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Grain rotation mechanisms in nanocrystalline
materials: Multiscale observations in Pt thin films

Yuan Tian', Xiaoguo Gong?, Mingjie Xu, Caihao Qiu®, Ying Han', Yutong Bi*, Leonardo Velasco Estrada®®,
Evgeniy Boltynjuk®, Horst Hahn®”’, Jian Han*, David J. Srolovitz>%#, Xiaoging Pan™3°*

Near-rigid-body grain rotation is commonly observed during grain growth, recrystallization, and plastic
deformation in nanocrystalline materials. Despite decades of research, the dominant mechanisms underlying
grain rotation remain enigmatic. We present direct evidence that grain rotation occurs through the motion of
disconnections (line defects with step and dislocation character) along grain boundaries in platinum thin films.
State-of-the-art in situ four-dimensional scanning transmission electron microscopy (4D-STEM) observations
reveal the statistical correlation between grain rotation and grain growth or shrinkage. This correlation

arises from shear-coupled grain boundary migration, which occurs through the motion of disconnections, as
demonstrated by in situ high-angle annular dark-field STEM observations and the atomistic simulation—aided
analysis. These findings provide quantitative insights into the structural dynamics of nanocrystalline materials.

polycrystalline material is an aggregate
of crystallites with different lattice ori-
entations. The crystallites (i.e., grains)
undergo near-rigid-body rotation during
microstructure evolution. Such grain
rotation has been widely observed in poly-
crystalline materials, especially in nano-
crystalline materials, during recrystallization
(1, 2), plastic deformation (3, 4), and grain
growth (5-9). Grain rotation greatly affects
microstructure evolution [e.g., modifying the
grain growth Kkinetics (7, 2, 5, 7, 10-12)] and
controls texture evolution (13, 14).
Near-rigid-body grain rotation has been
described in terms of various grain boundary
(GB)-mediated processes, such as GB disloca-
tion climb (12, 15-17), GB diffusion (18-21), GB
sliding (10, 22), disclination dipole dynamics
(23, 24), and shear-coupled GB migration
(8, 25-28). While each mechanism may
occur under certain restricted circumstances,
which GB process most commonly dominates
rigid-body grain rotation remains controver-
sial, particularly for grains with high-angle
GBs. The rotation of grains delimited by low-
angle GBs may be described by GB disloca-
tion climb (72, 15-17). This description does
not apply to the more common nonspecial,
high-angle GBs for which GB dislocations
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are not well defined. In GB diffusion models,
long-range mass transport is rate limiting and
hence inapplicable to widely observed fast
grain rotation in metals at room temperature
(12). While GB sliding may occur in bicrystals,
sliding is severely restricted by triple junctions
(TJs) in polycrystals. Shear-coupled GB migra-
tion could be capable of explaining grain
rotation involving high-angle GBs. The mech-
anism of shear-coupled GB migration is the
nucleation and propagation of disconnections
on the GB (disconnections are GB line defects
with both step and dislocation character). How-
ever, no experimental evidence exists to sup-
port the correlation between disconnection
motion and grain rotation (27, 29-33), although
phenomenological theory has suggested the
possibility of rigid-body grain rotation through
disconnection motion (34). To reveal the domi-
nant mechanism of grain rotation, quantitative
correlation between disconnection activity
and grain rotation should be built at atomic
scale and at statistical level in polycrystal-
line samples.

Here we present atomic-scale and statistical
experimental evidence of disconnection-
mediated grain rotation during capillarity-
induced grain growth by means of a multiscale
in situ scanning transmission electron micros-
copy (STEM) approach. We conducted atomic-
scale imaging to quantitatively correlate each
GB migration event with disconnection motion
during annealing using in situ high-resolution
high-angle annular dark-field STEM (HAADF-
STEM). Then, we performed microstructure-
scale observations to validate the correlation
between grain rotation and grain growth or
shrinkage using state-of-the-art in situ four-
dimensional STEM (4D-STEM) techniques.
We conducted atomistic simulations to assist
the interpretation of the experimental observa-
tions. Our results not only provide quantitative
insights into near-rigid-body grain rotation in
polycrystals but also showcase the great poten-

tial of multiscale in situ TEM in resolving the
debate regarding the representativity of in situ
TEM studies on atomic-scale mechanisms.

Mesoscale: Grain rotation and GB migration

We conducted our study on ~10-nm-thick
platinum (Pt) nanocrystalline thin films pro-
duced by magnetron sputtering onto <111>-
oriented NaCl substrates. The initial sample
exhibits a uniform equiaxed structure with a
grain size of ~7 nm and no observable texture
[see supplementary text section 1(35) and figs.
S1 and S2]. First, we present an atomic-scale
observation of the grain rotation in a region of
the nanocrystalline Pt sample during anneal-
ing (Fig. 1 and movie S1). The HAADF-STEM
image of the initial structure (Fig. 1A) shows
that three grains—marked G1, G2, and G3—
are on [110] zone axis. G2 and G3 have a twin
relation; see the fast Fourier transform (FFT)
of the image in the inset of Fig. 1A. After an-
nealing at 600°C for 1363.2 s, we observed the
shrinkage of G1 from ~9.5 nm to ~6.5 nm (Fig.
1B). The grain orientation (Fig. 1C) shows that
G2 does not rotate obviously, whereas the
orientation of G1 changes by ~3°. Rotation of
(1 is jerky; three major rotation events occur
at the moments indicated by the black (“D”)
and gray (“S6A” and “S6B”) dashed lines in
Fig. 1C. We sought to determine the structural
origin of these three moments. The change in
the atomic structure of the X11 symmetric tilt
grain boundary (STGB) corresponding to the
black dashed line labeled by “D” in Fig. 1C is
shown in Fig. 1, D1 and D2. The X11 STGB mi-
grates by two (113) interplanar spacings during
the rotation event with no other detectable
changes in GB structure. From the atomic
displacement field (Fig. 1D3), we see that along
with the GB migration, the atoms on two sides
of the GB are displaced in opposite directions.
The ratio of the relative tangential displace-
ment to the GB migration distance is ~0.346,
consistent with a theoretical shear-coupling
factor of 0.354 [supplementary text section 2
(35) and figs. S3 to S5] (9, 27). Such consist-
ency suggests that grain rotation results from
shear-coupled GB migration. Similarly, we
find that the rotation events labeled “S6A”
and “S6B” in Fig. 1C coincide with the shear-
coupled GB migration events, as shown in fig.
S6, Al, A2, B1, and B2. Therefore, the jerky ro-
tation of G1 is correlated with the jerky shear-
coupled migration of the 11 STGB. Another in
situ STEM observation of a more pronounced
grain rotation [~8°; details in movie S2, sup-
plementary text section 4 (35), and fig. S7] also
reveals that each grain rotation event co-
incides with shear-coupled GB migration.
Our observations suggest that grain rotation
arises from shear-coupled GB migration. This
is consistent with the theoretical description
for a bicrystal with an embedded circular grain
(13). However, in a polycrystal, each GB is
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terminated by TJs. Ideally, when a shear dis-
placement induced by the migration of a GB
encounters a TJ, it can be decomposed into
two displacements tangential to the other two
GBs (following the rule of vector addition).
Within a grain, it appears that the displace-
ment direction changes at each TJ and keeps
tangential to the surrounding GBs—such a
displacement field describes a rotation. As shown
in Fig. 1D3, the atoms below the GB are
displaced toward the right, and the amount
of displacement decays with the distance to
the GB. Such a displacement gradient indi-
cates elastic shear strain or rotation. At the

S9 and movie S1).

D3 DO (®) OOO

o020
020
0202025
0202595202
2225204
2020

07
geicte

0 400 800
Time (s)

1200

Fig. 1. In situ observation of concurrent GB migration and grain rotation.
(A) HAADF-STEM image of a region of the initial Pt sample containing a %11 (113)
symmetric tilt GB (green dashed line) and others (yellow dashed lines). Three
grains on the [111] zone axis are marked as G1, G2, and G3. The inset shows
the FFT pattern of the image, with the diffraction spots of G1, G2, and G3 marked
in red, blue, and pink, respectively. (B) The final state of the same region, with all
GBs marked by solid lines and their initial positions marked by dashed lines.
(C) Temporal evolution of the orientations of G1 and G2 in (A). Scattered points
show the measured data, and the curves are the data processed using a
Gaussian low-pass filter. Three grain rotation events are marked by black and
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left (right) end of the GB, the displacement
below the GB has an upward (downward)
component; so, the displacement field mainly
manifests rotation rather than shear strain.
However, in practice, at a TJ, the displacements
from the three GBs do not exactly satisfy the
vector addition, inevitably generating stress
concentration at the TJ. On the other hand,
within a grain, the displacements tangential to
all the surrounding GBs in general do not
lead to the rotation of the same sign. Grain
rotation is strongly constrained, requiring
coordination of the shears along all GBs (fig.
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Atomic scale: Grain rotation and
disconnection motion

Because grain rotation is the consequence of
shear-coupled GB migration, and the mechanism
underlying shear-coupled GB migration is dis-
connection motion, we expect to see the con-
currence of grain rotation and disconnection
motion at atomic scale. We show the detailed
atomic-scale process of the concurrent grain
rotation and GB migration in Fig. 1, D4 to
D6. We found that a part of the GB migrates
downward, while the other part does not
move (Fig. 1D5); the two parts of the GB are
separated by a step. The process from Fig. 1,

gray dashed lines, the detailed atomic processes of which are shown in (D)
and fig. S6, A and B. (D1 and D2) Sequential images of GB migration during the
first grain rotation event marked in (C). The GB locations before and after
migration are marked by dashed and solid lines. The insets show the GB
structures in the green squares. Scale bars, 3 nm. (D3) Atomic displacement
fields near the X11 GB in the green squares in (D1) and (D2). The atomic
positions before and after GB migration are shown by the white dashed and solid
circles, respectively. The leftward (rightward) atomic displacements are marked
by blue (red) arrows. (D4 to D6) Sequential images of GB migration between
(D1) and (D2), with the GB locations and atomic displacements marked.
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D5 to D6, shows that the GB migrates by the
propagation of the step to the left. However,
the step is not necessarily a disconnection. The
atomic displacements concentrate in the re-
gion where GB migration already occurred,

that is, the displacement field propagates
together with the step. In other words, the
step propagation leads to the translation of
the upper grain with respect to the lower grain,
suggesting that this step is also of disloca-

tion character. This implies that this step is
actually a disconnection. The Burgers vector
magnitude of the disconnection is typically
much smaller than lattice parameters and
cannot be directly measured in the experiment.
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Fig. 2. Atomic-scale observation of concurrent disconnection motion and
grain rotation. (A) The HAADF-STEM image of the final state of the Pt sample,
with the GBs marked by white lines. Three grains on the [110] zone axis are
marked as G1, G2, and G3. A local area in G2 is marked as A4. The right image
shows the FFT pattern of the image, with the diffraction spots of G1, G2, and G3
marked in blue, red, and green, respectively. (B) Temporal evolution of the
orientations of G1, G2, G3, and A4 in (A). (C, E, and G) Sequential HAADF-STEM
images of grain rotation at the moment indicated by the gray dashed line in (B).
GB locations are marked by white lines. The disconnection motion is indicated by
white arrows, and the grain rotation is indicated by red arrows. (D, F, and

H) Atomic structures in the green squares in (C), (E), and (G), respectively,
showing the disconnection dynamics. Two types of disconnections are marked
by the “1" symbols. Two sets [(I and J) and (M and N)] of sequential images of
disconnection motion in the black dashed square in (A), coinciding with two
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rotation events of A4. The direction of disconnection glide is indicated by white
arrows. GB locations before and after the disconnection motions are labeled
by yellow dashed and white solid lines, respectively. Grain rotation is indicated by
red arrows. (K and Q) Atomic displacements in the green squares in [(I) and (J)]
and [(M) and (N)], showing the reversible disconnection motions. Yellow dashed
line and white solid line mark the GB locations before and after disconnection
motions. (L and P) The average atomic displacements in the direction parallel

to GB, plotted against the distance from GB. Error bars correspond to the
standard deviation of the atomic displacements in the same row of atoms. The
gray lines show the results of fitting the data to theory. In (A), (C), (E), (G), (1), (J),
(M), and (N), the scale bars are 3 nm. In (D), (F), (H), (K), and (O), white dashed
circles and solid circles mark the atomic positions before and after disconnection
motions, respectively. The leftward (rightward) atomic displacements are marked
by blue (red) arrows.
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We determine the Burgers vector with the aid
of atomistic simulation. From the analysis of
bicrystallography (fig. S5) and molecular statics
(MS) simulation [supplementary text section 3
(85)], we predict the Burgers vector and step
height of the disconnection on a 11 STGB to be
b = [332]as/22 and h = [113]2a, /11, respec-
tively. The shear-coupling factor predicted by
[b|/|h| is consistent with that measured from
the experiment, further verifying the interpre-
tation of disconnection-mediated shear-coupled
GB migration.

The conclusions drawn from the ¥11 STGB
apply to other types of GBs rarely studied in
the literature, such as asymmetric GBs and
non-coincidence-site-lattice (non-CSL) GBs.
We identified a region of interest consisting
of six grains on the [110] zone axis (Fig. 2A).
The orientation evolutions of grains G1, G2,
G3, and area A4 (Fig. 2B) show that G1 does
not rotate and can serve as a reference. Before
~4000 s, G2 and G3 rotate continuously in a
counterclockwise manner. The slow rotation is
induced by the growth of G2 (movie S3). After
~4000 s, the orientations of G2 and G3 drop
abruptly by ~1° Next, we explore the events on
the abrupt change in the orientations of G2
and G3 (near 4000 to 5000 s).

The first GB of interest is the one that
separates G2 and G3 (Fig. 2, C to H). This is a
(111)/(100) non-CSL. GB, as demonstrated by
the FFT pattern (Fig. 2A, right image). Per a
bicrystallography analysis and MS simulation
(fig. S10, B and C), there are two possible types
of disconnection on this GB, type I and type II.
The type I disconnection has a Burgers vector
b; = [110]ao /2 and step height h; = 0. Since by
is parallel to the GB plane, the type I dis-
connection is glissile. Because the step height
is zero, propagation of type I disconnections
does not contribute to GB migration. The
type II disconnection has a Burgers vector
by = [112]ae/12 and a finite step height hy; =
[001]ay/2. The presence of step character on
the non-CSL GB (Fig. 2, C to H) indicates the
existence of type II disconnections. We deter-
mined the positions of disconnections from
the atomic-scale GB structures and labeled
them with “1” symbols in Fig. 2, D, F, and H.
When G2 rotates with respect to G3, all the
disconnections glide to the right. The glide of
type I disconnections is driven by the internal
stress accumulated during the growth of G2
and contributes to the rotation of G2. The glide
of type II disconnections is the consequence of
the interaction with the type I disconnections.
This observation demonstrates that grain rota-
tion is mediated by disconnection motion on
the non-CSL GBs.

The second GB of interest is that framed
by the black dashed square in Fig. 2A: itis a
%9 (115)/(111) asymmetric tilt GB (ATGB), as
demonstrated by the FFT pattern (Fig. 2A,
right image). Area A4 undergoes counter-
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clockwise rotation by ~1° at ~4700 s and
clockwise rotation by ~1° at ~5600 s (Fig. 2B).
The rotation is highly localized in A4, as the
overall orientation of parent grain G2 does not
show the same change in Fig. 2B. The change
in the ATGB structure corresponding to the
counterclockwise rotation of A4 is shown in
Fig. 2, I and J, and that with the clockwise
rotation is shown in Fig. 2, M and N (Fig. 2, I,
J, M, and N are snapshots from movie S3). We
see that the reversible rotation of A4 coincides
with the reversible glide of disconnections
along the ATGB. From the atomic structures
in Fig. 2, K and O, we identify the discon-
nection step height as h = [111]a/3 (indexed
on the basis of the lower grain). The atomic dis-
placement vectors show the relative displace-
ment between the two grains. This relative
displacement occurs through the disconnec-
tion glide, and the shear direction depends on
the disconnection glide direction. Figure 2, L
and P, shows the change in displacement field
induced by the rightward or leftward glide of
the disconnection. We fitted it to the analytical
solution for the glide of an edge dislocation
[solid gray curves in Fig. 2, L and P and
supplementary text section 5 (35)] and found
that the horizontal edge component of the
disconnection Burgers vector is ~0.51 + 0.07 A.
Bicrystallography analysis and MS simulations
(fig. S11) show that the horizontal component
of the Burgers vector of this disconnection
should be b = [112]a,/18 (indexed on the
basis of the lower grain), and its magnitude
is 0.53 A, close to the value extracted from the
experimental data. Since this disconnection
has finite step height and Burgers vector, its
motion leads to both GB migration and grain
rotation.

To achieve atomic-scale resolution, our
experimental observations were limited to
the GBs of grains with <110> orientations.
To verify whether disconnection-mediated
grain rotation is limited to the specific type
of GBs, we performed MD simulations on
the grain growth process in a Pt thin-film
sample. We observed disconnection-mediated
grain rotation on various types of GBs (fig. S12),
suggesting the universality of disconnection-
mediated grain rotation regardless of GB type.

Microstructure scale: Grain rotation and
grain growth

We had identified the atomic-scale mechanism—
disconnection-mediated grain rotation in a
nanocrystalline thin film—but it remained
unclear whether this mechanism is dominant
among all other possible grain rotation mech-
anisms. For this, we developed an in situ
4D-STEM technique to trace the evolution of
multiple grains and collected statistical data
for grain rotation on a 400 nm by 400 nm
area of the nanocrystalline Pt thin-film sample
containing ~2000 grains. We obtained seven

4D-STEM datasets at room temperature, be-
tween which the sample was annealed at
600°C for 2.5 min. We derived crystal orien-
tation maps from the 4D-STEM datasets by
indexing nanobeam electron diffraction INBED)
patterns [supplementary text section 6 (35) and
(36)]. The orientation mappings at the annealing
times of 0, 5, 10, and 15 min (Fig. 3, A to D) show
the occurrence of grain growth during anneal-
ing. See fig. S13 for the grain orientation and
morphology of two representative rotating
grains and their corresponding NBED patterns
at different annealing times; it shows that both
the grain size and grain orientation change
during the annealing process and the observed
changes in grain size and orientation are
correlated.

These results suggest that at the micro-
structure scale, grain rotation and grain growth
are coupled. To verify this point, we performed
statistical analysis of grain rotation in 6710
frames of 1950 traceable grains. The distri-
bution of the grain rotation rate (Fig. 3E)
shows that 13.6% of the grains exhibit ob-
vious rotation (the rate of change in orienta-
tion angle |6| > 2°/min) during grain growth;
this demonstrates that grain rotation is ubi-
quitous and an integral part of the evolution
of nanocrystalline structure. We compared
the distribution of grain growth rates for all
grains P(|7|) (Fig. 3F, gray bars) and the dis-
tribution for the grains with large rotation
rates (>4°/min) Pyot (|7|) (Fig. 3F, red bars). The
distribution of grain growth rate (for all grains)
is a maximum at || ~ 0 nm/min, while that for
rotating grains peaks at |#| ~ 0.35 nm/min. The
ratio of the two distributions Py (|7])/P(|7])
(Fig. 3F, blue points) is proportional to the
conditional probability Py(|7|), that is, the
conditional probability of fast rotation (/6| >
4°/min) when the grain growth rate is |7|.
The conditional probability demonstrates
the correlation between grain growth and
grain rotation—because Py (|#|) monotonical-
ly increases with |7, fast grain growth or
shrinkage admits fast rotation. This result
represents the first instance of revealing the
correlation between grain growth and
grain rotation. Previous literature only re-
ported this correlation for individual grains
(10, 37) or failed to reveal the correlation on
the basis of independent measurements of
grain growth and grain rotation (38). On the
other hand, the number of rotating grains
accounts for only ~20% of the grains with a
growth rate of >1 nm/min, which implies that,
although grain rotation is coupled to grain
growth, grain growth does not necessarily lead
to grain rotation. This observation samples all
types of GBs, given the random texture and
inclination of GB planes of the thin-film sam-
ple [figs. S2 and S17; supplementary text sec-
tions 1 and 7 (35)]. The correlation between
grain growth and grain rotation rules out the
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Fig. 3. Microstructure-scale observation of concurrent grain growth and
grain rotation. (A to D) Four sequential 4D-STEM orientation mappings of the
same area of the Pt sample after annealing for 0, 5, 10, and 15 min, respectively.
The color shows the grain orientation on the basis of the inverse pole figure
[inset of (D)]. Color saturation is changed according to the indexing confidence.
Scale bars, 100 nm. (E) The probability distribution for grain rotation rate, |6|.
The inset shows the schematic of concurrent rotation and growth of the
shaded heptagon grain. (F) The probability distributions of grain growth rate (|¢|)
for all grains, P(J7|), and for the fast rotating grains (|6] > 4°/min), Prt(|f]),
are indicated by gray and red bars, respectively. The ratio, Prot(|#])/P([f]),
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and red bars, respectively. The ratio, P.o(r)/P(r), is plotted as blue points,
representing the probability that fast rotation occurs on the grains with size r.
(H) The probability distributions of grain roundness for all grains and for the
fast rotating grains are indicated by gray and red bars, respectively. The

ratio, Prot(€)/P(€), is plotted as blue points, representing the probability

that fast rotation occurs on the grains with roundness &. The blue curves are
drawn as guides for eyes.

possibility that each grain rotates to reduce
the total energy of the surrounding GBs. This
correlation is possible only when grain rotation
arises from shear coupling to GB migration.
This implies that shear-coupled GB migration
is the cause of grain rotation. Previous atomic-
scale observations show that this correlation
arises from the motion of disconnection. It is
the step height and Burgers vector features of
disconnection that give rise to the simultaneous
GB migration and grain rotation. Combining
atomic- and microstructure-level observations,
we can say that grain growth and rotation are
mainly mediated by GBs, which further valid-
ates the generality of the disconnection mech-
anism reported in the section “Atomic scale
grain rotation and disconnection motion.”
We also studied the dependence of grain
rotation probability on grain size and shape.
We plotted (Fig. 3G) the distribution of grain
size for all grains (gray bars) and for the ro-
tating grains (red bars). The ratio of these two
distributions (blue points), P..(7)/P(r), repre-
sents the dependence of grain rotation on grain
size. It shows that grain size and grain rotation
are negatively correlated. As discussed in sup-
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plementary text section 8 (35), the negative
correlation comes from the inverted factor of
7% in the dependence of rotation angle and
displacement on the circumference (25, 39).
We also examined the dependence of grain
rotation probability on grain roundness in
Fig. 3H. The grain roundness is defined as £ =
4mA/%, where A is the grain area, and [ is the
perimeter of a grain. The grain roundness
approaches 1 as the shape of a grain becomes
more circular and decreases as the shape
becomes more irregular. As in Fig. 3, F and
G, the ratio of grain roundness (&) distrib-
ution for rotating grains to that for all grains,
P.o(&)/PE) (Fig. 3H, blue points), measures
the dependence of grain rotation on grain
roundness. It shows that round grains tend to
rotate. As discussed in supplementary text
section 8 (35), this arises because a rounder
grain can more easily accommodate the shear
tangential to the surrounding GBs by grain
rotation.

Discussion

We return to the question of which micro-
scopic mechanism underlies near-rigid-body

grain rotation in annealing. In our experimental
observations, because no slip occurs in the grain
interiors and all GBs are high-angle, we can
safely ignore all interpretations based on dis-
location motion within the crystals. While GB
diffusion, shuffling, and sliding were observed
and could contribute to grain rotation, these
are not quantitative mechanistic descriptions;
these may be restated in terms of discon-
nection motion. A disconnection description
is akin to how plastic deformation of crystals
is described in terms of dislocation motion
rather than simply describing it as atomic
rearrangements; of course, any dislocation
activity must involve atomic rearrangement
(e.g., shuffling or diffusion). We show (Fig. 2,
K and O) that disconnection propagation is
equivalent to local atomic reorganization (e.g.,
shuffling or sliding at the GB). On the other
hand, GB diffusion can occur through the climb
of disconnections with a Burgers vector com-
ponent perpendicular to the GB (e.g., the type II
disconnection on the non-CSL GB shown in
Fig. 2). We find that (fig. S15) when a type 11
disconnection moves left along the non-CSL
GB by four atomic columns, an additional atom
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column forms, indicating atomic diffusion as
required by disconnection climb. A discon-
nection description of grain rotation and shear
coupling provides a level of quantitative pre-
dictability not accessible with a shuffling or
diffusion description alone. Therefore, it is suffi-
cient to attribute the near-rigid-body grain
rotation to disconnection motion—this is con-
sistent with all the findings in our experi-
ments. The critical role of disconnection has
been demonstrated in various GB activities
including GB migration (30), GB-dislocation
interaction (40), and GB transformation (4I).
Our work further demonstrates the dominance
of disconnection activities in near-rigid-body
grain rotation, a GB-mediated process, in a
nanocrystalline material. Also note that exter-
nal stress-driven grain rotation has been exten-
sively reported in the literature (3, 4, 12, 17, 28);
by contrast, we examined grain rotation in the
context of stress-free, capillarity-driven grain
growth. While it is expected that stress can
drive disconnection motion and grain rotation
directly, capillarity can induce grain rotation
only when shear-coupling occurs.

Although we conducted our study on a
(near-2D) polycrystalline thin film, the con-
clusions provide important insights for the
grain rotation mechanism in bulk polycrys-
talline materials. Because no observable tex-
ture exists in the thin film and the GB plane
is randomly inclined (fig. S2), the major dif-
ference between the thin-film sample and a
bulk sample is that it has free surfaces. As
mentioned above, the migration of a GB in a
bicrystal is different from that in a polycrys-
talline film. In a polycrystalline film, the in-plane
shear displacement along each GB accompany-
ing GB migration (i.e., shear coupling) is re-
stricted by the TJs. However, the out-of-plane
displacement is free. In a bulk polycrystal, the
TJs form a 3D network. The shear displace-
ments in all directions are constrained. To
extend our conclusions from thin films to bulk
samples, we conducted molecular dynamics
simulations on both columnar thin-film and
bulk samples. As presented in fig. S16 and
supplementary text section 9 (35), the rota-
tion rate for the thin-film sample is much
faster than that for the bulk sample. The
likely cause is that rotation of each grain
requires coordinated migration of all the sur-
rounding GBs, which is more restrictive for
bulk samples where the grains are embedded
in all directions. We observe coupling between
grain growth and grain rotation for both
samples (fig. S16, C and D), consistent with our
in situ 4D-STEM results. The similar coupling
effect suggests that the dominant mechanism
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of grain rotation does not change from our
observation in thin film to the real bulk sam-
ple. In addition, while this study focuses on
a single-element system, we expect that the
reported grain rotation mechanism is appli-
cable to alloys, offering insights for the design
and development of new materials including,
for example, compositionally complex mate-
rials or high-entropy alloys.

Here, we provide direct multiscale evidence
that grain rotation occurs by the propagation
of disconnections on GBs in nanocrystalline
thin-film materials. Our in situ heating 4D-
STEM study demonstrates statistically that
grain rotation occurs extensively during grain
growth and that this is intimately coupled
with GB migration in nanocrystalline mate-
rials. The atomic-scale in situ HAADF-STEM
observations show that the coupling between
grain rotation and GB migration originates
from disconnection motion, which leads to
shear along GBs and drives grain rotation.
These findings demonstrate the critical role of
disconnections in determining the properties
and behavior of microstructure evolution in
nanocrystalline materials and provide new in-
sight for understanding microstructure dynam-
ics and GB engineering.
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