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a b s t r a c t 

The breakdown from grain-size strengthening to softening mechanisms is generally well understood for 

high-purity nanocrystalline materials when the mean grain size decreases to the nanometer range. In 

nanocrystalline alloys, however, the stabilization of nanosized grains by grain-boundary solute segre- 

gation complicates the above mechanisms. Moreover, current segregation models have little predictive 

power for determining the optimal solute content that maximizes Hall-Petch strengthening effects. In 

this article, using large-scale hybrid Monte-Carlo/molecular dynamic simulations, we present a system- 

atic study of the Hall–Petch breakdown in Cu-segregated Ag alloys with grain sizes ranging from 8 nm 

to 59 nm, where three concentration-dependent regimes of plasticity are described: (1) Classical segre- 

gation strengthening behavior at low solute contents, (2) shear band-induced softening at high solute 

contents, and (3) a previously unknown, but extended plateau of maximum strengths for intermediate 

solute contents from 4 to 15 at.%, which we term as nanocrystalline Sterling silver. We find that flow 

strengths in nanocrystalline Sterling alloys naturally exhibit a zero-slope limit at the smallest grain sizes 

that is well below the ideal Hall–Petch strengthening trend. This phenomenon results from partially ac- 

tive grain-boundary segregation that acts to influence interfacial plasticity in some, but not all, grain 

boundary regions. Our findings amplify the atomic nature of solute segregation and interaction at grain 

boundaries and its complex roles on grain boundary-mediated plasticity mechanisms in nanocrystalline 

alloys. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The concept of a “strongest” size in nanocrystalline (nc) materi- 

ls was first brought up by Yip [1] to describe the critical grain size

 d ) at a maximum limit of strength, so called Hall–Petch break- 

own, where deformation mechanisms transition from Hall–Petch 

rain-size strengthening [ 2 , 3 ] to grain-boundary (GB) induced soft- 

ning, such as GB sliding [ 4 , 5 ], GB migration [6] and grain coars-

ning [ 7 , 8 ]. In nanostructured metallic alloys where conventional 

olid solution strengthening is generally found negligible [9–18] , 

B segregation of solute atoms gives rise to grain stability either 

y reducing the excess free energy or free volume of interfaces 

19] or by forming fine clusters to pin the GB network [20] . From 

ast experimental [21] and atomistic simulation [22] studies, con- 

rolling the stability of nanoscale grains by alloying has proven to 
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e an effective strategy to displace the strongest size, or softening 

ehavior, to the smallest grain sizes in nc metals. For instance, in 

c Ni-W alloys [ 23 , 24 ] and Ni-P alloys [ 25 , 26 ], maximum hardness

as measured at a grain size d between 7 nm and 9 nm after so-

ute segregation, which is markedly smaller than the strongest size 

 ∼ 16 nm in unalloyed nc Ni [27] . Likewise, record-breaking hard- 

ess values have been directly measured in nc Ni-Mo alloys with 

anosized grains as small as d = 10 nm, while exhibiting contin- 

ous Hall–Petch strengthening without softening, owing to the in- 

reased GB stability from Mo segregation to GBs in Ni [21] . 

With rapid progress made in applying machine learning to 

tomistic modeling, it is now possible to inspect hundreds of 

anocrystalline FCC, BCC and HCP binary alloys to qualitatively 

dentify best candidates for GB segregation in polycrystals [28] . The 

ew challenge, however, is to understand how solute concentration 

nfluences GB-strengthening mechanisms in the Hall–Petch break- 

own regime [12] . On one hand, it has been well-documented 

xperimentally that several nc binary alloys, such as Nb-doped Cu 

29] , Ti-doped Ni [30] , Mg-doped Al [16] and Cu-doped Ag [18] ,
. This is an open access article under the CC BY-NC-ND license 
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xhibit continuous segregation-induced GB strengthening with 

ow-to-moderate solute contents, i.e. when the total solute is less 

han a few atomic percent. On the other hand, for higher solute 

ontents ( ≥ 10 at.%), GB embrittlement through shear localization 

ailure has been observed in nc Ag-segregated Cu alloys [31] and 

c Ni-segregated Al alloys [32] . In fact, an atomistic simulation 

tudy by Li and Szlusfarska [33] first pointed to a mechanism 

ransition in nc Cu-Ag alloys where the flow strength increased at 

ow Ag concentration, then decreased above 5.5 at.% Ag due to GB 

hickening into an amorphous Ag film, accompanied by reduced 

B sliding resistance. They showed that this transition occurs over 

 range of grain sizes from 5 nm to 40 nm, which is crossing

ver the strongest size for this type of alloy. Likewise, another 

tomistic study by Li et al. [34] in nc Ni-Mo alloys reported a shift

f GB-accommodated plastic deformation to dislocation-governed 

lasticity that avoided the occurrence of softening below the 

trongest size, by segregating Mo solute atoms. Also, the authors 

oted that the critical solute concentration at the transition was 

ramatically increased at the smallest grain size, due to increased 

B atom fraction. In summary, all experimental and theoretical 

vidence points to a concentration limit where solute segregation 

an act as GB reinforcement, until the segregation effect reverses 

o strain localization-induced embrittlement. However, an un- 

ettled question remains about understanding this concentration 

imit and its associated plasticity transition. 

In this article, we use hybrid Monte-Carlo/molecular dynamics 

MC/MD) simulations to fundamentally examine how solute con- 

entration influences the strongest size and Hall–Petch breakdown 

echanisms in Cu-segregated nc-Ag alloys with mean grain sizes 

anging from 8 to 59 nm. We chose these alloys for several rea- 

ons. First, as synthesized in our past study [18] , introducing trace 

oncentrations of Cu is able to stabilize nc-Ag metals with a mean 

rain size of 50 nm at annealing temperatures up to 653 K. The 

B segregation of Cu solute enables a combination of grain re- 

nement and extreme nanoscale twinning in nc-Ag that gives rise 

o record-breaking strengths, in comparison to that of high-purity 

ltrafine-grained nanotwinned Ag [35] . To be consistent with past 

ork, in this study, we investigate the plastic deformation be- 

avior of nc-Ag polycrystals containing a constant nanotwin spac- 

ng (2.8 nm) and varying grain diameters (d). Second, because 

g and Cu have the highest electrical conductivity of all metals, 

dding elemental concentrations of Cu solute to Ag presents some 

lear advantages to maintain the conductivity, while breaking the 

onductivity-strength trade-off that is more commonly observed 

ith heavily alloyed metals [18] . Third, past experimental stud- 

es on powder consolidated nc-Ag metals [ 36 , 37 ] have reported 

hat a classical Hall–Petch hardening is holding down to a mean 

rain size of 17 nm. Apparently, in this grain size regime, the flow 

tress is predominantly controlled by the dislocation density and 

islocation pile-ups, rather than by grain-size softening [38] . How- 

ver, the compacting pressure and gas impurities with this pro- 

essing method are known to affect the structure and density of 

he boundaries between the aggregates [39] , which may influence 

he GB deformation mechanisms, requiring further study on stress- 

ree structures of nc-Ag. 

. Computational methodology 

Hybrid MC/MD simulations were performed to structurally and 

hemically relax large-scale nc-Ag polycrystals with different Cu 

oncentrations similar to our previous methodology [ 17 , 18 ]. The 

oftware LAMMPS [40] was used with an embedded-atom method 

EAM) potential for Ag-Cu binary alloys by Wu and Trinkle [41] . 

ur own simulations with this potential showed that the unsta- 

le and stable stacking-fault energies in pure Ag were equal to 

15.3 mJ/m 

2 and 16.6 mJ/m 

2 , respectively. We found that the gen- 
2 
ralized stacking-fault energy curve remained unchanged by ran- 

omly adding Cu atoms up to 5 at.% concentration, indicating that 

olid solution strengthening was absent up to this limit. A Voronoi 

essellation scheme was applied for structure generation with ran- 

omly distributed grain centers, random crystallographic orienta- 

ions, and fully periodic boundary conditions. GB atoms closer than 

.5 Å were removed. As shown in Fig. 1 (a)–(c), several models with 

ifferent mean grain sizes equal to 8, 10, 12, 16, 20, 25, 39, and 

9 nm, were created in cubic simulation boxes of 30, 37.5, 45, 60, 

8, 60, 60, and 90 nm in size, with a total of 1.5, 3.1, 5.3, 12.6,

.5, 12.6, 12.6, and 42.6 million atoms, respectively. The mean grain 

ize was computed with pure Ag polycrystals obtained after ther- 

al equilibration at the segregation temperature, using the poly- 

edral template matching and grain segmentation analysis in the 

oftware Ovito [42] . The standard deviations for the models with 8 

nd 20 nm grain sizes were found to be equal to 1.1 and 2.1 nm

fter a 500 K relaxation, respectively. Because nc-Ag metals have 

hown a strong tendency to form nanoscale growth twins during 

putter deposition [18] , a uniform distribution of perfectly coher- 

nt twin boundaries with a spacing of 2.8 nm perpendicular to 

he [111] direction was added. This spacing was shown to facili- 

ate GB-mediated plasticity in Cu-segregated nanotwinned Ag [17] . 

he energy of each model was minimized by the conjugate gradi- 

nt method. The structure was then relaxed under zero pressure 

sing an isothermal–isobaric (NPT) ensemble at 450 K for 100 ps, 

hen cooled to 300 K in 50 ps, and held at the same temperature 

or another 50 ps. Temperature was rescaled every 500 steps. The 

imestep was 5 fs, which was found to conserve the total system 

nergy. 

The hybrid MC/MD approach used to simulate Cu atom segre- 

ation followed the method presented in [41] . It was run at 500 K 

or 1 million MD steps with a timestep of 2 fs and calls to MC ev-

ry 10 MD steps. The temperature in MD was controlled by rescal- 

ng every 10 steps and pressure was maintained to 0 bar using a 

erendsen barostat. The MC simulation part was carried out with 

 chemical potential difference �μ = −2.5 eV and a variance of 

agrange multiplier κ = 100. The target solute concentration was 

aried by 1 at.% intervals up to 20 at.% by prolonging the MC/MD 

ycles without changing the chemical potential difference. After 

egregation to the desired concentration, the model was relaxed 

gain in NPT ensemble under zero pressure from 500 K to 300 K 

or 100 ps and kept at 300 K for another 100 ps. 

The models were deformed in pure tension by stretching the 

imulation box at an engineering strain rate of 10 8 s −1 along the 

-direction until 10% strain. NPT ensemble at 300 K and zero pres- 

ure applied laterally along the z and y directions were used. The 

verage tensile stresses were computed by adding the correspond- 

ng Virial-theorem stress component over all atoms and dividing 

y the deformed volume of the simulation box. The flow stress 

as determined by averaging stresses over strains ranging from 7% 

o the maximum 10%, because the flow stress variation for each 

odel was found to be smaller over this range. Plastic deformation 

echanisms were studied by common neighbor analysis (CNA) and 

tomic strain analysis in OVITO. 

To quantify GB properties, an algorithm using the Voronoi tes- 

ellation method [43] was developed to identify a list of GB atoms 

efore deformation by creating a network of three-dimensional 

ells of ∼1 nm in wall thickness encompassing each GB interface 

n the models. Other related works tend to use the CNAto detect 

B atoms instead. We did not use this approach, primarily because 

ome Cu atoms remained randomly distributed inside the grains 

nd did not segregate totally to the GBs, and during plastic de- 

ormation simulation, defect atoms in dislocation cores inside the 

rain interior could be mistakenly recognized as GB atoms by CNA. 

Furthermore, we computed the excess free volume (EFV) per GB 

tom based on the approach proposed by Li and Szlufarska [33] . 
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Fig. 1. Hybrid MC/MD simulations of solute segregation in nanocrystalline Ag-Cu alloys with a constant Cu content of 0.8 at.%. Microstructure snapshots for Ag models 

with a mean grain size of (a) 8 nm, (b) 20 nm and (c) 59 nm. Cu atom distribution at 500 K for a grain size of (d) 8 nm (e) 20 nm and (f) 59 nm. Atoms in perfect FCC 

arrangement are colored in blue, coherent TBs in red color, and grain boundaries (GBs) in yellow color. (g) GB atomic fraction and local GB solute concentration as a function 

of mean grain size. The inset shows the GB network region used for calculation in the 20 nm grain size model. See text for the fitting of GB atom fraction. Horizontal error 

bars represent the grain-size standard deviation obtained for pure nc-Ag models after a 500 K thermal relaxation. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.) 
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ach atom inside the GB network was analyzed using the Voronoi 

odifier in OVITO to calculate its atomic volume. The EFV was cal- 

ulated using the equation 

F V = 

∑ 

V GB − N Ag × V Ag − N Cu × V Cu 

N Ag + N Cu 

(1) 

here V GB is the atomic volume for each atom inside GBs, N Ag and 

 Cu is the number of Ag and Cu atoms inside GBs, respectively, V Ag 

nd V Cu are the atomic volumes of Ag and Cu atoms in the sin-

le crystalline phase, respectively. The atomic volume was calcu- 

ated using the Voronoi modifier in OVITO. Also, we computed the 

tomic-level von-Mises effective stresses by averaging the six com- 

onents of the virial stress tensor over all atoms within a spherical 

olume with a cutoff radius of 5.99 Å around each atom. The sim- 

lations were performed on the high-performance supercomput- 

rs at the Extreme Science and Engineering Discovery Environment 

XSEDE) [44] and the National Energy Research Scientific Comput- 

ng Center (NERSC). 

. Results and discussion 

.1. Dependence of GB segregation on grain size 

Fig. 1 presents the influence of mean grain size (and GB atom 

raction) on the equilibrium distributions of Cu solute atoms at 

00 K in Ag polycrystals, with segregation fixed at a constant so- 

ute content of 0.8 at.% Cu, corresponding to the value studied 

reviously at a large grain size of d = 59 nm [ 17 , 18 ]. Fig. 1 (d)–

f) shows the formation of a homogeneous 3D network of GB so- 

ute atoms colored in yellow. Some Cu atoms are found distributed 

andomly at face-centered cubic and some hexagonal-close packed 

ites in the grain interior at d = 59 nm; however, these tend to dis-

ppear at smaller grain sizes. Cu solute atoms show no preference 

or segregation into coherent twin boundaries, because there are 

o twin boundary defects to form solute attraction sites, contrary 

o our previous simulations in [17] . 

The present atomistic simulations show a strong grain-size de- 

endence of the solute content segregated to GBs, confirming past 
3 
hermodynamic calculations [45] . In theory, the GB atom fraction 

or equiaxed polycrystals is equal to [46] : 

f GB = 1 −
[

d − t 

d 

]3 

(2) 

ith t the GB thickness. This equation matched well with our sim- 

lations in Fig. 1 (g) when a constant t = 1.13 nm is chosen. At

n 8-nm grain size, Fig. 1 (d) shows that most Cu atoms are seg- 

egated inside GBs, where the local Cu content is equal to 1.9 at.% 

s indicated in Fig. 1 (g). As the grain size is increased, however, 

ig. 1 (g) reveals that GBs are increasingly more concentrated with 

olute because the GB atom fraction decreases, while t remains 

pproximately constant. Consequently, the local Cu solute at GBs 

eaches 7.8 at.%, i.e. ∼10 times higher at GBs than the total con- 

entration. Therefore, it can be concluded that the local Cu con- 

entration in GBs after hybrid MC/MD simulation increases sharply 

ith increasing grain size. This conclusion suggests that larger so- 

ute contents might be required at smaller grain sizes to maintain 

ame strengthening efficiency from GB segregation. 

.2. Hall–Petch strengthening limit 

The flow stress averaged over strains from 7 to 10% is repre- 

ented in Fig. 2 , as a function of grain size d and total Cu con-

ent up to 20 at.%. For pure nc-Ag (with 2.8 nm nanotwins), our 

tomistic simulations show a normal transition from Hall–Petch 

trengthening to grain-size softening, associated with a maximum 

trength of 1.5 GPa predicted at d = 20 nm. We obtained a least- 

quare fit of the Hall–Petch equation: 

= σ0 + 

K √ 

d 
(3) 

here σ is the flow stress, σ 0 is the friction stress for disloca- 

ion motion, and K is the Hall–Petch grain-size hardening constant. 

or pure nc-Ag, the classical Hall–Petch relation holds well up to 

0 nm and is in good agreement with past experimental obser- 

ations made on powder consolidated nc-Ag metals [ 36 , 37 ]. For 
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Fig. 2. Hall–Petch plot for nanocrystalline Ag-Cu alloys with total Cu solute con- 

tents up to 20 at.%. Pure Ag metals exhibit a classical Hall–Petch breakdown at an 

average grain size of 20 nm, whereas GB solute segregation strengthening is signif- 

icant in Ag-Cu alloys. However, flow strengths in heavily segregated nanocrystalline 

Ag-Cu alloys present a saturation in the breakdown regime, suggesting that the 

ideal Hall–Petch strengthening limit is not always achievable with small grain sizes 

through conventional GB solute segregation. The amorphization model by Chan- 

dross and Argibay [47] for shear strength softening in pure Ag metals (0%) based 

on Eq. (3) is represented by a dotted-dashed line. 
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h  
 ≤ 20 nm, we compared the flow strength predicted by our sim- 

lations to the shear softening model based on amorphization of 

he GB region, rather than GB sliding, proposed by Chandross and 

rgibay [47] , which is given by 

= 

(
L 
ρL 

M 

)(
1 − T 

T m 

)
( 1 − f GB ) + τ0 (4) 

here τ = σ/ 
√ 

3 is the shear strength for polycrystals, L is the 

eat of fusion, ρL is the density of the liquid at the melting tem- 

erature, M is the atomic mass, T is the temperature (300 K), T m 

s the melting temperature and τ 0 is a stress threshold depen- 

ent on strain rate and temperature. We used Eq. (2) for the GB 

raction f GB . From past first-principles calculations for Ag [48] , we 

sed L = 10.806 kJ/mol, ρL = 9.49 g cm 

−3 , M = 107.9 g mol −1 ,

 m 

= 1209 K, and by fitting to our MD results at T = 300 K,

0 = 0.475 GPa. Both GB amorphization theory and atomistic sim- 

lation results show good agreement for grain sizes equal to 20 nm 

r smaller, further substantiating that the strongest size should be 

n the order of 20 nm in pure nc-Ag. 

Fig. 2 indicates that the effect of Cu segregation on flow 

tresses in Ag polycrystals is quite dramatic, because an increase 

f strength by up to 48% is evidenced over the range of studied 

rain sizes (8–59 nm). This finding is significant in several aspects. 

irst, by fitting Eq. (3) to data with only d ≥ 20 nm, we find that

he parameter σ 0 remains unchanged between pure nc-Ag and Cu- 

egregated nc-Ag models, 1.191 GPa and 1.176 GPa, respectively, 

hich implies that Cu alloying did not significantly influence the 

tacking-fault energy for crystal slip in this type of alloy [49] . By 

ontrast, after segregation, K increased by more than 100% from 

.47 to 2.97 GPa m 

0.5 . Li [50] attributed such a rise in the Hall–

etch slope during GB segregation to the pinning effect of impuri- 

ies on GB dislocation sources and the local alteration of GB struc- 

ure. In effect, some supplementary analysis is presented below to 

upport Li’s hypothesis and shows that the EFV decreases linearly 
4 
ith the local solute content at GBs, which has a significant influ- 

nce on GB-assisted plasticity. 

Second, it is worth noting in Fig. 2 that flow strengths in seg- 

egated models with d ≤ 20 nm reach a maximum at 1.82 GPa, 

hich is significantly smaller that the ideal Hall–Petch strength- 

ning limit if we were to extend Eq. (3) to the smallest grain 

izes. The maximum strength is almost constant for all d ≤ 20 nm, 

mplying that the underlying plasticity mechanism governing the 

ero-slope limit in the GB segregated models may be grain-size in- 

ependent. However, it is established that GB sliding rates limited 

y GB diffusion exhibit a third-power law with respect to grain 

ize in equiaxed polycrystals [51] . Therefore, we observe that the 

all–Petch limit in segregated Ag-Cu alloys possibly evades classi- 

al GB sliding mechanisms. 

Third, a theory for estimating the effect of alloying on strongest 

ize in nc alloys has been previously proposed by Schuh et al. [23] .

dapting this theory to the case of Cu solute in Ag polycrystals 

llows us to estimate that: 

d al l oy 

d pure 
≈

[
D Ag−Cu 

D Ag 

(
1 − X 

tot 
)

+ X 

tot 

]2 / 7 

(5) 

here d alloy and d pure are strongest sizes in the segregated alloy 

nd pure metal, respectively, D Ag-Cu is the diffusivity of Cu in Ag, 

 Ag is the self-diffusivity of Ag, and X 

tot is the total Cu content. 

owever, the ratio D Ag-Cu / D Ag is estimated to be only about 10 −7 

 52 , 53 ]. Therefore, Eq. (5) can be approximated to d al l oy / d pure ≈
 X tot ) 2 / 7 . Numerically, this estimate suggests that the strongest size 

hould steadily decrease as solute content increases. For exam- 

le, it could be reduced by half, from d = 20 nm to 10 nm, if

 = (0.5) 7/2 = 8.8 at.%. However, this theory is not consistent with 

esults presented in Fig. 2 , because maximum strength with 8 at.% 

u is reached at d = 12 nm, whereas the strongest size with 12 at.%

u is found to be larger, d = 20 nm. Furthermore, for all models 

ith d ≤ 20 nm, Fig. 2 shows that the flow strengths increase to a 

aximum before decreasing for increasing Cu contents. 

To better understand this phenomenon, the dependence of flow 

trength on Cu content is represented in Fig. 3 for the smallest 

rain size ( d = 8 nm). From this figure, it is shown that flow

trengths can be separated into three concentration-dependent 

lasticity regimes: (1) A classical segregation strengthening behav- 

or at low solute contents up to 6 at.%, (2) an extended plateau 

f maximum strengths for intermediate solute contents, and (3) 

oncentration-dependent softening for high solute content above 

2 at.%. Interestingly, the plateau regime that corresponds to max- 

mum strengths in nc Ag-Cu alloys, is reached for a range of solute 

ontents that has not been well studied in the literature. Histori- 

ally, Sterling Ag has been used for coins and jewelry in which at 

east 7.5 at.% Cu is added to harden it since pure Ag is too soft [54] .

y analogy, we term the alloys with compositions lying within the 

lateau of maximum strengths in Fig. 2 as nc Sterling silver. 

.3. Segregation-induced strain localization and softening 

To further investigate the underlying softening mechanism at 

igher Cu contents, MD snapshots of atomic von-Mises shear strain 

t yielding (from 0 to 4.5% applied strain) and during plastic flow 

eformation (from 7 to 9.5% applied strain) are represented in 

ig. 4 for different Cu solute contents (0, 8 and 15 at.%). In Fig. 4 ,

he onset of yielding is marked by dislocation nucleation at all con- 

entrations, but the level of GB plasticity is more profoundly af- 

ected by the segregation. In pure nc-Ag, Fig. 4 (a) shows that yield- 

ng is associated with GB sliding and dislocation nucleation simul- 

aneously, whereas segregation in both Fig. 4 (b) and (c) is found 

o dramatically reduce GB sliding at yielding. In comparing the 

wo segregated models, GB atom shuffling is found to be slightly 

igher at 8 at.% Cu than 15 at.% Cu. Fig. 3 (a), however, showed



F. Sansoz and X. Ke Acta Materialia 225 (2022) 117560 

Fig. 3. Effect of total solute content on mechanical behavior in nanocrystalline Ag-Cu alloys with a mean grain size ( d ) of 8 nm. (a) Simulated tensile stress-strain curves. 

(b) Flow stresses averaged between 7 and 10% applied strain. The mechanical behavior of segregated alloys is divided into three regimes delineated by GB segregation 

strengthening, a plateau of constant stresses, and segregation softening. 

Fig. 4. Effect of total solute content on plastic strain localization in nanocrystalline Ag-Cu alloys ( d = 8 nm). Local atomic von-Mises shear strains ( εVM ) are calculated in the 

same models at applied strains from (a)–(c) 0% to 4.5% and (d)–(f) 7% to 9.5%, respectively. 

5 
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Fig. 5. Excess GB free volume in nanocrystalline Ag-Cu alloys. (a) Excess free volume per GB atom as a function of mean grain size. (b) Initial atomic volume (in Å) without 

solute for d = 8 nm. (c) Homogeneous volumetric strain at 9.5% strain without solute. (d) Excess free volume per GB atom as a function of local GB solute concentration for 

constant d = 8 nm. (e) Initial atomic volume (in Å) with 15 at.% Cu solute for d = 8 nm. (f) Nanovoid expansion along intense shear band at 9.5% strain with 15 at.% Cu 

solute. 
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hat this difference had negligible effect on the peak of the stress- 

train curves at a yield strain of 4.5%, relative to the sharp increase 

f stress observed when solute concentration was increased from 

 to 6 at.% Cu. 

Furthermore, Fig. 4 (d) shows no fundamental difference be- 

ween the yielding and plastic flow mechanisms in pure nc-Ag. For 

i-W alloys, the amorphization theory by Chandross and Argibay 

47] has been suggested to explain the crossover in behavior from 

rystal-like to amorphous-like deformation that was directly vis- 

ble in experiments with decreasing grain size [55] . In Ag-Cu al- 

oys, however, the effect of Cu content on GB plasticity mecha- 

isms presented in Fig. 4 does not support this hypothesis be- 

ause, as the Cu content is raised to 8 at.%, Fig. 4 (d) shows that GB

morphization at d = 8 nm is significantly diminished compared 

o that in the pure nc-Ag model. In fact, past MD simulations by 

e et al. [18] have demonstrated that GB sliding is the predom- 

nant mechanism of GB plasticity in Cu-segregated nanotwinned- 

anocrystalline Ag alloys. Also, Koju and Mishin [56] have calcu- 

ated that GB atom diffusion of both Cu and Ag elements remains 

urprisingly high after segregation in Cu-Ag alloys. Furthermore, it 

s important to observe in Fig. 4 (e) that GB-localized plasticity is 

nly significantly reduced in some, but not all, GB regions. 
6 
Also, when the Cu content reaches 15 at.% in Fig. 4 (f), the de-

ormation mechanism dramatically changes to shear banding with 

ntense strain localization through combined intergranular and in- 

ragranular slip, which is absent at yielding in Fig. 4 (c). It is found

hat Cu segregation eliminates dislocation nucleation from GBs 

n grains adjacent to the shear band. In summary, the softening 

ehavior associated with GB segregation of high solute contents 

 > 12 at.%) relates to the formation of a localized shear band ac- 

ompanied by a pronounced increase in the resistance to GB slid- 

ng and to GB-nucleated crystal slip. 

It is possible to interpret the effects of high Cu content on both 

B sliding and crystal slip in nc Ag-Cu alloys as follows. First, 

n nanocrystalline metals, the excess GB atom volume is known 

o influence GB sliding mediated by atom-shuffling and disloca- 

ion nucleation mechanisms [57–60] . In fact, Li and Szlusfarska 

33] demonstrated that the EFV was a key parameter in the over- 

ll strength and GB stability of nc Cu-Ag alloys when Ag solute 

s segregated to GBs. In Fig. 5 , we represent the EFV computed in

ur simulated Cu-segregated Ag polycrystals. Fig. 5 (a) shows that 

he EFV is independent on grain size in pure Ag, where EFV takes 

 positive value of + 0.8 Å 

3 per GB atom, i.e., consistent with a 

arger atom disorder in random GBs. As shown in Fig. 5 (b), it im-
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Fig. 6. (a) Local Cu concentration in GB network and grain interior, as a function 

of total solute content, in nanocrystalline Ag-Cu alloys with d = 8 nm. The classical 

McLean model from Eq. (7) is also shown for comparison. Equilibrium Cu solute dis- 

tributions at (b) low solute content (2.4 at.%) and (c) high solute content (15.0 at.%.) 

Atoms in perfect FCC arrangement are colored in blue, coherent twin-boundaries in 

red color, and GBs in yellow color. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.) 
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Fig. 7. Effects of total solute content on plastic flow strength in nanocrystalline Ag- 

Cu alloys with an average grain size of (a) 12 nm and 16 nm, and (b) 20 nm and 

25 nm. 
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lies that GB atoms have larger free volume than intra-grain ones. 

ecause atomic motion inside GBs can accommodate local stresses 

ore easily due to volume expansion, any sign of nanoscale cavita- 

ion is absent, as indicated by the homogeneous volumetric strain 

t 10% strain without solute in Fig. 5 (c). 

However, we find in Fig. 5 (d) that the EFV at GBs decreases lin-

arly with the local GB solute content. Surprisingly, the EFV be- 

omes negative above a local GB solute content of 18 at.%. This 

eculiar result stems from the pronounced reduction of free vol- 

me at GBs below that in the grains, as shown in Fig. 5 (e) with

 polycrystal containing 15 at.% Cu. Furthermore, the distribution 

f volumetric strain in Fig. 5 (f) reveals important nanovoid expan- 

ion along the shear band predicted in Fig. 4 (f) at 15 at.% Cu, con-

rasting with the homogeneous volumetric strain predicted in pure 

c-Ag in Fig. 5 (c). This behavior agrees well with micro-cracking 

echanisms in hard and quasi-brittle metallic glasses induced by 

anoscale cavitation and excess free volume inside localized amor- 

hous shear bands [61] . Also, a body of evidence exists in the lit-

rature for preferential nucleation of nanoscale voids at GBs and 

B triple junctions in tensile deformation of nanocrystalline met- 

ls [62–64] . 

A more detailed analysis of solute distribution between GB and 

rain interior in Fig. 6 offers some physical ground for interpreting 
7 
he origin of a negative EFV at high Cu contents. The total solute 

ontent is divided between the average solute contents in the grain 

nterior and the GB network, X c and X̄ GB , respectively, as function of 

he GB atom fraction by: 

 

tot = ( 1 − f GB ) X 

c + f GB X̄ 

GB (6) 

In the dilute limit where solute concentration is assumed to be 

oo low to cause solute interactions, the classical “average” ther- 

odynamical approach by McLean [65] predicts the local solute 

ontent at GBs such as Eq. (7) : 

¯
 

GB = 

[
1 + 

1 − X 

c 

X 

c 
exp 

(
�Ē seg 

kT 

)]
(7) 

here �Ē seg is the average solute segregation in the GB network, 

 is the temperature, and k is the Boltzmann constant. Fig. 6 (a) 

hows that the McLean model with d = 8 nm, f GB = 0.37, and

Ē seg = - 0.12 eV, agrees well with our MC/MD simulations up 

o a total solute content of 4 at.%, and stays within 9% error un- 

il 4.8 at.%. An atomic-scale snapshot of the Cu distribution in the 

olycrystal at 2.4 at.% in Fig. 6 (b) indicates that majority of solute 

toms are located inside GBs, which means that the EFV adheres 

ell to Eq. (1). 
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Fig. 8. Effects of solute content (0.8 at.% versus 8 at.%) on partially active grain-boundary segregation in nanocrystalline Ag-Cu alloys with d = 20 nm. (a1, a2) Distributions 

of atomic volume ( ̊A 3 ) at 7% applied strain. (b1, b2) Maps of non-affine squared displacements ( ̊A) computed in the strain range from 7 to 9.5%. 
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Above 6 at.% solute, however, a significant departure of the lo- 

al GB solute content from the McLean model is clearly manifest in 

ig. 6 (a). This difference has been attributed by Wagih and Schuh 

66] to the separate contributions of solute interactions beyond the 

ilute limit and a spectral distribution of segregation energies at 

B atom sites in polycrystals. This behavior also relates to a recent 

tudy by Zhou et al. [67] on segregation behavior in nc Ni-P al- 

oys where interfacial solute partitioning promotes Zener pinning 

echanisms from nanoscale GB precipitates that start forming at 

 at.% phosphorous. 

Furthermore, past atomistic simulations on Ag-doped Cu alloys 

33] have predicted that solute segregates entirely to GBs to form 

 thick layer of Ag atoms at the interfaces at high concentrations, 

ffectively leading to a perfectly wetting-film complexion [68] . 

owever, our simulations in Fig. 6 (c) suggest a different segre- 

ation mechanism at high solute content where Cu solute atoms 

re distributed uniformly in both GBs and grain interiors, with a 

reference to segregate to GBs, with no film formed at interfaces. 

fter Cu segregation, majority of GB atoms are still Ag atoms, 

hile significant amount of Cu remains in solution inside the 

rains. Quantitatively, Fig. 6 (a) shows that, at a total Cu content 

f 14 at.%, the average local solute content is close, 18.3 at.% and 

1.5 at.%, at the GBs and in the grain interior, respectively. There- 
t  

8 
ore, it is possible that the negative value of EFV at high solute 

oncentration stems from a re-dissolution of solute inside grains, 

hich has been observed previously in nc Ag-W alloys at elevated 

emperature [69] . 

.4. Partially active segregation 

A salient feature in this study is the occurrence of a zero-slope 

trength limit in nc Sterling silver, as a function of grain size, which 

ould not be directly attributed to classical grain-size-dependent 

B plasticity mechanisms. To elucidate this phenomenon, in Fig. 7 , 

e systematically investigated the range of Cu solute contents over 

hich the strengths reach a plateau at four different grain sizes, 

 = 12, 16, 20 and 25 nm. We find that the plateau regimes extend

or concentrations from 4 at.% up to 15 at.% over the studied grain 

izes. Interestingly, a limit of 4 at.% is significantly lower than the 

igh solute contents found to form persistent shear bands, which 

uggests a third independent regime of plasticity between classical 

B segregation strengthening and segregation-induced shear local- 

zation. Also, we can observe that at a grain size of d = 8 nm,

he breakdown from classical GB segregation strengthening occurs 

t 6 at.% Cu in Fig. 3 (b), whereas the dilute limit established at 

his grain size from McLean equation is only 4 at.% Cu in Fig. 6 (a).
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Fig. 9. Close-up views on local segregation and GB plasticity mechanisms at GB2 and GB3 interfaces in Fig. 8 for contents of 0.8 at.% Cu and 8 at.% Cu, respectively. (a1, a2) 

Local atom solute distributions. (b1, b2) Distributions of atomic volume ( ̊A 3 ) at 7% applied strain. (c1, c2) Maps of non-affine squared displacements ( ̊A) computed in the 

strain range from 7 to 9.5%. 
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herefore, we hypothesize that the maximum strength plateau 

ould relate to GB solute interactions. To verify this hypothesis, in 

ig. 8 , we compare the GB-mediated plasticity in two Ag polycrys- 

als with same grain size d = 20 nm but an order of magnitude dif-

erence in Cu solute content, i.e., 0.8 at.% versus 8 at.%. The former 

oncentration lies in the normal regime of segregation strengthen- 

ng, whereas the latter is part of the abnormal strength plateau in 

ig. 7 . Fig. 8 (a1) and (a2) confirm that the overall GB atom volume

t 7% applied strain is either superior or inferior to the intra-grain 

tom volume at 0.8 at.% Cu and 8 at.% Cu, respectively. In parallel, 

e computed the non-affine squared displacements in the strain 

ange from 7% to 9.5%, which generally helped us identify uncom- 
9 
on long-range plasticity processes at Ag interfaces, such as atom 

iffusion [70] . In comparison, Fig. 8 (b1) and (b2) show that non- 

ffine squared displacements are more homogeneously distributed 

long GB atoms at 0.8 at.% Cu than at 8 at.% Cu. For example, a

ath for shear flow created through several aligned GBs, noted as 

B1, GB2 and GB3, is continuous at 0.8 at.% Cu in Fig. 8 (b1) and

ecomes strongly discontinuous at 8 at.% in Fig. 8 (b1) and 8 (b2), 

espectively. 

Fig. 9 specifically details the shear flow discontinuity emerging 

etween GB2 and GB3, as the solute concentration increases. In 

ig. 9 (a1), at 0.8 at.% Cu, segregation leads to a homogeneous dis- 

ribution of GB solute comprising some rare clusters of 3 Cu atoms 
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Fig. 10. (a) Atomic von Mises stresses at interfaces GB2 and GB3 for a total strain of 10%. The overall tensile flow stress is 1.789 GPa, which corresponds to the value of the 

GB stress concentrations resulting from sliding of GB3. (b) Schematic illustration of a GB stress concentration stemming from partially active segregation across GB interfaces. 
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n the boundaries. Fig. 9 (b1) indicates that the atomic volume of 

hose nanoclusters is smaller than that of GB atoms, causing the 

B regions around them to exhibit relatively reduced shear flow, 

s observed by the white arrows in Fig. 9 (c1). In the following, we

efer to this as partially active segregation . However, since the so- 

ute interaction and nanocluster formation are limited below the 

ilute limit of 4 at.%, a continuous shear flow path is essentially 

aintained along the interfaces. On the contrary, the partially ac- 

ive segregation effect is dramatically amplified at 8 at.% Cu. In 

ig. 9 (a2), the GB2 and GB3 interfaces are more covered by Cu nan-

clusters. While the size of GB clusters remains small (3–4 atoms), 

heir density is more significant. The GB cluster distribution de- 

reases the overall atomic volume in most GB regions but inter- 

stingly, not all regions, like those highlighted by yellow arrows 

n Fig. 9 (b2). We attribute this phenomenon to the saturation of 

he local GB solute content as the solute concentration increases in 

ig. 6 (a). Recent theoretical studies on solute segregation in bicrys- 

als and polycrystals [ 28 , 66 , 71 ] have proposed that GB solutes tend

o first segregate to atomic GB sites associated with the highest lo- 

al segregation energies, which facilitates solute-solute interaction 

t those specific GB sites. This theory therefore implies that there 

ould be atomic GB sites with a lower segregation energy that are 

lways less favorable for cluster formation, thereby rendering GB 

egregation locally inactive. In fact, similar local competition for 

olute segregation between different GBs of a polycrystal was ev- 

denced in a recent atomistic simulation study on nc Cu-Zr alloys 

y Garg et al. [72] . In Fig. 9 (b2), our simulation demonstrates this

ypothesis because GB3 contains more inactive sites with positive 

red) atom volume that GB2. Consequently, as found in Fig. 9 (c2), 

he shear flow at GB2 is abruptly interrupted in the center of the 

nterface at 8 at.% Cu (i.e. GB2 is locked), whereas shear flow in 

B3 is more intensified (i.e. GB3 is sliding) due to partially inac- 

ive segregation. 

To understand the relationship between partially active segre- 

ation and the constant strength plateau seen in Fig. 7 , we pro- 

ose to consider the effect of a shear flow discontinuity at GBs 

n the emergence of GB stress concentrations. For that purpose, in 

ig. 10 (a), we have computed the atomic-level von-Mises stresses 

t the end of our simulation (10% strain) with the model contain- 

ng 8 at.% Cu. Fig. 10 (a) reveals GB stress concentrations near the 

nterface GB2, while the stresses surrounding the GB3 interface are 

ore uniform. In fact, it is worth noting that the magnitude of the 

B stress concentrations at GB 2 ( ∼1.8 GPa) matches well with the 

aximum flow strengths in the plateau in Fig. 7 . These GB stress 
10 
oncentrations are found to be the source for nucleation of partial 

islocations in the adjacent grains, which is consistent with our 

revious observation in Fig. 4 (e) showing that dislocation plastic- 

ty became more predominant than GB sliding as the solute con- 

ent was increased to 8 at.% Cu. 

A simple mechanistic model is proposed in Fig. 10 (b) based on 

n idea by Asaro and Suresh [73] for predicting dislocation nucle- 

tion from GBs in nc metals. They derived the effective stress in- 

ensity K 

crit to nucleate a lead partial dislocation from a GB stress 

oncentration in nc metals based on the Peierls framework [74] , 

uch as 

 

crit = 

√ 

2 μγUS 

( 1 − ν) 
(8) 

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

pectively, and γ US is the unstable stacking-fault energy. In our 

odel, interfaces dominated by inactive segregation such as GB3 

re viewed as being plastically deformed by shear-induced sliding 

s illustrated in Fig. 10 (b), similarly to the behavior of a crack un- 

er pure shear mode. A stress intensity is created where the defor- 

ation in the next interface, such as GB2, is locked due to active 

egregation. As the GB stress intensity increases to K 

crit , a disloca- 

ion nucleates in an adjacent grain. From Eq. (8) , it is evident that 

 

crit is independent on the solute concentration because μ, ν and 

US are not expected to vary significantly for Cu solute < 20 at.%. 

his conclusion is supported by the fact that, in our past simula- 

ion study [17] , no solid solution effect were found on the general- 

zed stacking-fault energy curve of Ag-Cu alloys with Cu solute up 

o 5 at.%. Therefore, our model provides some mechanistic ground 

or interpreting the occurrence of constant strengths, as a function 

f solute concentration, in nc Sterling silver, owing to dislocation 

ucleation mechanisms from GB stress concentrations induced by 

artially active segregation. 

. Conclusion 

Large-scale hybrid MC/MD simulations have been used to study 

he effects of grain size and Cu content on Hall–Petch breakdown 

echanisms in silver alloys containing less than 20 at.% Cu. We 

ave identified three concentration-dependent regimes of plastic- 

ty that are directly influenced by GB solute segregation: (1) Clas- 

ical segregation strengthening behavior at low solute contents, (2) 

hear band-induced softening at high solute contents, and (3) an 

xtended plateau of maximum strengths for intermediate solute 
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ontents from 4 to 15 at.%, which we term as nc Sterling silver. 

t was found that the excess free volume at GBs decreases lin- 

arly with the local GB solute content, leading to the GB segrega- 

ion strengthening effect. Surprisingly, the excess volume becomes 

egative above a local GB solute content of 18 at.% in Ag-Cu al- 

oys. Important nanovoid expansion along persistent shear bands 

re predicted at solute content above 15 at% Cu, leading to strain- 

ocalization-induced softening. In nc Sterling silver with Cu solute 

ontents between 4 and 15 at.%, a plateau of maximum strengths 

hat is below the ideal Hall–Petch limit, was observed for all grain 

izes equal to or less than 20 nm. The concentration-independent 

trength limit in nc Sterling silver resulted from the emergence of 

B stress concentrations induced by partially active segregation ef- 

ects that act to influence interfacial plasticity in some, but not all, 

B regions. In the case of Ag-Cu alloys, solute-solute interaction 

nd the distribution of solute nanoclusters at GBs were found re- 

ponsible for this phenomenon. In more general, these conclusions 

re relevant for all types of nanocrystalline alloys stabilized by GB 

olute segregation above their dilute limit. 
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