
 

  

Title Page  

Atomic-scale In Situ TEM Investigation of Grain Boundary Deformation Behavior in FCC 

Gold 

 

 

 

 

 

 

 

 

by 

 

Zhengwu Fang 

 

B.E., Central South University, China, 2015 

 

M.E., Central South University, China, 2018 

 

 

 

 

 

 

 

 

 

Submitted to the Graduate Faculty of the 

 

Swanson School of Engineering in partial fulfillment 

  

of the requirements for the degree of 

 

Doctor of Philosophy 

 

 

 

 

 

 

 

 

 

University of Pittsburgh 

 

2023  



 ii 

Committee Membership Page  

UNIVERSITY OF PITTSBURGH 

 

SWANSON SCHOOL OF ENGINEERING 

 

 

 

 

 

 

 

 

 

This dissertation was presented 

 

by 

 

 

Zhengwu Fang 

 

 

It was defended on 

 

August 30, 2023 

 

and approved by 

 

Patrick Smolinski, Ph.D., Associate Professor, Department of Mechanical Engineering and 

Materials Science 

 

Qihan Liu, Ph.D., Assistant Professor, Department of Mechanical Engineering and Materials 

Science 

 

Feng Xiong, Associate Professor, Department of Electrical and Computer Engineering 

 

Dissertation Director: Guofeng Wang, Ph.D., Professor, Department of Mechanical Engineering 

and Materials Science 

 

  



 iii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright © by Zhengwu Fang 

 

2023 

 

  



 iv 

Abstract 

ATOMIC-SCALE IN SITU TEM INVESTIGATION OF GRAIN BOUNDARY 

DEFORMATION BEHAVIOR IN FCC GOLD 

 

Zhengwu Fang, PhD 

 

University of Pittsburgh, 2023 

 

 

 

 

The deformation mechanism of metallic polycrystalline materials is known to transform 

from dislocation-mediated plasticity into grain boundary (GB)-mediated plasticity when the 

crystal size decreases to sub-10 nm. Numerous studies have been performed in the past decades to 

reveal the mechanisms of GB deformation. However, the dynamic process of GB deformation at 

the atomic scale remains largely unclear due to the lack of real-time experimental observation. In 

this dissertation, in-situ high-resolution transmission electron microscopy (HRTEM) combined 

with molecular dynamics (MD) simulations have been employed to investigate the typical GB 

deformation behavior in face-centered cubic (FCC) gold (Au) nanocrystals at the atomic scale. 

Dynamic GB structural transformation arising from reversible facet transformation and GB 

dissociation was observed during the migration of faceted GBs. It is found that the types of 

steps/disconnections mediating the migration of GB facets determine which pathway the GB 

structural transformation follows. Moreover, the loading dependence of GB facet transformation 

and the roles of GB junctions in accommodating GB migration and structural transformation are 

clarified.  

Regarding the case of mixed tilt-twist GB, two distinct migration patterns showing the 

opposite signs of shear-coupling factor were observed, and further revealed to be mediated by the 

motion of GB disconnections with different crystallographic parameters and exhibit different 

lattice correspondence relations. MD simulation results confirm that the two distinct migration 
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patterns could be activated under different stress/strain states. Furthermore, excess GB sliding and 

GB plane reorientation were found to accommodate the GB migration in both experiments and 

simulations, as to establish a point-to-point lattice correspondence during GB migration. 

Additionally, the deformation-induced formation and annihilation of a typical HAGB in an 

Au nanocrystal upon reciprocating bending deformation was investigated. HAGB formation 

underwent the process of accumulation, alignment, further accumulation, and eventually 

exhaustion of geometrically necessary dislocations. In comparison, HAGB annihilation was 

accomplished by the synergic operation of GB structure reconstruction, emission of partial and 

full dislocations, and twinning.  

This dissertation advances the fundamental understanding of atomic-scale GB deformation 

behavior in FCC materials and provides important guidelines for the future development of ductile 

nanocrystalline materials and reliable nanocrystal components in nano electromechanical systems 

devices. 
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1.0 Introduction 

Grain boundary (GB), i.e., the region separating two adjoining grains with the same crystal 

structure but of different orientations, is known as the ubiquitous interfacial structure in 

polycrystalline materials. GBs have been demonstrated to greatly influence the mechanical[1], 

electrical[2, 3], and magnetic properties[4, 5] of polycrystalline materials, and thus have received 

extensive attention from the community of material researchers for a long time. Unlike other lattice 

defects such as vacancy, dislocation, and twin boundary which usually have limited types, there is 

a broad spectrum of types of GBs due to the complexity of GB structure. The complexity of GB 

structure comes from which at least five macroscopic parameters, i.e., 3 for the orientation 

relationship and 2 for the grain boundary plane orientation, are needed to unambiguously define a 

GB[6].  From the perspective of crystallographic description, GBs can be classified into three 

types: tilt GB, twist GB, and general tilt-twist GB. As shown in Figures 1.1a and 1.1b, GBs are 

referred to as tilt GBs if the GB plane is parallel to the rotation axis of adjoining two grains. More 

specifically, the GB is called symmetrical tilt GB (STGB) if the two grains are in mirror symmetry 

to the GB plane (Figure 1.1a). While it is called asymmetrical tilt GB (ATGB) if the GB plane has 

an inclination angle deviated from the ideal position of STGB (Figure 1.1b). In comparison, twist 

GB (TWGB) is formed when the GB plane is perpendicular to the rotation axis (Figure 1.1d). All 

other GBs with the GB plane having an arbitrary angle with the rotation axis are referred to as 

general mixed tilt-twist GBs (Figure 1.1c). Based on the atomic structure of GBs, GBs can also be 

classified into two types: low-angle GB (LAGB) and high-angle GB (HAGB). The critical 

misorientation angle between LAGB and HAGB is normally referred to as ~15, only below which 

the GB can be described by the lattice dislocation model. 
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Figure 1.1 Schematic of GB classification based on the crystallographic description.(a) the symmetrical tilt GB 

(STGB), (b) the asymmetrical tilt GB (ATGB), (c) the general mixed tilt-twist GB, and (d) the pure twist GB 

(TwGB).[7] 

Understanding the influence of GBs on the mechanical properties of polycrystalline 

materials is critical for the development of high-performance materials with a combination of high 

strength and excellent ductility. On the one hand, it is known that GBs could act as barriers to the 

motion of lattice dislocations, leading to the strengthening of materials[8]. On the other hand, GBs 

could be the source of weakness, resulting in intergranular fracture and leading to the early failure 

of materials[9]. Moreover, when the crystal size comes down to below a critical value, e.g., 10 nm, 

GB itself can contribute to the plastic deformation of polycrystalline materials[10, 11]. General 

GB-mediated deformation mechanisms include GB sliding[12-14], grain rotation[15, 16], and GB 

migration[17]. Among these, the deformation-induced GB migration is highly related to the grain 

growth and plastic instability during the room-temperature deformation of nanocrystalline 

materials[18, 19], and is chosen as the topic of this dissertation study. 

Numerous investigations, including experimental observation, theoretical models, and 

computational simulations, have been conducted to uncover the mechanisms of deformation-

induced GB migration in the past decades.  However, due to the existence of technical bottleneck, 
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previous experimental studies mainly focused on the macro- or micro-scale GB migration 

behaviors. Knowledge of the GB migration behaviors at the atomic-scale relied largely on the 

theoretical models and atomistic simulations, which shall need verification from the experimental 

observations. Moreover, even for the atomistic simulations, most studies focus on the migration 

of flat and special GBs such as the STGBs, much less is known about the migration behaviors and 

atomistic mechanisms of the faceted GBs, which is the common morphology of ATGBs in the real 

case, and the general mixed tilt-twist GBs.  

In addition, the deformation-induced formation of GBs mediates the intensive grain 

refinement during the severe plastic deformation of coarse-grained polycrystalline materials.  The 

grain refinement process involves the formation of LAGB first and later the LAGB-to-HAGB 

transformation. Recent in-situ TEM studies revealed the fully reversible formation of LAGB via 

the motion of GB dislocation. However, the LAGB-to-HAGB transformation and the annihilation 

behavior of the as-formed HAGB have never been explored.  

This dissertation is organized as follows. In Chapter 2, previous studies, including 

experimental observation, theoretical models, and computational simulations on the shear-coupled 

GB migration, as well as the deformation-induced formation and annihilation of GBs will be 

reviewed. The motivation and objective of this dissertation will be proposed accordingly.  

In Chapter 3, materials, experimental procedures including in-situ TEM experimental 

configuration, fabrication of nano bi-crystals with desirable GB structures, and GB plane 

identification, as well as simulation methods are introduced in detail.  

Chapter 4 reports the dynamic GB structural transformation arising from reversible facet 

transformation and GB dissociation during the shear-coupled migration of <110>-tilt faceted 

ATGBs. It was found that the types of steps/disconnections mediating the migration of GB facets 
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determine which pathway the GB structural transformation follows. Moreover, the loading-

dependence of GB facet transformation and the roles of GB junctions in accommodating GB 

migration and structural transformation were also analyzed.  

Chapter 5 focuses on the atomic-scale migration behavior of a typical MGB, i.e., 

〈001〉 {200} 〈01̅1〉⁄ {1̅11}  GB. Two distinct migration patterns showing the opposite signs of 

shear-coupling factor were observed and further revealed to be mediated by the motion of GB 

disconnections with different crystallographic parameters and exhibit different lattice 

correspondence relations. MD simulation results confirm that the two distinct migration patterns 

could be activated under different stress/strain states. Moreover, excess GB sliding and GB plane 

reorientation were found to accommodate the GB migration in both experiments and simulations, 

which is likely due to the necessity of establishing a point-to-point lattice correspondence during 

GB migration. 

In Chapter 6, the dynamic formation and annihilation process of a  (311) (111)⁄  HAGB 

upon reciprocating bending deformation of a gold nanocrystal is studied. It is found that HAGB 

formation underwent the process of accumulation, alignment, and exhaustion of geometrically 

necessary dislocations. In comparison, HAGB annihilation was accomplished by the synergic 

operation of GB structure reconstruction, emission of partial and full dislocations, and twinning. 

Such synergic mechanisms were further confirmed by molecular dynamics simulation. 

At last, the conclusions of this dissertation are summarised in Chapter 7 and future research 

directions are discussed in Chapter 8. 

 

 

 



 5 

2.0 Background 

In this section, previous research, including experimental investigation, theoretical models, 

and computational simulations, on deformation-induced GB migration will be reviewed. Previous 

studies on the deformation-induced formation and annihilation of GBs will also be discussed. 

2.1 Experimental Investigation of Deformation-induced GB Migration 

As early as the 1950s, Parker et al. [20] reported the first experimental observation on 

deformation-induced GB migrations. They fabricated zinc bicrystal samples with LAGBs in 

different misorientation angles and investigated the dynamic deformation behavior of these GBs 

using optical microscope. The movement of these LAGBs under mechanical loading were 

observed and found to be reversible when shifting the loading directions[20].  Since then, the 

methodology of fabricating and using bicrystal samples to investigate the deformation-induced GB 

migration behaviors were widely adopted, and numerous studies were reported[21-30]. For 

instance, Fukutomi et al.[21] reported that <112>, <110>, and <100> STGBs with misorientation 

angles of 3-17 in aluminum bicrystals all migrated under the external stress at high temperatures, 

and proposed an equation to quantify the relation between GB migration velocity, applied stress, 

and temperature. Winning et al.[22-24] did a series of studies on the deformation-induced 

migration of <112>, <111>, and <100> STGBs in a wide range of misorientation angles, i.e., 3-

35, in aluminum bicrystals at elevated temperatures. They found that there exist step changes of 

the activation enthalpy for GB migration with the increase of GB misorientation angles, indicating 
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the sharp transitions between LAGBs and HAGBs. The transition angle for <112> and <111> 

STGBs were measured to be 13.6[22, 23], while 8.6 for <100> STGBs[24]. Molodov et. al[26, 

27] investigated the deformation-induced migration of <100> STGBs across the entire 

misorientation range and found that GBs with misorientation angles below 31 and above 36 

migrated in opposite directions under the same applied external stress. In addition, Gorkaya et 

al.[28] studied the deformation-induced migration behaviors of a planar 18.2 <100> non-tilt GB 

with a 20 twist component at elevated temperatures, and they reported that concurrent GB 

migration and grain rotation occurred during the tensile deformation of the bicrystal.  

Although these bicrystal studies helped us to understand the migration behaviors and 

kinetics of some special flat STGBs (and a mixed GB) at the macro-scale, there are two main 

limitations in these studies: 1. They were conducted at elevated temperatures to ensure the 

measurable GB mobility, which makes it hard to differentiate the mechanical effect and the thermal 

effect; 2. The bicrystal samples did not receive constraints from neighboring grains that commonly 

exist in polycrystalline materials. Thus, understanding the GB migration behaviors in polycrystals 

at room temperature remains to be fundamentally important. It was noted that nanocrystalline 

metals could occur in room-temperature grain growth during the plastic deformation, which was 

suspected to be caused by the stress-driven GB migration [31]. To verify this conjecture, Rupert 

et al[32] introduced the spatial variation of stress and strain states in nanocrystalline Al thin films 

by using the special sample geometrics (i.e., introducing holes at horizontal or angled orientations 

on the thin film), and they discovered that grain growth was largest at the region with the highest 

stresses and occurred faster at regions where the distortional energy is large. In addition, Sharon 

et al[17] reported a similar stress-driven grain growth phenomenon in nanocrystalline Pt thin films. 

Having clarified that stress-driven GB migration led to the room-temperature microstructural 
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evolution in nanocrystalline material, understanding the GB migration dynamics at the micro-scale 

was the other remaining goal to achieve. And, it became possible with the development of in-situ 

transmission electron microscopy (TEM) methods. 

 

Figure 2.1 In-situ TEM observations of stress-driven/assisted GB migration in nanocrystalline Al. (a-d) Sequential 

dark-field TEM images showing the growth of grain A towards grain B by fast GB migration at room temperature 

[33]. (e-h) Sequential bright-field TEM images showing the grain growth via the migration of faceted GBs under 

applied stress at 350 C [34]. (i, j) Bright-field TEM images of the same region containing three joint GBs before (i) 
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and after (j) the stress-induced GB migration, respectively. (k) The superimposed image of (i) and (j). (l) Schematic 

showing the mechanism of GB triple junction on accommodating the GB migration [35]. 

Figure 2.1 shows the in-situ TEM observations of stress-driven or stress-assisted GB 

migration in nanocrystalline Al samples [33-35]. The sequential dark-field images in Figure 2.1a-

d was captured at the crack tip of deforming Al thin films at room temperature. The initially 

isolated two grains (Figure 2.1a) [33], i.e., grains A and B, were found to be connected to form a 

GBAB after the straining (Figure 2.1d), which was enabled by the fast motion of GB at the lower 

right of grain A towards the grain B (Figure 2.1a-d). Figure 2.1e-h presents another case of fast 

grain growth observed in ultrafine grain Al under applied stress at 350 C, which clearly shows 

that the stress-assisted migration of the faceted GB (indicated by the white dash lines) led to the 

microstructural evolution [34]. Moreover, the role of the GB triple junction in accommodating the 

GB migration was also reported [35]. Figure 2.1i and Figure 2.1j are the bright-field TEM images 

that were captured at the same region before and after GB migration, separately. By superimposing 

these two images (Figure 2.1k), it was found that GBs between G1 and G2/G3 (GB12 and GB13) 

migrated, while in contrast, the GB between G2 and G3 (GB23) kept stationary. The underlying 

mechanism was proposed as shown in the schematic in Figure 2.1l that dislocations moved in 

opposite directions along GB12 and GB13 and finally merged at the GB triple junctions. It needs to 

mention that the above in-situ TEM studies were conducted at either conventional bright-field 

observation or dark-field observation, and the GB migration in these studies is fast, which both 

made revealing the GB migration behavior at the atomic scale impossible.  

In comparison, Wang et al [36] reported the in-situ high-resolution TEM (HRTEM) 

observation of the stress-induced GB migration in nanocrystalline Au. As shown in Figures 2.2a 

and 2.2b, the in-situ observation was targeted at the region containing an 18.52 <110> tilt LAGB, 

which ensured the acquirement of HRTEM images. The enlarged view of this GB revealed that it 
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consisted of an array of GB dislocations (Figure 2.2d). After straining the sample, this GB was 

found to migrate (Figure 2.2c), accompanied by the decease of GB misorientation angle into 7.98, 

which indicated the concurrent GB migration and grain rotation during this process, and was 

attributed to the climb and glide of GB dislocations (Figure 2.2e). In addition, Zhu et al. did a 

series of in-situ HRTEM studies on the disconnection-mediated GB migration[37], the controllable 

reversible migration of LAGBs[38], the GB migration subject to defect interaction[39], the 

dynamic adjustment of GB mobility assisted by twinning[40], and the deformation of LAGBs 

governed by the inclination angle[41]. The work by Zhu et al justifies the powerful ability of in-

situ HRTEM studies to directly reveal the dynamic GB migration process at the atomic scale.  

 

 

Figure 2.2 Concurrent GB migration and grain rotation during the deformation of nanocrystalline Au [36]. (a) Low-

magnification TEM image of the sample. (b, c) HRTEM images of the GB network before (b) and after (c) the 

deformation. (d, e) Enlarged observation on the GB structure in the regions enclosed by the yellow dash boxes in (b) 

and (c), showing that the GB was consist of an array of GB dislocations.   
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2.2 Theoretical Models for Shear-coupled GB Migration 

In this section, theoretical models, including CSL/DSC lattice model, Cahn model, SMIG 

model, and the unified disconnection model that were used or proposed to interpret the shear-

coupled GB migration behaviors will be reviewed. 

2.2.1 CSL/DSC lattice model 

The CSL/DSC lattice model is a well-recognized mode for describing the equilibrium 

structure of GBs in cubic crystals [42-45]. CSL means the coincidence-site lattice, while DSC 

denotes displacement shift complete. To construct the coincidence-site lattice, one should first 

rotate a lattice around an axis for certain angles to make it partial self-coincidence. Then, the new 

lattice, with larger cell dimensions, constructed by the common sites between the original lattice 

and the rotated lattice stands for the coincidence-site lattice. Figure 2.3a shows an example of 

constructing a coincidence-site lattice in a rectangular lattice, the rotation of the lattice point (x, -

y) around the origin by an angle of  into the other lattice point (x, y) will construct a coincidence-

site lattice that consists of the row which (x, -y) lies and the other row perpendicular to it [45]. It 

was noted that the coincidence-site lattice always has a larger unit cell than the origin lattice. 

Therefore, a quantity , called the reciprocal coincidence site density, was proposed to characterize 

the coincidence-site lattice. The value of  equals the ratio of the area of the CSL unit cell over 

that of the original unit cell [43]. Figure 2.3b presents a diagram showing the coincidence-site 

lattices with different  values for [111] rotations. The details on the calculation of the  values 

can be found in the reference [45].  It needs to mention that for a given value of  (e.g., 3, 7, or 
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21), the coincidence-site lattice is not unique. Therefore, the rotation angle must be given to 

ambiguously define a coincidence-site lattice. 

The CSL model reflects the rotational symmetry between two grains, while the DSC lattice 

implies the translational symmetry of the coincidence-site lattice. Figure 2.3c shows a dichromatic 

pattern (obtained by superimposing the rotated lattice with the original lattice) that includes the 5 

coincidence-site lattice of a bi-crystal for 36.9 <100> rotation [7]. The coincidence sites are 

colored gray, and a CSL unit cell is shadowed yellow which has an area five times larger than the 

original unit cell. It needs to mention that displacing the entire black lattice along the vectors 

colored green would only shift the dichromatic pattern but not change it. In other words, these 

displacements would conserve the dichromatic pattern. Therefore, the new lattice constructed by 

these green vectors (shadowed in green) is called the displacement shift complete (DSC) lattice. 

Dislocations carrying these DSC vectors that glide on the GB plane would lead to the motion of 

GB, and thus are often called as DSC dislocations[35, 46] or secondary GB dislocations [47-49]. 

The CSL/DSC model has been successfully applied in practice to interpret stress-driven 

GB migration behaviors in both experiments [34, 35, 47, 48] and simulations [46, 50, 51]. For 

example, Mompiou et al.[34] applied this model to explain the observed shear-coupled migration 

of a GB close to the 13a [01̅0] pure tilt GB in Al. As shown in Figure 2.3d, there are two types 

of DSC dislocations (i.e., b1 or b2) that can lead to the normal motion of GB from white lattice 

towards dark lattice, which would generate the theoretical shear-coupling factor (  = b/h) of 40% 

or 25%, separately.  The theoretical of 25% is quite close to the experimental measured values (16-

23%), indicating that b2 type DSC dislocations mediated the GB migration. Wan et al.[50, 51] 

investigated the various structure evolution behaviors of 9 〈110〉{221} STGB[51], 3 〈1̅10〉-tilt 

(1̅1̅5) (111)⁄  ATGB[50], and 9 〈1̅10〉 -tilt (115) (111)⁄  ATGB [50] under different shear 
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loading conditions (i.e., shear directions) in fcc metals using molecular dynamic simulations. The 

CSL/DSC model was applied to describe the observed GB sliding-migration coupled motion in 

these GBs. 

 

Figure 2.3 Diagrams illustrating the CSL/DSC lattice model. (a) Example of constructing a coincidence-site lattice 

in an originally rectangular lattice [45]. (b) Coincidence-site lattices with different  values for [111] rotations in cubic 

crystals [45]. (c) Coincidence-site lattice and displacement shift complete (DSC) lattice in a 5 bi-crystal for 36.9 

<100> rotation [7]. Arrows in green indicate the DSC vectors. (d) Admission DSC dislocations that can lead to the 

normal migration of a 13a [𝟎�̅�𝟎] pure tilt GB[34]. 
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2.2.2 Cahn model 

The series work by Cahn et al.[52-54] proposed and confirmed that the normal GB motion 

is always coupled to the shear deformation applied to the GB. Using molecular dynamic 

simulations, they investigated the shear-coupled GB migration of [001] STGBs in copper (Cu) and 

revealed the misorientation dependence of the shear-coupling factor  of these STGBs [53]. A 

geometric model, called the Cahn model by later, was proposed to account for the sudden switch 

of positive shear-coupling factors into negative ones at a tilt angle of ~35. The Cahn model was 

developed upon the classical Read and Shockley model on the motion of LAGBs [55]. The main 

assumption behind it is that GBs are constructed by arrays of GB dislocation, and the motion of 

GBs is assisted by the glide of these GB dislocations. Figure 2.4a-c shows the schematic 

illustration of how the glide of GB dislocations accommodated the shear-coupled GB migration 

[53]. Firstly, assuming there is a block of material, OABC, which contains an initial GB consisting 

of an array of GB dislocations (Figure 2.4a). The sides of this block (e.g., CO, and BA) are parallel 

to the slip planes of these GB dislocations. Next, apply shear deformation on this block along the 

AB direction with the origin O fixed. This shear deformation would be accommodated by the glide 

of GB dislocations, which would not change the lattice orientation of the block OABC but lead to 

rotation of the reference atomic plane (indicated by the dotted lines) by an angle of  (Figure 2.4b). 

However, this operation would generate a void area, OAA’. To maintain the material contiguity, 

the rotation of the entire block around the origin O by an angle of  is needed (Figure 2.4c). Then, 

the initial GB would migrate to the position of the final GB (i.e., B’C’). 

Accordingly, Cahn et al proposed two modes of shear-coupling in [001] STGBs[53]. One 

is the <100> mode where the Burgers vectors of GB dislocation are parallel to [100] direction of 
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the lattice, and the other is the <110> model which the governing GB dislocations have the 

direction of Burgers vectors parallel to the [110] direction. Based on the Frank equation [56, 57], 

the shear-coupling factors of these two modes are derived as 𝛽〈100〉 = 2 tan(𝜃 2⁄ )and 𝛽〈110〉 =

−2 tan((𝜋 2⁄ − 𝜃) 2⁄ ), separately. The shear-coupling factors predicted by the model are plotted 

in Figure 2.4d, which are in good agreement with the simulation results (indicated by back dots). 

Moreover, experimental measurement of shear-coupling factors of <100> STGBs in Al [27] also 

shows a good agreement with the prediction of the Cahn model.  

2.2.3 Shear migration geometrical (SMIG) model 

The limitation that lies behind the Cahn model is that it is derived based on the GB 

dislocation model, which would lose the physical meaning when the GB misorientation angle is 

high (e.g., larger than 15, the core structure of dislocations would be overlapped). In addition, the 

experimentally measured shear-coupling factor of GBs in polycrystalline materials deviating from 

the prediction of the Cahn model was also reported [34]. Therefore, another geometrical model 

called the shear migration geometrical (SMIG) model, was alternatively proposed to explain the 

shear-coupled GB migration behaviors [58-60]. The main idea of the SMIG model is to find out 

the combinations of shear and rotation operations that can transform one lattice into another lattice 

with a different orientation. It is a purely geometrical model without considering the GB plane 

orientations. Moreover, the choices of lattice supercell (i.e., parallelograms enclosing the same 

number of atoms) would largely affect the values of shear and rotation for the transformation. 

Figure 2.4e presents an example of determining different parallelograms with the same area in a 

fcc {011} plane [58]. All these parallelograms can be transformed into each other by shearing them 

with different combinations of vectors p and q. The abundant choices of parallelograms lead to a 
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broad spectrum of predicted shear-coupling factors. As shown in Figure 2.4f, the shear-coupling 

factors of <100> STGBs predicted by the SMIG model are plotted in dark spots, which clearly 

shows a quite dense but discrete distribution. The predicted values based on the Cahn model are 

also plotted in this diagram, as indicated by the green and blue curves, showing that the SMIG 

model includes the predictions based on the Cahn model. More importantly, the experimentally 

measured shear-coupling factor (circles in red) [27] that slightly deviated from the curves of the 

Cahn model also falls into good agreement with the prediction of the SMIG model. All these justify 

the validation of SMIG in describing the GB-mediated plasticity in polycrystals. 
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Figure 2.4 Comparison of Cahn model and shear migration geometrical (SMIG) model. (a-c) The coupled glide 

of GB dislocations and grain rotation lead to the GB migration.[53] (d) Plots of predicted shear-coupling factors versus 

the misorientaion angle of <100>tilt STGBs based on Cahn model. Shear-coupling factors of typical CSL GBs 

obtained by molecular dynamic simulations are also given for comparsion[53]. (e) Schematic showing the 

transformations between parallelograms with the same area[58]. (f) Plots of predicted shear-coupling factors versus 

the misorientaion angle of <100>tilt STGBs based on SMIG model[59]. 
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2.2.4 The unified GB disconnection model 

Although the SMIG model has been successfully applied to explain the abnormal shear-

coupling factors of GB migration measured in experiments, it remains enduring doubts from the 

community. The major doubt is that it is a purely geometrical model without physical meaning. 

Consequently, the broad spectrum of shear-coupling factors for a given bi-crystal system predicted 

by the SMIG includes many circumstances that are unlikely to happen physically. This limitation 

also makes the SMIG model can only be used to interpret the already observed GB migration 

behaviors in experiments, but not to predict the favorable shear-coupling model for a given GB. 

Very recently, the GB disconnection model has been regarded as the unified model to describe GB 

kinetics [7]. The concept of disconnection can be traced back to the 1970s, Bollmann[61], 

Ashby[62], and Hirth and Balluffi[63] developed the geometrical theory to describe the defects 

residing on crystalline interfaces. Compared to the conventional lattice line defects (i.e., 

dislocations), GB disconnections are line defects with both the dislocation feature (i.e., carrying 

the Burgers vector) and the step feature, and move only along GBs [64]. The formation of GB 

disconnection can be understood by merging two crystals with incompatible surface steps[64]. 

Figure 2.5a shows the schematic of constructing a GB disconnection by merging crystal  with 

crystal [65]. The two incompatible crystal surface steps need to be bounded together to maintain 

the continuity of the material. The operation generates a line defect carrying the Burgers vector b 

on the interface, which is called the GB disconnection[65]. 

There are two methods to determine the Burgers vector of GB disconnection. One is a 

posteriori method by constructing Burgers circuits around a given GB disconnection. Figure 2.5b 

shows an example of determining the Burgers vector of a one-layer disconnection on a 5 {210} 
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STGB[7]. The construction of Burgers circuits follows the general Right-Hand(RH)/Start-

Finish(SF) convention[66] used for lattice dislocation. The red arrow closing the circuit indicates 

the Burgers vector carried by this disconnection. The other method is a prior method based on the 

Bicrystallography theory[67, 68]. The basic procedure of this method is: First, select two separate 

translational vectors, starting from the common site, in the two grains constructing the bi-crystal. 

Secondly, draw a vector connecting the ends of these two translational vectors to form a closed 

circuit. This closing vector would be the Burgers vector of a GB disconnection. The step height of 

this GB disconnection is then determined by how many atomic planes are crossed by the 

translational vectors. Figure 2.5c shows examples of this operation in a 17 {410} GB[69]. When 

the translational vectors are chosen as 
1

2
〈100〉, the corresponding disconnection would have the 

Burgers vector being 𝒃100, and the step height of 4 {410} atomic layers. While for the translational 

vectors of 
1

2
〈110〉, the corresponding disconnection shall have the Burgers vector of 𝒃110 and the 

step height of 5 {410} atomic layers. It needs to mention that GB migration is mediated by the 

𝒃100 type and 𝒃110 type disconnections correspond to the two shear-coupling modes of <100> 

STGBs predicted by the Cahn model. In addition, similar to the SMIG model, this prior method 

would also generate a broad spectrum of GB disconnections with different Burgers vectors and 

step heights. Nevertheless, the nucleation barrier and the mobility of these predicted GB 

disconnections could be obtained with the assistance of computational simulations, which makes 

revealing the favorable GB disconnections for a given GB being possible. The progress in 

computational simulations will be reviewed in the next section. 

Similar to the nucleation of lattice dislocations, the nucleation of GB disconnections would 

either be homogeneous or heterogeneous. Homogeneous nucleation normally refers to the 

nucleation of disconnection pairs on a flat GB[70]. Figure 2.5d show a schematic of a typical 
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disconnection pair[7], the two disconnections consisting the pair have the same step height and the 

same magnitude of Burgers vectors, but the directions of the Burgers vectors are opposite. In 

Comparison, heterogeneous nucleation could either be the nucleation of disconnections pairs at 

pre-exist GB defects [71], or the nucleation of disconnections from the GB junctions[72].  

 

Figure 2.5 The unifed disconnection model for GB kinetics. (a) Schematic of creating a GB disconnection by 

jointing two crystals with incompatible surface steps[65]. (b) Example of constructing Burgers circuit around a GB 

disconneciton on a 5 {210} STGB[7]. (c) Example of predicting the admissible disconnections for a 17 {410} 

STGB[69]. (d) Schmatic of the homogeneous nucleation of a disconnection dipole[7]. 
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2.3 Computational Simulations on Shear-coupled GB Migration 

Molecular dynamics (MD)[73] and Phase-field crystal (PFC) simulations[74, 75] are the 

two powerful tools used for understanding the shear-coupled GB migration behaviors. MD 

simulations have advantages in the controllable deformation conditions and the capability of 

examining atomic trajectories during deformation. However, the limited time-scale (i.e., usually 

tens of nanoseconds) makes that MD simulations are commonly conducted in a large strain rate 

(e.g., 1m/s). The high strain-rate along with the empirical or semi/empirical potential used in MD 

simulations usually put doubts on the accuracy of MD simulation results. The PFC simulation 

offers the capability to investigate the GB migration behaviors in the mesoscale and in a larger 

time-scale that is enough for diffusion, but the main question lies behind it is that the vacancy 

concentration in the PFC model is hard to define and control, making the description of 

deformation behaviors based on the PFC model largely qualitative[75]. As the focus of this thesis 

is the atomistic processes of GB migration, the literature review on progress of computational 

simulations would mainly focus on MD simulations. 

Most of the previous MD simulations[46, 50, 51, 75-91] were conducted to investigate the 

shear-coupled migration behaviors of special CSL GBs, such as <100> tilt 5 GBs, <110> tilt 3 

GBs, <110> tilt 9 GBs, and <110> tilt 11 GBs. Zhang et al. [77, 78, 80, 82] did a series of work 

on the migration behaviors and mechanisms of <100> tilt GBs in fcc Ni. For instance, they 

revealed that the mobility of flat <100> tilt 5 ATGBs is related to boundary diffusivity and 

boundary energy[77]. By analyzing the atomic trajectories of GB atoms during migration, they 

further revealed that the strong anisotropy in boundary diffusivity of different <100> tilt 5 

ATGBs is related to the string-like atomic motion that is parallel to the <100> tilt axis[80]. In 



 21 

addition, they performed systematic simulations on the shear responses of both special  GBs and 

general non- GBs with different GB inclinations[82]. The results showed that shear-coupled GB 

migration was observed in all studied general GBs, independent of GB inclination, which was 

attributed to the lower critical stress for shear-coupled GB migration than that for GB sliding. 

While in comparison, shear-coupled GB migration was observed only in some 5 GBs. Very 

recently, Li et al[91] investigated the lattice transformation during the migration of a series of 

<100>  STGBs. They found that the {110} atomic plane or the {100} atomic plane could be the 

invariant plane during GB migration. Accordingly, they defined a quantity named the nominal 

magnitude of shear as a criteria to determine the migration-to-sliding transition of these GBs. 

 For the <110> tilt GBs, Sansoz and Molinari[73] examined the mechanical behaviors of 

18 <110> STGBs and 2 <110> ATGBs in Cu and Al. Three deformation modes were observed, 

including GB sliding, emission of partial dislocations from GB, and GB migration. Figure 2.6 

shows the atomistic processes of these three modes. As shown in Figure 2.6a, GB sliding was 

mediated by the random atomic shuffling of GB atoms, as indicated by the non-directional 

movement of atoms at the site enclosed by the dashed circle. In contrast, the nucleation of partial 

dislocation from the GB was observed at a free volume of the GB (area in the circle in Figure 2.6b). 

For the deformation mode of GB migration, the atomistic mechanism was found to be via the 

collective movement of atoms at the GB with the movement direction perpendicular to the loading 

condition (Figure 2.6c). Similarly, Zhang et al.[88] reported the same three deformation modes 

activated during the shear deformation of Cu bi-crystals with <110> 11 (113) STGB and ATGBs. 

It needs to mention a special case that the shear response of <110> 3 {112} GB (or called 

incoherent twin boundary) was found to be the dissociation of the GB with the formation of a new 

phase-9R phase [16, 83]. 
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Figure 2.6 Snapshots of MD simulations showing the atomic movements during the three types of deformation 

mode[77]. (a) GB sliding mediated by the ramdon atomic shuffing. (b) Emission of a partial dislocation, as indicated 

by the emergence of a stacking fault (SF), at a free volumn of the GB. (c) GB migration accommodated by the 

collective movement of atoms. 

Except the GB misorientation and inclination, shear loading direction is another factor 

affecting the GB migration behaviors. Wan et al [46, 50, 51, 90] did a series of work on the 

influence of shear direction on the migration behaviors of various kinds of GBs, including 9 <110> 
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{221} STGB, {115}/{111} ATGBs, GBs vicinal to <110> 11 (113) STGB, and 7 <111> {132} 

STGB. Different shear responses, including GB sliding, shear-coupled GB migration, emission of 

dislocations, GB faceting, and formation of the 9R phase, were observed when the shear direction 

was altered. Temperature can also influence the GB migration behaviors as the increase in 

temperature would change the equilibrium states of the GB structure [75]. For instance, Cheng et 

al.[92] studied the migration behaviors of <100> 5 (310) STGB in Al at the temperature range of 

300K-600K, and they found the abrupt change of GB migration behavior at a temperature of 500K 

due to the change of GB structure. It needs to mention that introducing vacancy defects can also 

lead to the change of GB structural phase (also called GB complexion transitions [93, 94]). For 

instance, Frolov et al[95] reported the structural phase transformations in <100> 5 (310) STGB 

and <100> 5 (210) STGB. There are two types of GB structural phase, split kites, and filled kites, 

for the 5 (210) STGB. The shear-coupled migration of these two types of GBs have different 

magnitudes and signs of shear-coupling factors[86], corresponding to the <100> mode and <110> 

mode as stated in the previous section regarding the Cahn model.  

Another research focus of MD simulations on shear-coupled GB migration is regarding 

GB disconnections. Rajabzadeb et al.[96] reported that the nucleation and motion of GB 

disconnections accommodated the shear-coupled migration of a 13(320) GB in a Cu bicrystal. 

Akin to this, Combe et al.[69] found that GB disconnections mediated the two observed migration 

modes of a 17(410) GB in a copper bicrystal. One of the differences between these two migration 

modes is that the disconnection mediating the <100> mode migration was found to have some 

kinks along the disconnection lines. In addition, Combe et al.[71] studied the heterogeneous 

nucleation of disconnection in the same 17(410) GB as above, they found that the pre-exist sessile 

GB disconnection in an imperfect GB can act as a source of mobile disconnections, leading to the 
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easier migration of imperfect GB than the perfect one. Larranaga et al.[97] did similar work on the 

heterogeneous nucleation of disconnections in a 41 (540) STGB. It is also reported that vacancies 

can enhance the shear-coupled GB migration by weakening the line tension of a disconnection 

loop and serving as energy-favorable sites for disconnection nucleation[98]. 

There are also progresses on the simulations of stress-driven GB migration in the 

polycrystalline environment[99-103]. Farkas et al.[99] did simulations on plastic deformation of 

nanocrystalline Ni containing 200 grains of the average grain size of 5nm, where they observed 

the movement of GBs at the maximum distance of 2.5 nm. Aramfard et al.[100] studied the 

influence of GB triple junctions on the shear-coupled migration of GBs in nanocrystalline Cu. 

Compared to the bicrystal model, GB migration in polycrystalline materials receives constraints 

from neighbor grains and GB triple junctions, and the asymmetric pinning effects of GB triple 

junctions resulted in non-linear GB migration behaviors[100]. In addition, Jason et al.[102] 

investigated the reconstruction of the GB network after the cycling deformation of a 

nanocrystalline Al, where they observed an increase in special boundary (i.e.,  GBs) fraction after 

the deformation. Spencer et al.[72] reported the concurrent motion GB triple junctions (TJs) and 

proposed a theory of coupled GB/TJ migration to describe the microstructure evolution during the 

plastic deformation of polycrystalline materials. 

Unlike the well-established knowledge on the shear-coupled migration of flat tilt GBs, 

there is less report on the migration behaviors of non-flat (i.e., faceted) GBs and non-tilt (i.e., 

mixed) GBs. For the mixed GBs, using a combination of discrete dislocation dynamics simulations 

and analytical arguments, Lim et al.[104] studied the stress-driven migration of a series of low-

angle mixed GBs (LAMGBs). They found that the glide of dislocations led to the migration of 

LAMGBs and the migration velocities were proportional to the external-applied stress but 
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independent of GB misorientation [104]. For the faceted GBs, only the thermal-driven migration 

of these GBs was systematically investigated. For instance, Hadian et al.[105, 106] studied 

atomistic migration mechanisms of mixed faceted or kinked GBs that are vicinal to the <111>  7 

STGB in Al. Figures 2.7a and 2.7d present the bicrystal models used for constructing the faceted 

or kinked GBs. The atomistic structures of these GBs after relaxation at 0 K are shown in Figures 

2.7b, 2.7c, 2.7e, and 2.7f, clearly indicating the faceted or kinked feature of these GBs. The 

migration of faceted GB was found to be mediated by the nucleation and motion of double kinks, 

while the kinked GB migration was believed to be via the propagation of pre-existing single kinks 

along the GB. Moreover, further investigation on the migration of this kind of faceted GB revealed 

that it is via the collective movement of disconnections at lower driving force but by the 

detachment of disconnections from facet junction and their subsequent motion along the GB at 

higher driving force[106].  
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Figure 2.7 Atomistic mechanisms of the thermal-induced migration of mixed tilt-twist GBs in vicinal to the 

<111>  7 STGB in Al [105, 106]. (a,d) The bicrystal models used for constructing the GBs. Snapshots (b, e) and 

enlarged views(c, f) of MD simulations showing the equilibrium structure of the facted mixed GB(b, c) and the kinked 

mixed GB(e, f). (g) Snapshot showing the structure of faceted GB. (h, i) Views of these GB disconnections (steps) 

from different directions by applying the step-detection algorithm. 

2.4 Deformation-induced Formation and Annihilation of GBs  

Nanocrystalline metallic materials often show superior strength and hardness compared to 

their bulk counterparts, as the strength of materials obeys the classical Hall-Petch relationship that 

is ‘smaller’ is stronger. Benefited from the exceptional mechanical properties, nanocrystalline 

metallic materials have broad applications as structural components in areas such as transportation 

and nanomaterials-based devices [107, 108]. General methods applied to fabricate nanocrystalline 
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materials include consolidation from nanocrystalline powders, electrodeposition, and severe 

plastic deformation [109]. Among which, severe plastic deformation is through achieving intensive 

grain refinement of coarse-grained materials to eventually obtain the nanocrystalline structure. 

Numerous studies have been performed in the past to investigate the grain refinement mechanism 

during several plastic deformation [110-113], and one general finding is that the grain refinement 

is highly related to the deformation-induced formation of GBs. For instance, Kamikawa et. al. 

investigated the microstructural evolution of a Ti-added ultralow carbon interstitial free steel that 

was deformed by accumulative roll-bonding and found that the produced ultrafine structures 

mostly consist of deformation-formed HAGBs[111]. Similar GB network evolution that the 

number of GBs and the fraction of HAGBs in overall GBs increased with strain accumulating was 

also observed during the accumulative rolling-bonding of a commercial purity aluminum[113]. 

However, the dynamic process of HAGB formation remains largely unclear yet, as previous 

studies commonly used the post-mortem observation to deduce the GB network evolution during 

deformation. 

In comparison to GB formation that leads to grain refinement, GB annihilation is the 

reversal process that could lead to the coalescence of adjoining grains, consequently leading to 

grain growth and the softening of nanocrystalline materials[114]. For LAGBs consist of 

dislocation arrays, GB annihilation is believed to be mediated by dislocation climb at the GB [115, 

116]. In comparison, less is known about the mechanism of HAGB annihilation. It is recognized 

that HAGBs could be the preferable nucleation sites for dislocations[88, 117], deformation 

twinning[118], and phase transformation[119]. Nanotwins nucleated from HAGB could assist 

grain growth in nanocrystalline Au films under cyclic loading [118]. Nevertheless, the dynamic 

process of the HAGB annihilation have not been witnessed. 
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In addition, metallic nanocrystals possess unique mechanical properties such as 

pseudoelasticity compared to their bulk counterpart, which make them have prospective 

applications in flexible electronics[120, 121] and reliable nano electromechanical systems 

(NEMS)[122, 123]. Both experimental [124, 125] and simulation studies[126-132] have been 

employed to investigate the pseudoelasticity of various metallic nanowires, including Cu[126, 

130], Au[126, 130], Pd[127], and Fe[131], during their uniaxial deformation or bending 

deformation. By conducting in-situ TEM study, Zheng et al [124] reported a novel pseudoelastic 

deformation mechanism in an Au nanocrystal that is enabled by the pile-up of full dislocations to 

form a 15 LAGB during the coupled tensile and bending deformation (Fig. 2.8a-c) and the 

spontaneous annihilation of this GB after the release of stress. However, the GB annihilation 

process was too fast to be captured. Recently, Li et. al. [133] reported that nanotwins can assist the 

reversible formation of LAGB upon reciprocating shear load of Au nanocrystals. Similar 

mechanically induced formation of GB has also been observed during the bending deformation of 

Ni nanowires (Fig. 2.8d-g) [134]. All these studies indicate that mechanically-induced GB may 

play important roles to assist the pseudoelastic deformation of metallic nanocrystals. Fundamental 

understanding on the deformation-induced formation and annihilation of HAGB would inspire 

future applications of metallic nanocrystals in reliable NEMS systems devices. 
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Figure 2.8 Mechanical-induced formation of GBs in an Au nanocrystal[124] (a-c) and in the Ni nanowire[134] 

(d-g). (a)Formation of a 15 LAGB during the off-axial deforamtion of an Au nanocrystal. (b) Fourier filtered images 

showing that the LAGB is consisted of arrays of full dislocations. (c) Crystal lattice recovered to it pristine state after 

the release of stress. (d) Atomic structure of the Ni nanowire before bending. (e-g) Bending induced formation of a 

17.4 flat GB in the Ni nanowire. 
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2.5 Motivation and Objectives 

Although considerable progress has been made in investigating the shear-coupled GB 

migration behavior and deformation-induced formation of GBs, there remain plenty of unresolved 

issues that need to be addressed due to the complexity of the GB structure. Specifically, most of 

the previous experimental studies were conducted at either macro-scale (i.e., bicrystal studies) or 

micro-scale (i.e., conventional TEM studies), which offered no information on the GB migration 

mechanisms at the atomic scale. Current knowledge on the atomistic mechanisms of GB migration 

largely relied on MD simulations, the accuracy of which, however, usually suffers from the applied 

large strain rate and empirical/semi-empirical potential. Moreover, most of the previous MD 

simulation studies focused on the migration of flat and special GBs, such as 5 (210) STGB. While 

in the real case of polycrystalline materials, GBs are usually to be faceted at the atomic scale[135, 

136], it is unclear whether and how these faceted GBs migrate under the external shear loading.  

In addition, general GBs in polycrystalline materials normally refer to the mixed tilt-twist GBs. 

Limited experimental research on the shear-coupled migration of a mixed GB reported that only 

the tilt part of mixed GB contributes to the migration[28]. However, how the mixed GBs migrated 

at the atomic-scale remains largely clear to date due to the lack of both experimental and simulation 

evidence. Furthermore, the gradual increase of the fraction of HAGBs in overall GBs during the 

accumulating several plastic deformation of metallic materials implies the LAGB-to-HAGB 

transformation during the process. However, the dynamic process of such transformation remains 

unclear as limited by the postmortem observation in previous studies. Thereafter, the objectives of 

this study are proposed as follows: 

1. Find out and fabricate representative faceted GBs for the investigation of their shear-

coupled migration behaviors; reveal the atomistic mechanisms of the migration of these typical 
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faceted GBs via the in-situ HRTEM observation; further investigate the influences of facet types 

and external loading conditions on the migration behaviors of faceted GBs. 

2. Search and fabricate representative mixed tilt-twist GBs for the investigation of their 

shear-coupled migration behaviors; Investigate the shear responses of typical mixed tilt-twist GBs 

and reveal the dominant atomistic mechanisms via the in-situ HRTEM observation; Explore the 

lattice transformation relations during the migration of these mixed GBs. 

3. Reveal the atomistic mechanism of the LAGB-to-HAGB transformation and uncover 

the annihilation mechanism of the HAGB during the reversal deformation. 

Considering that GBs in the real case are common to be faceted and to be mixed tilt-twist, 

the research objectives proposed in this study would provide important implications for 

understanding the shear-coupled migration of general GBs in polycrystalline materials. The 

revealed GB migration mechanisms at the atomic scale could also benefit the development and 

improvement of theoretical models for describing GB migration. Moreover, uncovering the 

atomistic mechanism of the formation and annihilation of HAGB during reciprocating bending 

deformation of Au metallic nanocrystals would provide insights into grain refinement mechanisms 

during severe plastic deformation and important guidelines for the development of reliable and 

sustainable NEMS devices.  
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3.0 Materials and Experimental Procedures 

In this chapter, the materials and experimental procedures employed in this dissertation 

will be introduced. Au is selected as the model material, due to its excellent anti-oxidation property 

and the moderate stacking fault energy, to investigate the shear-coupled migration behaviors of 

<110> tilt faceted GB and mixed tilt-twist GB in fcc metals, along with the deformation-induced 

formation and annihilation of a HAGB during reciprocating bending. The methodology of in-situ 

fabricating nano bi-crystals with desirable GB structures and single-crystal nanowires inside the 

TEM will also be presented. Moreover, the methodology used to identify the GB plane and the 

simulation method used to support the experimental results will be introduced. 

3.1 Materials 

The fcc Au metal used in this study is acquired from ESPI metals in the form of wire with 

a diameter of 0.254 mm, and the purity at 99.999%. To acquire specimens that are suitable for 

high-resolution TEM observation and fabrication of single-crystal nanowires or nano bi-crystals, 

subtle specimen preparation is needed. Firstly, the metal wires were cut into rods with a length of 

~5 mm to make sure they can be mounted into the TEM holder. Then, one end of these short metal 

rods was compressed by a punch to create a flat substrate. After that, the flat substrate was torn 

apart with the clamp, which will create a fracture surface with plenty of nano-tips (Figure 3.1a). 

These nano-tips are thin enough for the high-resolution TEM observation and thus are suitable for 

the subsequent preparation of single-crystal nanowires or nano bi-crystals. Figure 3.1b shows the 
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HRTEM image of a typical Au nano-tip with the zone axis being 〈01̅1〉.  All samples were plasma 

cleaned before the TEM observation to minimize the potential influence of carbon deposition 

under electron beam irradiation.  

 

Figure 3.1 (a) Fracture surface of the flat Au substrate with plenty of nano-tips on it. (b) HRTEM image of a typical 

Au nano-tip. The zone axis of the nano-tip is 〈𝟎�̅�𝟏〉. Insert is the correspodning fast fourier transformation (FFT) 

pattern of the HRTEM image, which agrees well with the features of 〈𝟎�̅�𝟏〉-oriented pattern of FCC Au. Scale bar: 

(a) 200 nm; (b) 5 nm. 

3.2 Experimental Procedures 

3.2.1 In-situ TEM Experimental Configuration 

The TEM observations in this work were carried out with an FEI Titan Themis G2 200 

probe Cs corrected STEM (Figure 3.2a) at the Nanoscale Fabrication & Characterization Facility 

(NFCF) lab of University of Pittsburgh. The Nanofactory scanning tunneling microscope (STM) 
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platform was adopted to perform the in-situ TEM study. Figure 3.2b shows the configuration at 

the head of the Nanofactory STM holder. It consists of two parts: one is the fixed sample side, 

while the other is the movable probe side. The as-prepared short metal rod with plenty of nano-

tips (as stated in Chapter 3.1) was mounted into the fixed sample side. For the probe side, metal 

 

Figure 3.2 In-situ TEM experimental configuration used in this work. (a) photo of FEI Titan Themis G2 200 

probe Cs corrected STEM at the NFCF lab. (b) The configuration at the head of Nanofactory, which contains the fixed 

sample side and the movable probe side. (c) The approaching two sides under the TEM observation. x, y, and z axes 

indicate the motion directions of the probe side. 

probe (prepared by creating the wedge shape fracture surface of a metal rod) was mounted onto a 

hat that can clamp on the piezo tube. The movement of the probe is controlled by the motion of 

the hat that is driven by the piezo tube. With the capability of moving the probe side at the mutual-

orthogonal axes x, y, and z, the two sides of the platform can be approached and eventually get 

into touch with each other at the atomic scale inside TEM (Figure 3.2c). In addition, bias potential 
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within the range of ±10 V can be applied on the side sample, which enables the fabrication of high-

quality sub-100nm single-crystal nanowires or nano bi-crystals through the in-situ welding 

processing[137, 138]. Next, the strategy to fabricate nano bi-crystals with desirable GB structure 

will be introduced in detail. 

3.2.2 Fabrication of Nano Bi-crystals with Desirable GB Structure. 

Although the Nanofactory STM holder possesses a great capability to manipulate and 

process (e.g., welding) the sample inside TEM, along with excellent spatial and temporal 

resolutions, fabricating nano bi-crystals with desirable GB structure remains to be a huge 

challenge. To achieve this goal, the crystal orientations of the crystals at both the sample side and 

the probe side must be precisely controlled. Figure 3.3a shows an example of an experimental set-

up before fabricating the nano bi-crystal. Firstly, the probe side was treated by applying the 

welding-fracture strategy to get a 〈001〉-oriented nanocrystal at the head of the probe. The low-

index 〈001〉 zone axis ensures the acquisition of the HRTEM image, wherein the bright spots can 

be interpreted as the atom columns. Then, a nano-tip region at the sample side, which is also 〈001〉-

oriented and has a misorientation angle of ~30 with the crystal at the probe side, was selected as 

the reference to move the probe side close in. Thereafter, a bias potential of ~1 V was applied at 

the sample side, and meanwhile, the probe side was moved to get in touch with the sample. After 

doing these operations, a 〈001〉-oriented nano bi-crystal with a misorientation angle of ~ 30 is 

expected (not shown here), but there remains large uncertainty on controlling the GB plane of the 

bi-crystal. Thereby, a trial-and-error approach was adopted to eventually get the nano bi-crystal 

with a desirable GB structure. 
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Figure 3.3 Experimental set-up and examples of fabricating nano bicrystals with desirable GB structure. (a) 

The positions of the sample side and the probe side before the fabrication crystal. (b-d) Examples of as-fabricated GB 

structure: 〈𝟎𝟏𝟏〉-tilt 15 LAGB (b); 〈𝟎𝟏𝟏〉-tilt 59 HAGB (c); 〈�̅�𝟏𝟎〉-twist 45 GB (d); mixed tilt-twist GB (e).  

Except the 〈001〉 zone axis, 〈011〉 direction is also a common low-index zone axis of fcc 

crystals. Therefore, by controlling the orientations of nano crystals at both the sample side and the 

probe side, and applying the bi-crystal fabrication technique and trial-and-error approach, a variety 

of bi-crystals with different GB structures can be obtained. For instance, the 〈011〉-tilt 15 LAGB 

which is composed of an array of lattice dislocations is presented in Figure 3.3b. The 〈011〉-tilt 

59 HAGB with a flat GB plane is shown in Figure 3.3c. In addition, twist GB or mixed tilt-twist 
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GB can also be fabricated by differencing the zone axis of the crystals at the two sides (Figure 3.3d 

and 3.3e). Then, the in-situ shear testing on bi-crystals with desirable GB structure was conducted 

by moving the probe side with the piezo-manipulator of the STM holder at a constant rate between 

0.001 and 0.01 nm s-1. Note that the fabrication of the single-crystal nanowires is similar to that of 

bi-crystals, the only difference the crystal orientations of the sample side and the probe side are 

close. Relevant research on the fabrication and mechanical testing of single-crystal nanowires 

using in-situ HRTEM platform can be found in Refs. [139-142] 

3.2.3 GB Plane Identification 

Successfully fabricating the bi-crystals with desirable GB structures does not guarantee the 

successful conduction of in-situ TEM studies on GB behaviors. Precisely identifying the GB 

positions and GB structures is critical for understanding the GB behaviors. Here we take the 〈011〉-

tilt HAGBs that will be investigated as examples. To identify the GB positions and mark the GB 

structures of the bicrystals, we marked the  (111) planes of G1 and the (111̅) planes of G2 first. 

As shown in Figures 3.4a and 3.4b, these lattice planes, as indicated by the blue dashed lines, 

would intersect with each other at the junctions of the bi-crystals, which determined the positions 

of GB. Note that the atoms on the GBs might deviate from the lattice planes of crystal, i.e., G1 and 

G2, due to the existence of misfit strain. Then, the intersections of these lattice planes were 

connected by the yellow dashed lines to represent the GB planes.  The serrated feature of these 

yellow dashed lines reflected the existence of interfacial steps, such as (1̅1̅1)/(002) type steps 

and (111)/(111̅) type steps that will be discussed in section 5.1. 
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Figure 3.4 The identification of faceted GBs. (a, b) Two types of faceted ATGBs which both contain the 

(𝟎𝟎𝟐)/(𝟏𝟏𝟏) GB facet. The blue dash lines indicate the {𝟏𝟏𝟏} lattice planes. The yellow dash lines indicate the 

positions of GB planes. (c) The contrast intensity line profiles are extracted along the orange solid lines in (a). For a 

clear comparison, the line profiles were selected to make sure the sixth and the seventh atom columns be on the two 

sides of the interfacial steps. Scale bar: 2nm 

Moreover, we took advantage of line intensity profile analysis to further confirm the 

existence and positions of these steps, considering that these steps should separate the (002) plane 

in G1 (i.e., (002)1 plane) and the (111) plane in G2 (i.e., (111)2 plane). One example is shown 

in Figure 3.4c, where we extracted the line intensity profiles along the orange solid lines that 

threaded the steps in Figure 3.4a. The orange solid lines were nearly parallel to the (002) plane 

and [110] direction of G1 and the (111) plane and [112̅] direction of G2. In theory, the lattice 

spacings along the [110] direction and  [112̅] direction under the projection of [11̅0] direction in 

Au is ~2.88Å and ~2.5Å, respectively. As seen from Figure 3.4c, the average lattice spacings 

between the atom columns (i.e., the distances between intensity peaks) at the left side of all five 
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steps were close to 2.5 Å, while those at the right side of the steps were close to 2.88Å. Therefore, 

the interfacial steps that we marked out indeed separated the (002)1 and (111)2 planes. Similar 

analyses on the line intensity profiles were also carried out in other types of GB, such as the mixed 

tilt-twist GB.   

3.3 Simulation Methods 

MD simulations were performed to help understand the atomistic mechanisms of the shear-

coupled migration of faceted GBs and mixed tilt-twist GBs and the annihilation of the HAGB 

during bending deformation in Au. The simulation results presented in Chapter 4 was performed 

by our collaborators Chuang Deng and Jianwei Xiao from the University of Manitoba, while those 

presented in Chapter 5 and 6 were performed by myself.  The simulations were conducted on an 

Au bicrystal structure using the Large-scale Atomic/Molecular Massively Parallel simulation 

(LAMMPS)[143] and embedded atom method (EAM) potential [144] for Au.  

In Chapter 4, for constructing “zig-zag” (002)/(111)  ATGB, we first constructed a 

(10 10 7)/(10 10 7̅) STGB by joining two separate orthogonal crystal lattices along the <10 10 

7> direction as shown in (Figure 3.5a).  Then the (10 10 7)/(10 10 7̅) STGB were optimized at 

300 K under zero pressure with an isothermal-isobaric (NPT) ensemble to obtain the equilibrium 

“zig-zag” (002)/(111) ATGB (Figure 3.5c). For faceted GB consisting of (111)/(111̅) STGB 

and (002)/(111) ATGB, we first constructed a (113)/(771) ATGB by joining two separate 

orthogonal crystal lattices along the < 1 1 3 > and < 7 7 1 > direction (Figure 3.5b). Then, the 

(113)/(771)  ATGB were optimized at 300 K by using an NPT ensemble (Figure 3.5d). Periodic 

boundary conditions were applied along all the directions under structural optimization. In the 
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shear deformation, a constant shear velocity of 1 m s-1 parallel to the GB plane at the temperature 

of 300 K was applied on a fixed area of the top grain along the <7 7 20> direction for 

(10 10 7)/(10 10 7̅)  STGB or along <3 3 2> direction for (113)/(771) ATGB (Figure 3.5). 

Periodic boundary conditions were applied along the <110> tilt direction, and the canonical (NVT) 

ensemble was used in this case.  

 

Figure 3.5 Schematic of the bicrystal computational cells and corresponding optimized atomistic structure for 

(𝟏𝟎 𝟏𝟎 𝟕)/(𝟏𝟎 𝟏𝟎 �̅�) STGB (a,c) and (𝟏 𝟏 𝟑)/(𝟕 𝟕 𝟏) ATGB (b,d). Figure 4.4e-h and Figure 4.6d-f are captured 

from different regions at the faceted (𝟏𝟎 𝟏𝟎 𝟕)/(𝟏𝟎 𝟏𝟎 �̅�) STGB, as indicated by the dashed rectangles in (c). Figure 

4.9 are captured from the region as indicated by the dashed rectangles in (d). 

In Chapter 5, a total of three Au bicrystal models that were constructed by joining two 

separate crystal lattices (grain 1 and grain 2 in Fig. 3.6a) with different lattice orientations (as 

shown in Figs. 3.6b-d) together along the Z axis are studied in this work. Structural optimization 

of these bicrystals was performed using the conjugate gradient method and with periodic boundary 

conditions along all three dimensions.  Note that the lattices in all bicrystal models are slightly 

strained to meet the periodic boundary conditions given that the periods of the lattices in directions 

parallel to the GB planes, i.e., X and Y axes, are incommensurate. The applied strains and the 
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dimensions of these bicrystals are summarized in Table 3.1. This is a commonly used strategy to 

construct the incommensurate GBs in simulations [145-147]. We have also examined different 

integer ratios of the period to construct the bicrystals (i.e., different strains and dimensions), and 

the observed shear-coupled GB migration behavior is quite similar. The bicrystal models were 

further equilibrated at 300K with a pressure of 0 bar for 50ps using the NPT ensemble MD 

simulations. Two thin slabs with a thickness of 1nm at the top and the bottom of the bicrystals 

were fixed, and the shear deformation was applied by displacing the top fixed slabs moving along 

the X axis of the bicrystals at a constant speed of 1 m s-1 (Fig. 3.6a). The shear deformation of the 

bicrystals was performed at 300K via the NVT ensemble, with periodic boundary conditions along 

the Y axis and free surfaces along X and Z axes. 

 

Figure 3.6 Schematic (a) and crystallographic orientations (b-d) of the Au bicrystal models used in MD 

simulations. 

In Chapter 6, an Au bicrystal containing a (311) (111)⁄  HAGB was constructed and the 

structural optimization was performed using the conjugate gradient method. Before bending 

deformation, the modelled bicrystal was equilibrated at 300K with a pressure of 0 bar for 20ps 
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using the NPT MD simulations. The bending deformation was applied by controlling the rotation 

of the fixed thin slab with a thickness of 1 nm at the bottom of the bicrystal at an angular velocity 

of 0.05 ps-1 via the NVT ensemble. 

The atomic structures of simulation results were analyzed using OVITO [148]. The 

common neighbor analysis modifier was used to identity the GB atoms (colored in white) and the 

atoms in the different crystal structures, i.e., the face-centered cubic, body centered cubic, and 

hexagonal close-packed crystal structures are colored in green, blue, and red, respectively. 

 

Table 3.1 Applied strains, dimensions, and GB energy of bicrystal models 
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4.0 Atomic-scale Observation of Dynamic Grain Boundary Structural Transformation 

during Shear-mediated Migration 

This Chapter is based on our published work [149]. In this Chapter, the dynamic GB 

structural transformation during the shear-mediated migration of faceted tilt GBs will be revealed 

and the underlying atomistic mechanisms governing the transformation will be discussed. GB 

structural change is commonly observed during and after the stress-driven GB migration in 

nanocrystalline materials, but its exact transformation process at the atomic scale has not been 

explored experimentally. Here, employing in-situ high-resolution transmission electron 

microscopy combined with molecular dynamic simulations, we observed the dynamic GB 

structural transformation arising from reversible facet transformation and GB dissociation during 

the shear-mediated migration of faceted <110>-tilt GBs in Au nanocrystals. A reversible 

transformation was found to occur between (002)/(111)  and  11(113) GB facets, and be 

accomplished by the coalescence and detachment of (1̅1̅1)/(002) type GB steps that mediated 

the GB migration. In comparison, the dissociation of  (002)/(111) GB into 11(113) and 3(111) 

GBs was accomplished via the reaction of (111)/(111̅) type steps that involved the emission of 

partial dislocations.  It is further revealed that such transformations were loading-dependent and 

could be accommodated by GB junctions. This work provides atomistic insights into the dynamic 

structural transformation during GB migration.  
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4.1 Introduction 

GB, as the ubiquitous interfacial structure in polycrystalline materials, influences greatly 

the properties and microstructural development of materials[150]. Grain growth and GB network 

evolution during plastic deformation in nanocrystalline materials has been widely reported [33, 

34, 102, 151], wherein stress-driven GB migration is regarded as a major phenomenon[32]. 

Theoretical models, such as the dislocation glide mechanism for low-angle GBs[52, 53], the local 

conservative shuffling of atoms for high-angle GBs[152], and the unified disconnection-mediated 

mechanism[7, 153], have been proposed to describe the GB migration. However, these models do 

not consider the change of GB structure during and after the migration, which frequently happens 

in one of the most common GBs in polycrystalline materials, i.e., the asymmetrical tilt GBs 

(ATGBs)[154], especially in the GB with facets, and could affect their migration behaviors.  For 

instance, 11 ATGBs[155] in Cu were found to show unique anisotropic mobility, which is 

associated with the transformation events at the facet nodes and incommensurate GB facets during 

the migration[156]. Although the shear coupling factor of ATGBs might be predicted based on the 

disconnection[7] or geometrical model[58, 59], there has been no direct experimental observation 

on the migration process or possible structural change at the atomic scale yet [7, 34, 35, 84, 105, 

157].  

The faceted morphology is a typical feature of ATGBs [154, 158], which are formed via 

GB facet transformation (also termed as GB faceting). Broadly speaking, GB faceting, 

dissociation, and structural phase transformation all belong to GB complexion transition, as they 

involve the change of GB structure units[93]. Previous studies have indicated that GB complex 

transition could affect GB migration. For example, GB faceting can significantly influence the 

thermally-induced ATGB migration[159, 160], GB structural phase transformation can facilitate 



 45 

GB migration[161] or even alter the nature of GB migration[86], and the non-planar GB structure 

formed by GB dissociation shows unique mechanical responses[88, 162]. Nevertheless, 

experimental evidence on the dynamic GB structural transformation during shear-mediated 

migration is still lacking. Moreover, recent work revealed the absence of a correlation between GB 

velocity and curvature but a strong correlation between GB velocity and GB crystallography (e.g., 

misorientation and inclination) in Ni polycrystals[163], which further highlights the importance of 

investigating GB structural transformation during the migration and its impact on the kinetics of 

GB migration. With the help of the recently developed in-situ TEM platform[37],  GB processing 

with controlled features and direct observation of the atomistic migration process under shear 

stress becomes attainable, which offers a great opportunity to explore this open area.  

Here, in-situ interface processing with controlled crystal orientation and in-situ high-

resolution transmission electron microscopy (HRTEM) shear testing were performed to study the 

ATGBs’ migration behavior in gold (Au) nano bi-crystals. Two kinds of faceted ATGBs, which 

consist of (002)/(111)ATGB facets and (1̅1̅1)/(002) or near (111)/(111̅) nanofacets were 

fabricated and studied. At equilibrium, (002)/(111)ATGB is a [11̅0] tilt incommensurate GB 

with a misorientation angle of 54.74, which is found to coexist with 11(113) STGB (with a 

misorientation angle of 50.48)[164] or (111)/(111̅)  GB (with a misorientation angle of 

70.5)[164, 165], and to be a common facet of 11 ATGB in face-centered cubic (FCC) 

metals[147]. A back-and-forth GB plane reorientation was observed during the migration process 

of the GB consisting of (002)/(111) and (1̅1̅1)/(002)facets, which is attributed to the reversible 

facet transformation between the (002)/(111)  and (1̅1̅1)/(002) ATGBs and the 11(113) 

STGB. Moreover, the dissociation of GB into a 11(113) STGB and a 3(111) STGB was found 

during the migration of the GB consisting of (002)/(111)and near (111)/(111̅) facets. The 
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underlying atomistic mechanisms of these transformations were revealed with the atomistic 

molecular dynamic simulations. This work enriches our understanding of the atomistic migration 

mechanisms of high-angle ATGBs and offers direct evidence that dynamic GB structural 

transformation accommodates the stress-induced microstructural evolution in polycrystalline 

materials. 

4.2 Experimental Results 

4.2.1 Back-and-forth GB Plane Reorientation during Shear-mediated Migration 

As shown in Figure 4.1a, a [11̅0] tilt Au bi-crystal nano-junction with a diameter of ~10 

nm and a misorientation angle of ~ 53.5 was fabricated by in-situ nano-welding inside a TEM. 

The as-fabricated GB is a faceted GB that consists of the (002)1/(111)2 ATGB facets and several 

interfacial defects (denoted as steps) connecting them (see section 4.2.3 for the identification of 

GB positions). The average GB plane has an inclination angle of ~11 to the (002)1/(111)2 

ATGB. A closer observation of the core structure of these steps shows that they all have a height 

of one (002)1/(111)2  lattice spacing with (1̅1̅1)1and (002)2 planes as abutting planes (Figure 

4.1i). Thereafter, these steps can be regarded as (1̅1̅1)1/(002)2 nanofacets to some extent. It is 

worth noting that these nanofacets accommodate the deviation of the misorientation angle of this 

bi-crystal from the ideal value of (002)/(111) ATGB (i.e. 54.74), the inclination of overall GB 

plane from the (002)1/(111)2  ATGB and the lattice misfit between (002)1  and (111)2 

planes[166]. Similar structural features have also been observed in a 9 {221} tilt GB in copper, 

where ATGB facets are connected by steps or STGB facets [167]. A shear loading was then applied 
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to the bottom grain of the bi-crystal (denoted as G2 in Figure 4.1a) at a constant rate (~0.001nm s-

1), and the loading direction (indicated by the white arrow in Figure 4.1a) was nearly parallel to 

the (002)1/(111)2  ATGB. 

 

Figure 4.1 Stress-driven migration of a faceted grain boundary (GB) accompanied by back-and-forth GB plane 

reorientation and reversible facet transformation. (a) Structure of an as-fabricated Au bicrystal with a faceted GB 

consisting of  (𝟎𝟎𝟐)/(𝟏𝟏𝟏) ATGBs and several one-atomic-layer (�̅��̅�𝟏)/(𝟎𝟎𝟐) steps. The misorientation between 

the upper and bottom grains in this bicrystal is ~ 53.5, close to the ideal misorientation angle (i.e., 54.74) of 

(𝟎𝟎𝟐)/(𝟏𝟏𝟏) ATGB. Shear stress nearly parallel to the (𝟎𝟎𝟐)/(𝟏𝟏𝟏) ATGB was then applied to the bottom grain, 

as indicated by the white arrow. (b) The (𝟎𝟎𝟐)/(𝟏𝟏𝟏)  ATGB facets migrated via the lateral motion of (�̅��̅�𝟏)/(𝟎𝟎𝟐) 

steps until a 11 (113) STGB facet was formed at the right side of GB. The average GB plane has a clockwise rotation 

of ~5 during this process. The direction of GB migration is indicated by yellow arrows. (c) The (𝟎𝟎𝟐)/(𝟏𝟏𝟏) ATGB 

and 11 (113) STGB facets migrated jointly until another STGB facet was formed at the left side of GB. Then the 

average GB inclination angle gradually increased to ~20. (d-h) Sequential snapshots showing the back-and-forth GB 

plane reorientation and the reversible facet transformation between the STGB and the ATGB facets at the left end (d-

f) and the right end (f-h) of GB in this bicrystal. The misorientation angle of the bicrystal in (h) is ~52.16, indicating 

a slightly relative grain rotation during the deformation. (i, j) Closer observation of the core structure of (�̅��̅�𝟏)/(𝟎𝟎𝟐) 

steps and the structure of 11 (113) STGB. The red dash lines in (b-h) represent the initial position of the as-fabricated 

faceted GB. Scale bar: (a-h) 2 nm, (i,j) 0.5 nm 
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Under shear loading, some of the pre-existing steps began to move leftward along the 

[1̅1̅2] direction of the bottom grain G2, causing the migration of the ATGB facets towards grain 

G2(Figure 4.1b). The migration behavior observed so far is similar to that of the disconnection-

mediated GB migration reported in other studies[7, 37], except that a new GB facet, which is 

identified as an 11(113) STGB[168, 169], was formed at the right end of the GB in Figure 4.1b. 

The zoom-in view of the STGB facet and the superimposed schematic in Figure 4.1i confirms that 

the lattices at the two sides of this facet are in symmetrical relation to the (113) plane. Note that 

the serrated GB structure consisting of (002)/(111) ATGB and 11(113) STGB facets has been 

observed in Au polycrystals before[170]. A slight clockwise rotation of the GB plane was found 

during this process, causing an increase in the average GB inclination angle (~5). In the 

subsequent deformation, facet transformation and a back-and-forth GB plane reorientation were 

observed (Figure 4.1c-h). To quantify the GB plane reorientation and establish the relationship 

between the facet transformation and the back-and-forth GB plane reorientation, the average GB 

inclination angle and the normalized facet ratio are plotted as a function of time in Figure 4.2a.  

The change in the average inclination angle followed a “zig-zag” pattern with a minimum value 

of ~11 at the as-fabricated state and a maximum value of ~26, which is close to the theoretical 

angle between (002) and (113) planes (i.e., 25.24). The variation trend of the facet length ratio of 

11(113) STGB is similar to that of the average inclination angle, while the (002)1/(111)2  

ATGB and the steps exhibit the opposite trend (Figure 4.2a). This relation is further confirmed by 

the plot of the normalized facet length ratio versus inclination angle (Figure 4.2b).  Specifically, 

the increase of the average inclination angle is associated with the ATGB-to-STGB facet 
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transformation and subsequent STGB facet migration at the expense of ATGB facets (Figures 

4.1b-d, 4.1e-f, 4.1g-h).  

 

Figure 4.2 (a) Plots of the average GB inclination angle and the normalized facet ratio of the (𝟎𝟎𝟐)/(𝟏𝟏𝟏) ATGB, 

the 11 (113) STGB and the (�̅��̅�𝟏)/(𝟎𝟎𝟐) steps versus time. (b) The plot of the normalized facet ratio versus average 

grain boundary inclination angle. The 11 (113) STGB facet exists only when the average inclination is larger than 

15 (indicated by the dark dash line). 

In contrast, the decrease in the average inclination angle is related to the backward facet 

transformation at either side of the GB (Figure 4.1d-e, 4.1f-g). The migration of the STGB facet 

is believed to follow the manner of nucleation and lateral motion of disconnections[37]. Moreover, 

two different dynamic processes were captured at the facet junctions of the ATGB and the STGB: 

one is that a one-layer ATGB step ((1̅1̅1)1/(002)2nanofacet) was emitted from the facet node, 

causing the migration of the ATGB but keeping the STGB stationary (Figure 4.3a-b); The other is 

that the ATGB kept immobile but the STGB migrated several atomic layers (Figure 4.3b-d). These 

processes are likely to be attributed to the rearrangement of the localized atoms at the facet 

junctions. A slight grain rotation inevitably occurred during the shear loading, causing the 

misorientation angle of this bi-crystal to gradually decrease to ~52 in Figure 4.1g, which has 

accommodated the GB structural transformation during its migration (Figure 4.1a-h). 
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Figure 4.3 Sequential TEM snapshots showing the joint migration behaviors of the 11(113) STGB and the 

(𝟎𝟎𝟐)/(𝟏𝟏𝟏) ATGB facets. (a) A faceted GB composed of the (𝟎𝟎𝟐)/(𝟏𝟏𝟏)ATGB, (�̅��̅�𝟏)/(𝟎𝟎𝟐) step and the 

11(113) STGB. (b) A (�̅��̅�𝟏)/(𝟎𝟎𝟐) step emitted from the facet junction of (𝟎𝟎𝟐)/(𝟏𝟏𝟏)ATGB and 11(113) 

STGB. 11(113) STGB kept stationary. (c) 11(113) STGB migrated downwards while (𝟎𝟎𝟐)/(𝟏𝟏𝟏)  ATGB 

remained stationary. (d) 11(113) STGB kept migrating without (�̅��̅�𝟏)/(𝟎𝟎𝟐) step emitted from the facet junction. 

Scale bar: 2 nm 

4.2.2 Reversible Facet Transformation between the ATGB and the STGB 

As shown in Figure 4.1 and Figure 4.2, the facet transformation between the 

(002)1/(111)2  ATGB and the 11(113) STGB during the GB migration process were all 

accompanied by the annihilation or reappearance of (1̅1̅1)1/(002)2 steps connecting the ATGB 

facets. Therefore, it is suspected that these GB steps are highly involved in these processes. To 

verify this conjecture, a more detailed analysis of the atomistic deformation snapshots just before 

and after the formation of the STGB was conducted to explore the atomistic mechanism of ATGB-

to-STGB transformation (Figure 4.4a-d). As shown in Figure 4.4a-c, a (1̅1̅1)1/(002)2 step was 

found to nucleate and laterally move along the GB until it met another step, causing the migration 
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of ATGB towards the bottom grain. Afterward, those steps disappeared and were replaced by a 

 

Figure 4.4 Atomistic mechanism of the (𝟎𝟎𝟐)/(𝟏𝟏𝟏) ATGB to the 11(113) STGB facet transformation. (a) 

The (𝟎𝟎𝟐)/(𝟏𝟏𝟏)ATGB facets connected by a pre-existing (�̅��̅�𝟏)/(𝟎𝟎𝟐) step. (b-d) Sequential snapshots showing 

the nucleation and lateral motion of another (�̅��̅�𝟏)/(𝟎𝟎𝟐)  step on the (𝟎𝟎𝟐)/(𝟏𝟏𝟏) ATGB, and the formation of a 

11(113) STGB facet at the right corner of GB. (e-h) Molecular dynamic (MD) simulation showing the same 

(𝟎𝟎𝟐)/(𝟏𝟏𝟏) ATGB to 11(113) STGB facet transformation process as the experimental observation. In all MD 

simulation results, the green, red, and grey atoms indicate the face-centered cubic structure, hexagonal close-packed 

structure, and other coordination structure (i.e., GB structure), respectively. Dark dash lines in (f-h) represent the 

positions of GB in the previous snapshot. (i) The contrast intensity line profiles extracted from (a-d) at the same area 

as indicated by the blue solid line in (a). Atom columns are numbered from 0 to 6. J Plot of the lattice spacing between 

atom columns 0,1,2,3 and 4 in (a-d). Two dot lines indicate the ideal length of 
𝟏

𝟐
〈𝟏𝟏𝟎〉 (2.88 Å for Au) and 

𝟏

𝟐
〈𝟏𝟏𝟐〉 

(2.5 Å for Au), respectively. Scale bar:1 nm 

fully 11(113) STGB at the same area, where the lattices at both sides of the GB were in 

symmetrical relation about (113) plane (Figure 4.4d).  Figure 4.4i shows the intensity profiles 

extracted along the blue solid lines in Figure 4.4a-d. The rightward shift of peaks in those intensity 
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profiles indicates an increase of lattice spacing between the atom columns (numbered from 0 to 6) 

arising from the motion of the step. Tracking the change of spacing from columns 0 to 4 (denoted 

as 01,12,23, and 34), it is found that the lattice spacing of 01 and 12 fluctuated around 2.5Å (Figure 

4.4j), which is the ideal value for |
1

4
〈112〉| in Au. In contrast, the lattice spacing of 23 and 34 

increased from ~2.5Å to ~2.88 Å (Figure 4.4j), the latter is the ideal value for |
1

2
〈110〉| in Au. 

Such change in lattice spacing further confirms the (111)2 -to- (002)1  plane transformation 

resulted from the motion of (1̅1̅1)1/(002)2 step.  As shown in the trichromatic pattern in Figure 

4.5, from the topological perspective, the (111)2-to-(002)1  plane transformation involves the 

movement of atoms both in and out of the projective plane (i.e., (11̅0) plane), while only in-plane 

adjustment of localized atoms is needed to accomplish the steps-to-11(113) STGB 

transformation.  

Considering that HRTEM images are essentially phase-contrast images, deducing the 

position of the atoms at GBs from HRTEM images might bring some uncertainty.  Hence, MD 

simulations were carried out to reproduce the facet transformation process and to validate that the 

motion and coalescence of (1̅1̅1)1/(002)2 steps led to the transformation. We constructed the 

“zig-zag” GB containing {002}/{111} facets and traced its structural evolution under the shear 

deformation (see method). Note that stacking faults (SFs) exist at the as-constructed GB as a 

consequence of structural relaxation.  The nucleation and subsequent motion of (1̅1̅1)1/(002)2 

steps and the formation of a 11(113) STGB were captured at the “zig-zag” GB (Figure 4.4e-h), 

which agrees well with our experimental results and shows the formation of the STGB could be 

the product of the coalescence of (1̅1̅1)/(002)  type steps. It should be mentioned that the 
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intersection of SF with GB in the simulations serves the same role as the intersection of free surface 

 

Figure 4.5 (a) Trichromatic pattern showing the rearrangement of the localized atoms during the reversible facet phase 

transformation between (𝟎𝟎𝟐)/(𝟏𝟏𝟏) ATGB and 11(113) STGB, viewing direction is along <110>. The solid and 

hollow patterns indicate different {002} or {110} planes. The yellow dash line and rhombuses indicate the 11(113) 

STGB and its corresponding structure units, while the blue dash lines and irregular quadrilaterals indicate the stepped 

GB plane after the decomposition of 11(113) STGB and the core structures of those (�̅��̅�𝟏)/(𝟎𝟎𝟐)  steps, 

respectively. (b) Selected area b to show the movement of atoms during the (𝟎𝟎𝟐)/(𝟏𝟏𝟏)  ATGB-to-11(113) STGB 

facet phase transformation, the yellow arrows indicate the movement of atoms during the lateral motion of 

(�̅��̅�𝟏)/(𝟎𝟎𝟐) steps while the rearrangement of atoms along the blue arrows leads to the formation of 11(113) STGB. 

(c) Selected area c to show the movement of atoms leading to the backward facet phase transformation of 11(113) 

STGB into the (�̅��̅�𝟏)/(𝟎𝟎𝟐) steps and (𝟎𝟎𝟐)/(𝟏𝟏𝟏)  ATGB.  The white solid arrows indicate the net movement of 

those atoms at the left side of this stepped GB, which could also be accomplished by the movement of atoms along 

with the blue and yellow dash arrows. The blue solid arrow indicates the movement of atoms at the right side of this 

stepped GB. 

with the GB in the experiments since they both act as the nucleation sites of (1̅1̅1)1/(002)2 steps.  

A similar ATGB-to-STGB transformation was observed at the left side of the GB during the 

subsequent deformation in the experiment (not shown here). Moreover, the ATGB-to-STGB 

transformation via the coalescence of (1̅1̅1)/(002) type steps are quite similar to the deformation 

faceting of Basal-Prismatic interface into the {101̅2} twin boundary in hexagonal close-packed 
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metals via the pile-up and relaxation of Prismatic-Basal type interfacial defects[137, 171, 172], 

wherein the deviation of the misorientation angle between the interfaces is also ~4.   

The as-formed 11(113) STGB did not always migrate jointly with the (002)1/(111)2 ATGB. It 

transformed back into the ATGB in some cases (Figure 4.6). Figure 4.6a shows a flat 11(113) 

STGB that was formed during the GB migration process. Under further shear loading, part of this 

STGB transformed into the serrated GB consisting of (002)1/(111)2  ATGB facets and 

(1̅1̅1)1/(002)2  steps (Figure 4.6b). These steps moved on the ATGB along the [112̅]  the 

direction of the bottom grain G2, causing the backward migration of ATGB towards the upper 

grain G1 and triggering the transformation of the rest of the STGB into the STGB (Figure 4.6c). 

Moreover, as shown in the intensity profiles in Figure 4.6g, a new intensity peak was found to 

emerge between peaks 4 and 5, indicating the appearance of a new atom column during the STGB-

to-ATGB transformation. This change is believed to be caused by the (002)1-to-(111)2 plane 

transformation during the step motion since the structural repeat distance of (002) (111)⁄ ATGB 

is ~1.88nm for Au, which means ~7 atomic columns in (002)1 plane match ~8 atomic columns in 

(111)2 plane as shown in Figure 4.6d. This process might involve the motion of kinks along the 

projection direction of the GB [105, 173] and warrants further study in the future. The change in 

alignment between the two grains is a direct consequence of the slight misorientation angle change 

during the transformation from 50.48 in the STGB to 54.74 in the ATGB, which is highlighted 

by the red dashed lines in Figure 4.6d. Additional analysis on the change of lattice spacing from 

column 2 to 6 (Figure 4.6h) further supports the (002)1-to-(111)2 plane transformation mediated 

by the motion of step: the lattice spacings of 23 and 34 in Figure 4.6a-c remain at the value of 

~2.5Å, while the lattice spacing of 45 increases to a value far larger than 2.88 Å, and that of 56 

fluctuates around 2.88 Å in Figure 4.6b (i.e., the formation of a step between atom columns 4 and 
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5). Then both of the lattice spacings of 45 and 56 dropped to ~2.5 Å in Figure 4.6c (i.e., the 

completion of (002)1-to-(111)2 plane transformation).  

 

Figure 4.6 Atomistic mechanism of the backward facet transformation from the 11(113) STGB to the 

(𝟎𝟎𝟐)/(𝟏𝟏𝟏) ATGB. (a) A long and flat 11(113) STGB facet, where the structure units are indicated by the 

rhombuses in the dark. (b) Part of the 11(113) STGB transformed into several (�̅��̅�𝟏)/(𝟎𝟎𝟐) steps connecting the 

(𝟎𝟎𝟐)/(𝟏𝟏𝟏) ATGBs. (c) More (�̅��̅�𝟏)/(𝟎𝟎𝟐) steps were formed and GB migrated backward via the lateral motion 

of (�̅��̅�𝟏)/(𝟎𝟎𝟐) steps towards the free surface on the right. (d-f) Molecular dynamic simulation shows a similar 

backward facet transformation process as the experimental observation.  Blue dash lines in (a, c) and dark dash lines 

in (e, f) represent the GB position in the last snapshot.  (g) The contrast intensity line profiles extracted from (a-c) at 

the same area as indicated by the orange solid line in (a). Atom columns are numbered from 0 to 6. (h) Plot of lattice 

spacing between atom columns 2,3,4,5 and 6 in (a-d). Some error bars are too short to show in the plot. The lattice 

spacing of 45 and 56 in (c) means the average lattice spacing of 45’ and 5’5, respectively. Scale bar 2 nm 
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This reversed facet transformation process was also observed in our MD simulations. As 

shown in Figure 4.6d, a disconnection was found on the STGB before the start of the 

transformation. Afterward, several step-connected (002)1/(111)2  ATGBs were formed and 

extended via the lateral motion of the steps (Figure 4.6e, f), which is consistent with our 

experimental results. It is worth mentioning that there is no appearance of new atom columns in 

the simulations because the movement of (1̅1̅1)1/(002)2 step in the  simulations did not reach 

the structural repeat distance of (002)1/(111)2 ATGB[174].Topological analysis of the atomic 

motion during this process shows that the different movement behaviors of the neighboring atoms 

near the 11(113) STGB led to the facet transformation of the 11(113) STGB into the stepped 

(002)1/(111)2 ATGB (Figure 4.5c). A similar STGB-to-ATGB facet transformation was also 

observed at the other side of this bi-crystal (not shown here), which is believed to follow the same 

manner as described above. The reversed facet transformation and corresponding migration 

process should be in a metastable state during the GB migration process under this specific shear 

loading condition, as the GB migration direction is opposite to the overall migration direction of 

the entire process.  Thereby, this reversed migration of (002)1/(111)2 ATGBs towards the upper 

grain G1 ceased soon and the GB migration returned via the lateral motion of (1̅1̅1)1/(002)2 
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steps along the [1̅1̅2] direction of the bottom grain G2 or even transforming into the 11(113) 

STGB again (Figure 4.7).  

 

Figure 4.7 The motion behaviors of (�̅��̅�𝟏)/(𝟎𝟎𝟐) steps after decomposed from the 11 (113) STGB. (a) The 

steps moved rightwards first, then returned to their normal motion direction (leftwards) shortly. (b) Those steps are 

even transformed back into the  11 (113) STGB during the subsequent deformation. The blue and yellow dash lines 

indicate the position of the GB plane in the last snapshots and in the current state, respectively. Scale bar: 2 nm   

4.2.3 Grain Boundary Dissociation during Migration 

In addition to the faceted GB consisting of (002)1/(111)2 ATGB and (1̅1̅1)1/(002)2 

steps as shown in Figure 4.1a, a [1̅10]  tilt bi-crystal containing a faceted GB consisting of 

(002)1/(111)2ATGB  and (111)1/(111̅)2 facets were fabricated and tested (Fig. 4.8a). It is 

noted that there were several stacking faults (SFs) dissociated from the GB into grain 1 at the areas 

near the facet junctions, which might serve to accommodate the misorientation deviation of this 

bi-crystal from that of the ideal (002)/(111) ATGB (i.e., 56 versus 54.74)[155, 175]. Upon 

shearing, the (111)1/(111̅)2  facets either decomposed into several (111)1/(111̅)2 

steps/nanofacets connecting the (002)1/(111)2 ATGBs or moved as a whole (Figure 4.8b, c), 

causing the migration of some ATGB facets. The pre-existing SFs seem to have little impact on 

the GB migration (Figure 4.8a, b) and even disappeared in the subsequent deformation (Figure 
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4.8c-f). One possible reason is that these SFs would contract into the GB before the movement of 

the (111)1/(111̅)2  steps and even maintain the high-energy contracted state during the following 

migration [175]. 

 

Figure 4.8 Shear-driven migration of another faceted GB coupled with GB dissociation. (a) The structure of an 

as-fabricated Au bicrystal with a faceted GB composed of (𝟎𝟎𝟐)/(𝟏𝟏𝟏) ATGB and near (𝟏𝟏𝟏)/(𝟏𝟏�̅�) GB facets. 

The misorientation angle between the upper and bottom grains in this bicrystal is ~ 56. Shear stress nearly parallel to 

the (𝟎𝟎𝟐)/(𝟏𝟏𝟏) ATGB facets was then applied to the bottom grain, as indicated with the white arrow. (b) The 

(𝟏𝟏𝟏)/(𝟏𝟏�̅�)  GB facets either decomposed into several one-atomic-layer (𝟏𝟏𝟏)/(𝟏𝟏�̅�)  steps or migrated via 

collective motion. (c) Further migration of the entire GB via the lateral motion of (𝟏𝟏𝟏)/(𝟏𝟏�̅�) steps and collective 

motion of (𝟏𝟏𝟏)/(𝟏𝟏�̅�) GB facets along the (𝟎𝟎𝟐)/(𝟏𝟏𝟏) ATGB facets. (d) The (𝟏𝟏𝟏)/(𝟏𝟏�̅�) steps nucleated at 

the free surface and moved into the bicrystal. (e) The faceted GB dissociated into a 11 (113) STGB and a 3 (111) 

STGB (or twin boundary (TB)). A sub-grain region (Grain 3) was then formed. (f) The sub-grain grew via the 

extension of (𝟎𝟎𝟐)/(𝟏𝟏𝟏) ATGB facets and the migration of 11 (113) STGB. In figures (a-f), the yellow and the 

red dash lines represent the current position of mixed GB and their previous position in the last frame, and the green 

dash lines represent the newly formed 3 (111) STGB. Scale bar: 2nm 

Moreover, new (111)1/(111̅)2 steps were nucleated at the free surface to facilitate the GB 

migration (Figure 4.8d). More interestingly, a sub-grain (denoted as Grain 3) was then formed and 
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bounded by a (002)1/(111)3  ATGB, the left-side free surface, and two newly-formed GBs 

(Figure 4.8e). These two GBs are identified as 11(113) STGB (between Grain 1 and Grain 3) and 

3(111) STGB (between Grain 2 and Grain 3), which are both dissociated from the original faceted 

GB. The following growth of the sub-grain was via the extension of the (002)1/(111)3  ATGB 

and the migration of the 11(113) STGB (Figure 4.8f). A slight grain rotation occurred during this 

shear deformation, causing the misorientation angle to gradually increase to ~ 58. Additionally, 

the misorientation angle between Grain 1 and Grain 3 is ~51.5,  close to that in Figure 4.1g and 

within the range of 50.48 to 54.74 (i.e., the misorientation angles for ideal 11(113) STGB and 

(002)/(111)  ATGB). Therefore, it is not surprising to observe a serrated GB consisting of 

(002)1/(111)3 ATGB and 11(113) STGB facets between Grain 1 and Grain 3.  

 

Figure 4.9 Molecular dynamic simulations showing the GB dissociation during the migration of the faceted GB. 

(a-c) Sequential snapshots of simulation results showing the same process as experimental observation in Figure 4.8 

of the formation and growth of a sub-grain during the migration of a faceted GB consisting of (𝟎𝟎𝟐)/(𝟏𝟏𝟏)  ATGB 

and (𝟏𝟏𝟏)/(𝟏𝟏�̅�) GB facets. (d) Detailed MD simulation results showing the dynamic GB dissociation process of 

the (𝟎𝟎𝟐)/(𝟏𝟏𝟏) ATGB into a  11 (113) STGB and a 3 (111) STGB. 

Similar to the (002)1/(111)2 ATGB to 11(113) STGB facet transformation in Figure 

4.4, the GB dissociation, in this case, is highly related to the coalescence of steps connecting the 

(002)1/(111)2 ATGB facets (Fig. 4.8d, e), except that these steps are of (111)1/(111̅)2 type. 
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Although the 11(113) STGB was formed in both cases, the underlying mechanisms are believed 

 

Figure 4.10 Sequential snapshots of MD simulations showing the GB migration assisted by the 

motion of a GB triple-junction.  The GB triple-junction is the intersection point of 11(113) STGB, 

3(111) STGB, and the original serrated GB consisting of (𝟎𝟎𝟐)/(𝟏𝟏𝟏)   ATGB and 

(𝟏𝟏𝟏)/(𝟏𝟏�̅�) steps. Disconnections of 11(113) STGB and (𝟏𝟏𝟏)/(𝟏𝟏�̅�) steps emitted from the 

GB triple-junction to assist GB migration (d-i). The solid dark lines indicate the current position 

of the GB plane while the dash dark lines mean the previous position of the GB plane in the last 

snapshot. 

to be different and Shockley partial dislocations are expected to be involved in the formation of 

3(111) STGB during the GB dissociation process. To explore the atomistic mechanism, MD 

simulations were carried out to reproduce this GB migration and dissociation process. The 
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nucleation and growth of a sub-grain, which is enclosed by an 11(113) STGB and a 3(111) 

STGB that were dissociated from the original GB structure during the migration process, was 

captured (Figure 4.9a-c). Specifically, the GB dissociation process is not a one-step event. The 

formation of 3(111) STGB was found to be accompanied by the nucleation and motion of 

(111)1/(002)3 steps on the (002)1/(111)3 ATGB facet. Afterward, those (111)1/(002)3 steps 

coalesced and transformed into a 11(113) STGB (Figure 4.9d), the same as that in Figure 4.4. 

Additionally, the sub-grain growth is assisted by the motion of triple-junction, where the 3(111) 

STGB keeps stationary but the 11(113) STGB and the rest of the original serrated GB moved 

roughly rightward (Figure 4.10). 

4.3 Discussion 

GB faceting is believed to be a process to minimize the total GB free energy[176]. As a 

prevalent type of GB in polycrystalline materials, ATGBs are normally found to facet into low-

energy STGBs or facets with at least one {111} low-index plane on two sides of the GB in face-

centered cubic (FCC) metals[164, 176].  In our results, (002)/(111) ATGB is found to mainly 

combine with (1̅1̅1)/(002)ATGB, (111)/(111̅) GB or 11(113) STGB to form a faceted GB 

structure. It is noted that (111)/(111̅) GB (i.e., coherent twin boundary) and 11(113) STGB are 

the two lowest-energy GBs among [110] tilt GBs, while (002)/(111) ATGB has slightly higher 

energy than the 11(113) STGB[147].  During the shear loading, the two different types of faceted 

GB structure would undergo dynamic GB structural transformation, and both transform into the 
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faceted GB consisting of (002)/(111) ATGB and 11(113) STGB, either via the direct facet 

transformation (Figure 4.1) or GB dissociation (Figure 4.8).  

 

Figure 4.11 Transformations of {𝟎𝟎𝟐}/{𝟏𝟏𝟏}   type ATGB into 11 (113) STGB under different loading 

conditions. (a-d) A flat  (𝟏𝟏�̅�)/(𝟎𝟎𝟐) ATGB bounded by two GB junctions transformed into the 11 (113) STGB 

under the compressive loading perpendicular to the ATGB. Similarly, the ATGB-to-STGB transformation is via the 
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nucleation and coalescence of   (𝟎𝟎𝟐)/(𝟏𝟏𝟏) steps. (e-h) (𝟎𝟎𝟐)/(𝟏𝟏𝟏) ATGB-to- 11 (113) STGB transformation 

started from a GB triple junction. Shear loading with an inclination angle of ~30 was applied as indicated by the 

white arrow. Scale bar: 2 nm 

Regarding the reversible facet transformation that occurred between (002)/(111) ATGB 

and 11(113) STGB during the migration of faceted GB containing (002)/(111)  and 

(1̅1̅1)/(002) facets (Figure 4.1). It is now clear that the ATGB-to-STGB facet transformation can 

be accomplished through the coalescence of (1̅1̅1)/(002) steps (Figure 4.4) while the backward 

STGB-to-ATGB transformation happens via the detachment of (1̅1̅1)/(002)  steps from the 

STGB and the subsequent motion of these steps (Figure 4.6). The specific shear loading parallel 

to the (002)1/(111)2 ATGB in our experiment (Figure 4.1) seems to propel the transformation: 

on the one hand, it promotes the nucleation and motion of (1̅1̅1)/(002) steps. Those steps are 

necessary for the ATGB-to-STGB transformation; on the other hand, it has a large inclination 

angle (~25) with the as-formed STGB facets, making those STGB facets easy to decompose back 

into steps during subsequent migration. To better understand the influence of loading conditions 

on the facet transformation, we examined the mechanical responses of (002)/(111) ATGB and 

11(113) STGB under different loading conditions. The ATGB is found to easily transform to 

STGB under all tested loading conditions, including compressive loading perpendicular to the 

ATGB (Figure 4.11a-d), shear loading with an inclination angle of ~30  from the ATGB (Figure 

4.11e-h), and shear loading nearly parallel to the ATGB as shown in Figure 4.1.  The strong 

tendency of ATGB-to-STGB transformation is possible because it is a thermodynamically energy-

favorable process. In comparison, whether the STGB-to-ATGB transformation happens or not 

depends on the angles between the shear loading and the STGB. Only when the angle is larger 

than ~14 (Figure 4.13), obvious STGB-to-ATGB transformation was observed during the 

migration (Figure 4.12i-p). Otherwise, the mechanical response of STGB would be simply 
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disconnection-mediated migration[37] (Figure 4.12a-h). Likely, the relative magnitude of resolved 

shear stress on the STGB plane and the ATGB plane determines 

 

Figure 4.12 The loading-direction-dependence of 11 (113) STGB-to-{𝟎𝟎𝟐}/{𝟏𝟏𝟏} ATGB transformation. (a-

h) Conservative migration of 11 (113) STGB mediated by disconnections. Shear loading was near parallel (a-d) or 

had an inclination angle of ~14 (e-h) to the STGB, as indicated by the white arrow in (a,e). (i-p) STGB-to-ATGB 

transformation occurred when the STGB had an inclination angle of ~15 (i-l) or ~22 (m-p) with the shear loading 

direction. Scale bar: 2nm 

whether the STGB-to-ATGB would happen, as the critical angle of ~14 is close to the half of the 

angle between STGB and ATGB (i.e., 25.2). It needs to mention that the critical angle of loading 

dependence was determined in bi-crystals without the constraints from neighboring grains. In 

nanograined materials, the stress/strain state in the local region could be different from the external 

loading, thus the critical angle could be different. 
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Figure 4.13 Plot of loading angle between STGB and applied shearing versus the experimental number. Black balls 

indicate the disconnection-mediated migration of STGB, while red cubes mean the STGB-to-ATGB transformation 

happened during the migration process. 

We notice that the reversible facet transformation essentially starts from a faceting/de-faceting 

process at the atomic scale if we treat those steps as (1̅1̅1)/(002)  nanofacets (Figure 4.1i). 

Specifically, the ATGB-to-STGB facet transformation corresponds to a de-faceting process of a 

faceted GB consisting of equal-length (002)/(111) and (1̅1̅1)/(002)nanofacets into a complete 

11(113) STGB and the backward facet transformation is a faceting process starting from the 

STGB into the same faceted GB (Figure 4.14i).  Revisiting the simulation results, we found that 

such faceting/de-faceting transformations took place frequently (Figure 4.14a-h) and should be a 

general phenomenon between 11(113) STGB and (002)/(111)  type nanofacets. More 

interestingly, this faceting/de-faceting process is analogous to the nucleation and annihilation of 

disconnection dipoles on 11(113) STGB (Figure 4.14j), as all the single-layer, double-layer, or 
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four-layer disconnections reported in the literature contain the (1̅1̅1)/(002) type nanofacets[37]. 

Hence, the loading condition dependence of STGB-to-ATGB transformation can be well 

explained:  The external loading influences whether the  (1̅1̅1)/(002) nanofacets form after initial 

faceting moves on the 11(113) STGB or on the (002)/(111)  ATGB, which consequently 

determines if the 11(113) STGB undergoes the conservative migration (Figure 4.12a-h, Figure 

4.14j) or the STGB-to-ATGB facet transformation (Figure 4.12i-p, Figure 4.14k). 

 

Figure 4.14 Atomistic mechanisms of the loading-direction-dependence of STGB-to-ATGB transformation. (a-

h) MD simulation snapshots showing the frequent faceting/de-faceting transformation between the {𝟎𝟎𝟐}/{𝟏𝟏𝟏} type 

nanofacets and the  11 (113) STGB. (i) Schematic illustration showing the faceting/de-faceting transformation. (j) 

Disconnection-mediated migration of 11 (113) STGB after initial faceting (i.e., nucleation and motion of 
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disconnection dipoles). (k) STGB-to-ATGB transformation via the motion of  (𝟏𝟏�̅�)/(𝟎𝟎𝟐) steps formed after initial 

faceting. 

It is also noticed that the reversible facet transformation predominately occurred at the 

region near the edge free surface in our nano bi-crystals due to the lack of constrains (Figure 4.1). 

The edge free surface acts as the nucleation source of steps (Figure 4.4b) and accommodates the 

mutual transition between 11(113) STGB and (002)/(111) ATGB (Figure 4.4a-d, Figure 4.6a-

c). In polycrystalline materials, other nucleation sources and strain accommodation mechanisms 

are needed. As shown in Figure 4.11 and Figure 4.12m-p, GB junctions [37, 72] that commonly 

exist in polycrystalline materials can be effective sites that promote the nucleation of (1̅1̅1)/(002) 

steps, and coordinate the ATGB-to-STGB (Figure 4.11) and the STGB-to-ATGB transformations 

(Figure 4.12i-p). The GB facet junction [106] and the intersection of stacking fault with GB (as 

evidenced by the simulation results in Figure 4.4e-h) can also play a similar role as GB junctions 

in polycrystalline materials. Moreover, only very localized atom adjustment is needed to 

accommodate the facet transformation (Figure 4.3, Figure 4.4, and Figure 4.5), which could be 

sufficiently accommodated by the lattice distortion of grains in polycrystalline materials. Given 

that 11(113) STGB and (002)/(111) ATGB are found to be preserved as much as possible in the 

GBs vicinal to these special geometrics, such as 52.9 [110] tilt GB[164], and GB faceting is also 

prevalent in various types of GBs[177, 178], it is thus reasonable to believe that the faceting/de-

faceting process and resultant facet transformation mechanisms discussed here could have a 

general implication to the understanding of the structural evolution of faceted GBs during stress-

driven migration in nanocrystalline or polycrystalline materials. 

For the faceted GB constructed by (002)/(111) ATGB and near (111)/(111̅) GB facets, 

GB dissociation, instead of direct facet transformation, was found during the migration process 

(Figure 4.8 and Figure 4.9). This distinction is originated from the different core structures of the 
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steps in these two types of faceted GBs. In other words, there is no low-energy interface 

comparable to the 11(113) STGB that can be formed via the direct coalescence of (111)/(111̅) 

steps or de-faceting process in this case. Consequently, this kind of faceted GB tends to dissociate 

into the two lower-energy interfaces, i.e., 11(113) STGB and 3(111) STGB, during the 

migration process. Additionally, this GB dissociation behavior can be interpreted based on the 

coincidence site lattice (i.e., CSL) GB model. In cubic polycrystals, CSL GBs are classified by a 

 value, which means the reciprocal coincidence site density and the dissociation of CSL GBs are 

believed to follow the so-called “ combination rule”[179]. For instance, 27 → 3 + 9 and 9 

→ 3 + 3[180]. In our case, the faceted GB has a misorientation angle of ~58, very close to the 

ideal value of 33 GB (i.e. 59)[164]. Therefore, the GB dissociation reaction here is essential: 

33 faceted GB → 3(111) STGB + 11(113) STGB. It should be mentioned that the existence 

of the free surface might promote GB dissociation[181] but it is not an indispensable condition 

because the GB dissociation behavior also happens in a restricted environment (i.e., region away 

from the free surface, not shown here), and shear-coupled GB migration accompanied by the 

formation of twins is also common during the deformation of FCC polycrystals[103] 

Moreover, our findings may provide a plausible atomistic understanding of the co-

increased proportion of  11 and 3 GB after the cyclic deformation of nanocrystalline FCC 

metals[102], as any ATGBs with a misorientation angle vicinal to 54.74 could contain the 

(002)/(111) facets in their GB structure, which would directly transform into the 11(113) 

STGB (Figure 4.4) or dissociate into a 11(113) STGB and a 3(111) STGB (Figure 4.8) during 

the stress-driven GB migration process. Furthermore, our work enriches the understanding of the 

complexity of GB migration, as it clearly shows that GB structure is in a metastable state during 

the migration, where mutual transformations occur between the stable GB facets such as 
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(002)/(111) type ATGBs, 11(113) STGB, and 3(111) STGB. Such transformations would 

cause a change in GB crystallography (i.e., misorientation and inclination) and affect the direction 

and speed of GB migration. In our case, the 11 (113) STGB migrates faster than the (002)/(111) 

ATGB, which is supported by our observations that the right part of the GB moved more atomic 

layers than its left part in Figure 4.1a-h and the width of the sub-grain grows much faster than its 

height in Figure 4.8e-f. The dynamic GB structural transformation during the migration process 

and the resulting migration speed discrepancies between different GB facets may be the reason for 

stress-driven directional fast grain growth in nanocrystalline metals[31, 33, 34]. In addition, our 

work emphasizes the importance of the faceting/de-faceting mechanism on GB migration and facet 

transformations, thus could serve a role to bridge the disconnection-mediated GB migration and 

the GB structural transformation resulting from GB complexion transition. 

 

 

 

 

4.4 Conclusion 

In conclusion, the dynamic GB structural transformations during the stress-driven 

migration of two different faceted ATGBs both containing (002)/(111)  facets have been 

revealed using the in-situ HRTEM technique combined with MD simulations. A low-energy 

11(113) STGB was found to form in both cases, via either facet transformation or GB 

dissociation. The core structure of steps, (1̅1̅1)/(002) type or (111)1/(111̅)2 type, connecting 
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the (002)/(111) facets determine which pathway it tends to follow. In addition, the facet/de-

faceting transformation between 11(113) STGB and (002)/(111) type nanofacets appears to be 

the origin of the reversible facet transformation. Whether the 11(113) STGB after initial faceting 

would migrate conservatively or transform into the (002)/(111) ATGB depends on the loading 

condition. Given that any GBs vicinal to these two special geometrics potentially have a GB 

structure similar to what we have observed and GB faceting is commonly observed in various 

types of GBs, the GB structural transformation mechanisms proposed here should have a general 

implication to the deformation-induced GB structural evolution of faceted GBs. The discovery of 

dynamic GB structural transformation during the shear-mediated migration will enrich our 

understanding of the complexity of GB migration and have an impact on the development of 

nanocrystalline materials with microstructure control through thermal-mechanical processing. 
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5.0 Revealing Shear-coupled Migration Mechanism of a Mixed Tilt-twist GB at Atomic 

Scale 

This Chapter is based on our published work[182].In this Chapter, the shear-coupled 

migration behavior of typical mixed tilt-twist grain boundaries will be investigated. Shear-coupled 

GB migration greatly influences the plasticity and creep resistance of nanocrystalline materials. 

However, the atomistic mechanisms underlying the shear-coupled migration of general mixed tilt-

twist GBs (MGBs) remain largely elusive to date. Here, using in-situ HRTEM and MD 

simulations, we uncover the atomic-scale migration behavior of a typical MGB, i.e., 

〈001〉 {200} 〈01̅1〉⁄ {1̅11}  GB, during the room-temperature shear deformation of Au nano-

bicrystals. Two distinct migration patterns showing the opposite signs of shear-coupling factor 

were observed and further revealed to be mediated by the motion of GB disconnections with 

different crystallographic parameters and exhibit different lattice correspondence relations, i.e., 

〈001〉{020}-to-〈01̅1〉{200} and 〈001〉{020}-to-〈01̅1〉{111}. Simulation results confirm that the 

two distinct migration patterns could be activated under different stress/strain states. Moreover, 

excess GB sliding and GB plane reorientation were found to accommodate the GB migration in 

both experiments and simulations, likely due to the necessity of establishing a point-to-point lattice 

correspondence during GB migration. These findings provide atomic-scale experimental evidence 

on the disconnection-mediated migration of MGBs and elaborate on the hitherto unreported 

complex shear response of MGBs, which have valuable implications for optimizing the ductility 

of metallic nanocrystals through controlling GB migration. 
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5.1 Introduction 

Stress-induced grain boundary (GB) migration plays a critical role in the plastic 

deformation and microstructural evolution of nanocrystalline materials[32, 34, 183]. Promoting 

GB migration at room temperature can significantly improve the ductility of nanocrystalline 

materials[184] while inhibiting GB migration at high temperatures could largely enhance the creep 

resistance of nanocrystals[185].    Understanding the mechanisms of GB migration, especially at 

the atomic scale, provides important guidelines for tailoring the mechanical properties of 

nanocrystalline materials through GB engineering. Previous studies reveal that stress-induced GB 

migration is usually coupled to shear deformation (or GB sliding), namely shear-coupled GB 

migration [52, 53]. The shear-coupling factor [34, 53], as defined by 𝛽 = 𝑠 𝑚⁄  where s is the 

magnitude of GB sliding and m is the distance of GB migration, is used to characterize the GB 

migration.  

Numerous experimental[26, 27, 29, 30, 34, 37], simulation[53, 88, 91], and theoretical 

studies[58, 59, 186] have been conducted to investigate the shear-coupled GB migration behavior 

in face-centered cubic metals, with the main focus on simple tilt GBs. Despite that the GBs in these 

metals are generally mixed tilt-twist GBs (MGBs)[187], the shear-coupled migration behavior of 

general MGBs has not been fully described and the atomistic mechanisms of the shear-coupled 

migration of MGB remain largely elusive to date. One micro-scale experimental study revealed 

the concurrent GB migration and grain rotation during the shear-coupled migration of an MGB in 

an aluminum bicrystal, where it was deduced that only the tilt component of the MGB determines 

its shear-coupling factor[28]. Recently, a disconnection model was proposed to describe the GB 

migration[7]. For high-symmetry GBs such as 11(113) symmetrical tilt GB and 5(210) 

symmetrical tilt GB, the simply disconnection-mediated GB migration has been evidenced in both 
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experiments [37, 157, 166] and simulations[70, 71, 96, 188]. In comparison,  low-symmetry GBs 

such as the asymmetrical tilt GB and the MGB may show some special deformation behavior other 

than the disconnection-mediated GB migration, such as GB sliding[12], GB facet transformation 

[88, 149, 189], and GB dissociation [88, 149, 189]. Although simulations[105] suggest that 

thermal-driven migration of some MGBs could be mediated by the motion of step or kink flows, 

i.e., arrays of disconnections,  experimental evidence on whether or how the shear-coupled 

migration of MGBs is mediated by the GB disconnection is still missing.  

In this work, by performing in-situ high-resolution transmission electron microscopy 

(HRTEM) mechanical testing combined with molecular dynamics (MD) simulations, we 

investigate the shear-coupled migration behavior of a typical MGB, i.e.,  

〈001〉 {200} 〈01̅1〉⁄ {1̅11}  GB, during the room-temperature shear deformation of custom-

fabricated Au nanocrystals.  Atomic-scale experimental evidence that the shear-coupled migration 

of MGBs is mediated by GB disconnections is presented. Compared to the migration of 

symmetrical tilt GBs mediated by a single type of GB disconnection [37, 88],  the 

〈001〉 {200} 〈01̅1〉⁄ {1̅11} MGB shows two distinct migration patterns that exhibit the opposite 

signs of shear-coupling factors and different lattice correspondence relations, which are attributed 

to the activation of GB disconnections with different Burgers vectors. Moreover, the shear-coupled 

migration of the MGB is cooperated by GB plane reorientation and excess GB sliding occurring 

at the identical MGB plane, as to establish a point-to-point lattice correspondence during GB 

migration. Consequently, our findings unprecedently reveal the underlying atomistic mechanisms 

of the shear-coupled migration of MGBs and the complex mechanical response of MGBs under 

shear loading, which offer important guidance towards developing metallic nanocrystalline 

materials with superior mechanical properties via controlling GB migration.  



 74 

5.2 Experimental Results 

5.2.1 Two Distinct Types of Migration Behavior of an Identical GB 

Figure 5.1a presents the HRTEM image of the as-fabricated Au bicrystal with a diameter 

of ~14 nm at the neck region. Based on the HRTEM image and corresponding fast Fourier 

transform (FFT) pattern, it is confirmed that G1 is < 001 >-oriented, G2 is < 01̅1 >-oriented, 

and the (200) plane of G1 exactly matches the (1̅11) plane of G2 at the interface. Thus, this 

interface is identified as ⟨001⟩1 {200}1 ⟨01̅1⟩2⁄ {1̅11}2 GB, which is an incommensurate GB due 

to the irrational ratio of lattice spacing across the interface (i.e., the ratio is √6 2⁄ ). In addition, it 

is an MGB since the rotation axis for the orientation relationship of this bicrystal is <0.2443, 

0.5898, 0.7689> with a rotation angle of ~56.63. The filtered inverse FFT (IFFT) pattern of the 

GB region, as inserted at the bottom of Figure 5.1a, is obtained by selecting the diffraction spots 

of {020}1 and {111}2  (enclosed by the red circles in the inserted FFT pattern). As shown in the 

filtered IFFT pattern, the GB structure shows the quasi-periodic feature with uniform distribution 

of GB misfit dislocations at an average distance of ~1.09 nm along the GB. The value of 1.09 nm 

is close to the ideal structural repeat distance of this GB, which is ~1.11nm and calculated by 
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〈010〉|]⁄ . It should be mentioned that the quasi-periodic 

feature of GB structure is commonly observed in various types of incommensurate interfaces [174, 

190, 191].  

Interestingly, performing shear tests on the Au bicrystals with the same orientation 

relationship as that shown in Figure 5.1a, we observed two distinct types of shear-coupled 

migration behavior of this MGB. Figures 5.1b-d and 5.1e-g present the sequential HRTEM 
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snapshots showing the two distinct types of shear-coupled GB migration under the “same” shear 

loading condition (indicated by the white arrows). It is found that although the GBs in the two 

cases both migrate towards the [100] direction of G1 and lead to the [001](200)-to-[01̅1](1̅11) 

plane transformation, one is from G1 into G2 (Figs. 5.1b-d, denoted as type-1 GB migration as 

follows) and the other is from G1 into a newly-formed grain G3 (Figs. 5.1e-g, type-2 GB 

migration) which is in twinning relationship with G2. Due to the mirror symmetry of the twin 

boundary, these two types of GB migration migrate towards the same direction under the 

“opposite” shear loading condition, which indicates the opposite signs of shear-coupling factors. 

Note that grain G2 rotates slightly by ~3 with the shear strain accumulating, which is likely 

responsible for the observed lattice distortion and few scattered lattice dislocations in G2 (Figs. 

5.1d and 5.1g).  

Moreover, the shear deformation of the bicrystals was not fully coupled to either type-1 or 

type-2 GB migration. Specifically, type-1 GB migration as shown in Figures 5.1b-d cooperated 

with the excess GB sliding (indicated by the blue arrow in Fig. 5.1d) that occurred on the identical 

⟨001⟩1 {200}1 ⟨01̅1⟩2⁄ {1̅11}2 MGB plane to accommodate the overall shear deformation; while 

the shear deformation of the bicrystal in Figures 5.1e-g was accommodated by the type-2 GB 

migration along with the upward migration of the residual original MGB (i.e., type-1 GB 

migration). In addition, GB plane reorientation was observed after both types of GB migration 

(Figs. 5.1d and 5.1g). The above experimental results indicate that the shear-coupled migration of 

MGBs is more complicated than that of tilt GBs where the GB migration is usually conservative 
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(i.e., GB structure and GB plane nearly keep the same during the migration) and fully coupled to 

shear deformation [37, 38].  

 

Figure 5.1 Two distinct types of shear-coupled migration behavior of the ⟨𝟎𝟎𝟏⟩ {𝟐𝟎𝟎} ⟨𝟎�̅�𝟏⟩⁄ {�̅�𝟏𝟏} MGB in 

Au bicrystals. (a) As-fabricated Au bicrystal containing a flat {𝟐𝟎𝟎} {�̅�𝟏𝟏}⁄  MGB at the neck region. Fast Fourier 

transformation (FFT) pattern and filtered Inversed FFT (IFFT) pattern are inserted to show the crystallography of the 

bicrystal and the semi-coherent feature of the GB. (b-d) With the applied shear deformation (indicated by the white 

arrow), part of the GB migrated upwards along the [100] direction of grain 1 (denoted as G1) by transforming the 

(𝟐𝟎𝟎)𝟏 plane of G1 into the {�̅�𝟏𝟏}𝟐 plane of grain 2 (denoted as G2). (e-f) With the “same” shear loading, another 

type of GB migration behavior that also involves the transformation of (𝟐𝟎𝟎) plane into {�̅�𝟏𝟏} plane was observed. 

This kind of GB migration is accompanied by the formation of new grain G3 that is in a twinning relationship with 

G2. Scale bar: 2nm 

5.2.2 Atomistic Processes of the Two Distinct Types of GB Migration  

To explore the atomistic mechanisms of the type-1 and type-2 GB migration, frame-by-

frame analyses on the GB structural evolution during the migration were conducted and shown in 

Figures 5.2a-f and 5.2g-l, respectively. It is found that the type-1 GB migration is mainly via the 

nucleation and motion of GB disconnections with a step height of one atomic layer on the original 

{200}1 {1̅11}2⁄  GB (Figs. 5.2a-c). The directions of GB disconnection motion and GB migration 

are along [010] and [100] directions of G1, respectively. The inserts in Figures 5.2a and 5.2b 
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indicate the lattice deformation after the glide of a GB disconnection, which clearly shows the 

displacement of atom columns on the (1̅11) plane of G2 by a maximum value of ~1.4Å during 

this process. The GB disconnections with the step height of two or three atomic layers were also 

observed (Figs. 5.2d and 5.2e), which are likely to be formed via the composition of one-layer GB 

disconnections (Figs. 5.2c-d) and can decompose back into one-layer disconnections in the 

subsequent deformation (Figs. 5.2e-f). Note that the serrated {200}1  and {020}1  edge surface 

morphology of G1 is replaced by the {111}2 facet after the type-1 GB migration. It is believed that 

the {020}1 planes of G1 are transformed into the {200}2 planes of G2 during the GB migration.  

In comparison, type-2 GB migration is not via the direct migration of original 

{200}1 {1̅11}2⁄  GB. It is enabled by the formation of a new grain G3 at the incipient stage of 

deformation (Fig. 5.2h), which could be a product of GB dissociation [149]. Grain G3 has its {1̅11} 

planes parallel to the {200} plane of G1 and is in a twinning relationship with G2. It should be 

emphasized that the subsequent growth of G3 is not via twinning (i.e., the glide of twinning partials 

on the twin boundary) but via the migration of GBs between G1 and G3 (Figs. 5.2i-j), including 

an inclined GB (roughly the {31̅0}1 {1̅22}3⁄  GB) and the horizontal {200}1 {1̅11}3⁄  GB. Here, 

we focus on the migration of {200}1 {1̅11}3⁄  GB facet to make the direct comparison to type-1 

GB migration. One-layer GB disconnections are also observed to mediate the migration of this GB 

(Figs. 5.2j and 5.2k). However, different from the process of type-1 GB migration, the motion of 
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these GB disconnections appears to transform the {020}1  planes into the {111}3  planes, as 

evidenced by the clockwise rotation of the surface facet by an angle of ~23. 

 

Figure 5.2 Sequential HRTEM snapshots showing the atomistic processes of the two types of GB migration 

behavior. (a-f) Type-1 GB migration via the continuous motion of GB steps/disconnections. These disconnections 

are primarily at the step height of the one-atomic layer, but the formation and de-composition of disconnections with 

a step height of two or three atomic-layer were also observed. Inserts in (a) and (b) show the lattice deformation during 

GB migration, indicating the transformation from (𝟎𝟐𝟎)𝟏 plane into (𝟐𝟎𝟎)𝟐 plane during the process. (g-l) Type-2 

GB migration that was accompanied by the formation and growth of a new grain (denoted as G3). The growth of G3 

was via the migration of GBs between G1 and G3 (indicated by the blue and the yellow dash lines). Some GB 

disconnections with the step height of one atomic layer can be identified on the {𝟐𝟎𝟎}𝟏 {�̅�𝟏𝟏}𝟑⁄  GB.  Scale bar: (a-

l), 1nm;  inserts in (a,b), 0.5 nm. 
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5.2.3 Theoretical Analysis of the GB Disconnections 

To elucidate the above experimental results that the two types of GB migration can both 

be mediated by the motion of one-layer GB disconnections, we conducted theoretical analysis of 

the crystallographic parameters of these GB disconnections. By comparing the GB disconnections 

as shown in Figure 5.3a, it is found that the two disconnections migrate towards the same direction 

under the “opposite” shear loading (Fig 5.3a2 is flipped horizontally for direct comparison). It is 

thus inferred that the Burgers vectors of these disconnections are in opposite directions. According 

to the Pond’s topological theory of bicrystallography[67, 68], the Burgers vectors of interfacial 

defects can be determined by carrying out the Volterra operation at the incompatible surface steps 

constructing the interfacial defects (Fig. 5.3b), which gives  

𝒃 = 𝒕(𝜆) − 𝑷𝒕(𝜇)                                                           (5-1) 

Where 𝒕(𝜆) and 𝒕(𝜇) are translation vectors defining the surface steps on the adjacent 

crystals (Fig. 5.3b), P is a transformation matrix re-expressing 𝒕(𝜇) in the coordinate frame of 𝜆. 

Because the ⟨001⟩1 {200}1 ⟨01̅1⟩2⁄ {1̅11}2  GB exhibits semi-coherent feature (Fig. 5.1a), the 

strained coherent dichromatic pattern (CDP) was used as the reference to analyze the Burgers 

vectors of disconnections [192]. The CDP could be obtained by applying biaxial strains to the two 

half-crystals in order to bring them into coherency at the interface. Here, the two half-crystals were 

equally strained to form the coherent reference state indicated by the dark unfilled symbols in 

Figure 5.3c. A unit cell of the coherent reference state at the interface is marked by the dark solid 

lines in Figure 5.3c,  which shows the planar spacings along the two commensurate directions, i.e., 

[001]1  and [010]1 , equal to (√6 + 2)𝑎 8⁄  and (√2 + 2)𝑎 8⁄ , respectively.  Accordingly, the 

coherent dichromatic pattern (CDP) for the analysis of disconnections of the 
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⟨001⟩ {200} ⟨01̅1⟩⁄ {1̅11} GB can be obtained as shown in Figure 5.3d,  where 𝜇 is the 〈001〉-

oriented G1 indicated by symbols in dark blue and 𝜆 is the 〈01̅1〉-oriented G2 represented in light 

blue. The square and circle symbols indicate the atoms belonging to different {002}1 or  {01̅1}2 

planes along the out-of-paper direction. As shown in Figure 5.3d, for the translation vector 𝒕() =

 
1

2
〈1̅01〉1for the 〈001〉-oriented G1, there are two types of admissible translation vector 𝒕(𝜆), i.e., 

1

4
〈21̅1̅〉2  or 

1

2
⟨011⟩ , for the 〈01̅1〉 -oriented G2. Consequently, there are two different 

combinations of translation vectors to construct the one-layer disconnections, which would 

generate two different Burgers vectors (numbered as 𝒃𝟏  and 𝒃𝟐 , Fig. 5.3d). Crystallographic 

parameters of these four admissible Burgers vectors are listed in Table 5.1. It is shown that 𝒃𝟏 and 

𝒃𝟐 disconnections both contain the Burgers vector components perpendicular to the GB plane 

(denoted as 𝒃𝑝), which is small (|𝒃𝑝| =
2√3−3

6
𝑎, 𝑎 = 4.08 Å is the lattice constant of Au) and 

should be efficiently accommodated by the disconnections themselves[193]. Moreover, 𝒃𝟏 type 

disconnection has an edge component 𝒃𝒆  (|𝒃𝑒| =
√6+2

12
𝑎) and a screw component 𝒃𝑠  (|𝒃𝑠| =

2+√2

8
𝑎). In contrast, 𝒃𝟐 type disconnection has only the edge component 𝒃𝒆 (|𝒃𝑒| =  

√6+2

24
𝑎). In 

addition, the edge component of 𝒃𝟏  is in the opposite direction of that of 𝒃𝟐 . It should be 

mentioned that the crystallographic parameters of these two admissible types of disconnections 

(Table 5.1) are deduced on the basis of a strained CDP which is a purely topological model. In 

addition, non-affine movement of atoms (i.e., shuffling) is believed to be indispensable to 

accomplish the GB migration. Therefore, it is hard to determine the exact values of the Burgers 

vectors of these disconnections at this point. Referring to the right-hand rule of determining the 

motion direction of a given dislocation under an applied shear stress, we find that the motion of 

𝒃𝟏  type disconnections mediates the type-1 GB migration (Figure 5.2a-f) while the 𝒃𝟐  type 
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disconnection accommodates the type-2 GB migration (Figure 5.2g-l). One further evidence is that 

the maximum lattice displacement generated by the glide of disconnection during type-1 GB 

migration is ~1.4Å (as measured in the inserts of Figure 5.2a-b), which reseaonably matches the 

magnitude of the edge component of 𝒃𝟏 disconnection. 

 

Figure 5.3 Theoretical analysis of the admissible GB disconnections of the ⟨𝟎𝟎𝟏⟩ {𝟐𝟎𝟎} ⟨𝟎�̅�𝟏⟩⁄ {�̅�𝟏𝟏} MGB. (a) 

Comparsion of the GB disconnections mediating the two types of GB migration. (a1) was cropped from Figure 5.2b 

while (a2) is taken from Figure 5.2j and flipped horizontally for comparison. (b) Schematic illustration showing the 

formation of a GB disconnection by bonding the two incompatible surface steps. The direction of the sense vector  

is out-of-paper. (c) Schematic illustration showing the construction of a strained coherent reference state at the GB 

plane. The dark blue, light blue, and dark unfilled symbols indicate the unstrained (𝟐𝟎𝟎) plane of crystal , the 

unstrained (�̅�𝟏𝟏) plane of crystal , and the coherent reference state, respectively. The cubic and circle symbols 

indicate the atoms in different depths along the [001]1 direction. (d) Coherent dichromatic pattern for the disconnection 
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analysis of ⟨𝟎𝟎𝟏⟩ {𝟐𝟎𝟎} ⟨𝟎�̅�𝟏⟩⁄ {�̅�𝟏𝟏} GB. The dark blue and light blue symbols in (d) indicate the strained crystal 

 and crystal , separately.  The yellow dash lines indicate the GB plane with a disconnection on it. 

 

Table 5.1 Crystallographic parameters of  two admissible one-layer disconnections. 𝒃𝒆  and 𝒃𝒔  represent the 

Burgers vectors of their edge and screw components, and 𝒃𝒑  indicates the Burgers vector component that is 

perpendicular to the GB plane. 

Disconnection type 𝒕(𝝀) 𝒕(𝝁) 𝒃𝒆 𝒃𝒑 𝒃𝒔 

𝒃𝟏 
1

2
⟨011⟩ 

1

2
⟨1̅01⟩ 

√6 + 2

12
𝑎 

2√3 − 3

6
𝑎 

√2 + 2

8
𝑎 

𝒃𝟐 
1

4
⟨21̅1̅⟩ 

1

2
⟨1̅01⟩ 

√6 + 2

24
𝑎 

2√3 − 3

6
𝑎 0 

 

Furthermore, one may find from Figure 5.3d that the two types of GB migration lead to 

different lattice correspondence relationships during GB migration as the movement of atoms is 

along different directions. In both cases, (200)1 atomic plane would transform into (1̅11)2 atomic 

plane during disconnection-mediated GB migration as the two planes are parallel to the GB. This 

transformation process involves in-plane atom shuffling as shown in Figure 5.4b. However, for 

the other atomic planes that are not parallel to the GB, lattice correspondence relationships of the 

two types of GB migration are different. Specifically, the type-1 GB migration mediated by the 𝒃𝟏 

type disconnection would transform the (020)1 plane of G1 into the (200)2 plane of G2 (Fig. 

5.4a). Except for the shuffling accompanying the (200)1-to- (1̅11)2 transformation, an additional 

shear with a magnitude of 
√2

4
𝑎  (indicated by the orange arrow, which is parallel to 〈01̅1〉2 

direction and contributed by the screw component of 𝒃𝟏  type disconnections) and shuffling 

(indicated by the green arrow) within the (020)1 plane are needed to accomplish the (020)1-to-

(200)2 lattice transformation (Fig. 5.4c). While for the type-2 GB migration, the motion of  𝒃𝟐 

type disconnection would lead to the transformation of (020)1  atomic plane into the (111)2 
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atomic plane (Fig. 5.4a), during which only atom shuffling is needed (Fig. 5.4c). Note that the 

dashed purple circles in Figure 5.4c indicate the atoms in rearranged  (020)1  plane after the 

(200)1 -to- (1̅11)2  transformation, instead of the original (020)1  plane. The crystallographic 

parameters of 𝒃𝟏 type disconnections can thus be modified: the 𝒃𝟏 type disconnection should have 

an edge component with the magnitude of 
√6+2

12
𝑎 and a screw component with the magnitude of  

√2

4
𝑎 .Note that accurate crystallographic parameters of these GB disconnections can not be 

determined at this point due to the uncertain extent of atom shuffling. 

 

Figure 5.4 Topological analysis of the lattice transformation relations during GB migration. (a) Atomic models 

of the 〈𝟎𝟎�̅�〉-oriented G1 and the 〈𝟎𝟏�̅�〉-oriented G2 with the (𝟏𝟎𝟎) plane of G1 parrallel to the (�̅�𝟏𝟏) plane of G2. 

Atoms in G1 are colored purple while that in G2 are blue. (b) Schematic illustration showing the necessary localized 

atoms adjustment to complete the (𝟐𝟎𝟎)𝟏-to- (�̅�𝟏𝟏)𝟐  transformation. (c) Schematic illustration showing the two 

different lattice transformation relations: (𝟎𝟐𝟎)𝟏-to-(𝟐𝟎𝟎)𝟐 and (𝟎𝟐𝟎)𝟏-to-(𝟏𝟏𝟏)𝟐. The dash purple circles indicate 

the atoms arrangement of (𝟎𝟐𝟎)𝟏 plane after the shuffling during the (𝟐𝟎𝟎)𝟏-to- (�̅�𝟏𝟏)𝟐 transformation. The purple 

arrows in (b) and (c) indicate the movement of atoms during the transformations. The dash orange arrow and the green 
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arrow in (c) indicate the shear displacement contributed by the screw component of disconnection and the atoms 

shuffling to accompany the transformation, separately. 

5.2.4 MD Simulation of Two Types of GB Migration 

According to the theoretical analysis above, the GB disconnections in the two types of GB 

migration are deduced to have different crystallographic parameters and result in different lattice 

correspondence relations. Consequently, the activation of GB migration following different lattice 

correspondence relations would require different stress/strain states. Referring to the modified 

crystallographic parameters of the disconnections, the type-1 GB migration following the (020)1-

to-(200)2 plane transformation (i.e., mediated by 𝒃𝟏 type disconnection) is preferred when the 

shear loading has an angle between 43.6 with the 〈010〉1 direction, while the type-2 GB migration 

following the (020)1 -to-(111)2  plane transformation is activated when the shear loading is 

parallel to the 〈010〉1  direction. Considering that HRTEM images are projective and phase-

contrast images, exactly resolving the structure change along the beam direction and the lattice 

correspondence relations during GB migration from HRTEM images is difficult. Therefore, we 

constructed two MD simulation models, one has the shear direction parallel to the 〈010〉1 direction 

but the one has the shear direction parallel to the 〈01̅1〉1 direction, to further verify the two types 

of GB migration and underlying lattice correspondence relations.  

Figure 5.5 presents the case of shearing parallel to the 〈010〉1  direction. As shown in 

Figures 5.5a and 5.5b, after the shear deformation, the original flat (200)1 (1̅11)2⁄  GB in the 

bicrystal was replaced by a twin boundary and an inclined GB consisting of (200) (1̅11)⁄  GB 

nanofacets, which exactly matches the GB deformation behavior in Figures 5.1e-f. The formation 

of the twin boundary is because that the shear direction 〈010〉1 is parallel to the Burgers vector of 
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one of the Shockley partial dislocations of the bottom grain G2. Thereafter, an analysis of the 

sequential snapshots of MD simulations was performed to view the atomistic process of GB 

migration. From the analysis, we noticed that the GB deformation along the [001]1 direction of 

the bicrystal is complicated and not uniform. To better elucidate this non-uniform GB deformation, 

the front views of the bicrystal at different depths along the [001]1  direction  during the 

deformation are presented in Figures 5.5c-f (i.e., middle) and Figures 5.5g-j (i.e., side), and  

meanwhile the top views of a selected (200)1 atomic plane (indicate by the red arrows in Figures 

5.5c and 5.5g) during the deformation are shown in Figure 6k-n. Note that Figures 5.5c-f, .5.5g-j, 

and 5.5k-n are taken at the same time sequence. In addition, several (020)1 atomic planes are 

colored in orange to show the transformations of these atomic planes during GB migration (Figures 

5.5c-j).  

At the incipient stage of deformation, there is a new grain (denoted as G3) that was formed 

at the region at the middle of the GB (Figure 5.5k) and near the right side free surface of the 

bicrystal (Figure 5.5c). The new grain G3 is in twinning relation with the bottom grain G2. While 

for the region near the front (and back) side of the bicrystal, the GB first migrated downward for 

several atomic layers through the collective motion of one-atomic-layer 𝒃𝟐  type GB 

disconnections (Figures 5.5g and 5.5k). Then, a new grain G4 that is also in a twinning relationship 

with G2 was formed (Figures 5.5e and 5.5h) and the growth of G4 at subsequent deformation was 

via the collective migration of the (200)1 (1̅11)4⁄  GB nanofacets (Figure 5.5h-j). The collective 

migration of these (200)1 (1̅11)4⁄  GB nanofacets exactly followed the (020) -to-(111)  type 

lattice correspondence relation (i.e., type-2 GB migration), as directly evidenced by the 

transformation of the vertical (020)1 atomic planes (colored in orange) into the inclined (111)4 

atomic planes (Figures 5.5g-j). Back to the complex deformation at the middle-right region of GB, 
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the new grain G3 did not grow like G4. Instead, the entire G3 glided along the (200)1 (1̅11)2⁄  

GB, which was enabled by the motion of disconnections that are between G1 and G3. It requires 

that these disconnections (indicated by the solid and the dashed blue curves in Figures 5.5m and 

5.5n) have different Burgers vectors, i.e., 𝒃𝟐 type and 𝒃𝟏 type. In fact, stacking faults (SFs) were 

formed in G3 before the glide of G3 as a whole. The formation of SFs can exactly compensate for 

the differences in the screw component between 𝒃𝟏 type and 𝒃𝟐 type disconnections. 

 

Figure 5.5 MD results of GB migration following the (𝟎𝟐𝟎)𝟏-to-(𝟏𝟏𝟏)𝟐 type lattice transformation. (a, b) Au 

bicrystal before and after the shear deformation. Shear displacement was applied on the top fixed end along the [010]1 

direction. (c-f, g-j) Sequential snapshots showing the GB structures at different depths along the [𝟎𝟏𝟎]𝟏 direction .  

The sliced positions are indicated by the dashed lines in k. Selected atom columns on (𝟎𝟐𝟎)𝟏 atomic planes were 

colored orange to show the lattice transformation. New grains formed after twinning are denoted as G3 and G4, 
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separately. The purple arrows indicate the motion directions of GB disconnections. (k-n) Top views of a thin (indicated 

by the red arrows in c and g) atomic layer showing the atomic plane transformation during GB migration in c-f and g-

h. The curved lines represent the disconnection lines between different grains. Green atoms represent the bulk face-

centered cubic atoms while white ones indicate boundary atoms. 

Figure 5.6 shows the case of shearing parallel to the 〈01̅1〉1 direction. In this case, the 

bicrystal was rotated 45 around the [100]1 direction to present the lattice transformation during 

GB migration (Figure 5.6a). After shear deformation, the (200)1 (1̅11)2⁄  GB migrated downward 

(Figure 5.6b). The sequential snapshots of MD simulations results in Figures 5.6c-f show that the 

GB migration in this case followed the (020)-to-(200) type lattice correspondence relation (i.e., 

type-1 GB migration), as evidenced by the transformation of the inclined (200)2 atomic planes 

(colored in dark green) into the vertical (020)1 atomic planes. Meanwhile, the top views of the 

selected (1̅11)2 atomic plane (indicated by the red arrows in Figure 5.6c) captured at the same 

time sequence as that of Figures 5.6c-f clearly shows the (1̅11)2-to-(200)1 plane transformation 

was mediated by the motion of GB disconnection (Figs. 5.6g-j).  

The MD simulation results confirm the two different GB migration patterns and underlying 

lattice correspondence relations, i.e., (020) -to- (111)  type and (020) -to- (200)  type, of the 

(200)1 (1̅11)2⁄  GB. In addition, akin to experimental results in Figure 5.1b-g, GB sliding and GB 

plane reorientation are found to concurrently occur with the GB migration (Figs. 5.5b and 5.6b). 

Notably, the GB sliding also happened on the (200)1 (1̅11)2⁄  GB plane, as reflected in the surface 

steps that were formed after the shear deformation of the bicrystals (Figures 5.5b and 5.6b). 
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Figure 5.6 MD results of GB migration following the (𝟐𝟎𝟎)𝟐 -to-(𝟎𝟐𝟎)𝟏 lattice transformation. (a, b) Au 

bicrystal before and after the shear deformation. Shear displacement was applied on the top fixed end along the x-axis 

of the bicrystal, i.e., [𝟎𝟏�̅�]𝟏 direction. (c-f) Sequential snapshots showing the (𝟐𝟎𝟎)𝟐 -to- (𝟎𝟐𝟎)𝟏  lattice plane 

transformation during the GB migration. The sliced positions are indicated by the dashed lines in g. Atoms on (𝟐𝟎𝟎)𝟐 

atomic planes are selectively colored in dark green to trace the lattice transformation. The purple arrows indicate the 

motion directions of GB disconnections. (g-j) Top views of a thin slice perpendicular to the z-axis showing the 

(�̅�𝟏𝟏)𝟐-to-(𝟐𝟎𝟎)𝟏 atomic plane transformation during GB migration in c-f. The position of the thin slice is indicated 

by the red arrows in c. 

5.2.5 Origin of Excess GB Sliding and GB Plane Reorientation 

Given that both experimental (Figs. 5.1b-g) and simulational (Figs. 5.5 and 5.6) results 

indicate that excess GB sliding and GB plane reorientation accommodate the GB migration, 

additional theoretical analysis was performed to pinpoint the roots of these phenomena. In theory, 

GB migration is essentially the result of lattice transformation between the adjoining crystals [7, 

53]. Therefore, disconnection-mediated shear-coupled GB migration has to establish a point-to-

point lattice correspondence relation between the crystals. For the symmetrical tilt GBs such as 
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the 11(113) symmetrical tilt GB, the atomic planes perpendicular to the GB are identical, e.g., 

{113} planes, which makes the point-to-point lattice correspondence during GB migration easy to 

establish. In comparison, the non-symmetrical GBs such as asymmetrical tilt GBs and MGBs have 

different atomic planes adjoined at the GB plane. Different atomic planes have different planar 

packing fractions (PPFs), which makes the establishment of point-to-point lattice correspondence 

in non-symmetrical GBs more difficult than that in symmetrical tilt GBs. There must be some 

prerequisites for the GB disconnections so they can effectively mediate the shear-coupled 

migration of these non-symmetrical GBs. For instance, Pond et al. investigated the structure and 

mobility of various interfacial defects, i.e., disconnections, at a 〈110〉 90° (111) (12̅1)⁄  

asymmetrical tilt GB in Au using postmortem HRTEM and atomistic simulation, and they found 

that only the 𝒃3 1⁄  disconnections ( 3 1⁄  means three (24̅2)  atomic planes match one (111) 

atomic plane at the disconnections) can move conservatively under an applied shear strain, as to 

ensure the constant total number of atoms during GB migration [166].  

Regarding the 〈001〉 {200} 〈01̅1〉⁄ {1̅11} MGB in our work, our results have shown that 

the dominant GB disconnections mediating the GB migration have a step height of one atomic 

layer, i.e., one (200) atomic plane matches one (1̅11) atomic plane at the disconnections (Figure 

5.2), and have 𝑏𝑝 =
2√3−3

6
𝑎. As presented in ref [194], when a disconnection of a length L and 

step height h moves in a velocity of v, the diffusive flux during the motion can be expressed as: 

𝐼 = 𝐿𝑣[ℎ∆𝑋 +  𝑏𝑝𝑋]                                                           (5-2) 

where X indicates the difference in the number of atoms per unit volume between the two crystals 

 and , e.g., X-X; X could be either X or X, depending on the direction of disconnection 

movement; 𝑏𝑝  is the disconnection’s Burgers vector component that is perpendicular to the 

interface, i.e., the climb component. In the present case, crystals  and 𝜆 are Au crystals having 
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the identical number of atoms per unit volume (i.e., X=X), which makes X=0. Then, equation 

(5.2) can be re-formulated as: 

𝐼 = 𝐿𝑣𝑏𝑝𝑋                                                                  (5-3) 

Therefore, the diffusive flux accompanying the motion of a disconnection is directly caused by the 

motion of the climb component of the disconnection, i.e. 𝑏𝑝. The diffusional flux of these one-

atomic-layer disconnections is non-zero as 𝑏𝑝 =
2√3−3

6
𝑎 , which suggests these disconnections 

cannot move conservatively. To further elaborate on this issue, we estimated the climbing velocity 

of these one-atomic-layer disconnections to explain the observed mobility of these disconnections. 

The estimation of climbing velocity was carried out using the method presented in Ref [157] and 

gave a value of 1.47 𝜇𝑚 𝑠−1 which is higher by five orders of magnitude than the deformation 

speed applied in the experiments, i.e., 0.01 𝑛𝑚 𝑠−1. Hence, it is believed  that a high velocity of 

the moving climb component of these disconnections could result in the observed mobility of these 

disconnections. 

 As the motion of a one-atomic-layer disconnection alone cannot mediate the conservative 

migration of the MGB, excess GB sliding occurred simutaneously with GB migration. Moreover, 

to eventually achieve the conservative GB migration, the area ratio of the (200) and (1̅11) planes 

matched at the GB has to be inversely proportional to the PPFs ratio of these planes 

( 𝑃𝑃𝐹{111} 𝑃𝑃𝐹{002}⁄ = 1.154 ), ensuring the constant total number of atoms during GB 

migration. The GB plane reorientation can exactly alter the area ratio of the matching (200) and 

(1̅11) planes at the GB and a simplified geometrical model is proposed as follows to elucidate it. 

Figure 5.7b illustrates the scenario that the 〈001〉 {200} 〈01̅1〉⁄ {1̅11}  MGB plane rotated 

anticlockwise around the out-of-paper direction by a certain angle . Assuming the length of the 

bicrystal along the out-of-plane direction is a constant,  the rotated GB plane would have the area 
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ratio of the matching (200) and (1̅11) planes equal to the length ratio of 𝑙(200)1 and 𝑙(1̅11)2 as 

shown in  Figure 5.7b. The relations between 𝑙(200)1, 𝑙(1̅11)2, and the length of the projected GB 

plane, i.e., 𝑙𝐺𝐵, are as follows: 

𝑙(200)1 = 𝑙𝐺𝐵 cos 𝛼                                                             (5-4) 

and  

𝑙(1̅11)2 =  𝑙𝐺𝐵 sin(109.5° − 𝛼) sin 𝛼⁄                                 (5-5) 

Then, the length ratio is 

𝑙(200)1 𝑙(1̅11)2⁄ =  sin 𝛼 cos 𝛼 sin(109.5° − 𝛼)⁄                             (5-6) 

On the basis of Eqn. (5.6), the change of length ratio to the inclination angle 𝛼 is plotted in 

Figure 5.7c. It clearly shows that the length ratio increases with the inclination angle, and equals 

the PPFs ratio of (1̅11) and  (200) planes at the inclination angle of ~20. It indicates that GBs 

with an inclination angle close to 20 could build up the point-to-point lattice correspondence and 

thus migrate conservatively. To verify this conjecture, both experimental and simulational studies 

were performed and shown in Figures 5.7d-m. Figures 5.7d-i present the experimental results that 

an Au bicrystal with the ⟨001⟩1 {200}1 ⟨01̅1⟩2⁄ {111}2 GB was deformed by the applied shear 

strain (indicated by the white arrow in Figure 5.7d), where the shear direction has a rotated angle 

of ~23 to the original GB plane. At the incipient deformation stage, the GB plane was reoriented 

to be nearly parallel to the shear direction (Figure 5.7e). Then, the re-oriented GB migrated with 

no further GB plane reorientation observed (Figures 5.7f-i). The {1̅11}2  surface facet of the 

bottom grain changed into the {020}1 surface facet of the upper grain under the shear loading, 

which accompanied the GB migration towards the bottom grain. Additionally, the shear-coupling 

factor during the steady state of GB migration (Figure 5.7f-i) is measured to be ~0.55±0.02, which 

reasonably matches the theoretical value of ~0.523 that is calculated based on the {1̅11}2-to-
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{020}1 lattice correspondence relationship (𝛽 ≈ tan 39° − tan 16°). In addition, Figures 5.7j-m 

show the simulational results of the shear-coupled migration of a ⟨001⟩1 {31̅0}1 ⟨01̅1⟩2⁄ {255}2 

GB that has an inclination angle of ~19 to the ⟨001⟩1 {200}1 ⟨01̅1⟩2⁄ {111}2  GB. The as-

constructed ⟨001⟩1 {31̅0}1 ⟨01̅1⟩2⁄ {255}2 GB had a faceted GB structure (Figure 5.7j) that later 

transformed into an array of ⟨001⟩1 {200}1 ⟨01̅1⟩2⁄ {111}2 GB nanofacets connected by the GB 

disconnections during the subsequent shear deformation (Figures 5.7k-m). No substantial excess 

GB sliding and GB plane reorientation were observed during this process and the changes in the 

selected (020)1 atomic planes (colored in orange) after the GB migration (Figure 5.7m) proves 

the GB migration followed the {020}1-to-{1̅11}2 lattice correspondence relationship. 

It needs to mention that Figure 5.7 only depicts the case of GB migration following the 

{020}1 -to-{1̅11}2  type lattice correspondence relationship (i.e., type-2  GB migration) as an 

example. GB migration following the {020}1-to-{200}2 type lattice correspondence relationship 

(i.e., type-1 GB migration) is also expected to reorient the GB plane to achieve the conservative 

GB migration (e.g., Figure 5.1b-d), but such GB plane reorientation should not only occur around 

the out-of-plane direction (i.e., [001]1) as that in Figure 5.7 but occur around [010]1direction 

since the GB disconnections mediating the  {020}1-to-{200}2 type lattice transformation shall 

have an additional shear component parallel to the [010]1direction. More delicate experimental or 

simulational studies are needed in the future to elucidate the exact criteria of conservative GB 

migration following {020}1-to-{200}2 type lattice correspondence relation. 
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Figure 5.7 Geometrical analysis of the concurrent GB migration and GB sliding under shear deformation. (a, 

b) Schematics of bicrystals with a flat ⟨𝟎𝟎𝟏⟩ {𝟐𝟎𝟎} ⟨𝟎�̅�𝟏⟩⁄ {�̅�𝟏𝟏} GB (a) and with the GB plane reoriented by a 

certain inclination angle  (b). The lengths of the atomic planes matching at the GB change with the reorientation of 

GB. (b) Plot of the length ratio between (𝟐𝟎𝟎)𝟏 and (𝟏𝟏𝟏)𝟐 planes that match at the reoriented GB plane. (d-i) 

Sequential HRTEM images showing the shear deformation of the Au bicrystal was dominated by GB migration after 

the GB plane reoriented to  = 23. (j-m) MD simulation results showing the migration of a GB with  = 19 was 

accommodated by the coordinate migration of ⟨𝟎𝟎𝟏⟩ {𝟐𝟎𝟎} ⟨𝟎�̅�𝟏⟩⁄ {�̅�𝟏𝟏} GB facets. Scale bar. (d-i) 5 nm. 
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5.3 Discussion 

MGBs have both tilt and twist components. A low-angle MGB is normally described as an 

array of edge and screw dislocations. The collective motion of these constituent dislocations 

accommodates the deformation of the low-angle MGB, wherein the edge dislocations contribute 

to GB migration whereas the screw ones cause grain rotation[28]. For the high-angle MGBs, 

previous simulation studies indicate that some special coincidence site lattice (CSL) MGBs, i.e., 

3 [111] 60 boundary with {11 8 5} GB plane [195] and 7 [111] 38.21 MGBs[105], are faceted, 

stepped, or kinked at the atomic scale with the corresponding low-energy  CSL symmetrical tilt 

GBs being the constituent GB facets or terraces. Based on the assumption that only the symmetrical 

tilt GB component contributes to the shear-coupled migration of MGBs, Han et. al. [7] proposed 

an unverified theoretical equation to predict the shear-coupling factors of MGBs. However, CSL 

MGBs only represent a special set of GBs. MGBs in reality are generally the non-CSL GBs with 

irrational GB planes [154, 160, 196]. In these general cases, the MGBs normally consist of low-

energy GB facets comprised of at least one low-index plane, e.g., (100), (110), and (111) planes, 

instead of symmetrical tilt GB facets. Our work takes the 〈001〉 {200} 〈01̅1〉⁄ {1̅11} MGB as an 

case study to uncover the atomistic mechanims of the shear-coupled migration of the MGBs 

comprised of at least one low-index plane, and our results provide the atomic-scale experimental 

evidence that the migration of MGBs could be mediated by the motion of GB disconnections on 

the MGB plane itself instead of on its symmetrical tilt GB component. 

As shown in our results, there are several striking features of the shear-coupled migration 

of MGBs. First, there exist distinct types of migration behavior showing the opposite signs of 

shear-coupling factors for the same 〈001〉 {200} 〈01̅1〉⁄ {1̅11}  MGB deformed at room 
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temperature, which arises from the activation of GB disconnections with different crystallographic 

parameters (Figure 5.2 and Table 5.1). As predicted by the disconnection theory, there is a broad 

spectrum of admissable GB disconnections with various choices of Burgers vectors and step 

heights for an arbitrary GB crystallographic (including the symmetrical tilt GBs) [64, 65, 67]. 

Although GB disconnections with different Burgers vectors and step heights for the same GB have 

also been observed in the migration of some symmetrical tilt GBs, these disconnections either 

belong to the same type with the identical shear-coupling factors [37, 88] or produce the opposite 

signs of shear-coupling factors but can only be activated at different temperatures [69, 86]. They 

are notably different from the two types of GB disconnections in MGBs that produce the opposite 

signs of shear-coupling factors at room temperature (Figure 5.2). Secondly, the revealed two lattice 

correspondence relationships, i.e., (020)-to-(111) type and (020)-to-(200) type,  during the 

shear-coupled migration of ⟨001⟩1 {200}1 ⟨01̅1⟩2⁄ {1̅11}2  MGB involves the transformations 

between different atomic planes, which are different from what happens in symmetrical tilt GBs 

wherein the corresponding planes are normally identical atomic planes. For instance, shear-

coupled migration of <001> tilt GBs involves the transformation of either {100} or {110} atomic 

planes of one lattice into the identical atomic planes of the other lattice, depending on the 

misorientation angle and the deformation temperature[53, 91]. Instead, they are similar to the 

Basal-Prismatic[137, 197] and Basal-Pyramidal[198, 199] transformations that have been 

extensively studied in hexagonal-close packed metals that commonly involve complex atoms 

shuffling. Thirdly, the unique transformation relations between different atomic planes during GB 

migration bring the results that the the 〈001〉 {200} 〈01̅1〉⁄ {1̅11} MGB cannot easily migrate 

conservatively like the symmetrical tilt GBs. GB plane reorientation and excess GB sliding shall 

be activated to accommdate the GB migration. The GB plane reorientation occurred via the stack 
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of 〈001〉 {200} 〈01̅1〉⁄ {1̅11} GB nanofacets that migrated at different distances, regardless of 

which lattice correspondence relation the GB migration follows (Figures 5.2e-g, 5.5, and 5.7). 

Note that the GB plane reorientation is also found to occur during the shear-coupled migration of 

asymmetrical tilt GBs as reported in our recent work[149]. The excess GB sliding can be mediated 

by the motion of GB disconnections that have Burgers vectors but no step height [7, 200].  

Admittedly, the free surface of the nano-bicrystals plays an important role in 

accommodating the GB migration in our cases. First, the intersection of free surface with the GB 

serves as the primary nucleation site for the GB disconnections (Figure 5.1). Secondly, the sample 

geometry (i.e., the large taper angle of free surface with the GB) could also propel the nucleation 

of GB disconnections or the twin [201]. In comparison, GB migration in nanocrystalline materials 

receives constraints from the neighboring grains. The nucleation of GB disconnections in 

nanocrystalline materials could either be via the homogeneous/heterogeneous nucleation of 

disconnection pairs[71], or occur at the GB triple-junctions[35], but not at the free surface in our 

case.  Moreover, GB migration in nanocrystalline materials is commonly accommodated by GB 

junctions, the motion of which requires the net Burgers vector of disconnections into/out of the 

junctions to be zero [72, 100, 202]. Otherwise, other deformation mechanisms such as emission of 

lattice dislocations or twinning would be activated to dissipate the accumulated Burgers vectors 

[72, 203]. Therefore, shear-coupled GB migration in nanocrystalline materials depends largely on 

the local environment of the GB. For the typical case of ⟨001⟩1 {200}1 ⟨01̅1⟩2⁄ {1̅11}2  MGB 

studied here, there are multiple admissible combinations of active deformation modes in the 

polycrystalline environment: type-1 shear-coupled GB migration and excess GB sliding (Figures 

5.1b-d, Figure 5.6); type-2 shear-coupled GB migration and excess GB sliding (Figure 5.5); and 

the concurrent type-1 and type-2 shear-coupled GB migration (Figures 5.1e-g). Note that 
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cooperative GB sliding and GB migration have also been observed in the tensile deformation of 

an Au nanocrystalline thin film [204]. An example of MGB migration mediated by the GB triple-

junction can be found in Figure 5.8. Moreover, akin to the twinning-assisted dynamic adjustment 

of GB mobility during the shear-coupled migration of <110> tilt GBs [40], twinning is also found 

to assist the transition between the two migration modes of the ⟨001⟩1 {200}1 ⟨01̅1⟩2⁄ {1̅11}2 type 

MGB (Fig. 5.9). Lastly, it is worth mentioning that temperature[75, 86], shear direction[200], and 

strain rate[205] could also affect the shear-coupled migration behavior of GBs. It is expected that 

other migration modes can be observed when these factors are varied, which undoubtedly warrant 

attention in future study. 

 

Figure 5.8 A typical example of GB migration accommodated by the GB triple-juction. (a) as-fabricate sample 

with a mixed tilt twist GB12 between 〈𝟎𝟎𝟏〉-oriented and 〈𝟎𝟏�̅�〉-oriented G2, and a mixed tilt-twist GB13 between G1 
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and 〈𝟎𝟏�̅�〉-G3, and a twin boundary between G2 and G3. The misorientation relation between G1 and G2 is the same 

as the 〈𝟎𝟎𝟏〉 {𝟐𝟎𝟎} 〈𝟎�̅�𝟏〉⁄ {�̅�𝟏𝟏} GB, but differ at the GB plane orientation. (b) GB12 and G13 migrated downwards 

under the leftwards shear loading.  The Shear -coupling factor of G12 is measured to be ~0.514±0.014. (c) Schematic 

illustration showing the lattice transformation relation and the calculation of corresponding theoretical value of the 

shear-coupling factor of G12, which is   ≈ 𝒕𝒂𝒏 𝟒𝟏° − 𝒕𝒂𝒏 𝟏𝟖° = 𝟎. 𝟓𝟒𝟒. Scale bar: 1 nm. 

 

Figure 5.9 Twinning-assisted transition of lattice transformation relations during the GB migration. (a) As-

fabricated Au bicrystal with a similar orientation relation to that in Figure 1. The GB plane has an inclination angle of 

~20 with the ⟨𝟎𝟎𝟏⟩ {𝟐𝟎𝟎} ⟨𝟎�̅�𝟏⟩⁄ {𝟏𝟏𝟏} GB plane. (b-d) under the leftward shear loading, GB migration changed 

from following the (𝟎𝟐𝟎)𝟏 -to- (𝟏𝟏𝟏)𝟐  type transformation relation into the (𝟎𝟐𝟎)𝟏 -to- (𝟐𝟎𝟎)𝟑 transformation 

relation, assited by the twinning and formation of a new grain 3. (f-i) the reversed GB migration under the rightwards 

shear loading. GB migration changed from following the (𝟐𝟎𝟎)𝟑-to- (𝟎𝟐𝟎)𝟏 transformation relation into the (𝟏𝟏𝟏)𝟐-

to- (𝟎𝟐𝟎)𝟏 transformation relation, assisted by the shrinkage and disappearance of G3. Scale bar: 2 nm. 
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5.4 Conclusion 

By conducting in situ HRTEM shear testing and MD simulations, we have explored the 

shear-coupled migration behavior and underlying atomistic mechanisms of a typical MGB, i.e.,  

⟨001⟩1 {200}1 ⟨01̅1⟩2⁄ {1̅11}2 GB, in Au nanocrystals. The main conclusions are summarized as 

follows: Two distinct types of  shear-coupled GB migration behavior having opposite signs of 

shear-coupling factors were observed at the room-temperature shear deformation of the 

⟨001⟩1 {200}1 ⟨01̅1⟩2⁄ {1̅11}2 MGB. Both migration patterns can be mediated by the motion of 

one-atomic-layer GB disconnections on the MGB plane, but these disconnections have different 

Burgers vectors; Based on topological analysis of the crystallographic parameter of these GB 

disconnections, two completely different types of lattice correspondence relations, i.e., 

〈001〉{020} -to- 〈01̅1〉{200}  type and 〈001〉{020} -to- 〈01̅1〉{111}  type, during the MGB 

migration, were proposed and then verified by the MD simulations. Except for the shear 

displacement of atoms, complex atom shuffling is needed in both cases to complete the lattice 

transformation; GB plane reorientation and excess GB sliding were observed to accommodate the 

shear-coupled migration of the MGB regardless of which lattice correspondence relation it follows. 

A simplified geometrical model, derived from the principle of point-to-point lattice 

correspondence during GB migration, is proposed to account for the necessity of these extra 

mechanisms to eventually achieve the conservative migration of this MGB; Our findings not only 

provide direct experimental evidence on the disconnection-mediated migration of MGBs and the 

atomistic understanding of the lattice transformation during the migration of MGBs, but also show 

that the shear response of MGBs is much more complex than that of symmetrical tilt GBs in a way 

that multiple deformation mechanisms, e.g., different shear-coupled migration modes, GB plane 

reorientation, and excess GB sliding, could be cooperatively activated. Given that MGBs 
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comprised of at least one low-index plane wildly exist in face-centered cubic polycrystals, the 

observed phenomena and uncovered mechanisms should have general implications for a wide 

range of GBs and may provide guidance for tailoring the mechanical properties of nanocrystalline 

materials through GB engineering. 
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6.0 In-situ Observation of Formation and Annihilation of a HAGB in an Au Nanocrystal 

In this Chapter, the dynamic process of the deformation-induced formation and 

annihilation of a typical HAGB will be investigated. Nanocrystalline materials prepared by severe 

plastic deformation often show superior strength owing to formation of a large number of 

deformation-induced grain boundaries (GBs), particularly high-angle GBs (HAGBs). To date, the 

dynamic process of HAGB formation and the deformation behavior of as-formed HAGB remain 

elusive. Here we performed in-situ HRTEM study to reveal the dynamic formation and 

annihilation process of a  (311) (111)⁄  HAGB in a gold nanocrystal upon reciprocating bending 

deformation. Our results revealed that HAGB formation underwent the process of accumulation, 

alignment, and exhaustion of geometrically necessary dislocations. In comparison, HAGB 

annihilation was accomplished by synergic operation of GB structure reconstruction, emission of 

partial and full dislocations, and twinning. Such synergic mechanisms were further confirmed by 

MD simulations. This work provides atomistic insights on grain refinement mechanism and 

application of nanocrystals through mechanically controlled GB structure.  

6.1 Introduction 

Metallic nanocrystalline materials often show exceptional mechanical properties such as 

high strength and hence are very attractive for structural applications in the areas of transportation, 

medical implants, micro- and nano-electromechanical systems [107, 206, 207]. One fabrication 

approach of metallic nanocrystalline materials is to use severe plastic deformation to achieve 
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intensive grain refinement in the bulk counterparts [208]. Consequently, comprehensive 

understanding of the grain refinement mechanisms is crucial for optimizing the fabrication 

strategies of nanocrystalline materials. Previous studies have utilized the post-mortem observation 

of deformed samples to deduce the microstructural evolution of metallic materials during severe 

plastic deformation [110, 112, 209], particularly on grain subdivision via the formation of 

deformation-induced grain boundaries [209]. It is well-recognized that the number of deformation-

induced GBs and the fraction of high-angle GBs (HAGBs) in overall GBs would largely increase 

with strain accumulating [111, 113], implying the formation of low-angle GBs (LAGBs) first and 

subsequent LAGB-to-HAGB transformation during the deformation process. With the 

development of in-situ TEM techniques, the dynamic process of deformation-induced formation 

of LAGBs have been recently investigated at the atomic scale through the non-uniaxial 

deformation, e.g., bending, of fcc Ni [134] and Au [124, 133] nanowires. The LAGBs has been 

revealed to form either via pile-up of full dislocations [124, 134] or assisted by the formation of 

nanotwins[133]. Moreover, the formation process is fully reversible after loading release [124] or 

upon reciprocating shear load [133]. By contrast, how these LAGBs transform into HAGBs during 

accumulating deformation has not been fully studied yet. In addition, HAGBs could be preferable 

nucleation sites for dislocations[88, 117], deformation twinning[118], and phase 

transformation[119]. The annihilation mechanism of HAGB could be more complex than that of 

LAGB, which however has not been fully explored. 

In present study, by performing in-situ HRTEM combined with MD simulations, we 

revealed the dynamic formation and annihilation processes of a [01̅1] tilt (311) (111)⁄  29.5 

HAGB during the reciprocating bending deformation of a gold (Au) nanowire at the atomic scale. 

Our results indicate that the formation of the HAGB was via the accumulation and exhaustion of 
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lattice dislocations, whereas the annihilation of the HAGB was not simply a reversal process of 

formation but accommodated by synergic operation of GB structure reconstruction, emission of 

partial dislocations, and deformation twinning.  

6.2 Experimental Results 

6.2.1 Dynamic Process of the Deformation-induced Formation of a HAGB 

Figure 6.1a shows the HRTEM image of the pristine Au nanocrystal with the zone axis of [01̅1]. 

Upon mechanical loading on the nanocrystal along [31̅1̅]  direction, plenty of geometrically 

necessary dislocations (GNDs) [210] with Burgers vectors of 
1

2
[01̅1̅], 

1

2
[101], or 

1

2
[110]  were 

generated to mediate the lattice rotation (Figs. 6.1b and 6.1c). Note that not all GNDs can be 

marked out due to the existence of lattice distortion. Hitherto, it is akin to what happened during 

the bending deformation of nickel nanowires that GNDs accommodate the lattice rotation [134]. 

When the lattice rotation resulted from the applied bending deformation approached ~20, the 

GNDs collectively moved and were aligned to form a curved GB vicinal to the (211) (111)⁄  GB 

plane (Fig. 6.1d). It should be mentioned that the alignment of GNDs could reduce the total energy 

of the system by overlapping the stress fields of the GNDs and the dislocation-based <011> tilt 

GBs could stably exist in nanocrystals when the GB misorientation angle does not exceed 24[38, 

211]. Thereafter, as shown in Figures 6.1e and 6.1f, the subsequent bending deformation was 

accommodated by the nucleation and accumulation of additional GNDs in the upper grain G1, 

forming a severe-deformed transition region (enclosed by the yellow dashed lines in Fig. 6.1f). 

However, with the deformation further accumulating, this transition region suddenly shrank (Figs. 
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6.1g and 6.1j) and a nearly flat (311) (111)⁄  GB was formed when the lattice rotation angle of 

the bottom grain reached ~30 (Fig. 6.1i).  Meanwhile, lattice strain was largely released after the 

GB formation, as evidenced by the transformation of curved lattice planes in Fig. 6.1h into straight 

ones in Fig. 6.1i. Therefore, the formation of (311) (111)⁄  GB underwent the dynamic process of 

accumulation (Figs. 6.1a-c), alignment (Fig. 6.1d), further accumulation (Fig. 6.1f), and later 

exhaustion (Figs. 6.1g-i) of GNDs, wherein the first two steps led to the LAGB formation while 

the following two steps caused the LAGB-to-HAGB transformation. The tendency to form 

(311) (111)⁄  GB instead of other GBs is likely due to its low GB energy, as compared with 

(211) (111)⁄  GB  and other typical coincidence-site lattice GBs with close misorientation angles, 

e.g., 𝛴19 {116} 𝑆𝑇𝐺𝐵 − 26.53°  and 𝛴27 (115) 𝑆𝑇𝐺𝐵 − 31.59° (see Table 6.1). Next, 

considering that the annihilation process of (311)/(111) GB was observed to be more complex than 

its formation process, the remaining parts would focus on the GB annihilation process. 
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Figure 6.1 Formation process of a 〈𝟎�̅�𝟏〉-tilt (𝟑𝟏𝟏) (𝟏𝟏𝟏)⁄  GB in an Au nanowire upon bending 

deformation. (a) Pristine Au nanocrystal. (b, c) Nucleation and accumulation of GNDs to accommodate 

lattice rotation. (d) Alignment of GNDs to form a curved GB. (e, f) Additional GNDs formed during 

subsequent bending deformation. (g, f) The GNDs and the curved GB collapsed to form the (311)/(111) 

GB. Inserts in the left-bottom of (a-i) and the right-top of (b) are corresponding fast Fourier transformation 

(FFTs) patterns and the schematic of Thompson tetrahedron, respectively. 
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Table 6.1 Theoretically calculated GB energy of different GBs based on GB energy function for FCC metals[212] 

GB type GB energy (mJ/m2) 

(311) (111)⁄   ATGB-29.5 286.5 

(211) (111)⁄   ATGB-19.5 394.1 

𝛴19 (116)   STGB-26.53 356.6 

𝛴19 (331)   STGB-26.53 435.2 

𝛴27 (115)  STGB-31.59 343.8 

𝛴27 (552)  STGB-31.59 437.2 

 

6.2.2 Fully Annihilation of the As-formed HAGB Upon Reversal Deformation 

To trigger the annihilation of (311) (111)⁄  HAGB, reversed mechanical loading was then 

applied on the as-deformed nanocrystal, as presented in Figure 6.2. At the incipient deformation 

stage, the lattice rotation was likely mediated by the GB structure reconstruction, which may 

involve the emission of lattice dislocations from the GB (will be discussed later in Fig. 6.3). As 

seen in Figures 2a and 2b, the lattice disorder at the GB region (Fig. 6.2a) was largely released 

when a (311) (111)⁄  HAGB was transformed into a (944)/(111) GB with a misorientation angle 

of ~23 (Fig. 6.2b). Thereafter, two chevron regions, enclosed by the intersected GB (yellow 

dashed lines) and twin boundary (red dashed lines), at the side surfaces and an extended GB region 

at the middle (as enclosed by the white dashed circle) of the bicrystal were formed when the 

misorientation angle was further reduced to ~20 (Fig. 6.2c). The chevron regions could be the 

product of GB dissociation [149], e.g., 19.5(112)/(111) GB→ 90(111)/(11-2) GB + 70.5 (11-
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1)/(111) GB, and help to maintain the continuity of the nanowire [213]. In comparison, the 

extended GB region could result from the dissociation of GB dislocations, that is a full dislocation 

dissociated into two partial dislocations bonded by a stacking fault (SF)[38, 214]. Further bending 

deformation caused the formation of deformation twins at the compression region, SFs at the 

tensile region, and lattice dislocations with Burgers vectors of 
1

2
[01̅1̅], 

1

2
[101], or 

1

2
[110] at the 

region near neutral plane of the nanowire (Fig. 6.2d). Those SFs were later eliminated and the 

number of lattice dislocations also reduced, accommodating the further decreasing of 

misorientation angle into ~4 (Fig. 6.2e). Note that there may remain residual SFs at the inclined 

{111} planes in the inner of nanowire due to the movement of transverse partial dislocations [215], 

as reflected by the lattice displacement shown in the insert of Figure 6.2e. Thereafter, detwinning 

occurred and the nanowire changed back into its pristine crystal structure (Fig. 6.1a) with slight 

change on the surface morphology (Fig. 6.2f). 
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Figure 6.2 Annihilation process of a (𝟑𝟏𝟏) (𝟏𝟏𝟏)⁄  GB in an Au nanowire upon reversed bending 

deformation. (a, b) Lattice rotation mediated by GB structure reconstruction until the GB transformed into 

a (𝟗𝟒𝟒)/(𝟏𝟏𝟏) GB (c) GB dissociation to form two chevron regions. (d) Further GB annihilation by 

emission of SFs, twinning, and GB structure reconstruction into GNDs. (e) The elimination of the SFs and 

GNDs. Residual SFs on inclined {111} plane may still exist, as shown in the enlarged view in the insert. 

(f) Fully annihilation of the GB.  Inserts in the left-bottom of (a-f) are corresponding fast Fourier 

transformation (FFTs) patterns of the nanowire. 

Unlike the annihilation of mechanically formed LAGBs that are mediated only by the 

movements of GB dislocations, the annihilation of HAGBs involves the synergic operation of 

multiple deformation mechanisms, e.g., GB structure reconstruction, emission of partial and full 

dislocations, and deformation twinning. To further clarify these deformation mechanisms, detailed 

analysis was performed as presented in Figures 6.3 and 6.4. Figure 6.3 shows the structural 

evolution during the (311) (111)⁄  GB-to-(944)/(111) GB transformation (Figs. 6.2a and 6.2b). 
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As seen in Figures 6.3a-c, the lattice rotation at the incipient stage, i.e., 29 to 26, was mainly 

mediated by GB structure reconstruction but was also accompanied by the interaction of residual 

dislocation with the GB. Subsequently, emission of dislocation from the lattice distortion region 

near the GB was detected, as evidenced by the disappearance of a surface step after the deformation 

(Figures 6.3d-f). Thereafter, as shown in Figures 6.4a and 6.4b, a deformation twin was emitted 

from a strain contrast region where may exist severe lattice distortion. The twinning process was 

accompanied by the shrinkage of the dissociated GB region (enclosed by the white dashed circle) 

and the emission of a SF (the orange dashed line) from the GB. It is believed that the emission of 

deformation twin and SF helped the release of accumulated lattice strain at the GB, which 

consequently led to the shrinkage of dissociated GB region. Comparison between Figures 6.4b and 

6.4c reflects that further deformation caused the reconstruction of the dissociated GB into the GB 

consisting of lattice dislocations (Fig. 6.4c). Meanwhile, additional SFs were emitted from another 

lattice distortion region near GB, as that a more ordered lattice structure was observed in the lattice 

distortion region after the emission of SF (see inserts in Figs. 6.4c and 6.4d). The SFs were likely 

to be eliminated by the nucleation and movement of trailing partial dislocation during the 

subsequent deformation [139, 216, 217]. Moreover, given that the existing lattice dislocations are 

like-signed dislocations, the decrease of the number of these lattice dislocations is more likely due 

to the escape of these dislocations to the free surface instead of the annihilation of different-signed 

dislocations (Fig. 6.4f). The above analysis indicates that the as-formed HAGB could be the 

preferable nucleation site of partial dislocations and deformation twins due to local strain 

concentration, which agrees with previous studies reporting that the emission of partial 

dislocations [88, 117] and deformation twins [40, 218] from the GBs are commonly observed in 

deformation of low SF energy materials such as Au, Ag, and Cu. 
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Figure 6.3 HRTEM images showing the GB structure reconstruction and dislocation activity at the incipient 

stage of deformation. (a-c) GB structure reconstruction during the deformation, as reflected by the variance of GB 

structure. Residual dislocation in (a) also interacted with the GB. (d-f) Continuous GB structure reconstruction 

accompanied by the release of lattice distortion on the GB and a dislocation event occurred near the GB and the free 

surface. Inserts in (d-f) are enlarged views to show the occurrence of the dislocation event causing the disappearance 

of the surface step. 
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Figure 6.4 HRTEM images showing the synergic mechanisms accommodating GB annihilation. (a, b) Nucleation 

of twin and SF from the GB, accompanied by the shrinkage of extended GB region. (c, d) Additional SFs nucleated 

from the GB and GB structure reconstructed into GNDs. (e, f) SFs eliminated during subsequent deformation, along 

with the decreasing quantity of GNDs. Inserts in (c, d) were enlarged from the lattice distortion region as enclosed by 

the blue dashed circle.    

6.2.3 MD Simulation Results of HAGB Annihilation 

It is noted that HRTEM images are phase-contrast two-dimensional views, which means 

the structural change within the nanowire would be hard to be resolved, especially when 
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deformation occurs on inclined lattice planes. Therefore, we performed MD simulations to further 

gain insight into the atomistic process of GB annihilation. The visualization of MD results was 

performed in OVITO [148] using the common neighbor analysis modifier to identify the 

GB/surface atoms and the atoms in different atomic structures, i.e., the face-centered cubic, body 

centered cubic, and hexagonal close-packed crystal structures are colored in green, blue, and red, 

respectively. Figures 6.5a-c presents the MD snapshots in which a (311) (111)⁄  HAGB fully 

annihilated after the bending deformation. Consistent with the experimental results (Figs. 6.2, 6.3 

and 6.4), the GB annihilation process was mediated by GB structure reconstruction (Figs. 6.5d-h), 

twinning/detwinning (Figs. 6.5i-m), and emission of SFs from the GB (Figs. 6.5n-p). As shown in 

Figures 6.5d-h, the GB at the tension region underwent the structure reconstruction from a 

relatively ordered structure (Fig. 6.5d) into a more disordered structure (Fig. 6.5e) and later into a 

slightly dissociated lattice dislocation (Figs. 6.5f-h). Meanwhile, leading partial dislocations were 

also emitted from the GB at the tension region, causing the formation of SFs on both inclined 

(SF1) and edge-on (SF2) {111} planes (Fig. 6.5o). The areas of those SFs were later reduced by 

the following emission of trailing partial dislocation from the GB and the cross-slip of one of the 

trailing partial dislocations led to the formation of deformation-induced SF tetrahedra (SFT) inside 

the nanowire (Fig. 6.5p)[219]. It needs to mention that the SFT was not detected in our 

experiments, the formation of which could be related to the high deformation speed employed in 

the MD simulations. In comparison, the deformation twin was found to form in the compression 

region via the well-known mechanism of twinning partial dislocations gliding on every {111} 

planes (Figs. 6.5i-k). Further lattice rotation arising from the bending deformation led to the 

occurrence of detwinning (Figs. 6.5k-m), which was mediated by the emission of twinning partial 
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dislocations from the twin head, e.g., (1̅11)/(111) GB in Figure 6.5k. The above MD simulation 

results further confirm the synergic mechanism that mediates the HAGB annihilation.  

 

Figure 6.5 MD simulation of (𝟑𝟏𝟏) (𝟏𝟏𝟏)⁄  GB annihilation in an Au nanowire upon bending deformation. (a-

c) Typical snapshots showing the GB annihilation process. (d-h) Snapshots showing the GB structure reconstruction 

during GB annihilation. (i-m) Snapshots showing the twinning and detwinning process during GB annihilation. (n-p) 

Snapshots showing the nucleation, interaction, and elimination of SFs during GB annihilation. Note that FCC atoms 

(in green) in (n-p) were not shown and the sample was slightly tilt to visualize the SFs. Inserts in (n-p) show the crystal 

structure before modification. 
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6.3 Discussion 

Based on the classical GB theory, LAGBs can be described by Frank-bilby dislocations 

[56, 220] while HAGBs are believed to be consisted of GB structural unit [221]. The reversible 

deformation-induced formation of LAGBs is known as being mediated by the reversible 

movement of component dislocations[124]. In comparison, the formation of HAGB observed here 

could exhaust the deformation-induced lattice dislocations and release the lattice strains (Figs. 1g-

i), leading to the dynamic recovery of the sample. Unlike conventional dynamic recovery 

mechanisms that involve the dislocation collapse reactions and dislocation dipole climb collapse 

[222], the dynamic recovery observed here is likely to be mediated by the transformation of 

dislocation-based LAGB into structural-unit-based HAGB. Moreover, the dynamic recovery 

process is not continuous, but suddenly occurred when the misorientation angle reached ~30 

where there exists a low-energy (311) (111)⁄  HAGB. Recent studies revealed that GB energy, 

instead of GB curvature, drives the thermal-induced GB migration in metallic materials [163, 

223].Consequently, our results indicate that GB energy is an important factor affecting the 

mechanically-induced formation of HAGB. Therefore, optimizing the GB network by 

mechanically introducing more low-energy GBs might be a practical method to develop thermal-

stable metallic nanocrystals in the future. In addition, it needs to mention that partial dislocations 

and deformation twinning are prevalent deformation modes in low-SF-energy materials. In 

contrast, deformation of materials with high SF energy such as Ni [134] and Pt [196] is commonly 

mediated by activities of full dislocation. Consequently, HAGB annihilation in high-SF-energy 

materials might be mediated by GB structure reconstruction combined with emission of full 

dislocations, which warrants further investigation. Moreover, it notes that the GB deformation in 

polycrystalline materials receives constraints from neighboring grains, how the GB annihilation 
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process interacts with neighboring grains, e.g., dislocation-GB interaction and twin-GB interaction 

[39], should  be considered. Lastly, arising from the different GB atomic structure, LAGBs and 

HAGBs may show different physical properties, including mechanical properties [1, 53, 224], 

electrical properties [211, 225, 226],  and radiation resistance. For instance, the activation enthalpy 

of mechanical-driven GB migration experiences a conspicuous drop when the misorientation 

angles of the GBs increased to the HAGB region [224]; HAGBs usually have a higher electrical 

resistivity than LAGBs [211, 225, 227]. Therefore, this work would also provide guidelines on 

mechanically controlling the formation of GBs and the transformation between LAGBs and 

HAGBs to dynamically regulate the properties of nanocrystals, particularly that of nanowires, 

which may inspire the application of metallic nanocrystals in micro- and nano-electromechanical 

systems. 
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6.4 Conclusion 

In summary, an atomic-scale observation on the formation and annihilation of the 

(311) (111)⁄  HAGB in Au nanowire was conducted using in situ HRTEM mechanical testing. 

The GB formation process underwent the accumulation, alignment, and exhaustion of GNDs to 

eventually form the (311) (111)⁄  HAGB. GB energy is an important factor affecting the 

formation of the HAGB. In comparison, HAGB annihilation is not simply a reverse process of 

formation but accommodated by the synergic operation of GB structure reconstruction, emission 

of partial and full dislocation, and twinning/detwinning, as further confirmed by the MD 

simulations. This work reveals the mechanisms of the mutual transformation between LAGB and 

HAGB, which provides new insights into the grain refinement mechanisms during severe plastic 

deformation and the application of metallic nanocrystals through mechanically controlled GB 

structure.  
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7.0 Summary and Conclusions 

GBs are ubiquitous interfaces in polycrystalline and nanocrystalline materials and greatly 

influence the mechanical behavior of these materials. This dissertation employed in-situ HRTEM 

observation combined with MD simulation to reveal the atomic-scale dynamic process of the 

shear-coupled migration of faceted ATGBs and general MGBs, as well as the atomistic mechanism 

of the deformation-induced formation and annihilation of HAGB in FCC gold nanocrystals. 

Regarding the case of faceted ATGBs, the shear-coupled GB migration was found to 

undergo the dynamic GB structural transformation during the migration. The dynamic GB 

structural transformation was either mediated by GB facet transformation or GB dissociation, 

depending on the core structure of steps/disconnections mediating the migration of the GB facets. 

Moreover, the origin of the reversible facet transformation was attributed to the facet/de-faceting 

transformation between different GB facets, which consequently determines the loading 

dependence of the facet transformation. The discovery of dynamic GB structural transformation 

during the shear-mediated migration will advance our understanding of the complexity of GB 

migration and provides insight into the development of nanocrystalline materials with 

microstructure control through thermal-mechanical processing. 

Regarding the case of MGBs, the shear-coupled GB migration was confirmed to be 

mediated by the activation and motion of GB disconnections. GB disconnections with different 

crystallographic parameters could be activated and consequently led to the occurrence of distinct 

types of GB migration and lattice correspondence relations. Moreover, GB plane reorientation and 

excess GB sliding were observed to accommodate the shear-coupled migration of the MGB 

regardless of which lattice correspondence relation it follows. A simplified geometrical model, 
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derived from the principle of point-to-point lattice correspondence during GB migration, is 

proposed to account for the necessity of these extra mechanisms to eventually achieve the 

conservative migration of this MGB. These findings not only provide direct experimental evidence 

on the disconnection-mediated migration of MGBs and the atomistic understanding of the lattice 

transformation during the migration of MGBs, but also show that the shear response of MGBs is 

much more complex than that of symmetrical tilt GBs in a way that multiple deformation 

mechanisms, e.g., different shear-coupled migration modes, GB plane reorientation, and excess 

GB sliding, could be cooperatively activated.  

The deformation-induced formation and annihilation of GBs are closely related to grain 

refinement and grain growth during the plastic deformation of polycrystalline materials. However, 

compared to LAGBs, the deformation-induced formation and annihilation mechanism of HAGB 

remains largely unclear to date. Take the (311) (111)⁄  HAGB as the case study, it is found that 

the HAGB formation process underwent the accumulation, alignment, and exhaustion of GNDs to 

eventually form the (311) (111)⁄  HAGB. GB energy is found to determine the selection of the 

HAGB. In comparison, HAGB annihilation is not simply a reversal process of formation but 

accommodated by the synergic operation of GB structure reconstruction, emission of partial and 

full dislocation, and twinning/detwinning, as further confirmed by the MD simulations.  

In summary, this dissertation advances the fundamental understanding of the shear-coupled 

migration behavior and mechanism of faceted ATGBs and MGBs as well as the deformation-

induced formation and annihilation of HAGB in FCC gold nanocrystals. These findings provide 

insights into tailoring the mechanical properties of nanocrystalline materials through GB 

engineering. 
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8.0 Outlook 

In this dissertation, the atomic-scale dynamic process of the shear-coupled GB migration 

and the deformation-induced formation and annihilation of HAGB in FCC gold nanocrystals were 

investigated. It needs to mention again that gold was selected as the model material for the in-situ 

HRTEM study due to its excellent oxidation resistance and moderate SF energy. In FCC crystals, 

SF energy is an important factor affecting the activation of partial dislocations and deformation 

twins, thus having potential effects on GB deformation behavior. There may exist different GB 

deformation behavior in other FCC metals with different SF energies, such as Ag and Pb which 

have lower SF energies as well as Ni, Al, and Pt which have higher SF energies than Au, which 

warrants further study in the future. Moreover, this dissertation focused on the room-temperature 

deformation of elemental gold. The effects of temperature and alloying have not been considered, 

which however are highly related to the performance of FCC metals in real applications. In this 

chapter, future directions in related fields and an example of current research will be discussed. 

The GB structural transformation studied in the dissertation involves the change of GB 

crystallographic parameters, e.g., misorientation angle and/or inclination angle. In comparison, 

there exists another type of GB structural transformation that alters GB atomic structure but does 

not change its crystallographic parameters, which is defined as “congruent” GB structural 

transformation[93]. For a long time, the “congruent” GB structural transformation was believed to 

easily occur in alloys but rarely occur in elemental metals. For instance, segregation of Bi atoms 

in the GB was found to lead to the formation of a bilayer interfacial phase in a Bi-doped 

polycrystalline Ni and caused the GB embrittlement phenomena in this alloy [228]. It was further 

found that different segregation-induced GB superstructures could be formed in Bi-doped 
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polycrystalline Ni, and types of formed GB superstructure depend on the features of GB planes 

[229]. Similar segregation-induced GB structure transformation was also observed in doped 

alumina [230], Au-doped Si[231], Ni-W alloys[232], and Cu-Ni alloys[233]. Recently, the 

“congruent” GB structural transformation was found to more commonly occur than what was 

previously believed. For example, by using MD simulations, the HAGBs, e.g., 5(310) GB, in 

FCC Cu was found to have multiple stable or metastable phases with different atomic structures 

with temperature increasing[95]. The coexistence of two different atomic structures at 19b GBs 

in Cu polycrystalline thin film was experimentally evidenced for the first time by employing 

atomic-resolution HAADF-STEM imaging on the GB structure[234]. Nevertheless, the dynamic 

process of such structural transformation remains unclear to date, as limited by current postmortem 

observation. Moreover, less is known about the potential effect of such GB structural 

transformation on deformation-induced GB migration. Therefore, more endeavors are needed to 

engage in this field. The in-situ HRTEM technique employed in this dissertation actually offers a 

great opportunity to explore this open area. Firstly, different HAGBs, e.g., 5(310) GB and 5(210) 

GB, in different FCC metals, e.g., Ag, Au, Pt, can be directly fabricated inside the TEM, which 

largely eliminated the potential effect of impurity segregation. Secondly, the capability of 

imposing electrical field on the as-fabricated samples with the Nanofactory TEM holder could 

introduce Joule heating on the samples to elevate the testing temperature, which could 

consequently trigger the “congruent” GB structural transformation. Thirdly, the capability of 

imposing both negative and positive bias voltages on the sample side would be helpful to decouple 

the effect of electrical field on the GB structural transformation. Lastly, in-situ mechanical testing 

on different GBs under gradient level of electrical field could be performed to unveil the effect of 

GB structural transformation on shear-coupled GB migration.  
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Severe plastic deformation of metallic materials not only causes the deformation-induced 

formation of GBs, but can also lead to twinning, phase transformation, and/or amorphization. For 

instance, the dominant deformation mechanism of CrCoNo-based FCC HEAs was found to 

gradually transform from dislocation motion into twinning, phase transformation, and eventually 

amorphization with increasing degrees of deformation [235], i.e., stress/strain and strain rate. In 

elemental FCC metals, a recent in-situ HRTEM study on the bending deformation of Pt, Ag, and 

Au nanocrystals revealed the continuous and reversible FCC-BCT phase transformation in Pt 

[236], the FCC-BCT-HCP-FCC phase transformation mediated twinning in Ag [237], and the 

strain-induced local amorphization in Au [238]. The results shown in Chapter 6 mention the 

formation of an extended GB region during the GB annihilation process. A similar extended GB 

region was observed during the bending-deformation of another Au nanowire with different axial 

and bending directions, as shown in Figure 8.1. Notably, this extended GB region, denoted as 

‘thick” GB here, consisted of BCT Au. Different from previous studies, the BCT Au observed here 

was not formed either at a small local region [236] or as an intermediate stage of phase 

transformation [237]. Instead, it serves the role of GB, which has not been reported yet. The effect 

of such type of GB on the deformation behavior of FCC metals remains unclear and needs to be 

explored in the future.  
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Figure 8.1 Bending-induced formation of a ‘thick’ GB region consisted of BCT Au in FCC Au nanocrystal. (a-

d) Sequential HRTEM images showing the formation process. (e) Schematic of the atomic structure of FCC Au in 

grain 1 (G1) and grain 2 (G2) and BCT Au in GB. (f-h) Enlarged views of selected GB regions in (b-d). 
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