211(113) STGB is similar to that of the average incli-
nation angle, while the (002);/(111), ATGB and the steps exhibit
the opposite trend (Fig. 1K). This relation is further confirmed by
the plot of normalized facet length ratio versus inclination angle
(Fig. 1L). Specifically, the increase in the average inclination angle is
associated with the ATGB-to-STGB facet transformation and sub-
sequent STGB facet migration at the expense of ATGB facets (Fig. 1,
B to D, E and F, and G and H). On the basis of the energy pathway
predicted from MD simulations as shown in fig. S4, the system en-
ergy is found to decrease with increasing inclination. In contrast, the
decrease in the average inclination angle is related to the backward
facet transformation at either side of the GB (Fig. 1, D and E, and F
and G) and increases the system energy. The migration of the STGB
facet is believed to follow the manner of nucleation and lateral mo-
tion of disconnections (30). Moreover, two different dynamic pro-
cesses were captured at the facet junctions of the ATGB and the
STGB: One is that a one-layer ATGB step [(111);/(002), nanofacet]
was emitted from the facet node, causing the migration of the ATGB
but keeping the STGB stationary (fig. S5, A and B); the other is that
the ATGB kept immobile, but the STGB migrated several atomic
layers (fig. S5, B to D). These processes are further validated by our
MD simulation (fig. S5, E to H) and are attributed to the rearrange-
ment of the localized atoms at the facet junctions. A slight grain
rotation inevitably occurred during the shear loading, causing the
misorientation angle of this bicrystal to gradually decrease to ~52°
in Fig. 1G (see also fig. S6, A to D), which has accommodated the GB
structural transformation during its migration (Fig. 1, A to H).

Reversible facet transformation between the

ATGB and the STGB

As shown in Fig. 1, the facet transformation between the (002),/
(111); ATGB and the £11(113) STGB during the GB migration pro-
cess was all accompanied by the annihilation or reappearance of
(T11),/(002); steps connecting the ATGB facets. Therefore, it is be-
lieved that these GB steps are highly involved in these processes. To
verify this conjecture, a more detailed analysis of the atomistic
deformation snapshots just before and after the formation of the
STGB was conducted to explore the atomistic mechanism of ATGB-
to-STGB transformation (Fig. 2, A to D). As shown in Fig. 2 (A to C),
a (111),/(002), step was found to nucleate and laterally move along
the GB until it met another step, causing the migration of ATGB
toward the bottom grain. Afterward, those steps disappeared and
were replaced by a fully 211(113) STGB at the same area, where the
lattices at both sides of the GB were in symmetrical relation about
(113) plane (Fig. 2D). Figure 2I shows the intensity profiles extracted
along the blue solid lines in Fig. 2 (A to D). The rightward shift of
peaks in those intensity profiles indicates an increase in lattice spacing
between the atom columns (numbered from 0 to 6) arising from the
motion of the step. Tracking the change of spacing from columns 0
to 4 (denoted as 01, 12, 23, and 34), we found that the lattice spacing
of 01 and 12 fluctuated around 2.5 A (Fig. 2J), which is the ideal
value for | i(112> | in Au. In contrast, the lattice spacing of 23 and
34 increased from ~2.5 to ~2.88 A (Fig. 2J]); the latter is the ideal
value for | %(1 10) | in Au. This change of lattice spacing further con-
firms the (111),-to-(002), plane transformation that resulted from
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Fig. 1. Stress-driven migration of a faceted GB accompanied by back-and-forth GB plane reorientation and reversible facet transformation. (A) Structure of an
as-fabricated Au bicrystal with a faceted GB consisting of (002)/(111) ATGBs and several one-atomic layer (171)/(002) steps. Shear stress was then applied to the bottom
grain, as indicated by the white arrow. (B) The (002)/(111) ATGB facets migrated via the lateral motion of (T11)/(002) steps until a =11 (113) STGB facet was formed at the
right side of GB. Yellow arrows indicate GB migration directions. (C) The (002)/(111) ATGB and £11 (113) STGB facets migrated jointly until another STGB facet was formed
at the left side of GB. (D to H) Sequential snapshots showing the back-and-forth GB plane reorientation and the reversible facet transformation between STGB and ATGB
facets at the left end (D to F) and the right end (F to H) of GB. The red dashed lines in (B) to (H) represent the initial GB position in (A). (I and J) Closer observation on the
core structure of (T11)/(002) steps and the structure of £11 (113) STGB. (K) Plots of the average GB inclination angle and the normalized facet ratio of (002)/(111) ATGB,
311 (113) STGB, and (T11)/(002) steps versus time. (L) The plot of normalized facet ratio versus average GB inclination angle. 211 (113) STGB facet exists when the average

inclination is larger than 15° (indicated by the black dashed line). Scale bars, (A to H) 2nm and (I and J) 0.5 nm.

the motion of (111)1/(002), step. As shown in the trichromatic pat-
tern in fig. S7, from the topological perspective, the (111),-to-(002);
plane transformation involves the movement of atoms both in and
out of the projective plane [i.e., (110) plane], while only in-plane
adjustment of localized atoms is needed to accomplish the steps-
to-X11(113) STGB transformation.

Considering that HRTEM images are essentially phase-contrast
images, deducing the position of the atoms at GBs from HRTEM
images might bring some uncertainty (section S1). Hence, MD
simulations were carried out to reproduce the facet transformation
process and to validate that the motion and coalescence of (111),/

Fang et al., Sci. Adv. 8, eabn3785 (2022) 11 November 2022

(002), steps led to the transformation. We constructed the zig-zag
GB containing {002}/{111} facets and traced its structural evolution
under the shear deformation (see Materials and Methods). Note
that stacking faults (SFs) exist at the as-constructed GB as a conse-
quence of structural relaxation (fig. S18C). The nucleation and sub-
sequent motion of (111);/(002), steps and the formation of a
211(113) STGB were captured at the zig-zag GB (Fig. 2, E to H, and
fig. S18C), which agrees well with our experimental results and
shows that the formation of the STGB could be the product of the
coalescence of (111)/(002)-type steps. It should be mentioned that
the intersection of SF with GB in the simulations serves the same
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Fig. 2. Atomistic mechanism of the (002)/(111) ATGB to the £11(113) STGB facet transformation. (A) The (002)/(111) ATGB facets connected by a preexisting (T11) /(002)
step. (B to D) Sequential snapshots showing the nucleation and lateral motion of another (T11)/(002) step on the (002)/(111) ATGB and the formation of a £11(113) STGB
facet at the right corner of GB. (E to H) MD simulation showing the same (002)/(111) ATGB-to-X11(113) STGB facet transformation process as the experimental observa-
tion. In all MD simulation results, the blue, orange, and gray atoms indicate the FCC structure, hexagonal close-packed structure, and other coordination structure (i.e., GB
structure), respectively. The blue dashed lines in (F) to (H) represent the positions of GB in the previous snapshot. The polygons in (E) and (F) indicate that (002)/(111) ATGB
consists of face-sharing distorted C-type structure units, whereas 211(113) STGB consists of corner-sharing C-type structure units (73). (I) The contrast intensity line profiles
extracted from (A) to (D) at the same area as indicated by the blue solid line in (A). Atom columns are numbered from 0 to 6. a.u., arbitrary units. (J) Plot of the lattice
spacing between atom columns 0, 1, 2, 3,and 4 in (A) to (D). Two dotted lines indicate the ideal length of%(1 10) (2.88 A for Au) and %{1 12) (2.5 Afor Au), respectively. Scale

bar,1 nm.

role as the intersection of free surface with the GB in the experiments
since they both act as the nucleation sites of (111)1/(002), steps. A
similar ATGB-to-STGB transformation was observed at the left side
of the GB during the subsequent deformation in the experiment
(fig. S8, A to D).

The as-formed X£11(113) STGB did not always migrate jointly
with the (002),/(111), ATGB. It transformed back into the ATGB
in some cases (Fig. 3). Figure 3A shows a flat X11(113) STGB that
was formed during the GB migration process. Under further shear
loading, part of this STGB transformed into the serrated GB consist-
ing of (002),/(111), ATGB facets and (111),/(002), steps (Fig. 3B).
These steps moved on the ATGB along the [112] direction of the
bottom grain G2, causing the backward migration of ATGB toward
the upper grain G1 and triggering the transformation of the rest of
the STGB into the ATGB (Fig. 3C). Moreover, as shown in the in-
tensity profiles in Fig. 3G, a new intensity peak was found to emerge
between peaks 4 and 5 during the STGB-to-ATGB transformation.
This change is believed to be the direct result of (002),-to-(111),
plane transformation after the GB migration since the structural re-
peat distance of (002)/(111) ATGB is ~1.88 nm for Au, which means
that ~7 atomic columns in the (002); plane match ~8 atomic columns
in the (111); plane as shown in Fig. 3D. The (002);-to-(111), plane
transformation involves complex atom rearrangement, i.e., shuffling
(fig. S9). The change in alignment between the two grains is a direct
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consequence of the slight misorientation angle change during the trans-
formation from 50.48° in the STGB to 54.74° in the ATGB, which is
highlighted by thered horizontal dashedlinesin Fig. 3D. Additional
analysis on the change of lattice spacing from columns 2 to 6 (Fig. 3H)
further supports the (002);-to-(111); plane transformation mediated
by the motion of step: The lattice spacings of 23 and 34 in Fig. 3
(A to C) remain in the value of ~2.5 A, while the lattice spacing of
45 increases to a value far larger than 2.88 A, and that of 56 fluctu-
ates around 2.88 A in Fig. 3B (i.e., the formation of a step between
atom columns 4 and 5). Then, both of the lattice spacings of 45 and
56 dropped to ~2.5 A in Fig. 3C [i.e., the completion of the (002),-
to-(111); plane transformation].

This reversed facet transformation process was also observed in
our MD simulations. As shown in Fig. 3D, a disconnection was found
on the STGB before the start of the transformation. Afterward, several
step-connected (002);/(111), ATGBs were formed and extended via
the lateral motion of the steps (Fig. 3, E and F), which is consistent
with our experimental results. It is worth mentioning that there is
no appearance of new atom columns in the simulations because the
movement of (111),/(002), step in the simulations did not reach
the structural repeat distance of (002),/(111), ATGB (39). Topolog-
ical analysis on the atomic motion during this process shows that
the different movement behaviors of the neighboring atoms near
the £11(113) STGB led to the facet transformation of the X11(113)
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Fig. 3. Atomistic mechanism of the backward facet transformation from the £11(113) STGB to the (002)/(111) ATGB. (A) A long and flat £11(113) STGB facet, where the
structure units are indicated by the rhombuses in dark. (B) Part of the £11(113) STGB transformed into several (T11)/(002) steps connecting the (002)/(111) ATGBs.
(€) More (1T71)/(002) steps were formed, and GB migrated backward via the lateral motion of (T11)/(002) steps toward the free surface on the right. The identification of
these steps is based on the translational displacements between (111); planes (blue dashed-dotted lines) and (117); planes (purple dashed-dotted lines) at the GB. (D to
F) MD simulation showing a similar backward facet transformation process as the experimental observation. The polygons in (D) and (F) indicate that (002)/(111) ATGB
consists of face-sharing distorted C-type structure units, whereas £11(113) STGB consists of corner-sharing C-type structure units (73). (G) The contrast intensity line pro-
files extracted from (A) to (C) at the same area as indicated by the orange solid line in (A). Atom columns are numbered from 0 to 6. (H) Plot of lattice spacing between
atom columns 2, 3, 4, 5, and 6in (A) to (D). Some error bars are too short to show in the plot. The lattice spacing of 45 and 56 in (C) means the average lattice spacing of

45'and 5'5, respectively. Scale bar, 2 nm.

STGB into the stepped (002),/(111);, ATGB (fig. S7C). A similar
STGB-to-ATGB facet transformation was also observed at the other
side of this bicrystal (fig. S8, E to G), which is believed to follow the
same manner as described above. The reversed facet transformation
and corresponding migration process should be a metastable state
during the GB migration process under this specific shear loading
condition, as the GB migration direction is opposite to the overall
migration direction among the entire process. Thereby, this reversed
migration of (002);/(111), ATGBs toward the upper grain G1 ceased
soon, and the GB migration returned via the lateral motion of
(111)1/(002), steps along the [112] direction of the bottom grain G2
or even transforming into the £11(113) STGB again (fig. S10).

GB dissociation during migration

In addition to the faceted GB consisting of (002);/(111), ATGB and
(111)1/(002), steps as shown in Fig. 1A, a [110] tilt bicrystal con-
taining a faceted GB consisting of (002),/(111), ATGB (also con-
firmed by the structure unit analysis in fig. SID) and (111),/(111),
facets was fabricated and tested (Fig. 4A and movie S2). Note that
there were several SFs that dissociated from the GB into grain 1 at
the areas near the facet junctions, which might serve to accommodate
the misorientation deviation of this bicrystal from that of the ideal
(002)/(111) ATGB (i.e., 56° versus 54.74°) (13, 40). Upon shearing,

Fang et al., Sci. Adv. 8, eabn3785 (2022) 11 November 2022

the (111),/(117), facets either decomposed into several (111);/
(117), steps/nanofacets connecting the (002);/(111), ATGBs [see
section S1 for the identification of these steps and fig. S11 for com-
parison with those (I11);/(002), steps in Figs. 1 to 3] or moved as a
whole (Fig. 4, B and C), causing the migration of some ATGB facets.
The preexisting SFs seem to have little impact on the GB migration
(Fig. 4, A and B) and even disappeared in the subsequent deforma-
tion (Fig. 4, C to F). One possible reason is that these SFs would
contract into the GB before the movement of the (111);/(111); steps
and even maintain the high-energy contracted state during the fol-
lowing migration (40). Moreover, new (111)/(11T), steps were
nucleated at the free surface to facilitate the GB migration (Fig. 4D).
A subgrain (denoted as grain 3) was then formed and bounded by a
(002),/(111)3 ATGB, the left-side free surface, and two newly formed
GBs (Fig. 4E). These two GBs are identified as X11(113) STGB (be-
tween grains 1 and 3) and £3(111) STGB (between grains 2 and 3),
which are both dissociated from the original faceted GB. The fol-
lowing growth of the subgrain was via the extension of the (002),/
(111); ATGB and the migration of the X11(113) STGB (Fig. 4F). A
slight grain rotation occurred during this shear deformation, causing
the misorientation angle to gradually increase to ~58° (fig. S6, E to G).
In addition, the misorientation angle between grains 1 and 3 is ~51.5°,
close to that in Fig. 1G and within the range of 50.48° to 54.74°
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Fig. 4. Shear-driven migration of another faceted GB coupled with GB dissociation. (A) The structure of an as-fabricated Au bicrystal with a faceted GB composed of
(002)/(111) ATGB and near (111)/(117) GB facets. Shear stress was then applied to the bottom grain, as indicated with the white arrow. (B) The (111)/(11T) GB facets either
decomposed into several one-atomic layer (111)/(117) steps or migrated via collective motion. (C) Further GB migration via lateral motion of (111)/(117) steps and col-
lective motion of (111)/(117) GB facets. (D) (111)/(117) steps nucleated at the free surface and moved into the bicrystal. (E) The faceted GB dissociated into a 211 (113)
STGB and a 23 (111) STGB. A subgrain region (grain 3) was formed. (F) The subgrain grew via the extension of (002)/(111) ATGB facets and migration of 211 (113) STGB. In
(A) to (F), the yellow and the red dashed lines represent the current and the previous positions of the faceted GB, separately. Green dashed lines represent the newly
formed 23 (111) STGB. (G to I) Sequential snapshots of MD simulations showing the same process as experimental observation of the formation and growth of a subgrain
during the migration of a faceted GB consisting of (002)/(111) ATGB and (111)/(11T) GB facets. The polygons in (G) and (H) indicate that (002)/(111) ATGB consists of
face-sharing distorted C-type structure units, whereas X11(113) STGB consists of corner-sharing C-type structure units. (J to N) Detailed MD simulation results showing

the dynamic GB dissociation process. Scale bar, 2 nm

[i.e., the misorientation angles for ideal X11(113) STGB and (002)/
(111) ATGB]. Therefore, it is not unexpected to observe a serrated
GB consisting of (002);/(111); ATGB and X11(113) STGB facets
between grains 1 and 3.

Similar to the (002),/(111), ATGB-to-X11(113) STGB facet
transformation in Fig. 2, the GB dissociation, in this case, is highly
related to the coalescence of steps connecting the (002);/(111),
ATGB facets (Fig. 4, D and E), except that these steps are of (111),/
(117), type. Although the £11(113) STGB was formed in both cases,
the underlying mechanisms are believed to be different, and Shockley
partial dislocations are expected to be involved in the formation of
>3(111) STGB during the GB dissociation process. To explore the
atomistic mechanism, MD simulations were carried out to reproduce
this GB migration and dissociation process. The nucleation and
growth of a subgrain, which is enclosed by a £11(113) STGB and a
>3(111) STGB that were dissociated from the original GB structure
during the migration process, were captured (Fig. 4, G to I). Specifically,
the GB dissociation process is not a one-step event. The formation
of £3(111) STGB was found to be accompanied by the nucleation

Fang et al., Sci. Adv. 8, eabn3785 (2022) 11 November 2022

and motion of (111)1/(002); steps on the (002);/(111); ATGB facet.
Afterward, those (111),/(002); steps coalesced and transformed into
aX11(113) STGB (Fig. 4, ] to N), the same as that in Fig. 2. In addi-
tion, the subgrain growth is assisted by the motion of a triple junc-
tion, where the £3(111) STGB keeps stationary, but the X11(113)
STGB and the rest of the original serrated GB moved roughly right-
ward (fig. S12).

DISCUSSION

GB faceting is believed to be a process to minimize the total GB free
energy (41). As a prevalent type of GB in polycrystalline materials,
ATGBs are normally found to facet into low-energy STGBs or facets
with at least one {111} low-index plane on two sides of the GB in
FCC metals (31, 41). In our results, (002)/(111) ATGB is found to
mainly combine with (I11)/(002) ATGB, (111)/(11T) GB, or 211(113)
STGB to form a faceted GB structure. Note that (111)/(11T) GB
(i.e., coherent twin boundary) and £11(113) STGB are the two lowest-
energy GBs among [110] tilt GBs, while (002)/(111) ATGB has a
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slightly higher energy than the £11(113) STGB (33). During the
shear loading, the two different types of faceted GB structure would
undergo dynamic GB structural transformation, and both trans-
form into the faceted GB consisting of (002)/(111) ATGB and
211(113) STGB, either via the direct facet transformation (Fig. 1) or
GB dissociation (Fig. 4).

Regarding the reversible facet transformation that occurred be-
tween (002)/(111) ATGB and £11(113) STGB during the migration
of faceted GB containing (002)/(111) and (111)/(002) facets (Fig. 1),
it is now clear that the ATGB-to-STGB facet transformation can be
accomplished through the coalescence of (111)/(002) steps (Fig. 2),
while the backward STGB-to-ATGB transformation happens via
the detachment of (111)/(002) steps from the STGB and the subse-
quent motion of these steps (Fig. 3). The specific shear loading par-
allel to the (002),/(111), ATGB in our experiment (Fig. 1) seems to
activate the transformation: On the one hand, it promotes the nu-
cleation and motion of (I11)/(002) steps. Those steps are necessary
for the ATGB-to-STGB transformation; on the other hand, it has a
large inclination angle (~25°) with the as-formed STGB facets, making
those STGB facets easy to decompose back into steps during subse-
quent migration. To better understand the influence of loading con-
ditions on the facet transformation, we examined the mechanical
responses of (002)/(111) ATGB and 211(113) STGB under different
loading conditions. The ATGB is found to easily transform to STGB
under all tested loading conditions, including compressive loading
perpendicular to the ATGB (Fig. 5, A to D, and movie S3), shear
loading with an inclination angle of ~30° from the ATGB (Fig. 5, E to H,
and movie S4), and shear loading nearly parallel to the ATGB as
shown in Fig. 1. The strong tendency of the ATGB-to-STGB trans-
formation is possibly because it is a thermodynamically favorable
process (fig. S4). In comparison, whether the STGB-to-ATGB trans-
formation happens depends on the angles between the shear load-
ing and the STGB. Only when the angle is larger than ~14° (Fig. 6I),
obvious STGB-to-ATGB transformation was observed during the
migration (Fig. 6, E to H, and movie S5). Otherwise, the mechanical
response of STGB would be simply disconnection-mediated migra-
tion (Fig. 6, A to D, and movie S6) (30).

To further elucidate the loading dependence of the STGB-to-ATGB
transformation, we apply Pond’s topological theory of bicrystal crystal-
lography (42, 43) to analyze the Burgers vector for an ideal one-
atomic layer(111)/(002) step on the (002)/(111) ATGB (section S4,
fig. S14, and table S2). Our analysis shows that the (111)/(002) step
contains the edge component b, [| b, | = (26 — 3V2)a/12, a is the
lattice parameter of Au] and the screw component b (|bs| = \2 a/4)
that are parallel to the ATGB plane and accommodate the GB mi-
gration as the step moves on the ATGB and the normal component
b, [|ba| = (2V3 - 3)a/6] that is perpendicular to the ATGB plane
but can move conservatively along the step to complete the GB mi-
gration (43). In comparison, the Burgers vectors of the disconnec-
tions of £11(113) STGB are known to be all parallel to the STGB
plane (30, 43). Therefore, it is likely that the relative magnitude of
resolved shear stress on the STGB plane and the ATGB plane deter-
mines whether the STGB-to-ATGB transformation would happen,
as the critical angle of ~14° is close to the half of the angle between
STGB and ATGB (i.e., 25.2°). It needs to mention that the critical
angle of loading dependence was determined in bicrystals without
the constraints from neighboring grains. In nanograined materials,
the stress/strain state in local region could be different from the ex-
ternal loading; thus, the critical angle could be different.
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We notice that the reversible facet transformation essentially starts
from a faceting/defaceting process at atomic scale if we treat those
steps as (111) /(002) nanofacets (Fig. 11). Specifically, the ATGB-to-
STGB facet transformation corresponds to a defaceting process of a
faceted GB consisting of equal-length (002)/(111) and (111)/(002)
nanofacets into a complete £11(113) STGB, and the backward facet
transformation is a faceting process starting from the STGB into the
same faceted GB (Fig. 71). Revisiting the simulation results, we found
that these faceting/defaceting transformations took place frequently
(Fig. 7, A to H) and should be a general phenomenon between
211(113) STGB and (002)/(111)-type nanofacets. This faceting/
defaceting process is analogous to the nucleation and annihilation
of disconnection dipoles on 211(113) STGB (Fig. 7]), as all the single-
layer, double-layer, or four-layer disconnections reported in literature
contain the (111)/(002)-type nanofacets (30). Hence, the loading
condition dependence of the STGB-to-ATGB transformation can
be well explained: The external loading influences whether the
(T11)/(002) nanofacets form after initial faceting moves on the
>11(113) STGB or on the (002)/(111) ATGB, i.e., different Burgers
vectors, which consequently determines whether the £11(113) STGB
undergoes the conservative migration (Figs. 6, A to D, and 7]) or the
STGB-to-ATGB facet transformation (Fig. 6, E to H, and 7K).

It is also noticed that the reversible facet transformation pre-
dominately occurred at the region near the edge free surface in our
nano-bicrystals due to the lack of constrains (Fig. 1). The edge free
surface acts as the nucleation source of steps (Fig. 2B) and accom-
modates the mutual transition between X11(113) STGB and (002)/
(111) ATGB (Figs. 2, A to D, and 3, A to C). In polycrystalline ma-
terials, other nucleation sources and strain accommodation mecha-
nisms are needed. As shown in Figs. 5 and 6 (F to H) , GB junctions
(30, 44) that commonly exist in polycrystalline materials can be effective
sites that promote the nucleation of (111)/(002) steps and coordinate
the ATGB-to-STGB (Fig. 5) and the STGB-to-ATGB transforma-
tions (Fig. 6, F to H). The GB facet junction (45) and the intersection
of SF with GB (as evidenced by the simulation results in Fig. 2, E to H)
can also play a similar role as GB junctions in polycrystalline materials.
Moreover, only a very localized atom adjustment is needed to accom-
modate the facet transformation (Figs. 2 and 3 and fig. S7), which
could be sufficiently accommodated by the lattice distortion of grains
in polycrystalline materials. One example is that the STGB-to-
ATGB transformation is also found in regions far from the side free
surface (fig. S13, Cand D). Given that X11(113) STGB and (002)/(111)
ATGB are found to be preserved as much as possible in the GBs
vicinal to these special geometrics, such as 52.9° [110] tilt GB (31),
and GB faceting is also prevalent in various types of GBs (table S3)
(24, 31, 32, 40, 45-55), it is thus reasonable to believe that the faceting/
defaceting process and resultant facet transformation mechanisms dis-
cussed here could have a general implication to the understanding of
the structural evolution of faceted GBs during stress-driven migration
in nanocrystalline or polycrystalline materials (additional examples of
stress-driven facet transformation can be found in figs. S15 and S16).

For the faceted GB constructed by (002)/(111) ATGB and near
(111)/(11T) GB facets, GB dissociation, instead of direct facet trans-
formation, was found during the migration process (Fig. 4). This
distinction is originated from the different structure features of the
steps mediating the migration of (002)/(111) ATGB facets (fig. S11).
On the one hand, there is no low-energy interface comparable to
the X11(113) STGB that can be formed via the direct coalescence of
(111)/(117) steps or defaceting process in this case. Consequently,
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Fig. 5. Transformations of {002}/{111}-type ATGB into £11 (113) STGB under different loading conditions. (A to D) A flat (11T)/(002) ATGB bounded by two GB junc-
tions transformed into the X11 (113) STGB under the compressive loading perpendicular to the ATGB. Similarly, the ATGB-to-STGB transformation is via the nucleation
and coalescence of (002)/(111) steps. (E to H) (002)/(111) ATGB-to-211 (113) STGB transformation started from a GB triple junction. Shear loading with an inclination
angle of ~30° was applied as indicated by the white arrow. Note that all the grains rotated clockwise due to the rigid body rotation of the whole system, but the average
misorientations for the (002)/(111) ATGB do not change substantially, i.e., 52.67°, 53.67°, 53°, and 54° in (E) to (H). Scale bars, 2 nm.
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Fig. 6. The loading direction dependence of £11 (113) STGB-to-{002}/{111} ATGB transformation. (A to D) Conservative migration of £11 (113) STGB mediated by dis-
connections. Shear loading was near parallel to the STGB as indicated by the white arrow in (A). (E to H) STGB-to-ATGB transformation occurred when the STGB had an
inclination angle of ~22° with the shear loading direction. The STGB-to-ATGB transformation is coupled with the migration of both the ATGB and the STGB. (I) Plot of
loading angle between STGB and applied shearing versus the experimental number. Black balls indicate the disconnection-mediated migration of STGB, while red cubes
mean that the STGB-to-ATGB transformation happened during the migration process. An additional example can be found in fig. S13. Scale bars, 2 nm.

this kind of faceted GB tends to dissociate into the two lower-energy
interfaces, i.e., £11(113) STGB and X3(111) STGB, during the
migration process. On the other hand, the Burgers vector for the
(111)/(117) step is different from that for the (111)/(002) step. It
has only the edge component b, [|be|= (3V2 — V6)a/12] and the
normal component b, [|b,|= (2V3 - 3)a/6]. The emission of a

Fang et al., Sci. Adv. 8, eabn3785 (2022) 11 November 2022

mixed-type partial dislocation can compensate the difference between
the Burgers vectors of the (111)/(11T) step and the (111)/(002)
step (section S4). In addition, this GB dissociation behavior can be
interpreted on the basis of the coincidence site lattice (CSL) GB
model. In cubic polycrystals, CSL GBs are classified by a X value,
which means the reciprocal coincidence site density, and the
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Fig. 7. Atomistic mechanisms of the loading direction dependence of STGB-to-ATGB transformation. (A to H) MD simulation snapshots showing the frequent
faceting/defaceting transformation between the {002}/{111}-type nanofacets and the 11 (113) STGB. (I) Schematic illustration showing the faceting/defaceting transformation.
(J) Disconnection-mediated migration of £11 (113) STGB after initial faceting (i.e., nucleation and motion of disconnection dipoles). (K) STGB-to-ATGB transformation via

the motion of (117)/(002) steps formed after initial faceting.

dissociation of CSL GBs is believed to follow the so-called “> combina-
tion rule” (56). For instance, 27 — X3 + X9 and X9 — X3 + X3 (57).
In our case, the faceted GB has a misorientation angle of ~58° (fig.
S6G), very close to the ideal value of £33 GB (i.e., 59°) (31). There-
fore, the GB dissociation reaction here is essentially: £33 faceted
GB — X3(111) STGB + X11(113) STGB. It should be mentioned
that the existence of the free surface might promote the GB dissoci-
ation (58), but it is not an indispensable condition because the GB
dissociation behavior also happens in a restricted environment (i.e.,
region away from the free surface; see fig. S17), and shear-coupled
GB migration accompanied by the formation of twins is also com-
mon during the deformation of FCC polycrystals (59).

Moreover, our findings may provide a plausible atomistic under-
standing of the coincreased proportion of £11 and £3 GB after the
cyclic deformation of nanocrystalline FCC metals (4), as any ATGBs
with a misorientation angle vicinal to 54.74° could contain the (002)/
(111) facets in their GB structure, which would directly transform
into the X11(113) STGB (Fig. 2) or dissociate into a £11(113) STGB
and a 23(111) STGB (Fig. 4) during the stress-driven GB migration
process. Furthermore, our work enriches the understanding of the
complexity of GB migration, as it clearly shows that GB structure is
in a metastable state during the migration, where mutual transfor-
mations occur between the stable GB facets such as (002)/(111)-type
ATGBs, X11(113) STGB, and X3(111) STGB. These transforma-
tions would cause the change of GB crystallography (i.e., misorien-
tation and inclination) and affect the direction and speed of GB
migration. In our case, the 211 (113) STGB migrates faster than the
(002)/(111) ATGB, which is supported by our observations that the
right part of the GB moved more atomic layers than its left part in
Fig. 1 (A to H), and the width of the subgrain grows much faster
than its height in Fig. 4 (E and F). The dynamic GB structural
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transformation during the migration process and the resulted mi-
gration speed discrepancies between different GB facets may be the
reason for stress-driven directional fast grain growth in nanocrys-
talline metals (2, 3, 60). In addition, our work emphasizes the im-
portance of faceting/defaceting mechanism on GB migration and
facet transformations and thus could serve a role to bridge the
disconnection-mediated GB migration and the GB structural trans-
formation resulted from GB complexion transition.

In conclusion, the dynamic GB structural transformations during
the stress-driven migration of two different faceted ATGBs both
containing (002)/(111) facets have been revealed using the in situ
HRTEM technique combined with MD simulations. A low-energy
211(113) STGB was found to form in both cases, via either facet
transformation or GB dissociation. The core structure of steps,
(T11)/(002) type or (111);/(111); type, connecting the (002)/(111)
facets determine which pathway it tends to follow. In addition, the
facet/defaceting transformation between X11(113) STGB and (002)/
(111)-type nanofacets appears to be the origin of the reversible facet
transformation. Whether the X11(113) STGB after initial faceting
would migrate conservatively or transform into the (002)/(111) ATGB
depends on the loading condition. Given that any GBs vicinal to
these two special geometrics potentially have a GB structure similar
to what we have observed and GB faceting is commonly observed in
various types of GBs, the GB structural transformation mechanisms
proposed here should have a general implication to the deforma-
tion-induced GB structural evolution of faceted GBs. The discovery
of dynamic GB structural transformation during the shear-mediated
migration will enrich our understanding of the complexity of GB
migration and have an impact on the development of nanocrystalline
materials with microstructure control through thermal-mechanical
processing.
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MATERIALS AND METHODS

In situ nanowelding and shear testing

In situ nanowelding and shear testing of Au bicrystals were performed
inside an FEI Titan Themis G2 200 probe Cs-corrected STEM using
a Nanofactory scanning tunneling microscope (STM) holder. The
metals used in this work are high-purity (99.999%) Au wires ordered
from ESPI Metals. Before the in situ experiments, bulk Au wires
were cut by a wire cutter to obtain the clean fracture surface with
plenty of nanotips, which were then loaded onto the static side and
the probe side of the STM holder. The sharp nanotips of Au with a
certain misorientation angle in the (110) zone axis were selected to
be welded together to fabricate bicrystals with different GBs. Before
welding, a constant voltage of ~2 V was applied on the probe side.
Subsequently, two selected nanotips melted and formed a bicrystal
at the moment of contact. The in situ shear testing was controlled
by moving the probe side with the piezo-manipulator of the STM
holder at a constant rate between 0.001 and 0.01 nm s™*. All the in
situ experiments were operated at 200 kV, and low-dose beam con-
ditions (the electron density < 10> A m ™) were used to minimize
the potential beam effects on GB migration behaviors. In addition, all
the in situ experiments were recorded in real time by a charge-coupled
device camera at a frame rate of 0.25 s per frame.

MD simulations

MD simulations were performed on a Au bicrystal structure using
the Large-scale Atomic/Molecular Massively Parallel simulation (61)
and embedded atom method potential (62) for Au. For constructing
zig-zag (002)/(111) ATGB, we first constructed a (10 10 7)/(10 10 7)
STGB by joining two separate orthogonal crystal lattices along the
(10 10 7) direction as shown in (fig. S18A). Then, the (10 10 7)/(10 107)
STGB was optimized at 300 K under zero pressure with an isothermal-
isobaric (constant number of particles, pressure, and temperature, or
NPT) ensemble to obtain the equilibrium zig-zag (002)/(111) ATGB
(fig. S18C). For faceted GB consisting of (111)/(111) STGB and (002)/
(111) ATGB, we first constructed a (113)/(771) ATGB by joining
two separate orthogonal crystal lattices along the (113) and (771) di-
rection (fig. S18B). Then, the (113)/(771) ATGB were optimized at
300 K using NPT ensemble (fig. S18D). Periodic boundary conditions
were applied along all the directions under structural optimization. In
the shear deformation, a constant shear velocity of 1 m s~ parallel to
the GB plane at the temperature of 300 K was applied on a fixed area
of the top grain along the (7 7 20) direction for (10 10 7) /(10 10 7)
STGB or along the (332) direction for (113)/(771) ATGB (fig. S18). Pe-
riodic boundary conditions were applied along the (110) tilt direction,
and the canonical (constant number of particles, volume, and tem-
perature, or NVT) ensemble was used in this case. The obtained atomic
structures were analyzed using OVITO (63). Models with free bound-
ary conditions along the (110} tilt direction and different thicknesses
(e.g., up to 5.7 nm) were also tested, and we observed no influence from
the boundary condition or GB thickness on the simulation results.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn3785
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