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a b s t r a c t 

A detailed monitoring of atomic-scale processes accomplishing grain rotation is important for under- 

standing the deformation mechanisms in nanocrystalline metals. However, direct observations have been 

rare thus far, such that our knowledge about grain rotation has to rely heavily on hypothetical models 

and simulations. Here, we present in situ atomic-resolution evidence, indicating that the atomic processes 

accomplishing grain rotation in nanocrystalline Pt depend on the type of grain boundary (GB) separating 

the rotating grains. The grains around general (mixed) GBs rotate via the Frank–Bilby dislocation activi- 

ties together with atomic shuffling and disconnection activities, the former being the generation, climb, 

glide and reaction of GB dislocations, whereas the latter leading to GB migration accompanying the grain 

rotation. While for the grains with a tilt GB in between: their rotation is accomplished almost entirely via 

the Frank–Bilby dislocation activities. We also discover that the GB dislocation climb, glide, and reaction 

often involve the formation and destruction of Lomer-like dislocations. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Grain rotation, i.e., a change in the misorientation angle be- 

ween adjoining grains, is one of the most important processes in 

lastic deformation, especially for nanocrystalline (NC) metals at 

oom temperature when the grain size is less than ∼15 nm [1–

] . Stress (strain)-induced grain rotation has been confirmed in ex- 

eriments by several groups [ 4 , 7–16 ]. However, what is actually 

appening to the atoms mediating and accommodating the rota- 

ion remains unsettled, as a real-time atomic-scale observation is 

ighly challenging. At present, the understanding of the atomistic 

echanisms behind grain rotation relies largely on classical mod- 

ls and simulations [ 7 , 17–27 ]. The model developed in the 1950s

 23 , 24 ] by Frank and Bilby proposed that grain boundaries (GBs) 
∗ Corresponding authors. 
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ctually consist of Frank–Bilby dislocations. Many studies have ex- 

ended this model and proposed that grain rotation occurs via the 

bsorption/generation of a Frank–Bilby dislocation in the GB with- 

ut obvious GB migration. For example, Li et al. suggested that the 

islocations in GBs will be removed or added under shear stress, 

hich will change the density of GB dislocations at GBs, thus lead- 

ng to grain rotation and growth even at low temperature. Because 

he absorption/generation of a Frank–Bilby dislocation mainly oc- 

urs in the GB, grain rotation occurs without obvious GB migration 

21] . Ovid’ko et al. [22] and Murayama et al. [28] proposed that 

rain rotation can be explained through the disclination model. 

his disclination consists of arrays of dislocations at the GBs, and 

he movement and climb of an individual dislocation will lead 

o grain rotation and structural change of the disclination. During 

his process, the plasticity that mainly occurs at the GB involves 

hort-range diffusion, which induces minimal GB migration. How- 

ver, there is no direct experimental evidence supporting this. In 

ddition to the model of grain rotation without the need of GB 
. This is an open access article under the CC BY-NC-ND license 
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igration, there are also many other theoretical models, which 

urport that grain rotation is always accompanied by GB migra- 

ion. The classical theory, the Ashby–Verrall model, proposed that 

rain rotation occurred during the deformation [25] . This grain ro- 

ation will lead to both compressive and tensile strained regions 

round the GB, setting up long-range diffusion from the former 

o the latter. This mass transport via long-range atomic diffusion 

s necessary to accommodate the rotation and also leads to shape 

hange (or GB migration) of the grains [ 18 , 25 ]. A previous theoret-

cal model and molecular dynamic (MD) simulation proposed that 

he GB migration accompanying grain rotation can occur via dis- 

onnection glide [ 29 , 30 ]. The disconnections have both step and 

islocation character (Burgers vector b and step height h ). The 

lide of GB disconnection shifts the GB atom-columns, and the GB 

tom-columns that belong to one side become part of another side, 

hich shifts the two crystals by b (parallel to the GB) and migrate 

he GB by h (normal to itself). In the meantime, the disconnec- 

ion shear on the GB bounding a grain will also induce a torque 

hat leads to grain rotation [ 17 , 29 , 30 ]. This disconnection gliding

esults transformations of the structural units between the GB and 

rain lattice, without the need for long-range diffusion [ 29 , 30 ]. Al-

hough many grain rotation models have been proposed, it is un- 

nown which of the aforementioned grain rotation mechanisms is 

alid under experimental conditions, particularly in the new sce- 

ario of NC metals. In several experiments, the postmortem trans- 

ission electron microscopy (TEM) examinations indicate that in 

rain rotation via GB dislocation activities, the GB migration can be 

egligible during the rotation process [ 28 , 31–34 ]. However, other 

tudies have suggested that GB migration is always coupled with 

rain rotation [8–10] . These two mechanisms have to be recon- 

iled. Thus, direct experimental evidence with atomic resolution is 

eeded to resolve this issue. 

In this work, we perform tensile experiments inside a high- 

esolution transmission electron microscope (HRTEM) to monitor 

he atomic-scale dynamic processes underlying grain rotation in 

C Pt [35–37] . We provide direct evidence that the operating 

echanism depends on the type of GB involved in grain rotation. 

his conclusion was further corroborated via molecular dynamics 

imulations. Specifically, grains separated by a tilt GB can accom- 

lish their rotation via GB dislocation absorption/generation,glide, 

nd climb at GB with negligible GB migration. While the rotation 

f grains separated by mixed GBs [ 38 , 39 ] is carried by a combined

ctivation of GB dislocation activities (glide and climb at GB), as 

ell as atomic shuffling and disconnection activities that mediate 

oncurrent GB migration. Our findings thus reconcile previous dif- 

erent classical models. We also report a hitherto unnoticed be- 

avior - the reactions between climbing and gliding dislocations in 

he GB frequently form Lomer-like dislocations that is subsequently 

estructed during deformation-driven grain rotation. 

. Experimental and simulation methods 

.1. In situ TEM tensile device 

The TEM extensor was made of two thermally actuated bimetal- 

ic strips. They were fixed, in opposing positions, on a TEM Cu-ring 

rid using superglue or epoxy resin, as the schematic view shows 

n Supplementary Figure. 1a. Each bimetallic strip was made of 

wo layers of two different materials that have a large mismatch 

n their thermal expansion coefficients to achieve a significant 

eflection at relatively low operation temperatures. The conven- 

ional TEM specimen holder (hot stage), now with the bimetallic 

trips fabricated, can therefore act as a double-tilt, displacement- 

ontrolled deformation stage. The elevated temperature (below 

0 °C) was expected to have a minor impact on the room- 
2 
emperature GB deformation mechanisms that we studied, given 

he high melting point of Pt at 1768 °C. 

.2. Transferring thin film specimens to the uniaxial tensile devices 

Operated under optical microscope, the bimetallic extensors 

two metallic bars) can be well aligned to be vertical to the thin 

lm samples as shown in Supplementary Fig. 1a, 1b. Using epoxy 

esin on the surfaces of the bimetallic extensors, the thin films can 

e attached on the surface of the extensors in almost ideal geo- 

etrical configuration, as shown in Supplementary Fig. 1b. Thus, 

he uniaxiality of the deformation can be ensured during the load- 

ng process. Etching away NaCl single-crystal substrate with water, 

ree-standing bimetallic strips, together with thin film tensile sam- 

les, were released from the NaCl substrate as shown in Supple- 

entary Fig. 1c. Then, the bimetallic strips with the attached thin 

lms were loaded onto the TEM-tensile stage. Later, with TEM ob- 

ervation, the temperature controller could accurately increase the 

emperature of the TEM-tensile stage and the bimetallic extensor 

xerted uniaxial tensile force on the thin films, as shown in Sup- 

lementary Fig. 1d The dynamic process could be recorded accord- 

ngly, either by digital CCD camera or the negative films. 

.3. Molecular dynamic simulations 

To further reveal the deformation mechanism of grain rotation, 

e constructed a polycrystalline Pt thin film sample with length, 

idth, and thickness equal to 65, 40, and ∼ 8 nm, respectively. The 

ample consisted of 101 grains and 1.3 million atoms with a mean 

rain size of ∼ 6 nm. A U-shaped edge notch was created with a 

ip radius of 5 nm and a length of 15 nm that similar with previous

D simulation [26] . We used Atomsk package [40] to create the 

nitial atomistic structure and the visualization was realized with 

VITO package [41] . When building this model, we first created a 

D Voronoi tessellation using Atomsk [40] . The grains with out- 

f-plane orientations were randomly selected to mimic our exper- 

ments. Our model contained 101 grains, and there are 279 mixed 

Bs and 9 tilt GBs. In this model, we also can see that many of

hese GBs are irregular shapes. We performed molecular dynam- 

cs simulations of loading process of a polycrystalline Pt nanofilm 

sing LAMMPS [42] with an embedded-atom method (EAM) po- 

ential [43] . To generate realistic GBs, we equilibrated the entire 

ystem at room temperature for 200 ps at the initial stage of simu- 

ations. After equilibration, the sample was stretched in the length 

irection. The step-loading was adopted in this simulation [ 26 , 44 ]. 

n every loading step, a 5 ps equilibration was performed after the 

ystem was stretched for 5 ps at the strain rate of 10 8 s –1 . We re-

eat this loading-equilibration cycle until the sample is stretched 

o the strain of 10%. Thus, the average loading rate in our simula- 

ion is less than 10 8 s –1 . The equilibration after every small loading 

eriod gives the dislocation a period of time to move. This provides 

s the possibility to capture dislocation glide/climb at the interface. 

uring the simulation, the temperature was controlled at 300 K 

ith Berendsen thermostat. Atoms at the two ends of the length 

irection in the sample were fixed during loading. To measure the 

rain rotation, a specified marker (around 1.5 nm in length) at the 

enter of the grain (there was no defect created in the marker area 

uring loading) was selected. The rotation of the marker was cal- 

ulated to represent the rotation of the grain. 

. Results 

Pt thin film samples for in situ TEM straining experiments were 

repared using magnetron sputtering. The film thickness is about 

15 nm and most of the grain sizes are less than ∼ 10 nm in size,

s is shown in Fig. 1a . The selected area diffraction pattern of the 
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Fig. 1. (a) Typical TEM image which presents the Pt film has nanometer-sized and equiaxed grains, with no obvious texture, consistent with the selected area diffraction 

pattern of the thin film inserted in Fig. 1a . (b) A typical inverse pole figure image acquired from the precession electron diffraction analysis. (c) HRTEM image which shows 

that most grains are separated by high-angle GBs, without visible porosity or micro-cracks. (d) Low magnified cross-sectional TEM image of the thin film. (e) Enlarged TEM 

image which reveals that the thin film has only one grain in the thickness direction that can serve as a columnar microstructure. 
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hin film is shown in Fig. 1a . The continuous diffraction ring re- 

eals that the nanograins randomly distributed without a preferred 

rientation. This is further confirmed by the inverse pole figure im- 

ge acquired from precession electron diffraction analysis ( Fig. 1b ). 

s can be seen, most of grains are surround by others in different 

rystal zone axes and the GB is curved. This indicated the rotation 

xis varies for different regions of the GB, thus, most of the grains 

re obviously separated by mixed GBs according to previous theo- 

ies [45] . To further confirm the types of the GBs, a HRTEM image

s taken in Fig. 1c where most of the grains surrounding the G 4 

re in different axial lattices and the shapes of most of the GBs is 

urved, indicating the GBs are belong to mixed GBs. The thin film 

ample has a columnar microstructure with one grain in the thick- 

ess direction, see cross-sectional TEM images in Fig. 1d , 1e . In the

urrent study, the orientation relationship between two grains can 

e roughly determined from the lattice or fringe images. Our large 

umber of HRTEM examinations show that a few of two nearby 

rains are in the same axial lattices, and most of the grains sur- 

ounded by others are in different axial lattices. In addition, the 

Bs in NC are highly curved because of the small grain size (small 

ize indicating large curvature of GBs). The in situ straining exper- 

ment was performed using a custom-made tensile testing device 

see Supplementary Fig. 1 and Supplementary Materials for details) 

nside a JEOL-2010 field emission HRTEM operating at 200 kV. The 

pplied strain rate is in the range of 10 –3 ∼ 10 –4 /s. 

.1. Atomistic mechanisms of mixed grain boundaries during grain 

otation in experiment 

In this paper, the term “tilt rotation” refers to the in-plane ro- 

ation about the normal direction of the film plane, and the term 
3

twist rotation” refers to the out-of-plane rotation about a direc- 

ion in the film plane; the symbol GB i-j denotes the GB between 

wo adjoining grains G i and G j ; the misorientation angle of GB i-j 

efers to the angle of in-plane rotation between grains G i and 

 j . Fig. 2a –c display a series of HRTEM images to demonstrate 

he grain rotation. The double-ended arrow in Fig. 2b indicates 

he direction of the applied tensile load, which produces a torque 

o drive the rotation of the grains. From the images in Fig. 2a –

 , we see that grains G 1 and G 4 exhibit no appreciable changes 

n their lattices during the in-situ straining, indicating negligible 

lobal rotation and tilt of the specimen. Note that the observed 

ringes in these grains are not Moiré fringes because only a sin- 

le grain is present in the thickness direction of the film owing to 

he columnar grain microstructure. The fringes in the grains can 

e well indexed with the FCC lattice of Pt. Enlarged HRTEM im- 

ges are presented in Fig. 2d –g . Specifically, as observed in Fig. 2d ,

 1 exhibits the [01 ̄1 ] axial lattice in this projected view, whereas 

 4 exhibits the [001] axial lattice. In addition, GB 1–4 is irregularly 

haped/curved. From this information, GB 1–4 should be a mixed 

B. To track the grain rotation, we monitored the angle between 

he edge-on (111) plane of G 1 and the edge-on (100) plane of G 4 

rom the fast Fourier transform (FFT) images. Fig. 2h –k show the 

ombined FFT images taken from the red framed regions of G 1 

nd G 4 that correspond to those in Fig. 2d –g , respectively. From 

ig. 2h –k , both the (111) and (100) planes can be well indexed, and

hus, the grain rotation can be well monitored by measuring the 

hange in angle between these two planes. As noted in Fig. 2h , the

easured angle between the (111) plane of G 1 and the (100) plane 

f G 4 is ∼20.1 ° Upon straining, the angle increases from ∼20.1 ° to 

6.5 ° ( Fig. 2j ) and subsequently to 28.7 ° ( Fig. 2k ). Along with this

lear grain rotation, the nearly hexagonal G changes its shape, and 
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Fig. 2. In situ HRTEM images showing grain rotation. (a–c) The grain G 1 undergoes rotation during an in situ straining experiment. During grain rotation, the shape of G 1 
changes slightly, indicating the occurrence of GB migration. (d–g) Four enlarged HRTEM images showing the atomic structures near the GB of GB 1–4 during grain rotation. 

G 1 exhibits the [01 ̄1 ] axial lattice, while G 4 exhibits the [001] axial lattice. Hence, GB 1–4 is a mixed GB. The FFT images inserted in (f, g) were taken from the white framed 

regions. (h–k) The combined FFT images taken from the red framed regions of G 1 and G 4 corresponding to those in (d–g), respectively. The angle between the edge-on (111) 

plane of G 1 and the edge-on (100) plane of G 4 increases from ∼ 20.1 ° to 26.5 ° and then to 28.7 °
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he GB 1–4 (yellow dashed lines in Fig. 2d –g ) changes its morphol- 

gy significantly with local GB segments obviously migrating to- 

ard the G 1 side. This is also confirmed by the FFT images (shown 

n the insets) taken from the same region (corresponding to the 

hite framed region of Fig. 2f and g ). As noted in Fig. 2f , the two

ets of spots, with square and parallelogram shapes, indicate that 

oth the [01 ̄1 ] and [001] axial lattices exist in the white framed 

egion. As grain rotation, as shown in Fig. 2g , there is only one

et of spots with square shape in the FFT image, indicating that 

B 1–4 migrates toward the G 1 side, and thus only the [001] lattice 

xists in the white framed region. Such a migration of the GB in 

etween rotating grains is a hallmark feature of the grain rotation 

hat involves long-range mass transport or glide of disconnection 

disconnection model) [ 25 , 26 , 29 , 30 ]. 

More details about the grain rotation accompanying with GB 

igration are illustrated in Fig. 3 , which presents a series of en- 

arged HRTEM images from the same in situ experiment ( Fig. 2 ). 

ig. 3a shows an HRTEM image in the early stage of grain rotation. 

he red arrows 1 and 2 point to the local regions without an atom- 

cally abrupt interface between the adjoining grains G 1 and G 4 . 

his “gradual” interface arises because the lattice planes of grains 
4 
 1 and G 4 locally have a nearly perfect match in this projected 

iew across the GB 1–4 . During grain rotation, the edge-on (111) 

lanes in G 1 near the red arrow 1 switch, smoothly over a few 

lanes, to the edge-on (100) planes in G 4 , as seen in Fig. 3b and

, resulting in GB migration in this local region. Meanwhile, in a 

earby region of the red arrow 1, an atomically sharp interface 

eparates G 1 and G 4 , disallowing the smooth switching from (111) 

lanes to (100) planes. Instead, the migration of this GB 1–4 seg- 

ent entails more local shuffling and/or short-range atomic diffu- 

ion to reach the atomically sharp interface between G 1 and G 4 

een in Fig. 3d . By comparing the lattice near the GB 1–4 in Fig. 3a -

 , the GB migration is obviously dominated by the (111) planes in 

 1 switching to the (100) planes in G 4 , rather than obvious long- 

ange diffusion. Thus, we believe this grain rotation should be gov- 

rned by disconnection model [ 29 , 30 ], which accomplishes concur- 

ent GB migration. The GB migration can be understood in terms 

f the nucleation and motion of disconnections with Burgers vec- 

or b (the component of b parallel to the GB plane) and step-height 

 . The glide of a disconnection shifts the two crystals by b parallel

o the GB and migrate the GB (normal to itself) by h . In the mean-

ime, the disconnection shear on the GBs bounding a grain will 
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Fig. 3. In situ observation of a mixed GB migration as well as the dislocation generation and climb at this GB during grain rotation. (a) An HRTEM image captured at the 

early stage. As indicated by red arrows 1 and 2 near GB 1–4 , the edge-on (111) planes in G 1 are continually switched to the edge-on (100) planes in G 4 . (b, c) During the grain 

rotation, the (111) planes of G 1 near the upper part of GB 1–4 become the (100) planes of G 4 (as indicated by red arrow 1), resulting in the marked GB migration. (d) With 

further rotation, the shuffling of the GB atoms leads to the structural change of GB 1–4 , so that the interface between G 1 and G 4 becomes atomically sharp. (e–g) Enlarged 

HRTEM images corresponding to the red-framed region in (b–d), showing the nucleation and climb of GB dislocations during the grain rotation. 
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lso induce a torque (e.g., clockwise) that leads to the grain rota- 

ion, as seen in Supplementary Fig. 2 (also see Fig. 34 in reference 

9). According to Cahn’s prediction [30] , the relation between the 

rain rotation angle and migration distance is d r = −r dθ
β

(here, r is 

he grain size, β is the coupling coefficient, θ is the misorientation 

ngle between the two adjacent grains). This disconnection mech- 

nism is assisted by local atomic shuffling and short-range atomic 

iffusion, which are likely to occur at low temperatures. 

Interestingly, in addition to GB migration, there are other im- 

ortant GB activities going on at the GB 1–4 as well. Specifically, 

he generation, glide and climb of GB dislocations appear to have 

lso occurred at the mixed GB, reminiscent of the inter-grain dis- 

ocation activities depicted by Frank and Bilby [ 23 , 24 ] and Li et al.

21] . As the first indication of this, let us take another look at the

agnified HRTEM images in Fig. 3e –g , which correspond to the 

ed boxed region in Fig. 3b –d , respectively. As indicated by the red

ashed lines in Fig. 3e , the edge-on (111) planes in G 1 smoothly 

witch to the edge-on (100) planes in G 4 , and a dislocation (la- 

eled as “1 ′′ ) is observed at GB 1–4 ; this inter-grain dislocation is 

eadily identified by an extra half (010) plane in G 4 . During subse- 

uent grain rotation, Fig. 3f shows that a new inter-grain disloca- 

ion (labeled as “2 ′′ ) is formed, and the local interface structures of 

B 1–4 become very sharp. Since most of the grains have sizes less 

han ∼ 10 nm, we believe that most of these dislocations should 

e nucleated from the GB, as previous MD simulations and experi- 

ents results indicate that the GBs serve as sources of dislocations 

n NC metals [ 19 , 46 , 47 ]. Comparison of the positions of dislocation

1 ′′ and dislocation “2 ′′ in Fig. 3f and Fig. 3g suggests that these 

islocations have climbed along GB 1–4 . The dislocation climb is re- 

lized through short-range diffusion at relatively low temperature. 

n other words, beside the disconnection model, the Frank–Bilby 

islocations resulted grain rotation [ 23 , 24 ] appears to also play a

ignificant role. Taken together, Figs. 2 and 3 above demonstrate 

hat the grain rotation at the general GBs is actually accomplished 
5 
ia GB dislocations in combination with atoms shuffling and dis- 

onnection activities. In other words, a combination of disconnec- 

ion and Frank–Bilby dislocations, with assistance of local shuffling 

f atoms, are required to explain the grain rotation with GB migra- 

ion at mixed GBs. 

Our in situ atomic-scale observations show that the GB dislo- 

ation density at GB 1–4 has changed a lot, based on a compari- 

on of the images before and after the grain rotation (Supplemen- 

ary Fig. 3). The generation/removal of GB dislocations changes the 

otal number of dislocations at the GB, and the dislocations ad- 

ust their distance with each other via climb and glide in the GB. 

his process increases/decreases the density of dislocations at GB 

changing the average distance between dislocations), thus leading 

o the grain rotation. To gain an in-depth understanding of the GB 

islocation nucleation and motion in GB plane, we zoom into the 

ellow-boxed region in Fig. 4a , and use the magnified HRTEM im- 

ges in Fig. 4b –h to track the profuse activities of the inter-grain 

islocation at GB 1–4 (this is in a same region from that in Fig. 3a -

 ). 

The first atomic layer at the bottom of G 1 is taken as a refer-

nce (marked by a yellow solid line). Relative to this first layer, all 

he adjacent atomic layers are numbered to facilitate the tracking 

f the inter-grain dislocation movement during grain rotation. In 

he current study, the atomic layer at the bottom of G 1 is taken 

s a reference (labeled as 1), and from Fig. 4b –h , one can ob-

erve that the contrast of the HRTEM images and the first atomic 

ayer has not changed, which indicates that there is no significant 

hange in defocus or height during this loading process. In addi- 

ion, the defocus change can lead to the contrast of HRTEM im- 

ges change, but it cannot lead to a change in position of these GB 

islocations (as can be found in the HRTEM simulation from Sup- 

lementary Fig. 4). Thus, confirming that the observed dislocation 

otion at the GB should result from straining. Fig. 4b shows two 

ypes of inter-grain dislocations at GB 1–4 , as marked by the yellow 
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Fig. 4. In situ observation of the generation, climb, and interaction of GB dislocations at GB 1–4 during grain rotation. (a) An HRTEM image at the early stage of grain rotation. 

(b–h) A series of enlarged HRTEM images of the yellow boxed region in (a). In (b), the lattices between G 1 and G 4 have a nearly perfect match; two types of dislocations 

(marked by yellow “T”) are observed in GB 1–4 . One type of dislocations, labeled as “A, B, C, D” are located at the 23rd, 17th, 12th, and 7th atomic layers, respectively, while 

another type of dislocations labeled as “a, b, c” are located at the 14th, 9th, and 4th atomic layers, respectively. In (c), a new GB dislocation “E” nucleates, and the GB 

dislocations also climb. As shown in (d–h), the rotation between G 1 and G 4 leads to the nucleation of a new GB dislocation, the climb of GB dislocations, and the reaction 

product of a Lomer-like dislocation at the GB. (i–l) Enlarged HRTEM images (corresponding to (b), (d), (g), and (h) to focus on the atomic-scale process of climb of GB 

dislocations B, C and a, b. 
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T”. One type of inter-grain dislocation features an extra half (010) 

lane in G 4 and these dislocations are labeled by capital letters, 

uch as “A, B, C and D”. The cores of these GB dislocations are lo-

ated at the 23rd, 17th, 12th, and 7th atomic layers, respectively. 

nother type of inter-grain dislocation features an extra half (111) 

lane in G 1 and these dislocations are labeled by lowercase letters, 

uch as “a, b and c”. The cores of these dislocations are located at 

he 14th, 9th, and 4th atomic layers, respectively. During the grain 

otation, as shown in Fig. 4c , a new inter-grain dislocation E nu- 

leates. Meanwhile, dislocations “A”, B, C, and D climb up, as their 

ores move to the 28th, 19th, 13th, and 8th atomic layers, respec- 

ively, whereas dislocations “a”, b, and c glide along the GB plane, 

ith their cores moving to the 11th, 8th, and 2nd atomic layers, 

espectively. It should be noted that this is different from the tra- 

itional lattice dislocation slip (glide on {111} planes towards the 

nterior of the G 1 ). As shown in Fig. 4d , continued grain rotation

etween G 1 and G 4 leads to the nucleation of a new inter-grain 
6 
islocation d. At the same time, dislocations a, b, and “c” glide up 

o the 18th, 11th, and 8th atomic layers, respectively, whereas dis- 

ocations A, B, and “C” climb down to the 25th, 18th, and 12th 

tomic layers, respectively, and dislocations D, and E climb up to 

he 9th and 5th atomic layers, respectively. 

Interestingly, dislocation a glides to react with dislocation “B”

nd forms a Lomer-lock-like structure at the GB. The subsequent 

rocess of GB dislocation climb shown in Fig. 4e –h is similar to 

hat in Fig. 4b –d . The structure of these GB dislocation locks is 

ery like the Lomer locks that generated by lattice dislocation re- 

ction in fcc lattice with Burgers vector of 1 
2 < 110 > type. While it 

hould be taken care that the Burgers vector at mixed GB is dif- 

erent from that in lattice, thus, the core structure of this Lomer- 

ock-like structure at the GB is different from that in lattice (see 

upplementary Fig. 5). Interestingly, these Lomer-like dislocations 

issociate with further grain rotation ( Fig. 4e , 4f ), such that the 

limbing and gliding of GB dislocations meet with each other to 
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Fig. 5. In situ observation of the atomic-scale processes in the upper part of GB 1–4 during grain rotation. The local GB structures are different from those in Fig. 4 , as 

a different GB plane is involved here. (a) Two types of dislocations (marked by yellow “T”) are observed in GB 1–4 , and they are labeled as “A, B, C, D” and “a, b, c, d”, 

respectively. The locations of the cores of these dislocation positions are indicated by the number of atomic layers as defined in Fig. 4 . (b, c) During the grain rotation, the 

two types of GB dislocations climb up and down, respectively. (d, e) Enlarged HRTEM images zooming into the climb-up and climb-down processes of GB dislocations “B, C”

and “a, b”. The core structures of these dislocations are highlighted by yellow lines and dots. (f) Dislocation “B” climbs up by one atomic layer to meet dislocation a, forming 

a Lomer-lock-like structure at the GB. 
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orm new Lomer-like dislocations at GB 1–4 ( Fig. 4g , 4h ). Fig. 4i –

 present enlarged HRTEM images (corresponding to Fig. 4b , d, g, 

nd h, respectively) that clearly show the climb of GB dislocations 

, C and a, b. Specifically, in Fig. 4i , dislocations B, C and a, b locate

t different atomic layers; in Fig. 4j , dislocation B climbs up by one

tomic layer and dislocation a glides up by four atomic layers; as 

 result, these two dislocations meet with each other (at the 18th 

tomic layer) to form a Lomer-like dislocation [35] . In Fig. 4k and 

l , two Lomer-lock-like structures are formed and then unlocked as 

he inter-grain dislocations climb and glide. Previously, the Lomer 

tructure was believed to be formed by the reaction of intra-grain 

liding dislocations inside large grains [35] . The inter-grain dislo- 

ation climb, glide, and reaction observed here are interesting and 

ave never been reported. 

Fig. 5 illustrates the action in another section of GB 1–4 , involv- 

ng a different GB plane: there are several steps on GB segment 

hat appear quite different from those in Fig. 4 . Our objective is to

xamine if this change in GB structure alters the mechanism. Here 

gain the formation and destruction of GB Lomer-lock-like struc- 

ures are frequently observed. In this case, the 1st atomic layer on 
7 
he upper part of G 1 is taken as the reference (marked by a yellow 

olid line). In Fig. 5a , two types of GB dislocations are marked us- 

ng yellow “T”. One type features an extra half (010) plane in the 

attice of G 4 , labeled as “A, B, C, D, …”, with the respective dislo-

ation cores at the 8th, 17th, 24th, and 38th atomic layers (indi- 

ated by yellow arrows). Another type features an extra half (100) 

lane in the lattice of G 4 , labeled as “a, b, c, d, …”, with cores

t the 15th, 19th, 24th, and 32nd atomic layers (indicated by yel- 

ow arrows). During the grain rotation, Fig. 5b , a new GB disloca- 

ion “E” nucleates at the 36th layer, without appreciable movement 

f dislocations A and c. Meanwhile, dislocations B, D climb up to 

he 16th and 29th atomic layers, and dislocations a, b, d glided to 

he 14th, 20th, and 31st atomic layers, respectively. Upon contin- 

ed grain rotation, Fig. 5c , dislocation “C” climbs up to the 22nd 

tomic layer, and b glides up to the 19th atomic layer again. En- 

arged HRTEM images in Fig. 5d –f clearly show the climb and glide 

f GB dislocations B, C and “a, b”, with their core structures high- 

ighted by yellow dot-dash lines. Fig. 5d and e show that disloca- 

ion “B” and b move up and down respectively, while dislocation 

 glides up by one atomic layer and dislocation C does not move. 
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Fig. 6. Another example of rotation of a ∼7 nm-sized grain. (a) The grain G 1 exhibits a clear [01 ̄1 ] axial lattice, while the grain G 2 exhibits fringes, indicating that GB 1–2 

is a mixed GB. (b, c) During straining, grain rotation occurred between G 1 and G 2 , leading to a decrease in the misorientation angle across GB 1–2 from 24 ° to 19.3 ° (d–f) 

With further straining, a high density of GB dislocations at GB 1–2 was observed, along with climb of GB dislocations (marked by “T”); the number of dislocations at GB 1–2 

decreased, leading to a decrease in the misorientation angle across GB 1–2 from 15.7 ° to 10.1 ° (g–i) Enlarged HRTEM images corresponding to (a, d, e), respectively. 
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s seen from Fig. 5f , dislocation “B” climbs up by one atomic layer, 

nd it combines with dislocation a to form a Lomer-lock-like struc- 

ure. All these observations ( Figs. 4 and 5 ) indicate that what we

re seeing is a universal and inevitable path through which the 

limbing and gliding GB dislocations interact. 

Lomer locks are well known dislocation locks that are usually 

enerated via two full dislocations mutually knit with each other 

n the lattice. Because these Lomer locks are in neither of the ini- 

ial glide planes (i.e., the closely packed {111} planes), they are an 

bstacle to other dislocation gliding in lattice [ 35 , 48 ]. In the cur-

ent study the Lomer-lock-like structures were at the GB, the na- 

ure of this dislocation and the corresponding activities are differ- 

nt from those in the lattice. These Lomer-lock-like structures at 

he GB do not slip on the close packed {111} planes of the lattice, 

ut glide and climb along the GB. The highly distorted lattice at 

he GB and the relatively large excess volume (see the pentago- 

al core structure in Fig. 5d –f ) can widen the diffusion channel, 

nd thus, will promote the GB dislocation climb. Previous stud- 

es show that during the deformation, the diffusion will occur in 

he region with large excess volume at the GB [49–51] . Many stud- 

es also show that the mass transport rate at the triple-junction of 

he GB is relatively higher than that of the GB, indicating that the 

arge excess volume promotes the diffusion [51–53] . Thus, we be- 

ieve that the Lomer-like dislocations at the GB do not impede the 

islocation motion; by contrast, they widen the diffusion channel 

hat promotes the grain rotation. 

To demonstrate the general applicability of the combination of 

he Frank–Bilby dislocation activities with atomic shuffling and dis- 

onnection activities for the mixed GBs revealed in Fig. 3 - 5 , Fig. 6

hows the rotation of a ∼7 nm-sized grain with another type of 

ixed GBs, in which one grain exhibits the [01 ̄1 ] axial lattice 

hereas another only exhibits lattice fringes. Our in-situ obser- 
ation shows that the aforementioned rotation mechanism is also t

8 
alid for this type of grain. As can be observed from Fig. 6a , G 1 ex-

ibits a clear [01 ̄1 ] axial lattice; however, G 2 is not closely aligned 

ith a crystallographic direction, and thus exhibits some lattice 

ringes. The angle between the edge-on (111) plane in G 1 and the 

dge-on (111) plane in G 2 is ∼24 ° We can see that the interface 

etween the adjoining grains G 1 and G 2 is relatively sharp. During 

rain rotation, the edge-on (111) planes in G 1 smoothly over a few 

lanes to the edge-on (111) planes in G 2 , as observed in Fig. 6b –c ,

hich are similar to those observed in Fig. 3 . Meanwhile, the shape 

f GB 1–2 changed slightly, indicating that GB migration occurred 

ia more local shuffling and/or short-range atomic diffusion. Thus, 

e believe that this grain rotation should also be governed by the 

ucleation and motion of disconnections [ 29 , 30 ] assisted by local 

tomic shuffling and short-range atomic diffusion. Based on the 

lassical theoretical model, the grain rotation coupled with GB mi- 

ration should be governed by the disconnection motion that glide 

long the GB plane. The glide of disconnection induces a torque 

hat leads to the grain rotation, and this could lead to a stepwise 

tructure on the GB [ 54-57 ]. Such steps on the GBs are hallmark 

eature of the disconnection gliding [ 29 , 58 ]. In current study, many

teps were observed on the GBs ( Fig. 2d - g and Supplementary Fig. 

), which further confirmed the disconnection activities involved 

uring the grain rotation process. These disconnection glide along 

he GB that led to the GB migration accompanying the grain ro- 

ation (also see the schematic view illustrated in Supplementary 

ig. 2). With further straining, a high density of GB dislocations 

as observed at GB 1–2 ( Fig. 6d ). Fig. 6d –f show that the number

f GB dislocations at GB 1–2 decreased, and their average spacing 

ncreased from 1.01 to 1.71 nm, causing a decrease in the misori- 

ntation angle across GB 1–2 from 15.7 ° to 10.1 ° Fig. 6g –i present 

nlarged HRTEM images that correspond to Fig. 6a , d , and e , re-

pectively. As indicated by the red dotted lines in Fig. 6g , the in-

erface between G 1 and G 2 was atomically sharp, and the edge-on 
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Fig. 7. An example illustrates the atomic-scale grain rotation process of a ∼ 7 nm-sized grain. (a) The G 1 exhibits a clear [01 ̄1 ] axial lattice, where the {111} lattice/plane 

is noted, while G 3 exhibits fringes, indicating the GB 1–3 is a mixed GB. The angles between the edge-on {111} plane in G 1 and the edge-on {111} plane in G 2 and G 3 are 

∼29.8 ° and 10.7 °, respectively. (b) During the grain rotation, as noted by “T ,” the number of dislocations at GB 1–3 decreases, leading to a decrease in the misorientation 

angle of GB 1–3 from 10.7 ° to 6.7 ° Meanwhile, the misorientation angle of GB 1–2 changed from 29.8 ° to 27.8 ° Additionally, the GB structure and the morphology of GB 1–2 and 

GB 1–3 have changed substantially (as the yellow line notes), indicating GB migration is an important accommodation mechanism of grain rotation for those mixed GBs. (c, 

d) Enlarged HRTEM images which are corresponding to (a), (b) give a better visualization of the decrease in dislocations at GB 1–3 . 
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111) planes in G 1 did not continuously switch to the edge-on (111) 

lanes in G 2 . As indicated by the red dotted lines in Fig. 6h and i ,

oth the position and structure of GB 1–2 changed markedly, and 

he edge-on (111) planes near GB 1–2 were continually strained, 

imilar to the corresponding cases in Figs. 4 and 5 . During in-situ 

training, G 1 and G 2 exhibited no appreciable changes in their lat- 

ice fringes, indicating that grain rotation was not caused by the 

ilt deformation of grains in the specimen. During the straining, 

 1 and G 2 exhibited no obvious change in the lattice fringes, in- 

icating that the grain rotation is not caused by a global tilt of 

he specimen during deformation. Otherwise, the lattice or fringes 

ould go out of contrast as the diffracting planes are rotated away 

rom the beam. 

It is noted that grain rotation is actually a collective rotation 

rocess of the surrounding grains, i.e., the surrounding grains also 

articipate in rotations relative to one another in a coordinated 

anner. Fig. 7 shows a typical example of several grains rotating 

n a coordinated manner. As can be observed from Fig. 7a , G 1 ex-

ibits a clear [01 ̄1 ] axial lattice, whereas G 2 and G 3 exhibit fringes, 

ndicating that GB 1–2 and GB 1–3 are mixed GBs. The angles be- 

ween the edge-on {111} plane in G 1 and the edge-on {111} plane 

n G 2 and G 3 are ∼29.8 ° and 10.7 °, respectively. During the grain 

otation, as noted by “T ,” the number of dislocations at GB 1–3 de- 

reased, leading to a decrease in the misorientation angle of GB 1–3 

rom 10.7 ° to 6.7 °, as shown in Fig. 7b . Meanwhile, the misori-

ntation angle of GB 1–2 changed from 29.8 ° to 27.8 °, as shown 

n Fig. 7b . Additionally, the GB structure and the morphology of 

B 1–2 and GB 1–3 changed substantially (as shown by the yellow 

ine), indicating that GB migration was an important accommoda- 

ion mechanism of grain rotation for those mixed GBs. The sur- 

ounding grains also underwent GB migration and rotation process 
9 
uring straining; this proves that the surrounding grains rotate col- 

ectively in a coordinated manner. Fig. 7c and 7d exhibit enlarged 

RTEM images corresponding to those in Fig. 7a and 7b , which 

how the decrease in dislocations at G 1–3 more clearly. This grain 

otation accompanied with GB migration indicated that the sur- 

ounding grains also rotate collectively via combined GB disloca- 

ion activities, as well as atomic shuffling and disconnection activ- 

ties. We performed in situ observations of more than 20 GBs. The 

tatistical results of rotation angle versus GB migration distance for 

ixed GBs are shown in Fig. 12 . For these mixed GBs (yellow dots), 

heir rotation occurs through a combination of the Frank–Bilby dis- 

ocation activities with atomic shuffling and disconnection activi- 

ies, leading to significant GB migration. Further, the GB migration 

istance increases with rotation angle. 

We also investigated the atomic-scale mechanisms of grain ro- 

ation associated with tilt GBs. During grain rotation, the atomic- 

cale deformation of these tilt GBs can be reasonably character- 

zed by the Frank–Bilby dislocation activities, while GB migration 

s not as obvious as that observed for mixed GBs. Fig. 8a –c display

hree HRTEM images showing the atomic-scale grain rotation pro- 

ess that involved a tilt GB. As shown in Fig. 8a , both G 1 and G 2 

xhibit a clear [110] axial lattice, indicating that GB 1–2 is a tilt GB. 

rom Fig. 8a , the measured GB angle for GB 1–2 is ∼22.1 °, indicat-

ng that GB 1–2 is obviously a high-angle GB, while this GB can also 

oughly serve as a dislocation GB that has a high density of Frank–

ilby dislocations [59] . Comparing the GB structure in Fig. 8a –c , G 1 

nd G 2 underwent a rotation process, and the number of disloca- 

ions at the GB decreased. As revealed in Fig. 8c , the number of 

islocations at the GB decreased, which led to a decrease in the 

isorientation angle of GB 1–2 from 22.1 ° to 14.7 ° This process oc- 

urs via glide and climb of the GB Frank–Bilby dislocation, and it 
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Fig. 8. An example shows the grain rotation process of a tilt GB and both the G 1 and G 2 exhibit a clear [110] axial lattice. (a–c) During the straining, G 1 and G 2 undergoes 

a rotation process, leading to a decrease in the misorientation angle of G 1–2 from 22.1 ° to 14.7 °, and high density of GB dislocations at GB 1–2 are observed, as noted by “T”. 

Fig. 9. Another example shows the atomic-scale grain rotation process of a tilt GB. (a) Both the G 1 and G 2 exhibit a clear [110] axial lattice, indicating the GB 1–2 is a tilt GB. 

(b, c) During the grain rotation, as noted by “T” the number of dislocations at GB 1–2 increases, leading to an increase in the misorientation angle of GB 1–2 from 6.2 ° to 10 °
(d-f) Enlarged HRTEM images which are corresponding to (a-c) show the increase in dislocations at GB 1–2 more clearly. 
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s similar to that shown in Fig. 4 and Fig. 5 and with neglected

B migration. The rotation of G 1 and G 2 leads to the original high- 

ngle GB being transformed into a low-angle GB. After the GB 1–2 

s transformed into a low-angle GB, the rotation model follows the 

ucleation and climb of GB dislocations. The difference is mostly 

he tilt GB’s rotation via Frank–Bilby dislocation activities with ne- 

lected GB migration, which is different from that shown in several 

revious postmortem TEM results [ 29 , 31 , 60 ]. 

To demonstrate the general applicability of the Frank–Bilby dis- 

ocation activities that resulted in rotation for the tilt GBs, Fig. 9 

hows another example of rotation of a ∼7 nm-sized grain, which 

lso involved a tilt GB. As can be observed from Fig. 9a , both G 1 

nd G 2 exhibit a [110] lattice, indicating that GB 1–2 is a tilt GB, 

nd the measured GB angle for GB 1–2 is ∼6.2 ° As shown in Fig. 9 ,

he tilt GBs naturally contain GB dislocations [29] . As indicated in 

ig. 9a –c , during the straining, the number of dislocations at GB 1–2 

ncreases and leads to an increase in the misorientation angle of 

 1–2 from 6.2 ° to ∼10 ° Fig. 9d –f provide enlarged HRTEM images 

orresponding to Fig. 9a –c , which show the increase in dislocations 

t GB 1–2 more clearly. It can be observed that the grains separated 

y tilt GBs rotated with less GB migration. In the current exper- 
10 
ments, there is no obvious trend suggesting that the GB migra- 

ion distance increases with rotation angle, which is different from 

he observation for the grains separated by mixed GBs. Such tilt 

Bs naturally contain a high density of Frank–Bilby dislocations 

29] and can thus rotate without obvious GB migration, which is 

n contrast to the corresponding results at mixed GBs. We also 

xamined many other grains with tilt GBs, and our results show 

hat for the grains surrounded by tilt GBs, most of them rotate 

ia the generation/annihilation, glide, and climb of the Frank–Bilby 

islocation, with no obvious GB migration (also see MD simula- 

ion in Fig. 10 ). GB migration is far less obvious than that observed

or mixed GBs. In other words, the rotation of grains surrounded 

y tilt GBs always conform to the Frank–Bilby dislocations [ 20–

3 , 61 , 62 ]. Many previous studies suggested that the grain rotation 

ccurred with neglected GB migration; however, many other re- 

orts suggested that grain rotation was always coupled with GB 

igration [ 3 , 7 , 17 , 19 , 20 , 35 , 61–65 ]. Our results show that whether

he grain rotation is coupled with GB migration or not depends on 

he type of GBs. The previous reports on grain rotation both with 

nd without GB migration could be the result of studies dealing 

ith different types of GBs. 
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Fig. 10. Molecular dynamics simulation results showing atomic mechanisms mediating grain rotation. (a) Polycrystalline Pt thin film model constructed for the MD simu- 

lation. (b–e) Different colors showing the change in misorientation angle to monitor the grain rotation, at strain of 1%, 3%, 5% and 7%, respectively. (f–h) A typical example 

of grain rotation for grains separated by a mixed GB, both the GB migration and inter-grain dislocation activities are observed, indicating that the grain rotation about 

mixed GBs proceeds via the Frank–Bilby dislocation activities together with atomic shuffling and disconnection activities. (i–k) A typical example of grain rotation for grains 

separated by a tilt GB. The grain rotation in this case is mediated by inter-grain dislocations activities with no obvious GB migration. The inter-grain dislocations activities 

lead to the frequent formation and destruction of Lomer-lock-like structure at both the mixed and tilt GBs. 
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.3. Atomistic mechanisms of mixed and tilt grain boundaries during 

rain rotation in MD simulation 

MD simulations lend further credence to the observed mecha- 

isms of grain rotation and their dependence on the type of GBs 

nvolved. To compare with experiments, we constructed a model 

f polycrystalline Pt with length, width, and thickness equal to 65, 

0, and 8 nm, respectively ( Fig. 10a ). The average grain size in the

hin slab is ∼ 6 nm. A U-shaped edge notch is created with a tip 

adius of 5 nm and a length of 15 nm [26] . Tracking the move-

ent of the atoms in the center of each grain, the rotation angle 

f the grains can be directly measured. Fig. 10b - e show the grain

otation angle upon straining the model to 1%, 3%, 5% and 7%, re- 

pectively. The color variation from red to blue indicates the grain 

otation angle values from 8 ° to −8 ° Obviously, many gains un- 

ergo the rotation process. Fig. 10f - h show a typical example of 

rain rotation for grains separated by mixed GB, the correspond- 

ng strains were 0%, 4.6%, 5.0%, respectively. The rotation angle be- 

ween the two grains in this figure is ∼ 3.2 °, and the GBs positions

ave obviously moved. In other words, GB migration accompanies 

he rotation. In the meantime, GB dislocation activities are abun- 

ant. As noted in Fig. 10f , two types of inter-grain dislocations are 

resent at the GB, as marked by red and green “T”, one type la- 

eled “A, B, C, D, E”, and the other type “a, b, c”. Before the defor-

ation, dislocations “C” and b combine to form a Lomer-lock-like 

tructure. During grain rotation, Fig. 10g , dislocations A, B, a, c un- 
11 
ergo the climbing and gliding process, during which “B” interacts 

ith a, and D with c, to form two Lomer-lock-like structures. As 

hown in Fig. 10h , the continued grain rotation leads to the an- 

ihilation of dislocation “a” and that resulted in the destruction 

f a Lomer-lock-like structure. At the same time, dislocations A, B, 

, c undergo the climbing and gliding process. All these corrobo- 

ate what we have observed for mix boundaries in the TEM exper- 

ments. In current MD simulations, we adopt a stepwise loading 

 25 , 26 , 39 , 44 ], such that the lowered strain rate gives enough time

or short-range diffusion or shuffling that lead to dislocation climb 

see method section for more details). The dislocation climb is real- 

zed through short-range diffusion, in which these atoms near the 

islocation core only travel very short displacement (less than 2 Å). 

heses make the dislocation climbing in the interface/GB to occur 

n MD time scale even at room temperature. This kind of short- 

ange atomic diffusion (Fig. 1-3, and Fig. 7 in reference 67) and 

islocation climb were also observed in previous MD simulation in 

C metals [ 66 , 67 ]. 

With regards to tilt GBs, MD simulations also reinforce the no- 

ion that grain rotation can be completed with the Frank–Bilby dis- 

ocation activities, consistent with the TEM observations (As shown 

n Fig. 8 and 9 ). Fig. 10i –k provide three snapshots that show a

ypical example of grain rotation for two grains separated by a tilt 

B; the corresponding strains are 0%, 3.9%, 9.3%, respectively. The 

otation angle between these two grains (the grains with white 

toms and green atoms) was ∼ 2 °, while there is no obviously GB 
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Fig. 11. The short-range diffusion of atom-columns at GB. (a) The enlarged MD image corresponding to the red framed region in Fig. 10i showing the two separated 

dislocation “C, c”. (b) The enlarged MD image revealing these two dislocations reaction with each other to form a Lomer-like dislocation. (c) The displacement map extracted 

by automated analysis. Atom-columns at different strain are represented by different colors. Each segment represents the displacement vector of an atom column between 

two consecutive images in (a, b), and the length of each segment represents the magnitude of the displacement. (d) The enlarged MD image from the red framed region in 

Fig. 10j showing the dislocation “E”. (e) The enlarged MD image showing this dislocation climbing toward the triple junction. (f) The displacement map extracted from (d, 

e), and the red arrow indicates the atom-columns ‘10 ′ diffused to the core of dislocation E. . 
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igration observed by comparing the GBs positions in Fig. 10i –

 . As shown in Fig. 10i , the GB angle between these two grains

the grains with white atoms and green atoms) is ∼ 20 ° Since the 

rains in the simulation model are very small, the entire GB can 

e composed of inter-grain dislocations [21] , as marked by red and 

ink “T”. We can identify two Lomer-like dislocations at the GB. 

uring the grain rotation, as shown in Fig. 10j , dislocations a, C 

ndergo the climbing and gliding process, and this leads to the in- 

eraction of a with A to form another Lomer-like dislocations. In 

ig. 10k , further grain rotation is mediated by the gliding process 

f “a”, accompanied by the annihilation of D and E. As a result, 

nly two Lomer-lock-like structures are left. 

Our MD simulation also provides a deep insight into the 

tomic-scale dislocation motion along the GB, which reveals that 

his process only needs short-range diffusion of atom-columns at 

he GB. Fig. 11a shows an enlarged image presents two sepa- 

ated dislocations labeled as “C” and c at this GB (corresponds to 

ig. 10i ), where the core of dislocation C is located at the atom- 

olumn ‘12’ and the core of dislocation c is located at the atom- 

olumn ‘4’. During the grain rotation, as exhibited in Fig. 11b (cor- 

esponds to Fig. 10j ), the atom-columns near these two dislo- 

ations underwent short-range diffusion, where atom-column ‘9 ′ 
oved toward the up-right side and other atoms moved accord- 

ngly, and therefore, these two dislocations moved and reacted 

ith each other to form a Lomer-like dislocation. Fig. 11c shows 

he displacement map of these atom-columns. Comparing the 

ig. 11a and 11b with the previous method, it can be observed 

hat these atom-columns near the dislocation core only have a very 

hort displacement, of less than 2 Å. In addition to the short-range 
12 
iffusion resulting from GB dislocation motion and reaction, the 

D simulation also revealed that the triple junction is an impor- 

ant source and sink of GB dislocation. Fig. 11d shows an enlarged 

mage that presents a dislocation labeled as “E” at this GB (corre- 

ponds to Fig. 10j ), where the core of dislocation E is located at 

he atom-column ‘6’. During grain rotation, an atom-column (la- 

eled as ‘10’) that from triple junction diffused to the core of dis- 

ocation E, and the dislocation climbed toward the triple junction 

corresponds to Fig. 10k ). This type of short-range atomic diffusion 

Fig. 1-3, and Fig. 7 in reference 67) and dislocation climb was 

lso observed in previous MD simulations in NC metals [ 66 , 67 ].

he above results revealed that the atoms near the dislocation 

ore only travel a very short distance, and hence the dislocation 

limbing \ gliding that resulted in grain rotation occur easily, even at 

oom temperature. These results of our experiments provide clear 

tomistic mechanisms of the motion and generation \ annihilation of 

B dislocation. 

In Fig. 12 , we plot the grain rotation angle vs GB migration dis- 

ance, for the mixed and tilt GB. The data from both experiments 

nd MD simulations are included. For the mixed GBs (yellow dots), 

heir rotation occurs through a combination of the Frank–Bilby dis- 

ocation activities together with atomic shuffling and disconnection 

ith significant GB migration, and the GB migration distance in- 

reases with rotation angle. In contrast, for the tilt GBs (the purple 

riangles in Fig. 12 ), the rotation can be accounted for by the gen-

ration, climb, glide and reaction of GB dislocations, with no ob- 

ious scaling of the GB migration distance with the rotation angle. 

he GB migration distances are mostly very small, below ∼ 0.9 nm. 

hus, our in situ atomic-scale direct observation and MD simula- 
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Fig. 12. Grain rotation angle vs GB migration distance for the mixed and tilt GBs with two grains belong to [110] axial lattice . The yellow dots show that the migration 

distance of mixed GBs increases with increasing rotation angle. The purple triangles indicate that for tilt GBs the grain rotation can be accomplished with little GB migration. 
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ion provide the first solid evidence that the grain rotation mecha- 

ism is strongly dependent on the type of GB. Because the GBs in 

 NC are usually of mixed types (see Fig. 1 ), the activation of GB

islocation activities, together with GB migration via atomic shuf- 

ing and disconnection activities, should be frequently observed. 

his is the mechanism at play for the general GBs during room- 

emperature grain rotation in NC metals. 

. Discussion 

In the past decades, many classic grain rotation models were 

roposed. Li et al. [ 21 , 68 ] and Ovid’ko et al. [22] suggest that

he grain rotation occurs via the absorption/generation, climb, and 

lide of inter-grain dislocations. These inter-grain dislocation activ- 

ties leading to grain rotation only need short-range diffusion, and 

o not lead to obvious GB migration. While there are also many 

heoretical studies suggested that grain rotation needs long-range 

ass transport from compressive to tensile strained region, result- 

ng in obvious GB migration. Previous theoretical model and MD 

imulation also proposed that grains can rotate via disconnection 

lide, with very small amount of long-range diffusion. Experimen- 

ally, some postmortem TEM examinations seem to support grain 

otation via GB dislocations with negligible GB migration [ 28 , 31–

4 ]. There are also many studies confirming that the GB migra- 

ion plays an important role in grain rotation and growth [8–10] . 

he uncertainty makes us wonder how to reconcile these mech- 

nisms, and determine the required experimental conditions. The 

esults presented in this paper suggest that for the grains sepa- 

ated by mixed GBs, grains rotate through a combined activation 

f atomic shuffling, GB dislocation activities, and disconnection ac- 

ivities. Only when the grains are separated by a tilt GB, can the 

otation be accomplished solely via the Frank–Bilby dislocation ac- 

ivities. As such, the current in situ experiments have straightened 

ut the applicability among various models, by sorting out their 

espective validity limits. 

Here, the GB dislocation interactions and climb at GB can lead 

o the formation and destruction of Lomer-lock-like structure at GB 

uring rotation, which have not been reported in previous sim- 

lation and experiments. We also provide clear details about GB 

tomic shuffling, the absorption/generation, climb/glide and reac- 

ion of GB dislocation, as well as disconnection mediated GB mi- 
13 
ration during grain rotation. The current results are also different 

rom previous TEM observation of grain rotation and coalescence 

ia dislocations gliding away from GBs into the nanograins with- 

ut GB migration [ 31 , 33 , 34 , 68 ]. Hence, our systematic TEM and MD

ork provides a more complete picture of grain rotation, which is 

uch-needed to advance our understanding of the mechanical be- 

avior of NC metals. It should be noted that previous studies dealt 

ith different types of GBs, such that it is not surprising that both 

otation mechanisms were frequently observed. 

The grain rotation mechanisms revealed above are expected to 

e relevant to bulk NC samples. To make this projection, we can 

ompare the effective GB diffusivity, D g , in our thin film with that 

n bulk NC metals. D g is a useful indicator because the dislocation 

limb is controlled by atomic diffusion. Comparing the thin film 

nd bulk, a similar D g would suggest that the same grain rotation 

echanisms could be at play in both cases. In our experiments, the 

otation angle and the time scale can be directly obtained from the 

EM images, and then the average rotation rate can be calculated 

ccording to the formula 1 
n 

n ∑ 

i=1 

�θi 
t i 

, where �θi is the rotation an- 

le and t i is the corresponding time scale for this rotation. From 

ig. 2 , Fig. 6 –Fig. 9 , the measured �θi are 8.6 °, 13.9 °, 4.0 °, 2.0 °,
.4 °, 3.8 °, and the corresponding t i are 9.5 s, 25 s, 5 s, 5 s, 15 s,

0 s respectively, then the average grain rotation rate, ω, is esti- 

ated to be ∼ 1.03 × 10 –2 rad/s (0.59 °/s). To sustain such a rate, 

he required effective GB diffusivity can be derived from the phe- 

omenological model for ω by Moldovan et al. [ 62 , 69 ]. It should

e noted that a grain embedded in an NC metal is subjected to a 

orque that comes from the externally applied stress. According to 

 previous theoretical model [69] , the torque is directly related to 

he externally applied stress and is given by 

 = 

2�T D L 

πkT R 

2 
0 
d 

∞ ∑ 

n=1 

h 2 n + p 2 n 

1 
n + 

δD g 
2 R 0 D L 

(1) 

here δ is the GB9- thickness, h n and p n the Fourier coefficients of 

he boundary shape, � the atomic volume, R 0 the average radius of 

he grain, d the column height (which is the same for each grain), 

 the Boltzmann constant, T the absolute temperature, D L the self- 

iffusion coefficient for lattice diffusion, and T the torque acting on 

he grain with respect to its center. 
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Fig. 13. The stress vs. log D g , where D g is the GB diffusion coefficient. 
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The torque (T) on the rotating grain is given by [69] 

 = 2 πdR 

2 
0 τ, (2) 

here τ is the applied shear stress. 

Considering D g � D L , and combining Eq. (1) and (2) , we obtain 

 = 

2�δD g τ

kT R 0 

∞ ∑ 

n=1 

(
h 

2 
n + p 2 n 

) , (3) 

here R 0 , h n and p n can be expressed as [69] 

 R 

2 
0 + 

∞ ∑ 

n=1 

(
h 

2 
n + p 2 n 

)
= 1 . 654 L 2 . (4) 

Finally, the rotation rate equation becomes 

 ≈ 2946 D g δ�

kT d 3 
τ. (5) 

Fig. 13 shows the stress versus GB diffusion coefficient based on 

q. (5) . For the NC Pt in question, d ∼10 nm ( d 2 ≈ 0 . 908 L for grains

ith a hexagonal shape, where L is the length of the hexagon- 

haped GB), δ = 0.5 nm, T = 353 K, and � = 15.6 × 10 –30 m 

3 . Ac-

ording to the previous studies, the GB diffusion coefficient in NC 

etals is ∼10 –21 m 

2 /s [ 65 , 70–74 ] and the corresponding stress in

t is estimated to be ∼2.18 GPa, which is approximately 1.3% of the 

oung’s modulus of Pt (168 GPa). The estimated stress/strain val- 

es, which are similar to those in a previous study, are required to 

rigger the GB plasticity in NC Cu [75] and Pd [76] , are higher than

hat observed in NC Al (below ∼ 0.5%) [ 77 , 78 ], and are smaller

han that measured in NC Ni (in the range of 2.1%–5.5%) [79] . If we

onsider that the GB diffusion coefficient in an NC thin film is ap- 

roximately ∼10 –20 m 

2 /s [ 65 , 80 ], then the corresponding stress in

t is estimated to be ∼0.22 GPa, which is only 0.13% of the Young’s 

odulus of Pt, indicating that the GB mediated plasticity might be 

riggered more easily than that of bulk NC. This magnitude turns 

ut to be close to the values measured in NC thin films of Al. The

C thin film with extremely large surface-to-volume ratio usually 

ith higher diffusion coefficient [ 65 ], which can enhance the GB 

tomic diffusion, and thus lead to the GB diffusion coefficient of an 

C thin film always higher than that of bulk NC metals. Previous 

tudies also show that thin films could enhance atomic diffusion, 

islocation nucleation, and climb [ 73 , 74 , 81 ] and may thus facilitate

he grain rotation. Although the samples in our experiments are 
14 
hin films, the observed rotation mechanism, to some extent, can 

lso be extended to thick samples. For example, the GB migration 

ccommodated by grain rotation was also observed in many thick 

amples [ 8 , 9 , 61 , 82 ]. The MD simulation [ 26 , 27 ] also confirmed that

he grain rotation can still occur via GB migration and GB dislo- 

ation in both thin films and 3D NC samples. Based on this, we 

elieve that our observed grain rotation mechanism may still oc- 

ur in thick samples in experimental conditions, but it may require 

igher stress or smaller grain size. In addition, grain rotation is also 

mportant for super-plasticity [83] as well as the recrystallization 

n polycrystalline metals [ 18 , 21 , 83 ] at elevated temperatures. The 

rain rotation mechanisms we uncovered would also have impor- 

ant implications for understanding the GB-mediated plasticity in 

C metals at elevated temperatures. 

. Conclusions 

In conclusion, we have conducted in situ HRTEM straining ex- 

eriments to reveal the atomic-scale processes accomplishing grain 

otation in NC Pt at room temperature. Our work is focused on re- 

ealing the atomic-scale mechanisms of grain rotation at different 

ypes of GB, which have been rarely explored in experiments to 

ate. For the first time, we clearly demonstrate that the grain rota- 

ion mechanism is dependent on the type of GB separating the ro- 

ating grains. Our findings resolve a longstanding uncertainty; ac- 

ually both the Frank–Bilby dislocation activities and disconnection 

ctivities in conjunction with atomic shuffling are applicable to NC 

etals at room temperature, but the former predominates in tile 

Bs, while both are at work for the general case of mixed GBs. Be- 

ides, the formation and destruction of Lomer-like dislocations are 

 prevalent step inevitably encountered during the climb and re- 

ctions of GB dislocations. Our findings are based on a large num- 

er of in situ atomic-scale experiments on many mixed GBs, and 

hould hence reflect the general behavior in NC metals. 
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