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a b s t r a c t 

The mechanisms of strengthening and plasticity in columnar-grained metals with preferentially oriented 

nano-sized twins have been examined traditionally by considering dislocation processes, but rarely from 

the perspective of grain boundary (GB) deformation. Here, the effects of GB strain accommodation on 

plastic deformation in four different columnar-grained nanocrystalline nanotwinned (nt) face-centered- 

cubic metals (Cu, Ag, Al, and Ni) were studied by large-scale molecular dynamics simulations. It is ob- 

served that in tensile deformation parallel to coherent twin boundaries (CTBs), the dislocation mecha- 

nisms in each metal are identical and associated with GB emissions of jog and threading dislocations 

at small and large CTB spacings, respectively. However, CTB strengthening effects are increasingly more 

pronounced in columnar-grained nt metals as their shear modulus increases, which is rationalized by the 

dependence of GB stress concentrations on twin size, metal type and strain rate. Also, while flow stresses 

in nt-Cu, nt-Ag, and nt-Al metals increase linearly with decreasing CTB spacing, a maximum strength 

limit is reached in nt-Ni below a critical CTB spacing of 6 nm. The strength limit in nt-Ni results from 

columnar GB cracking induced by prominent GB sliding. For columnar-grained microstructures, GB sliding 

is equivalent in nt-Ag and nt-Al and slightly lower in nt-Cu but markedly higher in nt-Ni. These findings 

underscore the importance of new GB deformation mechanisms on plasticity and fracture in columnar- 

grained nt metals and enrich our understanding of CTB strengthening in fcc metals synthesized in the 

literature. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Nanotwinned (nt) face-centered cubic (fcc) metals with 

anoscale coherent twin boundaries (CTBs) inside ultrafine grains 

ave demonstrated an excellent combination of superior strength 

nd ductility, compared to their twin-free polycrystalline counter- 

arts, by tuning two microstructure dimensions, the twin bound- 

ry spacing (TBS or λ) and the average grain size ( d ) [1–8] . For

nstance, bulk nt-Cu metals with equiaxial grains exhibit a maxi- 

um strength (~1 GPa) and uniform tensile elongations (14%) be- 

ore failure with d ~ 500 nm and λ ~ 15 nm [3] . Recently, sputter- 

eposited nt-Ag metals have reached hardness values up to 3 GPa 

or a range of λ < 7 nm when d ~ 50 nm [9] , which is well above

ny previous hardness record in this metal (~2 GPa). In addition, 

he low excess energy of coherent nanoscale twins is known to 

aintain excellent electrical and thermal conductivities [ 1 , 9–11 ], 

nd improve corrosion and radiation resistance [12–14] . 
∗ Corresponding author. 
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In nt fcc metals with equiaxial grains, three typical dislocation 

echanisms have been associated with different hardening and 

oftening effects [ 15 , 16 ]. In slip mode I, dislocations glide on a slip

lane at 70.5 degrees to the CTB plane and directly intersect them. 

igher stresses are thus required to overcome the impediment of 

islocation propagation by CTBs, leading to significant hardening. 

n slip mode II, dislocations are also on a slip plane at 70.5 degrees 

ut propagate toward the opposite GB with a slip vector parallel to 

TBs. These paperclip-like threading dislocations result in moderate 

ardening from drag [17] but extend fatigue life [18] . In slip mode 

II, dislocations only glide on the CTB plane or planes adjacent to 

t. These twinning partials lead to detwinning, which is a softening 

ode. In general, good ductility in nt metals has been attributed 

o the intrinsic ability of CTBs to serve as dislocation sink and nu- 

leation or to accommodate plastic strain through detwinning and 

TB sliding, similar to conventional GB motion under stress [19–

4] . 

However, a microstructure with (111)-textured columnar grains 

s more commonly synthesized in pure nt fcc metal films, because 

TBs tend to align perpendicular to the growth direction during 

https://doi.org/10.1016/j.actamat.2021.116925
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.116925&domain=pdf
mailto:frederic.sansoz@uvm.edu
https://doi.org/10.1016/j.actamat.2021.116925
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irect-current electrodeposition and magnetron sputtering [ 8 , 25 ]. 

ompared to equiaxial nt fcc metals with random grain boundaries 

GBs), significant plastic anisotropy is found with those (111) tex- 

ured columnar grains [26–28] . Interestingly, a new mode II slip 

a jog dislocation with necklace-like shape that expands across 

ll twin layers connected by a stair-rod dislocation at each CTB 

17] – gives rise to continuous strengthening and maintain duc- 

ility in columnar grained nt-Cu with small TBS < 2.5 nm. By con- 

rast, however, a ductile-to-brittle transition has been observed in 

niaxial deformation of single crystalline nt-Cu nanopillars and nt- 

u nanowires cont aining similarly small twins [ 29 , 30 ], suggesting 

hat there may be intrinsic plasticity mechanisms associated with 

B deformation in columnar-grained nt metals. In an earlier study, 

hang et al. [31] hypothesized that the reduced tensile ductility of 

olumnar-grained nt-Cu, compared to that of nt-Cu with equiax- 

al grains, could be ascribed to a difference in stress-assisted GB 

liding, which has been a well-known cause for Hall-Petch break- 

own induced by large GB volume fractions at small grain sizes in 

anocrystalline Cu [32] . 

GB sliding has proven essential for a broad understanding 

f polycrystal plasticity from high-temperature creep in coarse- 

rained materials [33–35] to low-temperature plasticity and crack- 

ng in nc fcc metals [ 32 , 36–38 ] and alloys [ 39 , 40 ]. Yet the intrin-

ic contribution of GB sliding to the plasticity of nt metals has not 

een thoroughly investigated so far, except for a few atomistic sim- 

lation studies aimed at quantifying GB deformation in nt metals. 

ucker et al. [41] employed non-local kinematic metrics to sepa- 

ately investigate the amount of strain accommodated by CTB mi- 

ration, dislocation nucleation, dislocation glide, and GB-mediated 

lasticity in columnar-grained Cu metals with and without CTBs. 

hey concluded that the introduction of CTBs changed the primary 

train accommodation mechanism from dislocation slip to CTB mi- 

ration, and that GB strain localization alone increased from 10% to 

5%. Furthermore, Ke et al. [ 9 , 42 ] analyzed the local atomic shear

train at GBs in equiaxial grained nt-Ag alloys with d = 50 nm and

ound a pronounced increase in GB sliding rate as the CTB spac- 

ng λ was decreased, leading to a strength maximum. While di- 

ect experimental evidence of GB sliding in plastic deformation of 

t metals remains limited, a recent study in textured nt-Cu films 

43] has found some noticeable increase in GB strain leading to 

olumnar grain rotation under tensile deformation at room tem- 

erature, which could be indicative of specific columnar-grain GB 

liding activity. 

In this article, large-scale MD simulations were used to ex- 

mine how twin size and metal type influence both disloca- 

ion and GB sliding processes during plastic deformation of four 

olumnar-grained models in pure nt-Ag, nt-Cu, nt-Al and nt- 

i metals. Our simulation results show good qualitative agree- 

ent with the reported experimental data across different sputter- 

eposited nt fcc metals and point to the importance of GB slid- 

ng on metal-dependent plasticity and cracking mechanisms in 

olumnar-grained nt fcc metals. 

. Computational methodology 

Our MD simulations were performed using the software 

AMMPS [44] with the embedded-atom-method (EAM) potentials 

or Ag-Cu alloys by Williams et al . [45] and Al-Ni alloys by Mishin

t al . [46] . Table 1 shows that stacking-fault energies simulated by 

hese potentials [47] were in good agreement with ab-initio data 

48–52] in Al and Ni, but were lower for Cu and Ag. The ratio of

he stacking-fault energy γ S and the unstable stacking fault en- 

rgy γ US , i.e. the energy barrier associated with the formation of a 

hockley partial dislocation, is generally considered important for 

redicting the nucleation of complete vs. partial dislocations [53] , 

nd dislocation–twin interaction processes [54–56] . Table 1 shows 
2 
hat the EAM potentials in this study predicted γ S / γ US values 

anging from 1.2 in Al to 25.5 in Ag, suggesting that this large 

ifference could potentially result in dissimilar dislocation mech- 

nisms between these metals. 

Atomistic structures with ten nt columnar grains in fcc Ag were 

reated using a two-dimensional (2D) Voronoi tessellation scheme 

57] . The grain centers were randomly placed inside a xy plane and 

hen the grain regions were extruded along the normal direction z . 

he average in-plane grain size for the Ag models was around 20 

m. Dimensions of the simulation box were 64 nm × 64 nm × 28 

m in the x, y, z directions, respectively, with a total of 6.25 million 

toms, as shown in Fig. 1 (a). The boundary conditions were peri- 

dic in all three directions throughout the simulation. The crystal- 

ographic orientation of each grain in z direction was ±5 degrees 

o [111], and random in x and y directions. Majority of GBs exhib- 

ted a high-angle character, with some low-angle exceptions. Each 

rain contained evenly distributed CTBs, but the CTB were ran- 

omly shifted in the z direction from one column to another, to 

void the alignment of two CTBs on the same plane across a single 

B, similar to columnar-grained nt microstructures observed ex- 

erimentally. The TBS simulated were equal to 1.41 nm, 2.12 nm, 

.53 nm, 4.94 nm, 6.99 nm, 9.08 nm, and 14.06 nm. Identical mod- 

ls of nt-Cu, nt-Al and nt-Ni metals were created from those in nt- 

g by proportionally scaling the atom position, TBS and grain size 

ased on the difference in lattice constant (Cu – 3.615 Å, Ag – 4.09 
˚ , Al- 4.05 Å, Ni – 3.52 Å). 

The potential energy of all models was minimized at 0 K by 

onjugate gradient method, then relaxed by MD at 450 K for 50 ps, 

nd cooled from 450 K to 300 K at a rate of 2 ×10 12 K �s −1 using an

sothermal-isobaric ensemble (NPT) integration with zero pressure 

nforced in each direction. The models were thermally equilibrated 

urther at 300 K for 50 ps before deformation. For all metals, uni- 

xial tensile deformation was simulated by stretching the box in 

he x direction at an engineering strain rate of 2 ×10 8 s −1 at 300

 until 10% strain, under NPT with zero pressure maintained along 

he y and z directions. The MD timestep used was 5 fs. Also, to ex-

mine the strain-rate sensitivity, four different strain rates between 

 ×10 8 s −1 and 1 ×10 9 s −1 were simulated for only nt-Cu and nt-Ni

odels. 

The tensile stress was calculated by adding the corresponding 

irial-theorem stress component along the x -axis of all atoms and 

ividing by the volume of the simulation box. The flow stress was 

omputed by averaging the tensile stresses at strains ranging from 

% - 10%. Common neighbor analysis (CNA) in the software OVITO 

58] was used for visualization of GBs, TBs and dislocations in 

he model. In the following, atoms with fcc, hcp, and other co- 

rdination were colored in green, red, and grey, respectively. The 

tomic von-Mises shear strain was calculated in OVITO, using the 

ully annealed model before deformation as a reference. The near- 

st neighbor cutoff used for Cu, Ag, Al, and Ni was 3.086 Å, 3.496 
˚ , 3.458 Å, and 3.005 Å, respectively. GB atoms were identified by 

utting a wall of 1 nm in thickness for nt-Ag (the wall thickness 

as proportional in nt-Cu, nt-Al and nt-Ni based on the difference 

n lattice constant) by Voronoi tessellation with the grain center 

oordinates recorded before annealing, as shown in Fig. 1 (b). This 

all thickness was chosen as it included all atoms with unknown 

oordination in the GB and excluded most fcc atoms, CTBs, and dis- 

ocations in the grain. With this method, GB atoms accounted for ~

0% of atoms in the model. Each GB atom ID was recorded to cal- 

ulate the GB accommodated strain, as the average of atomic von- 

ises shear strains over all GB atoms, and GB free volume, as the 

verage excess free volume (atomic volume subtracted by atomic 

olume of the single crystalline phase) of the GB atoms. Atomic 

olumes were calculated using the Voronoi package in LAMMPS. 

he atomic-level strain at GBs is generally employed to character- 

ze a variety of GB deformation mechanisms numerically [ 39 , 41 ], 
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Table 1 

Properties of some common fcc metals from semi-empirical EAM potentials used in this study [47] and density-functional-theory data 

in the literature [48–52] . μ(111) , γ S , and γ US represent the shear modulus on the (111) plane, the stacking-fault energy, and the unstable 

stacking-fault energy, respectively. The parameter K crit is the critical stress intensity required to nucleate a partial dislocation from a GB 

stress concentration based on Eq. (1) with a Poisson’s ratio of ν ≈ 1/3 for all metals. ∗As an approximation, the shear modulus was 

considered identical between Cu and Cu-3.7wt.%Al. 

Embedded-atom method Density-functional theory 

Metal γ S (mJ/m 

2 ) γ US (mJ/m 

2 ) γ US / γ S γ S (mJ/m 

2 ) γ US (mJ/m 

2 ) γ US / γ S μ(111) (GPa) K crit (MPa • m 

1/2 ) 

Al 144.8 166.7 1.2 130 162 1.2 24.1 0.108 

Ni 123.6 365.5 3.0 110 273 2.5 63.6 0.228 

Cu 7.6 60 7.9 41 181 4.4 45.2 0.157 

Ag 1.5 38.3 25.5 18 133 7.4 23.8 0.097 

Cu-3.7wt.%Al - - - 7 169 24.1 45.2 ∗ 0.151 

Fig. 1. MD simulation of columnar-grained nt-Ni, nt-Cu, nt-Ag, and nt-Al with different twin boundary spacing (TBS) under tensile deformation at 300 K and strain rate of 

2 ×10 8 s −1 . (a) Atomistic model of nt-Cu with TBS = 4.38 nm. Green, red, and grey colors represent hcp, fcc, and other uncoordinated atoms, respectively. (b) Identification 

of GB atoms using a 1-nm-thick slice along the GB lines. (c–f) Simulated stress – strain curves for tension along x direction as a function of TBS. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.). 

3 
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Fig. 2. Flow stress and dislocation mechanisms as functions of twin size and metal type. (a) Flow stress, the average stress in a strain interval from 4% to 10%, for nt-Ni, nt- 

Cu, nt-Ag and nt-Al. Error bars show the standard deviation of tensile stress over this range of strain. Inset: Cracking is observed in nt-Ni with TBS < 6 nm, when a constant 

strength plateau becomes visible. (b) Jog (J) dislocation, a dislocation mechanism observed only at smaller TBS. (c) Threading (T) dislocation, the dislocation mechanism 

observed at larger TBS. Coloring in (b) and (c) is the same as that in Fig. 1 (a). Fcc atoms have been omitted for clarity. 
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uch as dislocation activity inside the GB itself [59] , atomic shuf- 

ing and free volume migration [60] . Furthermore, we calculated 

he average GB stress concentration by computing the atomic von- 

ises virial stress and dividing the averaged 10% highest values 

ound in the GB region by the average von-Mises stress in the grain 

egion, as shown in Fig. 1 (b). The simulations were performed on 

he high-performance supercomputers SuperMIC and Comet in the 

xtreme Science and Engineering Discovery Environment (XSEDE). 

. Results 

.1. Twin-size dependence of mechanical behavior 

Fig. 1 (c–f) shows the simulated tensile stress – strain curves ob- 

ained for columnar-grained nt-Ni, nt-Cu, nt-Ag and nt-Al with λ
arying from 1.2 nm to 14.1 nm. A linear elastic regime up to 2%

train is present in all metals, where the elastic modulus was de- 

ermined to be 210 GPa, 99 GPa, 66 GPa and 62 GPa in nt-Ni, nt-

u, nt-Ag and nt-Al, respectively. We observed no variation in the 

lastic moduli with different λ values. 

The dependence of plastic flow stresses on CTB spacing λ is 

epresented in Fig. 2 (a). In nt-Cu, nt-Ag, and nt-Al, we find a sim-

lar CTB strengthening effect characterized by a linear increase of 

ow stress as λ decreases. In nt-Ni, the same strengthening effect 

s only found when λ ≥ 6 nm. For λ < 6 nm, however, our simula- 

ions predict a plateau of constant flow stresses in this metal. The 

bsolute slope value for the increase of strength is 0.069, 0.048, 

.025 and 0.014 GPa per nanometer of twin thickness in nt-Ni, 

t-Cu, nt-Ag, and nt-Al, respectively, indicating a higher depen- 

ence of flow stresses on λ in nt-Ni and nt-Cu. Apparently, the 

ependence of strength on twin size in columnar-grained nt met- 

ls scales with their elastic modulus, suggesting that it could be 

inked to dislocation plasticity as discussed in Section 4.1 . 

.2. Dislocation-mediated plasticity 

We now turn to the effects of twin size on dislocation mecha- 

isms in these metals. The same dislocation mechanisms were ob- 

erved in all metals: Mode-II jog dislocations expanding through 

ll twin/matrix layers were found when λ is smaller than 2 nm, 
4 
ig. 2 (b). By contrast, threading dislocations contained within one 

ayer of the twin/matrix were predicted when λ is larger than 5 

m, Fig. 2 (c). For intermediate λ values between 2 nm and 4 nm, 

oth dislocation mechanisms were found to co-exist. The disloca- 

ion mechanisms in our study are in good agreement with those 

redicted by MD simulations in columnar-grained nt-Cu by Zhou 

t al. [17] . 

The transition from jog to threading dislocations was further 

nvestigated by examining how the number of hexagonal-close 

acked (hcp) atoms changed with applied strain. Fig. 3 shows that 

he strains at which the normalized number of hcp atoms starts 

o increase in all metals is around 2%, i.e. the same strain value at 

hich partial dislocations were first nucleated. However, the num- 

er of hcp atoms is found to increase more quickly as λ is in- 

reased, because more threading dislocations were nucleated than 

og dislocations, which have less extended hcp stacking faults. We 

ttribute the difference in number of hcp atoms at equivalent λ be- 

ween the four metals (based on lattice constant) to the difference 

n equilibrium splitting distances between lead and trailing Shock- 

ey partials in the threading dislocations, which is proportional to 

he γ US / γ S ratio [61] . The trends predicted in Fig. 3 are consistent 

ith the γ US / γ S ratios calculated from EAM data in Table 1 , which 

s especially evident when comparing the numbers of hcp atoms 

or nt-Ag and nt-Al metals in Fig. 3 (c) and (d), respectively. 

.3. GB cracking 

A salient feature of this study is shown in Fig. 4 (a) where sig- 

ificant interfacial cracking is manifested along a GB in the top-left 

orner of the nt-Ni model. In fact, GB cracking was predicted in 

nly nt-Ni models with λ < 6.02 nm, coinciding with the appear- 

nce of a constant strength plateau in Fig. 2 (a). Such a unique GB 

racking mechanism was not observed in the other three metals 

p to 10% deformation. Although it is not excluded that cracking 

ould be possible at larger applied strains not studied here, this 

ifference is interesting for two reasons. First, this observation sup- 

orts the idea that the tensile strength of columnar-grained nt fcc 

etals could be influenced by GB plasticity mechanisms that have 

ot been carefully studied in the past. Second, GB cracking mech- 

nisms are strongly dependent on the metal type. 



Q. Fang and F. Sansoz Acta Materialia 212 (2021) 116925 

Fig. 3. Number of hcp atoms normalized by the number of hcp atoms in the undeformed models. (a) Nt-Ni, (b) nt-Cu, (c) nt-Ag, and (d) nt-Al under tensile deformation at 

300 K and strain rate of 2 ×10 8 s −1 . 

Fig. 4. GB cracking mechanism in columnar-grained nt-Ni with λ = 1.83 nm as a function of applied strain. (a) Top-view MD snapshots. All fcc atoms are omitted. (b) GB 

atomic volume distribution. All atoms with atomic volume less than 15 Å 3 are omitted. 
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Fig. 5. Normalized GB excess free volume as a function of strain in columnar-grained nt-Ni, nt-Cu, nt-Ag, and nt-Al. (a) Models with same twin size around 2 nm. (b) and 

(c) Models with different TBS in nt-Ni and nt-Ag, respectively. 
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The atomic volume was used to study the crack growth process 

n columnar-grained nt-Ni in Fig. 4 (b). For clarity, in this figure, 

toms with atomic volume smaller than 15 Å 

3 were deleted (the 

tomic volume of Ni in its fcc single crystalline phase is ~8 Å 

3 ).

mall voids are seen to form at GBs at 4% strain. At 6% strain, void

oalescence results in the formation of a crack throughout the z 

xis, which continues to grow along GB-2 after 6% strain. Such high 

B free volume is only observed in nt-Ni with smaller twin sizes 

here cracking occurred. Also, some microvoids continue to form 

n other GB regions of the model, suggesting ductile-like intergran- 

lar fracture. 

Naturally, the excess volume due to local atom disorder at GBs 

as been known to result in GB sliding mediated by atom-shuffling 

nd dislocation nucleation mechanisms in nanocrystalline metals 

 37 , 60 , 62 , 63 ]. In the present study, Fig. 5 (a) shows that the GB

ree volume increases and then decreases at a transition strain of 

% in all metals, which corresponds to the onset of plasticity dis- 

ussed above. A similar evolution of GB free volume as a function 

f strain was observed in �9 (221), �9 (114) and �5 (210) sym- 

etric tilt GBs by Tucker et al. [64] , who explained the increased 

ree volume by the slight expansion of structural units prior to dis- 

ocation nucleation. Up to 6% strain, Fig. 5 (a) shows that the GB 

ree volume is slightly higher in nt-Ni than in the other metals, 

hich could be indicative of higher GB-mediated plasticity, but the 

rend is relatively similar, i.e. the GB free volume first increases 

hen decreases at 2%. Above 6% strain, however, the average GB 

ree volume increases significantly again in nt-Ni due to GB crack- 

ng, whereas it continues to decrease in the other metals without 

racking. Fig. 5 (b) indicates that the second rise of GB free vol- 

me in nt-Ni is increasingly more pronounced as the twin size λ
ecreases less than 6.02 nm. This observation is consistent with 

he occurrence of a strength plateau for λ < 6 nm in this metal, 
t

6 
ig. 2 (a). On the contrary, the GB free volume evolution does not 

epend on λ in the other columnar-grained nt metals, see for ex- 

mple nt-Ag in Fig. 5 (c). 

.4. GB sliding 

Fig. 6 presents the distributions of atomic von-Mises shear 

train in nt-Ni, nt-Cu, nt-Ag, and nt-Al models with same equiva- 

ent λ, i.e. 1.83 nm, 1.88 nm, 2.13 nm, and 2.10 nm, respectively. In- 

lane MD snapshots in Fig. 6 (a) obtained at a post-yielding strain 

f 3% show that the deformation is more localized on the colum- 

ar GBs than in the grain center in all four metals. It is worth not-

ng that at 3% deformation, some dislocation activity already ex- 

sts, as indicated in Fig. 3 , but is not visible in this specific view

irection. No significant GB migration is observed, compared to 

he undeformed models in Fig. 1 (a and b). Splitting of a low-angle 

B occurs at the top-left corner in Fig. 6 (a) as shown by a se-

ies of extended stacking faults (red lines) perpendicular to the GB. 

hree-dimensional snapshots of atomic shear strain distribution at 

 larger tensile strain of 8% are shown in Fig. 6 (b) for each metal.

ere, all atoms with shear strains less than 1 were deleted to high- 

ight only GB sliding. We find more pronounced GB deformation 

long GB-1 in all metals. However, Fig. 6 (b) reveals that a crack 

s formed at GB-2 in nt-Ni, which is a neighbor of GB-1, suggest- 

ng that larger GB sliding in this metal could be responsible for GB 

racking. 

Fig. 6 (c) shows the stress – strain curves obtained from the four 

imulations. From the 0.2% offset limit, it is found that the yield 

train is lower by 0.1% in nt-Ni than in the other metals, because 

B sliding starts at an earlier stage, as indicated by the average 

B shear strain in Fig. 6 (d). Overall, we conclude from Fig. 6 (d)

hat the GB sliding behavior is equivalent in nt-Ag and nt-Al and 
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Fig. 6. GB sliding in columnar-grained nt-Ni, nt-Cu, nt-Ag, and nt-Al models with the same number of atoms, same TBS (~2 nm), and same initial microstructure. (a) In-plane 

view of distribution of atomic von-Mises shear strain at 3% deformation. (b) GB atomic strain distribution at 8% deformation with atomic strains inferior to unity omitted 

for clarity. (c) Simulated tensile stress-strain curves at 300 K and strain rate of 2 ×10 8 s −1 . (d) Average GB von-Mises atomic strain as a function of applied strain. 
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lightly lower in nt-Cu, but markedly higher in nt-Ni, especially 

eyond 5% strain. In this study, however, we did not find any sig- 

ificant influence of the twin size on average GB shear strains in 

olumnar-grained nt metals under tension. 

Furthermore, since GB diffusivity and sliding are known to en- 

ance strain-rate sensitivity in nanocrystalline fcc metals [65] , we 

tudied in Fig. 7 the influence of strain rate on GB atomic strain in

olumnar-grained nt-Cu and nt-Ni models with same λ = 1.88 nm 

nd 1.83 nm, respectively. In nt-Cu, Fig. 7 (a)–(c) suggests no signif- 

cant difference in GB sliding over a range of MD-accessible strain 

ates from 1 ×10 8 s −1 to 1 ×10 9 s −1 . In nt-Ni, however, Fig. 7 (d)–(f)

hows that higher GB atomic shear strains were found at the low- 

st strain rates, especially when GB sliding was more prominent 

fter 5% strain. 

.5. GB stress concentration 

It is important to point out that strain-rate effects are not 

nly limited to GB plasticity, but also are important for dislocation 

echanisms in nanotwinned fcc metals [19] . For instance, Fig. 8 (a) 

learly reveals that the yield strength of columnar-grained nt-Cu 

odels exhibited pronounced strain-rate sensitivity, despite a lack 

f strain-rate effect on GB sliding in Fig. 7 (c), and that the strain

ate effect was the same for all TBS. This result is attributed to the 
7 
trong strain-rate dependence of dislocation nucleation processes 

n nanocrystalline Cu [66] , that are induced by local stress con- 

entrations at CTB-GB intersections in nt-Cu [67] . In fact, Fig. 8 (b) 

hows concrete example of such local stress concentrations in the 

olumnar-grained GBs on our nt-Cu model at 3% deformation and 

train rate of 2 ×10 8 s −1 . By calculating the average GB stress con- 

entration obtained at different strain rates, as a function of ap- 

lied strain, we find that higher strain rates give rise to lower GB 

tress concentrations after yielding (2%-3%) in Fig. 8 (c), and recip- 

ocally higher yield strengths in Fig. 8 (a). This result is consistent 

ith past theoretical predictions showing that the stress for par- 

ial dislocation nucleation increases with an increase in strain rate 

68] . Likewise, in Fig. 8 (d), a smaller CTB spacing decreases the av- 

rage stress concentration at CTB-GB intersections after yielding in 

t-Cu, which suggests that CTB strengthening relates to the depen- 

ence of GB stress concentrations on twin size in columnar-grained 

t metals subjected to tensile deformation. 

Furthermore, in Fig. 9 , we have computed the effects of mate- 

ials on the average GB stress concentration with the four metals 

imulated in Fig. 6 (c) and found that the GB stress concentrations 

re constant and mostly material-independent in columnar nt met- 

ls up to 5% strain, which occurs after the onset of GB sliding. 

owever, we also found some noticeable variations in GB stress 

oncentrations at strains larger than 6% due to the onset of GB 
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Fig. 7. Strain-rate effect on atomic von-Mises strain. (a)-(c) Nt-Cu with λ = 1.88 nm. (d)-(f) Nt-Ni with λ = 1.83 nm. MD snapshots show in-plane views of the atomic strain 

distribution at 10% deformation under different strain rates of 1 ×10 8 s −1 and 1 ×10 9 s −1 . 

Fig. 8. GB stress concentrations in columnar-grained nt-Cu under tensile deformation at 300 K. (a) Strain rate sensitivity of flow stresses. (b) Distribution of atomic von-Mises 

stresses at 3% deformation and strain-rate of 2 ×10 8 s −1 with a twin size λ = 1.88 nm. (c) Strain-rate effect and (d) twin-size effect on the average GB stress concentration 

K σ . 

8 
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Fig. 9. Materials effect on the average GB stress concentration of the four metals 

with same TBS of ~ 2nm simulated in Fig. 6 (c). 
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racking and void growth mechanisms. In fact, those local varia- 

ions coincide with net changes in the overall stresses in Fig. 6 (c). 

his conclusion is evidenced by an overall stress decrease in the 

tress-strain curve of nt-Ni above 6% strain due to a rise of GB 

tress concentrations in Fig. 9 , whereas a net increase in tensile 

tress in nt-Cu above 7% strain corresponds to a decrease of GB 

tress concentration for this strain range. 

. Discussion 

.1. CTB strengthening effects compared to past experiments 

In direct synthesis using either sputtering or electrochemi- 

al depositions, nanoscale CTBs are more frequently formed in 

cc metals with low intrinsic γ S , such as nt-Ag [ 9 , 69–72 ], nt-

u [ 31 , 73–75 ] and nt-Cu-Al alloys with up to 6 wt.% Al content

 76 , 77 ]. Recent experimental progress in sputtering techniques, 

owever, has enabled the synthesis of nanotwins in high- γ S fcc 

etals, such as Ni superalloys [ 78 , 79 ] and Al-based solid-solution 

lloys and multilayer films [80–82] , which are of special inter- 

st and utility over low- γ S metals for structural applications [53] . 

herefore, we include these materials in our survey because pure 

t-Ni and nt-Al metals have not yet been synthesized. 

Fig. 10 presents a summary of yield stress and hardness data 

ublished in the literature on columnar-grained (111)-textured 

t-Ag [69–72] , nt-Cu [ 31 , 73–75 ], nt-Cu-6wt.%Al [ 76 , 77 ], nt-Ni-

4at.%Mo-2.4at.%W [78] , and nt-Al(10 0 0nm)/Ag(seed) multilayers 

80] , as functions of twin size normalized by the average grain di- 

meter, λ/d. It should be noted that we have intentionally omitted 

o show the hardness of nt-Al-Fe alloys [81] and nt-Al-Ni alloys 

82] because CTBs present in this type of alloys are characterized 

y a mix of incoherent twin boundaries and 9R phase that are het- 

rogeneously dispersed between columnar grains, and thus may 

ot be representative of the microstructure discussed in the cur- 

ent study. For completeness, Fig. 10 also displays the flow stresses 

n columnar-grained nt-Cu with d = 20 nm simulated by Zhou 

t al. [17] using MD. Their yield stress predictions are in excellent 

greement with our results for nt-Cu in Fig. 2 (a) and matched well 

ith two theoretical strength equations based on interactions of 

og and threading dislocations with CTBs, solid and dash lines, re- 

pectively. Also, similar dislocation mechanisms were found in all 

our columnar-grained nt metals simulated in the present study. 
9 
The materials comparison in Fig. 10 is interesting in several as- 

ects. First, the dependence of yield stresses on twin size appears 

o be weaker in experiments than in the MD simulations on nt- 

u. Aside from the high stresses imposed by unrealistically high 

D strain rates, it could be possible to attribute this observation 

o the large difference in grain size, since d changed from ~0.1 μm 

o 19 μm in experiments compared to d = 20 nm in MD simula- 

ion. In columnar-grained microstructures, however, the grain size 

eduction does not fundamentally change the number of disloca- 

ion nucleation sites from CTB-GB stress concentrations, but pri- 

arily increases the local stress concentration itself, as this value 

cales as 
√ 

λ/d in nt metals [83] . From this standpoint, obtaining 

maller CTB strengthening effects in experiments with large grain 

izes is physically justified. Nevertheless, this study also demon- 

trates that GB cracking could result in no strengthening at all, es- 

ecially when this mechanism is more active at smaller λ values, 

hich gives credence that GB plasticity may play an important role 

n experiments as well. 

Second, to better understand the effect of γ S on yield stresses, 

able 1 lists the properties of pure fcc metals in Ag, Cu, Ni and Al,

nd one Cu-Al alloy obtained from density-functional-theory calcu- 

ations [48–51] . Asaro and Suresh [84] have proposed to derive the 

ffective stress intensity K 

crit to nucleate a lead partial dislocation 

rom a GB stress concentration based on the Peierls concept of par- 

ial dislocation nucleation from a crack tip [85] , using the equation 

 

crit = 

√ 

2 μγUS 

( 1 − ν) 
, (1) 

here μ and ν are the shear modulus and Poisson’s ratio, respec- 

ively. By applying this equation to the five metals in Table 1 , we

nd that nt-Ag and nt-Al have approximately same dislocation nu- 

leation strength K 

crit , while that of nt-Ni is significantly higher 

han in the other metals, which is consistent with both MD simu- 

ations in Fig. 2 (a) and experimental results in Fig. 10 . Furthermore, 

t-Cu-Al alloys are predicted to have approximately same strength 

s pure nt-Cu metals, despite a significantly lower γ S . In Fig. 10 , 

owever, yield stresses measured in nt-Cu-Al alloys are up to twice 

s high as those in nt-Cu. It should be noted that the grain size in

t Cu-6wt%Al alloys tested was among the smallest from all ex- 

erimental data, ~100 nm [76] , but this fact alone does not justify 

 two-fold stress hike. It can be hypothesized that Al solute seg- 

egation in this solid-solution Cu – Al alloy could have strength- 

ned GBs and reduced GB sliding, compared to pure nt-Cu metals, 

ince Al segregation to GBs is theoretically favored in Cu polycrys- 

als [86] . 

Third, a CTB strengthening effect was observed in all four met- 

ls, but a larger TBS dependence of stress was manifested in nt- 

u and nt-Ni with λ > 5 nm than in nt-Ag and nt-Al metals, 

ig. 2 (a). CTB strengthening effect in columnar-grained nt-Cu is ex- 

lained in the literature from the increased stress needed for dislo- 

ation propagation as TBS decreases. Jog dislocations are pinned at 

ll TBs by stair rod dislocations [17] . Since the number of pinning 

oints increases as TBS decreases, a larger stress is then required 

o drag a jog dislocation. Also, threading dislocations are confined 

ithin two CTBs. The confined layer slip (CLS) model [87] justifies 

TB strengthening by the increased stress needed for propagating 

hreading dislocation loops while maintaining energy balance. The 

hear modulus of the material influences stresses based on both 

inning effect and CLS model [17] . Furthermore, it is possible to 

nterpret the relationship between elastic modulus and twin-size 

ependence of strength using the Peierls criterion for dislocation 

ucleation K 

crit in Eq. (1) . Since the strengthening effect is pre- 

ominantly governed by dislocation nucleation, it can be assumed 

o the critical strength σ is proportional to K 

crit /K σ where K σ is 

he local GB stress concentration at GB-TB triple junctions, which 
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Fig. 10. Literature data on yield stresses measured in columnar-grained nt-Cu, nt-Ag, nt-Ni alloys, and nt-Al (10 0 0nm)/Ag(seed) multilayer films synthesized by sputtering 

deposition. No data are yet available for pure nt-Ni and pure nt-Al metals. CTB spacing and grain size are denoted as TBS and d , respectively. Symbols represent either the 

yield stress or hardness/3. Dashed and solid lines represent theoretical equations for yield stresses in columnar-grained nt-Cu based on propagation of mode II dislocations, 

either jog or threading, respectively, from Ref. [17] . 
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s also proportional to ( λ/d) 1/2 . Therefore, 

∝ K 

crit 

√ 

d 

λ
(2) 

From Eq. (2) , we conclude that the dependence of strength on 

win size ( λ) scales with K 

crit , which is consistent with the K 

crit 

arameters estimated in Table 1 . Because K 

crit increases as the 

hear modulus increases, there is an apparent relationship between 

lasticity and TB-dependent strengthening effects in columnar- 

rained nt metals. In fact, we have demonstrated with Figs. 8 and 

 that most of the TB-dependent strengthening effects observed 

n columnar-grained nt metals can be rationalized through the de- 

endence of average GB stress concentrations on TBS, strain-rate 

nd metal type. 

.2. GB sliding and cracking in columnar-grained nt metals 

From the current study, it is demonstrated that sliding of 

olumnar GBs loaded laterally in tension contributed markedly to 

he overall plastic deformation of nt fcc metals, and that GB sliding 

as more significant in nt-Ni than in the other columnar-grained 

t metals. While flow stresses in nt-Cu, nt-Ag, and nt-Al increase 

inearly with decreasing TB spacing, our atomistic simulations re- 

eal that a maximum strength limit is reached in nt-Ni below 

 critical CTB spacing of 6 nm, due to enhanced GB sliding. Be- 

ause the same initial polycrystals were used, albeit local differ- 

nces in the atomic GB structures existed for the different metals 

63] , GB sliding was identical for all metals up to ~2% deformation, 

ig. 6 (d). For strains between 2%-5%, however, a pronounced rise 

n GB plasticity and GB free volume occurred in nt-Ni, which was 

acilitated by GB atom shuffling and λ-dependent GB cracking. GB 

racking was only detected in nt-Ni with λ values smaller than 6 

m. The type of cracking observed in this nt metal can be viewed 

s ductile intergranular fracture, rather than brittle GB decohesion, 

ue to the formation and growth of micro-voids in different ar- 

as of the amorphous GB region, Fig. 6 (b). In fact, this behavior 

s reminiscent of micro-cracking in hard and quasi-brittle metallic 

lasses induced by nanoscale cavitation and excess free volume in- 

ide localized amorphous shear bands; see for example Fig. 27 in 

ef. [88] . It has been shown in the literature that the nucleation 

f nanoscale voids occurs preferably at GBs, triple junctions, and 

B – CTB intersections in nanocrystalline Ni [89] . At larger TBS, 

he number of stress concentrations at GB – CTB intersections de- 

reases, which may cause more limited crack initiation sites. At 
10 
mall TBS, however, cracking along GBs may directly compete with 

islocation nucleation mechanisms, which could therefore explain 

hy the plateau of maximum flow stress in nt-Ni appears only for 

< 6 nm in Fig. 2 (a). 

Furthermore, because of enhanced GB sliding in nt-Ni, the 

eduction of GB sliding with increasing strain rate was slightly 

igher in nt-Ni than in nt-Cu. Therefore, this result suggests that 

train rate sensitivity in nanotwinned fcc metals could be larger 

n columnar-grained nt-Ni than in other metals due to GB sliding. 

owever, Zhang et al. [66] also noted that stress-driven GB plas- 

ic deformation mechanisms such as GB sliding and migration, are 

ot as sensitive to strain rate as that expected for the thermally as- 

isted mechanisms such as dislocation nucleation. This hypothesis 

s consistent with our results in columnar-grained nt-Cu, since this 

etal exhibited a visible strain-rate sensitivity despite reduced GB 

liding, compared to the three other metals. 

In addition, the dependence of twin spacing of GB sliding in 

t metals remains unclear. This study did not find any significant 

nfluence of TBS on GB atomic strain for columnar-grained met- 

ls deformed in tension. This result contrasts with the MD simu- 

ations of Ke et al. [9] in nt Ag-Cu alloys showing that GB slid-

ng rates increased as TBS was decreased. It should be noted, how- 

ver, that their polycrystal models contained only equiaxial grains. 

uring tensile deformation, GBs in equiaxial grains are subjected 

o combined normal and shear loading that could help with the 

ucleation of additional slip modes impacting with the migration 

f GB free volume. Also, the lack of TB-dependence on GB slid- 

ng in this study was surprising, considering that GB stress con- 

entrations are reduced with decreasing TBS in nt-Cu, as shown 

n Fig. 8 (d), although no direct link between these two properties 

as been established in the literature. Therefore, understanding the 

oles of CTBs on intrinsic GB plasticity mechanisms warrants fur- 

her investigation. 

. Conclusion 

MD simulations have been used to study the strength and 

echanisms of GB plasticity and GB stress concentrations in four 

olumnar grained nt fcc metals: Cu, Ag, Al, and Ni. A major con- 

lusion is that the dislocation mechanisms, as a function of twin 

ize, are the same for all nt metals with columnar grain morphol- 

gy, but most of the TB-dependent strengthening effects observed 

n columnar-grained nt metals can be rationalized through the de- 

endence of average GB stress concentrations on twin-size, strain- 
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ate and metal type. Also, we found that GB sliding is more sig- 

ificant in nt-Ni than in the other three metals, with higher GB 

ccommodated strain and cracking, which influences the mechan- 

cal properties of nt-Ni significantly. An important outcome of this 

henomenon is the occurrence of a maximum strength plateau in 

olumnar-grained nt-Ni with λ < 6 nm due to TB-dependent GB 

racking. Therefore, this study emphasizes the necessity to con- 

ider and tailor GB properties to further improve the mechanical 

ehavior of columnar-grained nt fcc metals. 
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