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A series of large-scale molecular dynamics simulations have been performed to investigate the

tensile properties of nanotwinned (NT) copper with hierarchically twinned structures (HTS). For

the same grain size d and the same spacing of primary twins k1, the average flow stress first

increases as the spacing of secondary twins k2 decreases, reaching a maximum at a critical k2, and

then decreases as k2 becomes even smaller. The smaller the spacing for k1, the smaller the critical

spacing for k2. There exists a transition in dominating deformation mechanisms, occurring at a

critical spacing of k2 for which strength is maximized. Above the critical spacing of k2, the

deformation mechanisms are dominated by the two Hall-Petch type strengthening mechanisms: (a)

partial dislocations emitted from grain boundaries (GBs) travel across other GBs and twin

boundaries (TBs); (b) partial dislocations emitted from TBs travel across other TBs. Below the

critical spacing of k2, the deformation mechanism is dominated by the two softening mechanisms:

(a) Partial dislocations emitted from boundaries of the primary twins travel parallel to the TBs of

the secondary twins, leading to detwinning of the secondary twins; (b) Boundaries of the primary

twins shift entirely, leading to thickening in one part of primary twins and thinning in the other part

of primary twins. The present results should provide insights to design the microstructures for

reinforcing the mechanical properties in the NT metals with HTS. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4808096]

I. INTRODUCTION

Stronger metals and alloys are always desirable for

structural applications in modern industry. Such expectation

has been realized through the emergence of several strategies

in recent decades, such as, grain size refinement, solid solu-

tion alloying, and precipitating strengthening.1,2 More

recently, engineering coherent twin boundaries (TBs) at the

nanoscale have been regarded as an efficient way to achieve

high strength while maintaining substantial ductility.3–5

Moreover, the maximum strength could be realized at a criti-

cal twin spacing in such ultrafine-grained Cu with nanoscale

growth twins, generally with thin film samples synthesized

using the pulsed electro-deposition technique. Molecular dy-

namics (MD) simulations6–8 have shown that there exists a

transition in deformation mechanisms at the critical twin

spacing, i.e., from the classical Hall-Petch type strengthening

due to dislocation pile-up at twin planes to a dislocation-

nucleation-controlled softening mechanism with twin-

boundary migration. It was also found that the critical twin

spacing is proportional to the grain size through both MD

simulations and theoretical models.6,9,10

Severe plastic deformation (SPD) techniques, such as

cold rolling,11,12 equal channel angular pressing,13,14 and

high-pressure torsion (HPT),15 have been now widely used

for processing of bulk ultrafine-grained materials from

coarse-grained structures. In those methods, the mechanism

governing deformation-induced grain refinement is found to

be dominated by dislocation activities, when deformed at

quasi-static strain rates (<100 s�1) and at ambient tempera-

ture. However, deformation twinning is another important

deformation mechanism for grain refinement in some metals

and alloys with low stacking fault energies (SFEs), espe-

cially with deformation conditions at high strain rates and

low temperatures. Experimentally, the hierarchically twinned

structures (HTS) could be achieved in these materials, as evi-

denced in the samples processed with the newly developed

techniques at high strain rates and/or low temperatures, such

as dynamic plastic deformation (DPD),16,17 surface mechani-

cal attrition treatment (SMAT),18,19 and surface mechanical

grinding treatment (SMGT).20 For example, the secondary

twins could be generated in the primary twins in the twinning

induced plasticity (TWIP) steels21 and 304 stainless steels22

during the process of SMAT, and the tertiary twins appear in

the secondary twins during the subsequent tensile testing.

Experiments have also shown that high rate and low temper-

ature deformation may lead to formation of secondary twins

inside primary twin/matrix lamellae in those fcc metals with

medium SFEs such as Cu and Ni.22,23 As classified by the

sources of the twinning partials, three types of twinning

mechanisms for nanostructured multiple twins have been

proposed: (1) Twinning partials from different grain bounda-

ries (GBs) meet each other in a confined area inside

grain;23,24 (2) Self partial-multiplication twinning mecha-

nism;23,25,26 (3) Rebound mechanism.27,28 Recent experi-

ments and theoretical model have also shown that the

hierarchically twinned structures with the secondary twins at
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the nanoscale can be a novel nanostructured design to

achieve higher strength.21,29

For the mechanical properties of the nanotwinned metals

with HTS, a few efforts21,29 have been carried out to investi-

gate the twin spacing effects of primary/secondary twins on

the strengthening behaviors. However, the micro-structural

deformation mechanisms of hierarchically twinned metals

are still vague. For this perspective, the focus of this paper is

to understand the twin spacing effects of primary/secondary

twins on the flow behaviors and the related atomic-level

deformation mechanisms in hierarchically twinned Cu using

MD simulations.

II. SIMULATION TECHNIQUES

The MD simulations were carried out using the

Large-scale Atomic/Molecular Massively Parallel Simulator

(LAMMPS) code and a Cu EAM (embedded atom method)

potential developed by Mishin et al.30 This potential was cali-

brated according to the ab initio values of stacking faults and

twin formation energies. To explore deformation mechanisms

of HTS, it is necessary to simulate grains larger than those pos-

sible in fully 3-dimensional simulations. In this study, similar

to the configuration used by Yamakov,31 quasi 3-dimensional

simulations with a columnar grain structure were considered.

The thickness direction contains 12 atomic planes, and is along

½�110�. The typical relaxed nanotwinned (NT) Cu with HTS is

shown in Fig. 1, with atoms colored according to common

neighbor analysis (CNA) values. Gray color stands for perfect

fcc atoms, red color stands for hcp atoms, and green color

stands for GBs, dislocation core, free surface, and other atoms.

A single line of hcp atoms represents a TB, two adjacent hcp

lines stand for an intrinsic stacking fault (ISF), and two hcp

lines with an fcc line between them indicates an extrinsic

stacking fault (ESF). The same CNA color coding is used in

the following figures. In Fig. 1(a), a polycrystalline sample

with 16 grains (those without labels can be determined from

periodic boundary conditions) was constructed by the Voronoi

method, and the average grain size d was fixed as 70 nm (the

samples have dimensions of 280� 280� 1:66 nm3, and con-

tain approximately 10 180 000 atoms). As shown in Fig. 1(b),

the boundaries for the primary twins are split into TB1st and

GB1st when the secondary twins are generated in the primary

twins. The spacing for the primary twins is called k1, and the

spacing for the secondary twins is called k2. The same

Voronoi grain structure and the same crystallographic orienta-

tions of all grains are retained as k1 and k2 change. For

k1 ¼10.44 nm, seven samples with initial uniform secondary

twins of spacing k2 ¼ 0.63, 1.04, 1.67, 2.09, 3.13, 4.17, and

10.44 nm were simulated. While, for k1 ¼25.05 nm, seven

samples with initial uniform secondary twins of spacing k2 ¼
0.63, 2.09, 3.13, 4.17, 5.22, 10.44, and 20.87 nm were simu-

lated. Periodic boundary conditions were imposed along all

three directions and the tensile loading was along x direction.

Before tensile loading, the as-created samples were first sub-

jected to energy minimization by the conjugate gradient

method, then gradually heated up to the desired temperature in

a step-wise fashion, and finally relaxed in the Nose/Hoover

isobaric-isothermal ensemble (NPT) under both the pressure

0 bar and the desired temperature (1 K) for 100 ps. After relax-

ation, a 20% strain was applied to each sample at a constant

strain rate of 5� 108 s�1. During the tensile loading, Nose/

Hoover isobaric-isothermal ensemble (NPT) was also used,

and the pressures in the y and z directions were kept to zero in

order to simulate the uniaxial loading. In MD simulations, the

strain rate is typically high (>107/s) and the size of system is

typically small due to the inherent limitations of MD simula-

tions. However, MD simulations have proven to be particularly

useful for investigating the plastic deformation mechanism of

nanocrystalline metals with carefully designed model system,

in which the transient responses of the system can be exam-

ined.32 The MD simulations should enable uncovering various

deformation and microstructural processes in well-designed

model systems, something that has proven difficult to achieve

in experiments.

III. RESULTS AND DISCUSSIONS

In contrast to nanocrystalline metals and nanotwinned

metals, hierarchically nanotwinned metals possess three

characteristic microstructural length scales (the grain size d,

the spacing for the primary twins k1, and the spacing for the

secondary twins k2) and various boundaries, such as GBs,

GB1st, TB1st, and TB2nd. In the present study, the grain size

was fixed, while the effect of spacing for primary/secondary

twins on the flow behaviors was investigated. Figs. 2(a) and

2(b) show the stress-strain curves for various NT Cu samples

with different k2 when k1 is 10.44 nm and 25.05 nm, respec-

tively. Tensile stresses are observed to increase with strain

up to a certain peak stress, which is associated with the

onset of plastic deformation, and then gradually decrease

to a steady-state value regardless of the spacing of primary/

secondary twins. In order to study the change in flow stress

with the spacing of primary/secondary twins, it is physically

more meaningful to compare the average flow stress over a

certain plastic strain interval due to the peak stress overshoot

induced by the high strain rate employed in MD simula-

tions.6,33,34 In view of this, the average flow stress from a

strain of 7%–20% is plotted against k2 in Fig. 2(c). For the

same grain size d and the same k1, it can be seen from

FIG. 1. (a) The relaxed NT Cu with HTS: k1 ¼ 10:44 nm; k2 ¼ 4:17 nm

(perfect fcc atoms are not shown in this figure); (b) The corresponding

amplified configurations showing the details for the primary and secondary

twins.
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Fig. 2(c) that the average flow stress first increases as k2

decreases, reaching a maximum at a critical k2, and then

decreases as k2 becomes even smaller. It is also observed

that a higher k1 results in a higher critical k2. The critical k2

is around 2 nm when k1 is 10.44 nm, while the critical k2 is

around 4 nm when k1 is 25.05 nm.

Atomic level analysis of the deformed configuration

was conducted in order to understand the effect of spacing

of secondary twins on the deformation mechanisms of

hierarchically nanotwinned Cu. The overall simulated defor-

mation pattern at 10% strain in the NT Cu with HTS of

k1 ¼ 10.44 nm and k2 ¼ 10.44 nm is shown in Fig. 3(a). It

should be noted that, in hierarchically nanotwinned samples

containing a large number of randomly oriented grains,

deformation compatibility at grain boundaries usually

requires the simultaneous operations of several slip systems.

As shown in the amplified configuration of Fig. 3(b) and

classified by the sources of the partial dislocations, it is

observed that the deformation mechanisms are dominated

by the following two Hall-Petch type strengthening mecha-

nisms when the spacing k2 for secondary twins is large: (1)

partial dislocations emitted from GBs or GB1st travel across

other GBs or TBs; (2) partial dislocations emitted from

TB1st or TB2nd travel across TB1st or TB2nd. In order to

clearly illustrate the atomistic details for these two strength-

ening mechanisms, the areas A-D in Fig. 3(b) are further

amplified and shown in Fig. 4. As shown in Fig. 4(a), partial

dislocations are observed to nucleate from general GBs and

glide along one of slip planes, finally across and intersecting

with TB1st, GB1st, or TB2nd. Partial dislocations are also

observed to nucleate from GB1st and leave stacking faults

(ISFs or ESFs) behind, finally cut into TB2nd of secondary

twins, as shown in Fig. 4(b). Unlike general GBs, TBs with

low excess energies usually exhibit much higher thermal

and mechanical stability. So TBs can provide adequate bar-

riers to dislocation motion for strengthening and also create

more local sites for nucleating and accommodating disloca-

tions, thereby improving ductility and work harden-

ing.10,35,36 However, dislocations nucleated from TBs are

rarely observed by experiments and are only observed in a

few cases by MD simulations.6,37 Nanocrystalline metals

with HTS possess various boundaries, such as GBs, GB1st,

TB1st, and TB2nd. The density of TB1st and TB2nd in nano-

crystalline metals with HTS is generally high. Moreover,

deformation compatibility at these TBs usually requires the

simultaneous operations of several slip systems, which pos-

sibly forcing TBs to be potential nucleating sites. Here we

show that TBs could provide local sites for both nucleating

and accommodating dislocations. Partial dislocations are

observed to nucleate from TB1st of primary twins/TB2nd of

secondary twins, and then traveling across and intersecting

with TB1st/TB2nd, as shown in Figs. 4(c) and 4(d), respec-

tively. When k2 is large, the glide partial dislocations

nucleated from GBs (including GB1st) or TBs (TB1st and

TB2nd) are blocked by other GBs or TBs, which is the main

reason for strengthening.

The overall simulated deformation pattern and the corre-

sponding amplified configuration at 10% strain in the NT Cu

with HTS of k1 ¼ 10.44 nm and k2 ¼ 0.63 nm are shown in

Figs. 5(a) and 5(b). In order to clearly illustrate the atomistic

details for the deformation mechanisms, the areas A-B in

Fig. 5(b) are further amplified and shown in Fig. 6. It is

observed that the deformation mechanisms are dominated by

the following two softening mechanisms when the spacing

k2 for secondary twins is small: (1) partial dislocations

FIG. 2. Simulated stress-strain curves for the NT Cu with HTS when (a)

k1 ¼ 10:44 nm; (b) k1 ¼ 25:05 nm; (c) The average flow stress vs. the spac-

ing k2. The average flow stress was calculated from an engineering strain of

7% to 20%.
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emitted from GB1st or TB1st travel parallel to TB2nd, leading

to detwinning of the secondary twins, as shown in Fig. 6(a);

(2) GB1st and TB1st shift together, leading to thickening in

one part of primary twins and thinning in the other part of

primary twins, as shown in Fig. 6(b). It has been indicated

that the stress required to move dislocations parallel to the

TBs is on the order of 10 MPa,6 which is negligible com-

pared to the magnitude of stress shown in Fig. 2. Therefore,

dislocations could glide easily along TBs once they are

nucleated. When the detwinning is the dominating deforma-

tion mechanism, the plastic flow of NT Cu with HTS should

be controlled by the nucleation rate of dislocations parallel

to TBs since the critical stress to drive parallel dislocation

motion is so small. Smaller k2 results in larger number of

nucleation sources and higher nucleation rate of dislocations

parallel to TBs, which giving rise to softening behaviors on

the flow stress of NT Cu with HTS.

The deformation sequences showing the second soften-

ing mechanism are also shown in Fig. 7. It is observed that

GB1st and TB1st can shift together without detwinning of

the secondary twins in these regions. As suggested in the

FIG. 3. (a) Simulated deformation patterns

at 10% strain in the NT Cu with HTS of

k1 ¼ 10:44 nm; k2 ¼ 10:44 nm (perfect fcc

atoms are not shown in this figure); (b) The

corresponding amplified configuration for the

marked rectangular area in Fig. 3(a).

FIG. 4. The corresponding amplified configurations for the marked rectan-

gular areas in Fig. 3(b) showing the various strengthening mechanisms: (a)

partial dislocations emitted from GBs travel across TB1st/GB1st; (b) partial

dislocations emitted from GB1st travel across TB2nd; (c) partial dislocations

emitted from TB1st travel across TB1st; (d) partial dislocations emitted from

TB2nd travel across TB2nd.

FIG. 5. (a) Simulated deformation patterns at 10%

strain in the NT Cu with HTS of k1 ¼ 10:44 nm;
k2 ¼ 0:63 nm (perfect fcc atoms are not shown in

this figure); (b) The corresponding amplified con-

figuration for the marked rectangular area in

Fig. 5(a).

FIG. 6. The corresponding amplified configurations

for the marked rectangular areas in Fig. 5(b) show-

ing the various softening mechanisms: (a) partial

dislocations emitted from GB1st or TB1st travel

parallel to TB2nd, leading to detwinning of the sec-

ondary twins; (b) GB1st and TB1st shift together,

leading to thickening in one part of primary twins

and thinning in the other part of primary twins.
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previous research,6,10,35 the glide of twinning partials on TBs

mediates the TB migration, giving rise to the deformation-

induced detwinning that leads to softening behaviors.

However, the second softening behavior observed here is a

new deformation mechanism for hierarchically nanotwinned

metals, and should also contribute to the observed decreasing

trend of flow strength with decreasing k2 when k2 is below

the critical spacing. For the nanocrystalline metals without

NT structures, MD simulations have shown a transition from

dislocation-mediated plastic deformation to GB-associated

mechanisms such as GB sliding, GB diffusion, and grain

rotation when the grain size is reduced to below 10 nm in

Cu.33 The softened behaviors below 10 nm is mainly due to

the GB-associated mechanisms. The boundaries for the pri-

mary twins are split into TB1st and GB1st when the secondary

twins are generated in the primary twins. So the shifting and

diffusion of the boundaries of primary twins should also

contribute to the observed softening behaviors for similar

reason. As suggested in the present study, there exists a tran-

sition in dominating deformation mechanisms, occurring at a

critical spacing of k2 for which strength is maximized.

Above the critical spacing of k2, the deformation mecha-

nisms are dominated by the two Hall-Petch type strengthen-

ing mechanisms. While below the critical spacing of k2, the

deformation mechanism is dominated by the two softening

mechanisms.

IV. SUMMARY

In the present study, a series of large-scale molecular

dynamics simulations have been performed to investigate the

deformation mechanisms of hierarchically nanotwinned Cu.

For the same grain size d and the same spacing of primary

twins k1, the average flow stress first increases with the

decreasing spacing of secondary twins k2, reaching a maxi-

mum at a critical k2, and then drops as k2 becomes even

smaller. The smaller the spacing for k1, the smaller the criti-

cal spacing for k2. There exists a transition in dominating

deformation mechanisms, occurring at a critical spacing of

k2 for which strength is maximized. Above the critical spac-

ing of k2, the deformation mechanisms are dominated by the

two Hall-Petch type strengthening mechanisms: (1) partial

dislocations emitted from GBs travel across other GBs or

TBs; (2) partial dislocations emitted from TBs travel across

other TBs. However, the deformation mechanism are domi-

nated by the two softening mechanisms below the critical

spacing of k2: (1) partial dislocations emitted from bounda-

ries of primary twins travel parallel to TB2nd, leading to det-

winning of the secondary twins; (2) boundaries of primary

twins shift together, leading to thickening in one part of pri-

mary twins and thinning in the other part of primary twins.

The results in the present paper will provide insights for

achieving higher strength in the hierarchically nanotwinned

metals by controlling the twin spacing of primary/secondary

twins.
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