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a b s t r a c t 

We present the results of novel, time-resolved, in situ HRTEM observations, molecular dynamics (MD) 

simulations, and disconnection theory that elucidate the mechanism by which the motion of grain bound- 

aries (GBs) in polycrystalline materials are coupled through disconnection motion/reactions at/adjacent to 

GB triple junctions (TJs). We focus on TJs composed of a pair of coherent twin boundaries (CTBs) and a 

�9 GB in copper. As for all GBs, disconnection theory implies that multiple modes/local mechanisms for 

CTB migration are possible and that the mode selection is affected by the nature of the driving force for 

migration. While we observe (HRTEM and MD) CTB migration through the motion of pure steps driven by 

chemical potential jump, other experimental observations (and our simulations) show that stress-driven 

CTB migration occurs through the motion of disconnections with a non-zero Burgers vector; these are 

pure-step and twinning-partial CTB migration mechanisms. Our experimental observations and simula- 

tions demonstrate that the motion of a GB drags its delimiting TJ and may force the motion of the other 

GBs meeting at the TJ. Our experiments and simulations focus on two types of TJs composed of a pair 

of CTBs and a �9 GB; a 107 ° TJ readily migrates while a 70 ° TJ is immobile (experiment, simulation) 

in agreement with our disconnection theory even though the intrinsic mobilities of the constituent GBs 

do not depend on TJ-type. We also demonstrate that disconnections may be formed at TJs (chemical 

potential jump/stress driven) and at GB/free surface junctions (stress-driven). 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Most materials are polycrystalline and their properties are 

reatly influenced by the network of grain boundaries (GBs). An 

ccurate understanding of GB kinetics is necessary for the con- 

rol of processing-structure-property relationships to design and 

odel optimized materials [1] . Additionally, the plastic deforma- 

ion of polycrystalline materials is also strongly influenced by pro- 

esses occurring at GBs, including GB sliding, GB migration, as 

ell as direct interaction with dislocations [ 2 , 3 ]. In order to ac-

urately model GB kinetics and properties, we must focus on 
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he underlying mechanisms of GB dynamics; i.e., the motion of 

isconnections within GBs. Disconnections are line defects con- 

trained to GBs that have both dislocation and step characters 

4–10] . The motion of a GB occurs by the nucleation and migra- 

ion of disconnections that are controlled by factors associated 

ith either their step or dislocation character that couple these 

efects to driving forces that include chemical potential jumps 

e.g. curvature, temperature gradient, defect concentration gradi- 

nt) and mechanical loading [5] . Triple junctions (TJs) are the 

ne-dimensional intersections of three GB planes; they provide 

oundary conditions for GB migration and can be locations where 

isconnections pile-up or form (elastic fields from disconnection 

ileups may restrict TJ and GB motion) [7] . Such disconnection- 

ediated GB/TJ migration phenomena have been observed di- 

ectly by in situ conventional transmission electron microscopy 

TEM) [11–13] , and more recently at atomic resolution in high 
nc. This is an open access article under the CC BY license 
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esolution transmission electron microscopy (HRTEM) experiments 

 14 , 15 ]. 

Twinning is an important deformation mechanism in metals 

nd alloys [16–27] , especially for coarse-grained face-centered- 

ubic (FCC) metals with low stacking fault energies (e.g., Ag [28] ) 

nd for nanocrystalline FCC metals [29] . In coarse-grained metals, 

wins provide a deformation mode that is complementary to dis- 

ocation plasticity. Twinning in FCC metals is commonly associated 

ith the glide of identical partial dislocations on successive (111) 

lane resulting in a net strain. In nanocrystalline metals, twins 

ct to stabilize the microstructure and their motion during grain 

rowth produces no net (macroscopic) strain via random (RAP) or 

ooperative activation of partials [ 30,31 ]. The growth of twinned 

omains by the advancement of �9 incoherent twin boundaries 

ITB) has been observed in TEM experiments [ 22 , 31 ]. 

The growth of a grain containing two differently oriented coher- 

nt twin boundaries (CTBs) often creates twin intersections (twin 

unctions), which are usually accompanied by the formation and 

rowth of an additional GB to accommodate the misorientations 

cross the two CTBs [ 32 ]. Twin boundaries are �3 GBs (where 

represents the reciprocal coincident site lattice density related 

o the misorientation of the two grains/domains) and the �-value 

f the GB at the vertex is a multiple of three, depending on how 

any CTBs meet at the twin junction [ 33 , 34 ]. Because of the fixed

eometry of CTBs, the set of twin-junctions which may form is 

imited. Orientation mapping following a grain growth annealing 

n Cu [ 35 ] demonstrates that the most common twin-junctions 

re the �3- �3- �9 δ-type, where the CTBs meet with a dihedral 

ngle of 107 °, and the �3- �3- �9 β-type, where CTBs meet with

0 ° (the designation of junction types follows Ref. [ 32 ]). Because 

ll three grains which meet to form these junctions share a com- 

on [110] zone axis, all their atomic columns may be resolved si- 

ultaneously during TEM observation, making them ideal systems 

or studying TJ migration mechanisms during in situ experiments. 

rowth of CTBs by migration of incoherent twin boundaries has 

een experimentally observed [ 22 , 31 ], but migration of CTBs and 

9 GBs as members of these common twin-junctions remains un- 

nvestigated. 

Here, we perform state-of-the-art TEM in situ heating exper- 

mental techniques to perform a time-resolved analysis of the 

oupled migration of the GBs comprising β- and δ-type twin- 

unctions. δ-type junctions were observed to be mobile while β- 

ype TJs are sessile. Motion of δ-type twin-junctions (and eventual 

etwinning) occurs through strain-free migration of one CTB by 

ultiples of three (111) layers towards a β-type twin-junction. The 

ltrafast disconnection nucleation migration mechanisms, which 

ere not observed directly in situ, were studied using molecular 

ynamics (MD) simulations. Two migration mechanisms for δ-type 

win-junctions are proposed based on disconnection theory, de- 

ending on the driving force: (1) strain-free migration via three- 

ayer thick pure-steps nucleated from TJs under a chemical poten- 

ial jump or (2) strain-accumulating migration via nucleation of 

artial dislocations from TJs or at the free edges of the TEM sam- 

le under a shear stress. MD simulations of Cu verify both mech- 

nisms. Theory and MD results are used to infer that a pure step 

igration mechanism is responsible for the migration observed in 

ur experiments, where migration occurs via a three (111) high 

tep leading to no strain accumulation. This is verified by exam- 

nation to twin-junction networks near the sample edge. 

. Methods 

.1. Sample preparation 

Thin films 〈 110 〉 textured Cu films were grown by physical 

apor deposition on 〈 111 〉 -oriented NaCl substrates to control 
2

rowth direction. The films and substrate were attached, film side 

own, to Protochips Heating E-chips with M-BOND 

TM 610 epoxy- 

henolic adhesive, and cured at 100 °C for 3 h. The chips, the 

onded film and substrate were placed in distilled water for 5 min 

o dissolve the substrate, then the chips with attached films were 

laced in a fresh distilled water bath to dilute any remaining salt 

olution. The remaining water was evaporated under vacuum. 

.2. In situ heating experiments 

The heating chip was loaded into a Protochips Fusion double- 

ilt heating holder. HRTEM images were obtained using a spher- 

cal aberration-corrected TEM. After locating grain boundary net- 

orks suitable for observation, the sample was tilted such that all 

rains shared a common 〈 110 〉 zone axes parallel to the electron 

eam – to allow simultaneous resolution of all atomic positions 

nd edge-on grain boundary/triple junction structures. The sample 

as then heated from room temperature to 300 °C, at a heating 

ate of 10 0 0 °C/s and held at that temperature for the duration 

f the experiment. We chose the experimental temperature to be 

00 °C so that the GB migration and grain growth are mostly in- 

ibited and the camera is able to capture a few stable interme- 

iate stages during a TJ migration. Grain boundary/triple junction 

igration were recorded using the Gatan OneView charge-coupled 

evice (CCD) camera at a temporal resolution of 100 ms. All exper- 

ments were performed at 300 kV. 

.3. Molecular dynamics simulations 

Given the limited temporal resolution of the in-situ HRTEM ob- 

ervations, molecular dynamics (MD) simulations were performed 

o clarify the observed migration mechanisms. Cylindrical simula- 

ion cells were constructred to represent the TJ and CTB geome- 

ries observed in the experiments, as shown in Fig. 2 a. Three con- 

gurations were studied: (i) a single CTB ( Fig. 2 b), (ii) a δ-type TJ

 Fig. 2 c), and (iii) a β-type TJ ( Fig. 2 d). The coordinate system was

hosen such that the x -axis is parallel to the GB tilt axis and the y -

xis is parallel to the �9 GB in Figs. 2 c and d. The twin boundary

n Fig. 2 b is identical to the horizontal boundary in Fig. 2 d. All sim-

lations were performed at 10 0 0 K ( ∼0.74 melting point; higher 

han the experiments to accelerate the kinetics). In the simulations 

f stress-driven GB migration (see below), a constant shear strain 

ate ˙ ε xy = 5 × 10 9 /s was applied parallel to the �9 GB plane 

n the tricrystal configurations ( Figs. 2 c and d) or a plane inclined

ith respect to the twin boundary in the bicrystal configuration 

 Fig. 2 b). Additional MD simulations were performed where GB mi- 

ration was driven by a chemical potential jump ψ . 

MD simulations were performed using the Large-scale 

tomic/Molecular Massively Parallel Simulator (LAMMPS) [ 36 ] 

nd a Cu embedded-atom-method potential [ 37 ]. Cylindrical 

ricrystals were constructed with radius R ∼ 50 nm and thickness 

 ∼ 1 nm. Periodic boundary conditions were applied in the direc- 

ion perpendicular to the plane of the cylinder. A cylindrical twin 

oundary bicrystal was constructed with an inclination angle of 

 ° with the same simulation size. Before applying a driving force, 

he system was equilibrated at 10 0 0 K for 1 ns. In the simulations

f stress-driven GB migration, a constant strain rate ˙ ε xy = 5 × 10 9 

s was applied. The circular sample surface was free except for a 

0 ° fixed arc, indicated in red in Fig. 2 b-d. Simulations of chemical 

otential difference-driven GB migration were performed with a 

ynthetic driving force [ 38 ] of ψ = 0.01 eV/atom. The synthetic 

riving force was added to the atoms in the grain opposite to the 

xed arc. All simulations were run for 2 ns at 10 0 0 K at a fixed

umber of atoms and temperature (Nosé-Hoover thermostat on 

ll but the fixed atoms). Atoms are colored by the centrosym- 
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Fig. 1. Several frames from the in situ HRTEM heating experiment videos showing the motion of two triple junctions. The insets show the �9 GB, four CTBs, and two 

twin-junctions. a The twinned region between T2 and T3 is initially 15 {111} atomic-layers thick. b At t = 0.2 s, the migration of the δ-type twin-junction (and T3 CTB) 

reduces the thickness of the twinned region from 15 to 6 layers and rotates the �9 GB. c The GB network remains stable for the next 100.8 s. d Further δ-type junction 

migration eliminates the twinned region leaving behind a single T4 CTB. 
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etry parameter [39] in Fig 2 . Supplementary Fig. 1 shows the 

onstruction of the δ-type twin-junction in Fig. 2 c. 

.4. In situ observation of δ-type twin-junction migration 

In order to observe the dynamics of triple junction migration, 

 free-standing, ∼10 nm thick, 〈 110 〉 fiber-textured Cu film was 

eated to 300 °C ( ∼0.4 melting point) in-situ in a high resolution 

EM (HRTEM) - see Methods for details. The evolving structure 

as recorded at 10 frames per second (100 ms temporal resolu- 

ion). Regions of the sample containing the TJs of interest were se- 

ected for observation and characterization. HRTEM images in Fig. 1 

how one such region containing both a β-type and a δ-type twin- 

unction joined by a common �9 GB. All grains shared a common 

 110 〉 zone axis [ 32 ], allowing all GBs/TJs to be simultaneously re-

olved at atomic resolution. During thermal annealing, the GB and 

J migrate to decrease the system energy [5] . The δ-type junction 

and T3 twin boundary, labeled in Fig. 1 ) moves by nine {111} 

tomic layers towards the β-type junction between frames Fig. 1 a 

nd 1 b. This change reduces the area of the �9 GB, the highest en-

rgy GB in this system. The junctions, separated by six {111} atomic 

ayers did not move for the 100.8 s between the frames in Fig. 1 b

nd 1 c but migrated together and annihilated within the following 

0.1 s ( Fig. 1 d) leaving behind the T4 CTB. 

Because of the limited temporal resolution of the experiment 

elative to disconnection velocities during annealing, each image 
3 
epresents a single static period during the system evolution; i.e., 

he atomistic mechanism of TJ migration was not directly observed. 

his is because the incoherent twins constrained by the TJs move 

uch slower than free incoherent twin boundaries. 

.5. Molecular dynamics simulation of TJ motion 

Before analyzing triple junction migration, we first focus on the 

igration of a solitary twin boundary. The vicinal twin (slightly off

he perfect CTB inclination) of Fig. 2 b was constructed and then 

elaxed at T = 10 0 0 K for 1 ns for expedited motion. After re-

axation, the vicinal twin relaxes into large regions of sharp co- 

erent twin boundaries interrupted by pure steps (disconnections 

ith zero Burgers vector) of step height corresponding to three- 

111} atom layers, as seen in Fig. 2 b. These pure steps migrate to 

he edges of the cylindrical simulation cell under a chemical poten- 

ial jump, but do not respond to an external stress since they have 

ero net Burgers vector. This observation is different from some of 

he previous works where shear stress can drive the migration of 

ncoherent facets with non-zero net Burgers vectors [3] . 

Fig. 3 a-d shows that the �3- �3- �9 δ-type TJ migrates by the 

otion of three-layer-thick pure steps along one of the CTBs un- 

er a chemical potential jump (also see Fig. 2 c). These pure steps 

ucleate at the TJ and then migrate along the horizontal CTB to 

he sample edge. Since pure steps have zero Burgers vector, their 

ucleation and migration yield zero net macroscopic strain, consis- 
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Fig. 2. a TEM image of GB network containing δ- and β-type TJs based upon which the MD simulation cells were constructed. The comparable areas of the three simulation 

cells are circled, with the orientation of the simulation cell coordinate system shown. The orange labels refer to the simulation geometries in b - d. b Twin bicrystal in MD 

simulations, constructed with an inclination of 4 ° relative to the coherent twin boundary inclination. c, d δ- and β-type �3- �3- �9 TJs in MD simulations. The �9 GB lies 

in the x - y plane. Atoms are colored by the centrosymmetry parameter [39] ; green lines are GBs. The red arcs represent fixed regions of the circular surface. e Lattice structure 

of a tricrystal with a δ-type TJ. Coincidence site and DSC lattices are shown by the orange lines in the gray rectangles for each GB (each gray rectangle shows two CSL unit 

cells). The DSC lattice vectors for the �9 GB a 1 , a 2 and a 3 are defined. 

Fig. 3. Atomic-scale mechanism of δ-type TJ motion. Only atoms with centrosymmetry [39] parameter greater than 2 are shown for clarity. The red arrows indicate the 

direction of the disconnection motion on the horizontal CTB. a - d One step of δ-type TJ motion under chemical potential jump. a Initial position of TJ. b, c Nucleation and 

migration of 3-layer thick pure-step disconnection at the TJ. d The TJ and horizontal twin move upwards by three (111) layers. Migration mechanisms of δ-type TJ ( e - g ) and 

the intersection between a CTB and edge ( h - j ) under shear stress. e, h Initial position of the TJ/intersection with edge. f, i Nucleation and migration of 1-layer thick partials 

on the CTB. g, j The CTBs move upwards by a single (111) layer. 
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ent with our experimental observations and previous experiments 

n Ag [ 31 ]. The diagonal (lower left) CTB in Fig. 3 a-d does not move

ince there is no chemical potential jump across it. The TJ motion 

s controlled by the motion of the horizontal CTB (and therefore, 

he nucleation and migration of pure steps); the mobility of the 

TB is much lower than that of the �9 GB. 

Fig. 3 e-g shows the migration of the �3- �3- �9 δ-type TJ un- 

er an applied stress; the TJ moves because of the horizontal CTB 

igration. The CTB moves, in turn, because of the motion of dis- 

onnections on it. In this case, the disconnections are not pure 
4 
teps, but have both a finite step height (equal to a single {111}- 

tomic layer) and finite Burgers vector (a 0 /6) < 112 > (corresponding 

o an FCC partial dislocation). The applied shear creates a Peach- 

oehler force on the disconnection Burgers vector; τ is the shear 

tress resolved on to this CTB (the applied shear strain rate ˙ ε xy in 

he coordinate system of Fig. 2 c). Fig. 3 h-j shows the junction be-

ween a horizontal CTB and the cylindrical sample edge. These two 

xamples show that disconnections may form at either the δ-TJs 

 Fig. 3 e) or CTB/edge junctions ( Fig. 3 h) and then migrate along

he CTB boundary under a shear stress driving force. This mecha- 
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ism leads to macroscopic plastic strain. On the other hand, the β- 

ype TJ in Fig. 2 d does not move under either type of driving force

n our MD simulations. This is consistent with our in-situ HRTEM 

xperimental observations. 

.6. Disconnection model for �3- �3- �9 δ-type triple junction 

Grain boundary motion occurs through the glide of disconnec- 

ions; line defects with step and dislocation character [5] . In the 

TB case, these disconnections can be pure steps (zero Burgers 

ector) or a combination of steps and Burgers vectors (in this case, 

he Burgers vectors are FCC Shockley partials with a Burger vec- 

or (a 0 /6) < 112 > ). In earlier work [5] , we demonstrated that, for

ny GB (with fixed bicrystallography), multiple types/modes of dis- 

onnections are geometrically allowed; a mode m disconnection is 

escribed by ( b m 

, h m 

). For the δ-type TJ, the �9 displacement-

hift-complete [ 40 ] (DSC) lattice basis vectors are ( a 1 , a 2 , a 3 ) – see

ig. 2 e. For a �9 GB, the three independent disconnection modes 

or the �9 GB are 

 

�9 
1 = a 1 h 

�9 
1 = 4 . 5 N 1 a 3 

 

�9 
2 = a 2 h 

�9 
2 = (−1 + 4 . 5 N 2 ) a 3 

 

�9 
3 = 

1 
2 ( a 1 + a 2 + a 3 ) h 

�9 
3 = (2 + 4 . 5 N 3 ) a 3 

, (1) 

here N i is any integer. The three independent modes for the CTB 

re 

 

�3 
1 = −a 2 − a 3 h 

�3 
1 = (1 + 3 N 1 )(2 a 2 − a 3 ) 

 

�3 
2 = 

1 
2 ( a 1 + a 2 + a 3 ) h 

�3 
2 = (1 + 3 N 2 )(2 a 2 − a 3 ) 

 

�3 
3 = 2 a 2 − a 3 h 

�3 
3 = (2 + 3 N 3 )(2 a 2 − a 3 ) 

. (2) 

All other disconnection modes for �9 GBs and the CTBs are lin- 

ar combinations of these three (on each). The special cases of b 

�3 
1 

ith N 1 = 0, b 

�3 
2 

with N 2 = 0, and −b 

�3 
1 

− b 

�3 
2 

with N 1 = –1 and

 2 = 0 correspond to the three classical “twinning partials”. 

For the TJ to migrate, the �9 GB and CTB must be mobile. We 

gnore ( b 3 , h 3 ) in Eqs. (1) and (2) since disconnection climbing me-

iated by diffusion is much slower than disconnection glide. This is 

onsistent with our experimental observation that the number of 

tomic layers along the CTB remains constant during the CTB mi- 

ration, suggesting climbing does not occur. The TJ can only move 

f it does not accumulate Burgers vector as part of the migration 

rocess [7] . This requires the activated Burgers vector on the CTB 

e compatible with those on the �9 GB. Compatibility is satisfied 

nly when 

 b 

�9 
1 = N 

(
b 

�3 
1 + 2 b 

�3 
2 

)
, (3) 

here N is integer. N = 0 corresponds to the case of pure steps 

characterized by zero Burgers vector) for which Eq. (3) is auto- 

atically satisfied. However, this is inconsistent with stress-driven 

TB migration or partial dislocation related migration. N � = 0 corre- 

ponds to disconnections with Burger vector parallel to the TJ line; 

 

�3 
1 

and two b 

�3 
2 

are emitted sequentially along the CTB. So, the 

J can continuously move when pure steps or disconnections with 

 || a 1 are activated along the CTB and the �9 GB. 

The most probable disconnection mode corresponds to that 

ith the lowest energy barrier. Following our earlier work [ 4–6 , 8–

0 ], the barrier for a ( b , h ) mode is roughly 

 

∗ = 2 

(
Kb 2 + γ | h | + C 

)
d − ( ψh + τb ) Rd/ 2 , (4) 

here K = –μ[(1 – ν cos2 α)/4 π (1 – ν)] ln[ sin ( π r 0 / R )], μ is the

hear modulus, ν is the Poisson’s ratio, α is the angle between 

he Burgers vector and the disconnection line direction, r 0 is the 

isconnection core size, R is the radius of the cylindrical tricrys- 

als, d is thickness, ψ is chemical potential jump, τ is shear stress, 

is the step energy, and C represents the disconnection migra- 

ion barrier (associated with atomic-scale friction). The first term 
5 
n Eq. (4) suggests that we should focus on disconnection modes 

ith small b and small h . The smallest pure step height on the 

TB is 3|2 a 2 - a 3 | ( N = 0 in Eq. (3) ), corresponding to three {111}-

tomic layer thickness steps; the motion of such disconnections 

enerates no macroscopic strain, consistent with the MD simula- 

ion driven by an applied chemical potential jump. The smallest 

tep height of any disconnection on a CTB is b 

�3 
1 

(or b 

�3 
2 

) is |2 a 2 –

 3 | ( N = 1 in Eq. (3) ), i.e., a single {111}-atomic layer thickness,

onsistent with the MD result with a shear stress applied. The sec- 

nd term in Eq. (4) is the work done by the driving forces. The 

pplied driving forces tilt the barrier E ∗ and, thus, alter the most 

robable disconnection mode. For a disconnection mode with large 

 and small b , such as a pure step, the energy barrier is lowered

y application of a chemical potential jump ψ . For the mode with 

mall h and large b , such as the twinning partial mode, the barrier 

an be lowered by application of a shear stress. This analysis ex- 

lains why the pure step mechanism is favored when CTB motion 

s driven by a chemical potential jump ( Fig. 3 a-d). In contrast, the 

artial dislocation Burgers vector mechanism is favored when the 

TB is driven by a shear stress ( Fig. 3 e-g) as seen in our MD results

nd also observed experimentally in Cu and Ag[ 31 ]. See Supple- 

entary Fig. 2 for a contour plot of Eq.4. Most deformation twins 

n nanocrystalline metals yield zero net macroscopic strain[ 31 ] be- 

ause the chemical potential jump from large curvature is the ma- 

or driving force. 

. Discussion 

In situ TEM results were collected with a temporal resolution of 

00 ms, which is slow relative to the velocities of nucleated dis- 

onnections during annealing, as discussed above. This makes it 

early impossible to directly image the disconnections responsible 

or evolution of the GB network. Therefore, careful analysis of the 

xperimental results, in light of the mechanisms suggested through 

D and theory, is necessary to determine the mechanism of triple 

unction migration observed in the experiments. There are two key 

istinctions between the two available migration mechanisms of 

he δ-type triple junction. The pure-step mechanism is strain free 

zero Burgers vector) and must occur by steps with heights of mul- 

iples of three (111) layers; in contrast, the twinning-partial mech- 

nism results in plastic deformation due to its finite Burgers vec- 

or and may occur with steps that are not multiples of three (111) 

ayers. Examination of the steps that form on the edge of the sam- 

le during the egress/ingress of disconnections from the sample 

 Fig. 4 ) provides a means of distinguishing between the competing 

isconnection mechanisms. 

The twinned region between T2 and T3 was initially eight lay- 

rs thick in the experimental images in Fig. 4 . The δ-type twin- 

unction moves by six layers – a multiple of three – towards the 

-type twin-junction, leaving behind a twinned region two lay- 

rs thick. The stacking faults observed in Fig. 4 c are an expected 

onsequence because the initial thickness of the twin between two 

arallel CTBs is not a multiple of the step height of a pure step. The

bservation shown in Fig. 1 also conforms to expectations from the 

ure-step mechanism – the δ-type twin-junction moved by nine 

ayers in Fig. 1 b, and then by six layers in Fig. 1 d; in this instance,

o stacking fault remains since the thickness propagated by the 

TB is a multiple of three layers. All of our observations of δ-type 

riple junction migration are consistent with pure step motion (i.e., 

TB shifts by multiples of three (111) layers). The region shown 

n Fig. 4 was near the edge of the film, allowing for observation 

f slip steps at the edge of the film. By comparing the shape of 

he edge of the film after each change in the GB network, no slip 

teps/macroscopic strain form as the result of triple junction mi- 

ration. This further reinforces the conclusion that the migration 

f δ-type TJ occurred by a pure-step mechanism. It is worth not- 
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Fig. 4. Key frames from in situ heating experiment videos showing motion of two 

triple junctions near the edge of the film. Note the change in contrast as the film 

edge is approached; this is indicative of a thickness gradient. A selection of (111) 

planes have been numbered and labeled with the FCC stacking sequence, which re- 

verses at twin planes. The insets emphasize the boundaries and defects present. a 

The initial configuration of the local GB network, showing the β- and δ-type junc- 

tions connected by a shared �9 GB. b In the subsequent frame at t = 0.1 s, the 

δ-type junction has moved upwards by six (111) layers, reducing the length of the 

�9 GB. c At t = 0.7 s, the junctions merge; a pair of stacking faults which cross T4 

remain. d The final state of the GB network, with only T4 persisting. 
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ng that when the two TJ annihilated, a small strain may be in- 

roduced because the spacing of the two TJs were 2 atomic layers 

not a multiple of 3). 

We note that the GB configuration in Fig. 4 b was stable for a

uch shorter time than the similar configuration in Fig. 1 b (0.7 s 

ersus 100.8 s, respectively). The reduced duration may be under- 

tood by consideration to terms of geometric factors. Fig. 4 shows 

hat the film is thinner near its edge than its interior (as indicated 

y thickness fringes) and that the T3 CTB does not meet the sam- 

le edge at a right angle. Therefore, the upward migration of this 

TB (in Fig. 4 ) reduces the CTB area by moving it into a thinner

egion and shortens the CTB in the observed plane of the sample. 

he presence of a surface morphology here confirms that the mi- 

ration here is pure step instead of shear coupled. 

This T3 migration also reduces the area of the high-energy �9 

B. Both of these effects tend to destabilize the flat CTB near a free

urface (as observed in Fig. 4 ). The edge of a thin film is not the

nly possible configuration where such thickness gradients might 

rive TJ motion. The presence of a free surface on a sample affects 

B motion in sample geometries other than the thin film geometry 

hown here. For example, an emerging GB meeting a surface in 
6

 bulk material will tend to migrate or rotate to intersect at 90 ̊

 41 ]. This can create curvature in an otherwise flat GB and lead 

o curvature driven migration. Such effects are common and well 

nown – especially for polycrystalline particles. 

The results of this study confirm that GB migration mechanism 

an be fundamentally different, depending on the nature of the 

riving force [5] . In the present CTB case, we demonstrate that 

epending on the types of driving forces, GB migration can be ei- 

her shear coupled migration or pure migration (migration without 

hear). The shear coupled migration produces macroscopic defor- 

ation/responds to stress. And the pure migration occurs through 

he motion of pure steps and produces no macroscopic deforma- 

ion. These conclusions can easily be expanded to other FCC ma- 

erial systems because our analysis is based on the geometric con- 

truction of twin junctions which is the same for other FCC ma- 

erials. Previous TEM observations of disconnection-mediated GB 

etwork evolution have used mechanical loading to instigate GB 

igration; this necessarily implies different GB migration mecha- 

isms than those elucidated in our experiments. 

In conclusion, disconnection theory suggests that multiple 

odes/local mechanisms for GB migration are possible and that 

he mode selection is affected by the nature of the driving force 

or migration [5] . While the present study (in situ HRTEM observa- 

ions and MD simulations) shows CTB migration through the mo- 

ion of pure steps (no applied stress), other experimental obser- 

ations (and our simulations) show migration through the motion 

f disconnections with a non-zero Burgers vector; these are pure- 

tep and twinning-partial CTB migration mechanisms. The present 

n situ HRTEM observations and MD simulations demonstrate how 

B migration is modified by the motion of other GBs where they 

eet at triple junctions (TJs); i.e., such junctions are essential fea- 

ures of (nearly) every polycrystalline and nanocrystalline material. 

he motion of GBs can “drag” their delimiting TJs and force the 

otion of one or more of the other GBs meeting at the TJ. In the

resent case, the junctions where the CTBs meet at 107 ° ( δ-type, 

he third TJ member is a �9 GB) readily migrate while β-type TJs 

CTBs meeting at 70 °) are immobile. This observation is identical 

n both experiments and simulations and are consistent with our 

isconnection theory-based analysis that considers the balance of 

isconnection fluxes at the TJs. The easy motion of the δ-type TJ 

s also consistent with the relatively high mobility of the �9 GB 

nd the lack of migration of the �9 G in the β-type TJ case, which

emonstrates that unless there is disconnection flux balance at the 

J even mobile boundaries will not move. Finally, our CTB results 

emonstrate that disconnections may form at GB TJs and at junc- 

ions with free surfaces. 
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