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Abstract

Dislocation-twin interactions critically control the plastic deformation and ultrahigh 

strength of nanotwinned metals. Here, we report a strong twin-thickness dependence of 

dislocation-twin interaction mechanisms from the tensile deformation of face-centered 

cubic metallic nanocrystals by in situ nanomechanical testing. Direct observations at 

atomic scale reveal that the predominant dislocation-twin interaction abruptly changes 

from dislocation transmission on the {111} slip planes to the unusual (100) slip plane of 

the twin, when the twin thickness is smaller than 4 layers. Using atomistic simulations, 

we find that the energy barrier for {100} slip transmission mechanism gradually 

decreases, with decreasing twin thickness, below the energy level required for normal 

(111) slip transmission, which remains identical for all twin sizes. Our in situ 

observations and simulations provide atomistic insights into a fundamentally new 

mechanism of plasticity in nanotwinned metals, down to the lowest twin size limit.
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Dislocation-twin interactions play a fundamental role in the strengthening, plastic 

deformation, work-hardening and softening of bulk metals and metallic nanocrystals 

containing nanoscale coherent twin boundaries (TBs)1-12. In nanotwinned face-centered 

cubic (FCC) metals, an individual TB can act as a strong barrier for dislocation motion 

and nucleation2,3,5,13, as well as an effective source for dislocation multiplication10,14. 

When a lattice dislocation is transmitted across a coherent TB, as schematically 

illustrated in Fig. 1a, dislocation dissociation generally occurs onto the (111) twin plane 

and the  plane, i.e. representing a mirror image of the  plane in the twin14-
T (111)  (111)

17. Thus far, all experimental evidence5,12,14,15,17,18 indicates that the dislocation-twin 

interactions involve only {111} planes (either the (111) twin plane or the inclined 

 plane), primarily due to the high lattice resistance for dislocation slip on non-
T (111)

{111} planes in FCC metals at room temperature16. Theoretically, another possible 

scenario could be that slip on the {100} plane family in FCC metals becomes active 

because an incoming dislocation may not have enough time to adjust its slip plane in 

crossing a coherent TB, especially in nanosized crystals with ultrahigh stress, and 

because slip on the (100)T plane is geometrically favored when the loading orientation 

gives rise to a large Schmid factor on {100} planes, such as <111> loading16. (Note that 

(100)T plane is part of the {100} family). Furthermore, slip transmission on the (100)T 

plane has been simulated in nanotwinned Au crystals deformed at high strain rate by 

molecular dynamics (MD)3,6,16,19-22. However, it had never been observed experimentally 

under normal loading conditions.

Here, dislocation-twin interactions in different twinned Au nanojunctions have 

been investigated by using in situ nanomechanical testing conducted under high 
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Upon tension, a perfect 60o dislocation (DC) is emitted from the free surface, 

glides on the ACD plane, and is blocked by the first interface, TB1 (ABC plane), as shown 

in Fig. 2b. This observation agrees with the well-accepted conclusion that coherent TBs 

are strong barriers for dislocation motion1,4,5,12. The interaction between the incoming 

dislocation and TB1 results in a slight incoherent kink-like step on the coherent interface. 

After further straining, the dislocation transmits across both TB1 and TB2 by dissociating 

and cross-slipping onto the  plane, Fig. 2c. Accompanying this process is the T (111)

enlargement of the step on TB1 and the thickening of the righthand side of the twin by 

one layer (increased to 5 layers), due to the transverse slip of a twinning partial B� on 

TB1, as schematically illustrated in Fig. 2d.

Evidently, the above dislocation-twin interaction exhibits the standard {111} slip 

mechanism5,12,14,15,18,23; however, determining the exact dislocation dynamics at the 

interfaces remains technologically challenging due to the high dislocation velocity. 

Therefore, we used MD simulations to systematically study the interaction of a perfect 

dislocation DC with a 4-layer twin under applied stress (see Methods for details). 

Atomistic deformation snapshots in Figs. 2e-h and Movie S1 reveal all important steps 

involved in the transmission of dislocation DC through both TB1 and TB2. DXA analysis 

allowed us to obtain a detailed sequence of dislocation reactions during transmission as 

follows. First, all evidence from simulation (Fig. 2e) and experiments (Fig. 2b) indicate 

that the perfect dislocation DC is constricted before reaction with TB1, then dissociates 

on the (111) TB plane such as:

 (1)DC D C� �� �
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where  is equivalent to (hereafter, a prime is used only for dislocations emitted D� 'D�

inside the twin). Therefore, it further dissociates to emit a perfect dislocation into the twin:

 (2)' 'D D AD A� � �� � �

Also, given that from Fig. 1c,

 (3)A C B� � �� �

Substituting (2) and (3) into (1) yields the first reaction at TB1 to be consistent with the 

experimental observation in Figs. 2c,d:

 (at TB1) (4)'DC AD B�� �

This reaction produces a twinning partial dislocation B�, which propagates on the (111) 

TB plane and increases the twin thickness by 1 layer. Furthermore, another possible 

mechanism is that the perfect dislocation DC constricts to produce CD, and then reacts at 

TB1 according to

 (at TB1), (5)'CD D A B�� �

which is in better agreement with the MD simulation snapshot presented in Fig. 2f. 

Following (5), or equivalently (4), the perfect dislocation D�A dissociates into a leading 

30o partial dislocation and a trailing 90o partial, leaving behind a stacking fault (SF) 

between the two TBs, as evidenced experimentally by the lattice kink in Fig. 2c and in 

MD simulation in Fig. 2g:

 (6)' 'D A D A� �� �

When D�A reaches the second twin plane TB2, it cross-slips again on the twin plane:

 , (7)' 'D A D A� �� �

followed by emission of a constricted perfect dislocation DC into the upper matrix 

according to the reaction,
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 (8)'D D CD C DC C� � � �� � � � �

Substituting (8) and (3) into (7) yields the second reaction at TB2:

 (at TB2) (9)'AD DC B�� �

Another twinning partial dislocation B� propagates along TB2 in the opposite direction to 

the twinning partial moving on TB1, which increases the entire twin thickness by one 

layer as shown in Fig. 2h. Therefore, the above reaction sequence suggests that the 

experimental snapshot showing the zigzag slip lines in Fig. 2c is at an intermediate state 

between the MD simulation images in Fig. 2g and Fig. 2h, because only half of the initial 

4-layer twin has been transformed into a 5-layer one. Overall, these dislocation reactions 

are consistent with the dislocation-twin interaction mechanisms frequently observed in 

previous studies1,4,5,12,15,16,18.

Remarkably, the dislocation-twin interaction exhibits a pronounced change in 

behavior when the twin thickness is reduced to its minimum limit at the angstrom scale. 

Fig. 3 presents an example of previously unexpected dislocation-twin interaction in an 

Au nanojunction containing a 2-layer twin (the minimum twin thickness in FCC metals). 

This sample is subjected to the same loading condition as that in Fig. 2a-c. Initially, the 

Au nanojunction has a coherent twin structure with no lattice imperfection. Upon 

deformation, a perfect dislocation (denoted as DC1) is emitted from the free surface, then 

propagates towards the nanojunction, and is blocked by the first coherent twin interface 

TB1, Fig. 3a. However, further loading induces an uncommon dislocation-twin 

interaction mechanism associated with the transmission of DC1 across the whole 2-layer 

twin, Fig. 3b. Surprisingly, although DC1 glides onto the  plane of the upper matrix )11(1

after traversing the 2-layer twin, its slip geometry suggests that it may pass through the 
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MD simulation was also used to study the reaction details from the above 

example, because it could not be directly capture in situ due to the small twin thickness 

and ultrafast dislocation propagation process. Fig. 3e-f and Movie S2 reveal the full 

transmission of perfect dislocation DC across the 2-layer twin, after constriction at TB1, 

such as: 

(10)
1

2
 (111)[110	�

1

2
 (100)T[011]T 

or also

 (at TB1) (11)�����

and then reciprocally, 

 (at TB2) (12)�����

Here, the (100) dislocation D'B is consistent with that found by previous MD simulations 

from Ezaz et al.16 It is also important to note that the twin thickness is smaller than the 

length of the stacking-fault ribbon connecting the leading and trailing partial dislocations, 

which resulted in the stacking-fault cutting entirely through the twin as shown in Fig. 3f. 

Nevertheless, all dislocations involved in reactions (10)-(12) unexpectedly cross-slip onto 

the  plane only. Furthermore, our DXA analysis in Fig. 3g suggests that the two (100)T

TB ledges left behind after reaction are not twinning partial dislocations like those 

formed during {111} slip transmission but rather are FCC disclinations on a perfectly 

coherent interface as schematically illustrated in Fig. 3h. These semi-coherent 

disclinations can move easily along the TB planes under an applied stress, resulting in 

either thickening or thinning of the pre-existing twin by one layer, as indicated by the 

thickness increase of the righthand side of the twin from 2 layers to 3 layers in Fig. 3d.
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conditions on the nanojunction, both low- and high-loading stresses, because the 

occurrence of {100} slip transfer has been shown to require high stresses and high strain-

rates in past simulation studies3,6,16,21,22. In the present simulations, we systematically find 

the  slip transmission mechanism under high local stresses, when the crystal is (100)T

modeled without free surfaces using periodic boundary conditions, and deformed under 

uniform tension. On the contrary, we find either {111} or {100} slip mechanisms under 

low local stresses that are achieved by simulating the crystal with free boundaries using 

only {111} surface facets, and localized stress intensity resulting from dislocation pile-up 

deformation.

From Fig. 4, our MD simulations predict that the energy barrier associated with 

transmission on the  slip plane remains quasi-constant for all twin thicknesses T (111)

studied. In stark contrast, the highest energy barrier for slip transmission on  is for (100)T

twin thickness larger than 1.4 nm, or 6 twin layers, and then decreases dramatically when 

reduced below this limit. Consequently, we discover that the energy barrier for  (100)T

slip transmission mechanism gradually decreases with decreasing twin thickness, below 

the energy level required for normal  slip transmission, at about 0.7 nm or 3 T (111)

layers. In fact, Fig. 4 indicates that only  slip mechanism occurs for both low and (100)T

high loading stress configurations below a transition threshold of 3 layers.

To further validate the size-dependent dislocation-twin interaction, two additional 

Au nanojunctions with twins of different thicknesses were studied, Fig. 5. The first as-

fabricated Au nanojunction contained two neighboring twins of 3 and 7 layers in 

thickness, respectively. Upon deformation, a 90o leading partial D� and a SF are emitted 

sequentially from a surface step, first interact with TB1, and then traverse the 3-layer twin, 
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Fig. 5a-c. HRTEM observation further confirms that the dislocation transmission process 

through the 3-layer twin occurred on the  plane, as evidenced by the zoomed-in (100)T

image of a SF-like lattice kink on the  plane in Fig. 5d. Further deformation (100)T

induces the nucleation of a 30o trailing partial �C from the same surface site, which 

propagates along the pathway of the leading partial, causing the annihilation of the SF 

and the formation of a full dislocation DC at TB3, Fig. 5c. Similarly, dislocation 

transmission on  plane has left a TB ledge on TB2. This in situ observation is (100)T

consistent with our MD simulation result predicting only  slip transition at a twin (100)T

of 3 layers.

Furthermore, the interaction between two individual SFs further confirms the 

conclusion that dislocation can slip on  plane if the twin thickness is small. Fig. 5e-(100)T

g shows that two SFs nucleate sequentially from the free surface under deformation and 

interacts with each other inside the crystal by forming a SF intersection. A zoomed-in 

image in Fig. 5g indicates that the intersection between SF1 and SF2 occurs along the 

direction of  plane (indicated by the green dashed line), similar to the dislocation-(100)T

twin interaction found experimentally in Fig. 3 and Fig. 5a-d, and in good agreement with 

the atomistic configuration leading to the lowest energy barrier in MD prediction in Fig. 

4. Collectively, these results unequivocally prove that the twin-dislocation interaction 

mechanism is strongly twin-size dependent.
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our experimental observations (Figs. 2, 3 and 5) and theoretical calculations (Fig. 4) 

clearly demonstrate that the conventional dislocation-twin interaction on the plane T (111)

would transfer on to the  plane if the twin thickness is reduced to the angstrom (100)T

scale. The occurrence of this unexpected dislocation dynamics should be helped by the 

ultrahigh applied stress and ultrathin twin thickness. For instance, it was observed that 

angstrom scale twins can harden nanotwinned metals significantly, resulting in a near-

ideal theoretical strength11,24.

Table 1. Schmid factors of dislocations transmitted onto different slip planes of the twin in this study

Samples
Twin 

thickness

Dislocation 

Type
Burgers vector

Schmid 

factor

Active slip 

planes

D�A T T

1
 (111) [101]

2
0.148

Fig. 2a-c 4 layers

D�B
1

2
 (100)T[011]T 0.500

T (111)

D�A T T

1
 (111) [101]

2
0.148

Fig. 3 2 layers

D�B
1

2
 (100)T[011]T 0.500

(100)T

D�A T T

1
 (111) [101]

2
0.254

Fig. 5a-d 3 layers

D�B
1

2
 (100)T[011]T 0.471

(100)T

A past study also suggested that the loading orientation could influence 

dislocation-twin interactions to some extent since the critical resolved shear stress on the 

slipping planes changes with the loading orientation16. In the examples presented in our 

studies, the  planes possessed much higher Schmid factors than the plane (100)T T (111)

(Table 1). Given the ultrahigh strength and high critical resolved shear stress in 
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nanotwinned Au samples, the slip on the (100)T plane may be activated even though it 

has an ultrahigh high energy barrier16. Besides, for angstrom-scale twins, the overall 

energy rise induced by the dislocation slip on the (100)T plane can be considered 

negligible under high stress, as predicted by MD in Fig. 4. As a result, an incident 

dislocation could more easily cut the twin along the (100)T plane, rather than along the 

conventional slip. However, the energy required for the slip transmission of the T (111)

twin on (100)T slip increases markedly with the twin thickness, resulting in strong twin-

size dependent twin-dislocation interaction. In other words, (100)T slip in nanotwinned 

metals should only occur in the case when the twin thickness is rather small. Our present 

results support this hypothesis.

During dislocation-twin interaction in samples with ultrathin twins, an incident 

partial/full dislocation can pass through the TB by cross-slipping onto the (100)T plane21 

following reactions (10)-(12). During transmission inside the twin, however, the newly 

formed dislocation segment usually adopts an arc shape since the two ends of the 

embossed dislocation segment are pinned on the TB. According to a previous study21, the 

maximum radius of the dislocation segment, i.e. the largest curved dislocation segment 

that can stably exist on the (100)T plane before the occurrence of its dissociation, can be 

expressed as: , where rc is the curvature of the dislocation segment, � is the c cr b	� 
�

shear modulus, b is the Burgers vector of the dislocation, 
c is the applied resolved shear 

stress on the (100)T plane, . For Au, ����20.9 GPa25, b = 0.2876 nm for a full 5.0�	

dislocation on this slip plane. In Fig. 5, the estimated resolved shear stress on the (100)T 

plane is about 2.8 GPa (The maximum elastic lattice strain just before the dislocation 

nucleation is ~5.17% and the Young�s modulus of single crystal Au along the [111] 
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direction is about 116 GPa24. The estimated resolved shear stress on the (100)T plane can 

be calculated by , here m is the Schmid factor of dislocation slip on (100)T � = � � � � m

plane.), giving a critical twin thickness of nm, which is close to the thickness of a 1��

3-layer twin in Au. This theory is consistent with our experimental and MD simulation 

observations. 

In conclusion, we have discovered a strong twin-size dependence dislocation-twin 

interaction in FCC metallic nanocrystals using in-situ nanomechanical testing and MD 

simulations, associated with an unusual slip transmission on (100)T plane with angstrom-

scale twins less than 4 layers (0.94 nm) in thickness. Given the higher energy barrier for 

(100)T slip transmission in FCC metals, such dislocation-twin interaction mechanism is 

expected to play an important role in the size-dependent strengthening and ductile-to-

brittle transition behaviors of nanotwinned nanowires, especially at the minimum twin 

size limit8,11,26.

Experimental Methods

In situ TEM nanomechanical testing

In situ tensile testing of nanotwinned Au nanocrystals was conducted inside a FEI 

Titan Cs-corrected TEM, equipped with a TEM-Scanning tunnelling microscope (STM) 

holder from Beijing PicoFemto Co. Before tension experiments, nanotwinned Au 

nanocrystals were fabricated inside the TEM by welding two Au rods together under a 

voltage potential27,28. In a typical experiment, a bulk Au rod with numerous nanoscale 

tips on the fracture surface was loaded onto the static side of the TEM holder; while, an 

Au probe on the other end of the TEM holder was used to control the sample by a piezo-

manipulator. Subsequently, the Au probe was manipulated to contact with a nanoscale tip 

on the Au rod at the static side of the holder, and nanotwinned Au nanojunctions were 

fabricated by welding the Au probe and the nanoscale tips together under a voltage 
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potential of ~1V. Then, the nanotwinned Au nanocrystals were loaded along their axial 

direction at a constant rate of ~0.005 nm/s, which resulted in an estimated strain rate of 

10-3 s-1. All in situ experiments were conducted under HRTEM and weak beam 

conditions. Dynamic structural evolutions of nanotwinned Au nanocrystals were recorded 

in real time by a CCD camera at a rate of ~0.3 s/frame.

Simulation Methods

MD simulations were performed with the software LAMMPS29 using an embedded-

atom-method potential for gold developed by Grochola et al.30. This potential predicts a 

value of the stacking-fault energy for this metal (43.4 mJ·m-2) that is close to 

experimental data (32 ~ 46.4 mJ·m-2)30. Based on past MD studies21, it is already known 

that dislocation transmission on (100} plane is very short-lived and only observed under 

high stress conditions typically encountered by MD. Therefore, in this study, we have 

simulated dislocation transmission on either {111}T or (100)T planes, by changing the 

type of loading stress applied to the twinned nanojunction, low or high, respectively. 

Twin-slip interaction under low loading-stress conditions was simulated using a 

nanoscale [111]-oriented bicrystal containing two coherent (111) TBs and free surfaces 

made of only low-energy {111} facets, as shown in Fig. S1a. The initial model 

dimensions were 24 nm  27.4 nm  4.6 nm. Deformation was simulated by continuously 

adding new edge dislocations of the DC type, to produce a dislocation pile-up generating 

a stress intensity at the dislocation-twin intersection. New dislocations were introduced 

by displacing one half of the bottom line of atoms at a constant velocity of 3 m·s-1, while 

keeping the other half at a fixed position. Twin-slip interaction under high loading-stress 

conditions was simulated using a semi-infinite [111]-oriented bicrystal containing only 

two coherent (111) TBs and two fixed surfaces on top and bottom sides, as shown in Fig. 

S1b. The initial model dimensions were 31.8 nm  28.4 nm  4.6 nm. Deformation was 

simulated by first adding 1 new edge dislocation of the DC type from the bottom side, 

using the above technique, followed by pure uniform tensile deformation along the y-axis 

at a constant velocity of 3 m·s-1. The twin spacing was varied from 1 layer (intrinsic 

stacking-fault) to 15 layers (3.5 nm). Periodic boundary conditions were imposed on the 

out-of-plane z-axis for all models. Simulations were carried out using a Verlet algorithm 
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with constant NPT integration with zero pressure along the z axis and a time step of 2 fs. 

Before deformation, the energy of each model was minimized by conjugate gradient 

method and relaxed at 300K for 50 ps under zero stress. Deformation was performed at 

300K±0.5K.
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