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a b s t r a c t 

Dislocation nucleation plays a critical role in the plastic deformation of crystalline materials. However, it 

is challenging to predict the active mode and associated rate of dislocation nucleation under typical ex- 

perimental loading conditions through molecular dynamics simulation due to timescale limitations. Here 

we use the free-end nudged elastic band method to determine the activation energies and activation vol- 

umes of dislocation nucleation in four typical face-centered cubic metals of Au, Al, Cu and Ni. We focus 

on the representative processes of surface and grain boundary dislocation nucleation. The atomistically 

determined activation volumes of these dislocation nucleation processes are larger than 10 b 3 (with b 

being the Burgers vector length) under typical experimental loading conditions. These results are com- 

pared with experimentally measured activation volumes in ultrafine-grained and nanocrystalline metals, 

thereby providing mechanistic insight into their rate-controlling deformation mechanisms. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Dislocations usually serve as plastic deformation carriers of 

rystalline materials [ 1 , 2 ]. In coarse-grained face-centered cubic 

FCC) metals, plastic flow is controlled by dislocation interactions 

ith grain boundaries and other obstacles. However, the confined 

olume in nanostructured FCC metals can largely suppress disloca- 

ion interactions, leading to dislocation nucleation-controlled plas- 

ic flow [ 3 , 4 ]. Dislocation nucleation is typically a stress-driven, 

hermally-activated rare event. It is difficult to predict the active 

ode and associated rate of dislocation nucleation under typical 

xperimental loading conditions through direct molecular dynam- 

cs (MD) simulation due to timescale limitations. To address this 

ssue, one effective approach is to predict the rate of dislocation 

ucleation based on transition state theory [1] 

 = v 0 exp 

(
−�G ( τ, T ) 

k B T 

)
(1) 

here v 0 is the trial frequency, �G is the activation free energy, τ
s the applied resolved shear stress on the dislocation slip system, 

 is the temperature, and k B is the Boltzmann constant. The trial 

requency v 0 for a dislocation line is on the order of 10 11 s −1 [5] , 
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s dictated by atomic vibration. To match the nucleation rate with 

 typical laboratory strain rate of 10 −3 s −1 , �G of a rate-controlling 

islocation process should be approximately 30 k B T , which corre- 

ponds to 0.7 eV at room temperature [6] . The temperature ef- 

ect on �G in Eq. (1) can be incorporated into the prefactor v 0 
ased on harmonic transition state theory [7] . Hence, we refer to 

he temperature-independent part of �G as the activation energy 

 act (τ ) that depends only on stress. One can calculate E act (τ ) by 

xploring the potential energy surface of an atomic system using 

he nudged elastic band (NEB) method [8–11] . 

In addition to the activation energy, the activation volume is 

nother key activation parameter of dislocation nucleation. In par- 

icular, it can be used to identify the critical process of disloca- 

ion nucleation, among various candidate processes, that controls 

he rate of plastic flow under typical experimental loading condi- 

ions. The activation volume, V exp , can be obtained from experi- 

ental tensile tests according to 

 exp = 

√ 

3 k B T 
∂ ln ˙ ε 

∂σ
(2) 

here ˙ ε is the tensile strain rate and σ is the tensile stress. In 

q. (2) , the factor of 
√ 

3 is used to convert the tensile stress to 

he effective shear stress driving a rate-controlling dislocation pro- 

ess. The activation volume has been measured to determine the 

trength/rate-controlling mechanisms governing the plastic flow of 

olycrystalline metals [ 12 , 13 ]. This approach is widely used in the 

https://doi.org/10.1016/j.actamat.2022.118155
http://www.ScienceDirect.com
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Fig. 1. Atomistic FENEB simulation setup for surface dislocation nucleation in an 

Au single crystal. (a) An initial defect-free configuration. (b) A typical free-end state 

with an embryonic partial dislocation loop at the sample corner. 

Fig. 2. Atomistic FENEB simulation setup for GB dislocation nucleation in an Au bi- 

crystal. (a) An initial defect-free configuration containing a symmetric tilt GB with 

the tilt axis of [111] and the GB plane of ( 2 ̄3 1 ) . The tensile load is applied on [ ̄4 ̄1 5] 

direction. (b) A typical free-end state with an embryonic partial dislocation loop at 

the intersection between the GB and surface. 
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tudy of coarse-grained materials [ 1 , 2 ] and has recently been ex- 

ended to study ultrafine-grained and nanocrystalline metals [14–

0] . However, the currently available experimental results of acti- 

ation volumes for ultrafine-grained and nanocrystalline metals are 

imited and, more importantly, puzzling, as to be discussed below. 

To determine the activation volume by atomistic modeling, a 

eries of NEB calculations can be performed to determine E act (τ ) 

or a candidate rate-controlling dislocation process at different 

tresses. The activation volume from modeling, denoted as V mod , 

s obtained as [10] 

 mod = −∂ E act (τ ) 

∂τ
(3) 

ne can further calculate activation volumes for different candi- 

ate dislocation processes. These atomistically determined activa- 

ion volumes usually have characteristically different values and 

hus can be compared with the experimentally measured activa- 

ion volume for determining the critical dislocation process that 

ontrols the rate of plastic flow [3] . 

Past modeling studies have reported the activation energies of 

islocation processes in metals [ 9-11 , 21-29 ], but the correspond- 

ng studies of activation volumes are much limited [ 10 , 11 ]. In light

f the increasing experimental reports of activation volumes in 

ltrafine-grained and nanocrystalline metals [15–20] , we focus on 

he atomistic determination of activation energies and particularly 

ctivation volumes of dislocation nucleation in FCC metals. We 

tudy two typical nucleation scenarios, i.e., surface nucleation in 

ano-sized single crystals and grain boundary (GB) nucleation in 

ano-sized bi-crystals under the same effective loading direction. 

he NEB method is used to determine the minimum energy path 

MEP) and associated saddle-point state and activation energy of 

ach nucleation process under an applied stress. Our systematic 

EB results give the stress-dependent activation energies that are 

sed to calculate the stress-dependent activation volumes. These 

tudies are performed for four typical FCC metals of Al, Ni, Cu and 

u, considering their markedly different material properties, i.e., 

hear modulus, Burgers vector length and stacking fault energy, in 

rder to develop a general understanding of dislocation nucleation 

n FCC metals. Note that the free-end NEB (FENEB) method [10] is 

sed to capture the saddle-point state with high computational 

fficiency, and recent implementation of the FENEB method in 

AMMPS [30] can facilitate the verification and extension of our re- 

ults by other research groups. In addition, we perform a theoret- 

cal analysis of dislocation nucleation to clarify the effect of mate- 

ial properties on activation energy and activation volume. We also 

dapt a stress concentration model to account for the grain size ef- 

ect on activation volumes. This model is essential for connecting 

he atomistically determined activation volumes at GBs with the 

xperimentally measured activation volumes from polycrystalline 

amples. Moreover, we discuss other possible diffusive dislocation 

rocesses that may compete with the displacive dislocation pro- 

esses, thereby offering a broader perspective on the experimen- 

ally measured activation volumes and associated rate-controlling 

echanisms. 

. Methods 

To study surface dislocation nucleation, we use single-crystal 

anowires of Au, Al, Cu and Ni with the same orientation and ge- 

metry (rescaled by lattice constant). For example, Fig. 1 (a) shows 

he atomic structure of an Au sample, which has the dimension of 

6.3 nm × 9.8 nm × 9.7 nm and contains 102,600 atoms. The peri- 

dic boundary condition and tensile strain load are imposed along 

he axial direction of [ ̄4 ̄1 5] . The side surfaces of ( 111 ) and ( 2 ̄3 1 )

re traction free. Since dislocations in FCC metals dissociate into 

artial dislocations, we focus on the surface nucleation of a lead- 
2 
ng partial dislocation. The MEP of surface nucleation is calculated 

sing the FENEB method in LAMMPS [30] with an embedded atom 

ethod (EAM) potential of Au [31] . We focus on the surface nu- 

leation from a corner of the sample. The embryonic dislocation 

lides on a {111} < 112 > slip system with the largest Schmid factor 

f 0.41. We first obtain an approximate MEP of surface nucleation 

sing the traditional NEB method, which requires the initial and 

nd states as local minima. To control this targeted mode of sur- 

ace nucleation, we embed a surface dislocation loop by a locally- 

ontrolled shearing method [11] . After this traditional NEB calcu- 

ation, we locate the replica whose energy is close to the energy 

f the initial state and use that configuration as the final “free- 

nd” configuration ( Fig. 1 (b)) in an FENEB calculation. Then a se- 

ies of FENEB calculations are performed under different applied 

ensile strains. For each FENEB calculation, the replicas along the 

uessed MEP are setup by applying an incremental strain to the 

eplicas from a previously converged FENEB calculation at a lower 

train load. We also perform FENEB calculations for the same mode 

f surface dislocation nucleation in Al, Cu and Ni with the corre- 

ponding EAM potential [32–34] . The atomic configurations pre- 

ented in this work are visualized by the centrosymmetry color- 

ng scheme in AtomEye [35] , so as to clearly display atoms on the 

urface, GB and stacking fault. 

To study GB dislocation nucleation, we use bi-crystal nanowires 

f Au, Al, Cu and Ni. For example, we set up a bi-crystal Au 
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Fig. 3. FENEB results for surface dislocation nucleation from the corner of an Au single crystal. (a) MEPs at different applied resolved shear stresses. Each set of symbols 

(e.g., squares) represents the energies of replicas along the MEP under an applied resolved shear stress. (b1-b4) Atomic configurations (marked in (a)) along the MEP under 

an applied resolved shear stress of 846 MPa, showing the saddle-point state of surface nucleation (b3). (c) Activation energy as a function of resolved shear stress. Circles 

represent the FENEB results and the solid line is the fitting curve. (d) Activation volume as a function of resolved shear stress, obtained using Eq. (3) and the fitting curve in 

(c). 
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ample containing a symmetric tilt GB with the tilt axis of [111] 

nd the GB plane of ( 2 ̄3 1 ) , as shown in Fig. 2 . This [111] tilt GB

s taken as a representative GB in the [111]-textured Au sample 

sed in experiments [18] . More specifically, we start with a crys- 

al of the same orientation as the single-crystal nanowire, corre- 

ponding to the lower half of the bi-crystal in Fig. 2 (a). The up-

er half of the bi-crystal is constructed by mirror-reflection of 

he lower half about its side surface of ( 2 ̄3 1 ) . As a result, the

B plane is ( 2 ̄3 1 ) , and the symmetric upper and lower crys- 

als have a misorientation of 21.8 °. The bi-crystal Au sample has 

he dimension of 16.3 nm × 32.8 nm × 20.6 nm and contains 

26,260 atoms. The periodic boundary condition is imposed along 

he loading direction of [ ̄4 ̄1 5] . The two side surfaces of (111) 

nd (2 ̄3 1) are traction free. The GB structure is relaxed by en- 

rgy minimization with the conjugate gradient method. The GB 

islocation nucleation mode studied in the [ ̄4 ̄1 5] grain involves 

he same nucleation site and activated slip system as the study 

f surface dislocation nucleation in the [ ̄4 ̄1 5] -oriented single- 

rystal nanowire. Fig. 2 (b) shows a typical “free-end” configuration 

n an FENEB calculation. The MEPs of GB dislocation nucleation 

re determined by FENEB calculations at different applied tensile 

tresses. In our NEB calculations, the favored nucleation site is at 
3 
he GB-free surface junction, consistent with our MD simulation 

esults. 

. Results 

Surface dislocation nucleation. Fig. 3 shows the FENEB re- 

ults of surface dislocation nucleation in Au. In Fig. 3 (a), we plot 

ve representative MEPs under different resolved shear stresses, 

, on the activated {111} < 112 > slip system, which are calculated 

rom the corresponding tensile stresses applied to the nanowire. 

ig. 3 (b) shows the dislocation structures along the MEP corre- 

ponding to τ = 846 MPa in Fig. 3 (a). An embryonic partial dis- 

ocation loop initially nucleates from a corner of the nanowire 

 Fig. 3 (b3)). This embryonic loop subsequently expands towards 

he other side of the free surface ( Fig. 3 (b4)). In the saddle-point

onfiguration of Fig. 3 (b3), the loop shape is close to a quarter of 

 circle. The small plate of blue atoms corresponds to the stack- 

ng fault; and the partial dislocation core is along the edge of the 

tacking fault. The energy of this saddle-point state is the maxi- 

um (marked as “b3”) on the corresponding MEP in Fig. 3 (a), giv- 

ng the activation energy E act = 1.33 eV at τ = 846 MPa. 
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Fig. 4. FENEB results for surface dislocation nucleation from the corner of an Al single crystal. (a) MEPs at different applied resolved shear stresses. (b1-b4) Atomic config- 

urations along the MEP, marked in (a), at an applied resolved shear stress of 1574 MPa. (c) Stress-dependent activation energy as a function of resolved shear stress. Circles 

show the FENEB results and the solid line is the fitting curve. (d) Activation volume as a function of resolved shear stress. 
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Table. 1 

Material properties given by the interatomic potentials of Au, Al, Cu and Ni 

[31–34] used in this work, including the shear modulus μ = ( C 1 1 –- C 12 + C 44 )/3 

(where C 11 , C 12 and C 44 are the single-crystal elastic constants), Burgers vector 

length b , characteristic energy μb 3 and stacking fault energy γSF . 

μ (GPa) b (nm) μb 3 (eV) γSF (mJ/m 

2 ) 

Au 23.7 0.288 3.53 2 

Al 28.0 0.286 4.09 146 

Cu 41.2 0.256 4.31 45 

Ni 74.7 0.249 7.20 125 

a

s

u  

r

i  

i

τ
m

a

a

The stress-dependent activation energies E act (τ ) are shown 

n Fig. 3 (c), where the circles represent direct FENEB results 

nd the solid line is a fitting curve by the form E act (τ ) =
 (1 − τ/τath ) 

a 
[11] , with the fitting parameters of A Au = 46 . 2 eV ,

ath , Au = 2848 MPa , and a Au = 10 for the Au nanowire. As discussed 

arlier, the dislocation process with a characteristic E act value of 

 . 7 eV underlies the typical laboratory strain rate of 10 −3 s −1 at 

oom temperature. From Fig. 3 (c), the resolved shear stress τ giv- 

ng E act = 0 . 7 eV is determined to be 1 . 1 GPa . In addition, we ob-

ain the activation volumes V mod (τ ) based on Eq. (3) , using the fit- 

ing curve for E act (τ ) . Fig. 3 (d) shows the V mod vs. τ curve, where 

 mod is normalized by a characteristic atomic volume of b 3 (with 

 = 0 . 289 nm which is the full dislocation Burgers vector length 

f Au). Similar to E act , V mod also decreases with increasing τ . Cor- 

esponding to E act = 0 . 7 eV at τ = 0.97 GPa, V mod is ∼20 b 3 . This

haracteristic activation volume V mod for surface dislocation nucle- 

tion will be compared with that for GB dislocation nucleation, in 

rder to correlate these modeling results with the corresponding 

xperimental measurements of Au. 

To study the same mode of surface dislocation nucleation in Al, 

he atomic configuration of the Al nanowire is set up by rescaling 

hat of the Au nanowire based on the corresponding lattice con- 

tants in Table 1 . Fig. 4 shows the FENEB results of surface dislo-

ation nucleation in the Al nanowire, including MEPs in Fig. 4 (a), 
r

4

tomic configurations along a representative MEP in Fig. 4 (b), 

tress-dependent activation energies in Fig. 4 (c) and activation vol- 

mes in Fig. 4 (d). To attain E act = 0 . 7 eV for Al, the corresponding

esolved shear stress τ is 1.7 GPa and the activation volume V mod 

s ∼20 b 3 . Comparison of Fig. 3 (c) and Fig. 4 (c) shows that attain-

ng the same value of E act requires a higher resolved shear stress 

for Al than Au. This can be attributed mainly to the higher shear 

odulus μ of Al than Au ( Table 1 ). Further comparison of the Au 

nd Al results is given below. 

We also perform FENEB calculations to study the same nucle- 

tion mode in Ni and Cu. Fig. 5 shows the comparison of FENEB 

esults of surface dislocation nucleation for Al, Ni, Cu and Au. Note 
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Fig. 5. Comparison of FENEB results for surface dislocation nucleation in Au, Al, Cu and Ni. (a) Activation energy E act vs. resolved shear stress τ . Circles represent the FENEB 

results and solid lines are the fitting curves. (b) Normalized activation energy E act /μb 3 vs. normalized shear stress τ/μ. (c) Activation volume V mod / b 
3 vs. resolved shear 

stress τ . (d) Activation volume V mod / b 
3 vs. activation energy E act . 
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hat the FENEB calculations for each metal can only retain the 

ame mode of nucleation in a certain load range, such that vary- 

ng ranges of activation energies and activation volumes are ob- 

ained for the four metals, as plotted in Fig. 5 . In other words, an

pplied load that is outside a certain range will result in the con- 

erged MEP of a different nucleation mode that cannot be used 

or comparison. In Fig. 5 (a), we compare the E act vs. τ curves for 

he same nucleation mode in the four metals. To attain the same 

 act value, τ for Ni is the highest due to its highest shear mod- 

lus ( Table 1 ). However, the corresponding V mod (magnitude of 

lope in Fig. 5 (a)) is the lowest among the four metals, suggesting 

 more rate-sensitive behavior associated with surface dislocation 

ucleation in Ni. Fig. 5 (b) shows the normalized activation energy 

 act /μb 3 vs. normalized resolved shear stress τ/μ. Note that μb 3 

epresents a characteristic measure of the elastic energy associated 

ith a dislocation line (see Table 1 ). Compared to Fig. 5 (a), Fig. 5 (b)

hows that the E act /μb 3 vs. τ/μ curves of the four metals become 

uch closer to each other. This result indicates a consistent de- 

endence of the normalized activation energy of surface disloca- 

ion nucleation on the normalized resolved shear stress for the 

our metals, a general trend that is conceivably applicable to other 

CC metals. It also indicates that the shear modulus and atomic 
5 
pacing (through Burgers vector) are the primary factors governing 

he nucleation barriers, whereas other material properties, such as 

tacking fault energy, surface energy and elastic anisotropy, play 

econdary roles. In Fig. 5 (c), we compare the V mod vs. τ curves 

or the four metals. Ni exhibits relatively low values of V mod with 

 weak dependence on τ compared to the other three metals. In 

ig. 5 (d), we compare the V mod vs. E act curves for the four met- 

ls. Corresponding to E act = 0 . 7 eV , Au, Al and Cu have similar ac-

ivation volumes around 20 b 3 , whereas Ni has a smaller activation 

olume of around 10 b 3 . In addition, Fig. 5 (d) shows that for the

ame activation energy, the corresponding activation volume de- 

reases with increasing shear modulus in Au, Cu, and Ni. However, 

l deviates from this trend, as shown by the coincidentally over- 

apping V mod / b 
3 vs. E act curves between Al and Au. This deviation 

ould be attributed to stronger directional bonding in Al than other 

CC metals, which is manifested by its unusual elastic shear stress- 

train behavior, namely, a markedly larger shear strain limit before 

he decrease of shear stress [36] . 

GB dislocation nucleation . Fig. 6 shows the FENEB results of 

B dislocation nucleation in Au. In Fig. 6 (a), we plot five represen- 

ative MEPs at different resolved shear stresses, τ , on the activated 

111} < 112 > slip system in the [ ̄4 ̄1 5] grain. Fig. 6 (b) shows the dis-
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Fig. 6. FENEB results for GB dislocation nucleation in an Au bi-crystal. (a) MEPs at different applied resolved shear stresses. (b1-b4) Atomic configurations (marked in (a)) 

along the MEP under an applied resolved shear stress of 827 MPa, showing the saddle-point state of GB nucleation (b3). (c) Activation energy as a function of resolved shear 

stress. Circles represent the FENEB results and the solid line is the fitting curve. (d) Activation volume as a function of resolved shear stress. 
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ocation structures along the MEP at τ = 827 MPa in Fig. 6 (a). It

s seen that an embryonic loop emanates from a corner between 

he GB and grain surface. In contrast to the nearly isotropic shape 

f the surface-nucleated loop in Fig. 3 (b), the dislocation loop in 

ig. 6 (b) is elongated perpendicular to the GB. This is caused by 

ifferent glide resistances to the loop intersection points at the GB 

nd grain surface. The stress-dependent activation energies E act (τ ) 

re shown in Fig. 6 (c), where the circles represent direct FENEB re- 

ults and the solid line is a fitting curve. Corresponding to E act = 

 . 7 eV, τ is 0.93 GPa. This stress is lower than 0.97 GPa needed 

or surface dislocation nucleation, indicating the relative ease of 

B dislocation nucleation. Fig. 6 (d) shows the V mod vs. τ curve for 

u. Corresponding to E act = 0 . 7 eV at τ = 0.93 GPa, the activation

olume V mod is ∼50 b 3 , which is more than twice V mod for the cor- 

esponding process of surface dislocation nucleation. The favored 

ctivation of this nucleation mode is confirmed by direct MD sim- 

lations under higher stresses than those applied in FENEB calcu- 

ations. 

Fig. 7 shows the FENEB results of GB dislocation nucleation in a 

i-crystal Al nanowire. The difference of GB dislocation nucleation 

etween Au and Al is qualitatively similar to that of surface dislo- 

ation nucleation. Corresponding to E act = 0 . 7 eV at τ = 1.60 GPa, 

 is ∼16 b 3 for Al. We also perform FENEB calculations to study 
mod 

6 
he same nucleation mode in Ni and Cu. Fig. 8 shows compari- 

on of the FENEB results of GB dislocation nucleation for the four 

etals. The E act vs. τ curves are compared in Fig. 8 (a), and the 

orresponding normalized curves in Fig. 8 (b). In addition, we show 

he V mod vs. τ curves in Fig. 8 (c), and the V mod vs. E act curves in 

ig. 8 (d). Comparison of Figs. 5 and 8 indicates that both the over-

ll trend for the same metal and the relative changes among dif- 

erent FCC metals are qualitatively consistent between GB and sur- 

ace dislocation nucleation. However, there are notable quantita- 

ive differences. For example, as shown in Fig. 5 (a), attaining the 

ame E act value such as 0.7 eV for surface dislocation nucleation 

equires τ = 0.97 GPa for Au, 1.60 GPa for Al, 2.12 GPa for Cu, and

.28 GPa for Ni. In comparison, as shown in Fig. 8 (a), attaining the 

ame E act value such as 0.7 eV for GB dislocation nucleation re- 

uires τ = 0.93 GPa for Au, 1.78 GPa for Al, 2.23 GPa for Cu, and

.09 GPa for Ni. In addition, the activation volumes of GB disloca- 

ion nucleation in Au become larger than those for surface disloca- 

ion nucleation, as seen from Figs. 5 (d) and 8 (d). For example, cor- 

esponding to E act = 0 . 7 eV , the activation volume V mod increases 

rom 20 b 3 for surface dislocation nucleation to 50 b 3 for GB dislo- 

ation nucleation in Au. Also note that the V mod vs. E act curve for 

B dislocation nucleation in Au is shifted away from the curves of 

he other three metals, reflecting larger activation volumes in Au. 
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Fig. 7. FENEB results of GB dislocation nucleation in an Al bi-crystal. (a) MEPs at different applied resolved shear stresses. (b1-b4) Atomic configurations along the MEP, 

marked in (a), at an applied resolved shear stress of 1500 MPa. (c) Activation energy as a function of resolved shear stress. Circles show the FENEB results and the solid line 

is the fitting curve. (d) Activation volume as a function of resolved shear stress. 
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verall, a key finding from these FENEB results is that both sur- 

ace and GB dislocation nucleation are associated with activation 

olumes larger than 10 b 3 at E act = 0 . 7 eV . Implications of these re-

ults will be discussed below. 

. Discussion 

Theoretical analysis of activation volume . Compared to atom- 

stic FENEB calculations, the theoretical modeling of activation en- 

rgy and activation volume for dislocation nucleation [ 21 , 22 , 24 ]

an provide additional insight into physical factors governing the 

urface and GB nucleation processes. Here we adapt a theoretical 

odel of dislocation nucleation [21] to analyze the effect of mate- 

ial properties on the activation volume of dislocation nucleation. 

ocusing on the same surface nucleation mode in atomistic mod- 

ling, we consider a quarter of a circular partial dislocation loop 

manating from the nanowire corner under an applied shear stress 

. The loop has radius r and core width δ. To a first approxima-

ion, we use the isotropic elastic constant of shear modulus μ and 

eglect the difference between the full and partial Burgers vector 

engths. The increase of the system energy associated with loop 
7 
ucleation is given by [21] 

 ( r, τ ) = Aμb 2 r ln 

r 

δ
− π r 2 

4 

τb + 

π r 2 

4 

γSF (4) 

n Eq. (4) , the first term represents the self-energy of the loop, the 

econd term is the work done by τ over the area swept by the 

oop, and the third term is the energy of the stacking fault en- 

losed by the loop. The self-energy term involves a dimensionless 

arameter A , and b is the Burgers vector length. The surface step 

ormation energy is relatively small and thus ignored in this model. 

he maximum of E( r, τ ) is the activation energy of dislocation loop 

ucleation. It can be determined by ∂ E/∂ r | r= r c = 0 , where r c de- 

otes the critical radius of the loop at the saddle-point state. Such 

ctivation energy can be expressed in terms of r c as 

 act = 

1 

2 

αμb 3 
r c 

b 

(
ln 

r c 

δ
− 1 

)
(5) 

nd the corresponding activation volume is 

V mod 

b 3 
= 

π

4 

(
r c 

b 

)2 

(6) 

ote that E act in Eq. (5) is an implicit function of τ , because r c de- 

ends on τ . Since the ln ( r c /δ) term in Eq. (5) varies slowly with
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Fig. 8. Comparison of FENEB results for GB dislocation nucleation in Al, Au, Cu, and Ni. (a) Activation energy E act vs. resolved shear stress τ . Circles represent the FENEB 

results and solid lines are the fitting curves. (b) Normalized activation energy E act /μb 3 vs. normalized shear stress τ/μ. (c) Activation volume V mod / b 
3 vs. resolved shear 

stress τ . (d) Activation volume V mod / b 
3 vs. activation energy E act . 
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 c , it can be treated approximately as a constant. Hence, Eq. (5) in- 

icates that to reach a specific E act value (e.g., 0.7 eV), the mate- 

ial with a lower μb 3 requires a larger critical loop size r c , thus 

iving a larger activation volume V mod according to Eq. (6) . On 

his basis, we can use the material properties of the four metals 

n Table 1 to rationalize the trend of atomistically-determined ac- 

ivation volumes for surface and GB dislocation nucleation. Namely, 

o reach a specific E act , the decreasing μb 3 from Ni, Cu, Al to 

u gives increasing r c and thus increasing V mod . This theoretical 

rediction agrees with the trend of the atomistically-determined 

 mod vs. E act curves of surface dislocation nucleation in Fig. 5 (d). 

he above analysis can be applied approximately to GB disloca- 

ion nucleation and also captures the trend of the atomistically- 

etermined V mod vs. E act curves in Fig. 8 (d). Note that the vari- 

tion of μ is much larger than b among the typical FCC metals 

tudied ( Table 1 ). Hence, the shear modulus has a predominant 

nfluence on activation volume. As discussed earlier, Al can devi- 

te from these trends to some degree, due to its unusually strong 

irectional bonding and resultant abnormal shear stress-strain be- 

avior [36] compared to the other three FCC metals. 

Effect of grain size on activation volume . Experimentally 

easured activation volumes of polycrystalline materials com- 
8

only exhibit grain size dependence [12] . It is challenging to use 

tomistic NEB simulations for exploring the grain size effect on 

ctivation volume because realistic polycrystal models spanning a 

arge range of grain sizes would require unaffordable computa- 

ional resources. To address this challenge, theoretical models have 

een developed to illuminate the grain size dependence of acti- 

ation volume [ 15 , 37 ]. The key to these models is to connect an

pplied far-field stress to an amplified local stress at the GB where 

he rate-controlling dislocation process is activated. This connec- 

ion is essential for linking the experimentally measured activation 

olumes from large polycrystals to the NEB-calculated activation 

olumes from small atomic systems. 

To account for the grain size dependence of activation volume, 

e use the Conrad model [ 15 , 37 ] that evaluates the amplified lo-

al stress at the GB by considering the pileup of a dislocation array 

gainst this GB. Since the number of dislocations in the pileup is 

roportional to grain size d , Conrad showed that the activation vol- 

me V for a polycrystal exhibits a Hall-Petch like relation, 

1 

V 

= 

1 

V i 

+ 

M 

2 μb 

2 παK 

H −P 

√ 

d 

1 

V c 
(7) 
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here V 
i 

is the activation volume of a rate-controlling process in- 

ide grains such as cutting of forest dislocations by glide disloca- 

ions, V c is the activation volume of a rate-controlling process at 

Bs, K 

H −P 
is the Hall-Petch coefficient for characterizing the grain 

ize dependence of yield stress, M is the Taylor factor, and α is 

he dimensionless parameter in the dislocation pileup model. In- 

ide grains, V 
i 

usually scales with l b 2 , where l is the average spac-

ng between forest junctions obstructing glide dislocations [ 38 , 39 ]. 

or a typical dislocation density of 10 14 m 

−2 , V i ≈ 500 b 3 . If GB dis- 

ocation nucleation is a rate-controlling process, V c can be taken 

s V 
mod 

from the NEB results of GB dislocation nucleation. Since 

 c is much smaller than V i , Eq. (7) indicates that decreasing d re- 

uces V , which is consistent with experimental results [ 15 , 37 ]. The

ower bound of V correponds to the case of d approaching its lower 

imit of ∼10 nm. To understand this lower bound, we note that 

s d approaches 10 nm, the applied stress acts directly on GBs 

s in our FENEB simulations, such that V ≈ V c ≈ V 
mod 

. Hence, for 

ltrafine-grained and nanocrystalline FCC metals with decreasing 

rain sizes toward 10 nm, their activation volumes should be in- 

reasingly dominated by GB dislocation nucleation and thus ap- 

roach V c ≈ V 
mod 

, which is no less than 10 b 3 (the lowest value

orresponding to E act = 0 . 7 eV among the four metals from our 

ENEB results). 

By experimental measurements at room temperature, Stange- 

ye et al. [20] reported activation volumes of ∼10 b 3 for ultrafine- 

rained Au thin films with an average grain size of ∼150 nm; 

aranjgaokar et al. [17] reported activation volumes of 6.4 b 3 for 

anocrystalline Au thin films with the average grain size of 64 nm 

nder low strain rates. These results imply that the activation 

olumes for nanocrystalline Au with decreasing grain sizes to- 

ard 10 nm would be even smaller than 10 b 3 , which contra- 

ict the above lower bound of 50 b 3 for Au assuming the rate- 

ontrolling GB process is GB dislocation nucleation. Hence, the op- 

ration of other rate-controlling mechanisms with small activation 

olumes less than 10 b 3 would be necessary in ultrafine-grained 

nd nanocrystalline FCC metals, particularly for grain sizes less 

han 100 nm. 

Other potential rate-controlling mechanisms. To identify the 

ate-controlling mechanisms giving small activation volumes less 

han 10 b 3 , we consider various possible processes of GB discon- 

ections leading to GB sliding and/or migration [40] . In general, 

 GB disconnection is characterized by a non-zero GB step height 

nd GB Burgers vector; if the step height is zero, a disconnec- 

ion is a pure GB dislocation. Atomistic modeling indicates that the 

lide of a GB disconnection with zero Burgers vector component 

erpendicular to the GB experiences little resistance to its motion 

41] and thus is unlikely to serve as the rate-limiting process. How- 

ver, if a GB disconnection has non-zero Burgers vector component 

erpendicular to the GB, the movement of this disconnection must 

nvolve climb motion at the GB. Climb of a GB disconnection re- 

uires atomic diffusive processes at its core through migration of 

oint defects toward/away from the GB [40] . Diffusive MD simu- 

ations indicate disconnection climb on GBs with the aid of point 

efects could give small activation volumes of ∼1 b 3 [42] , which 

ontrast with the even smaller activation volumes of ∼0.1 b 3 as- 

ociated with migration of point defects, e.g., vacancies, in crystal 

attices [3] . In other words, while the displacive processes of GB 

islocations/disconnections give relatively large activation volumes 

o less than 10 b 3 , the diffusive processes facilitating GB discon- 

ection climb and/or other similar processes of diffusion-mediated 

islocation nucleation could give small activation volumes around 

 b 3 . Hence, Eq. (7) needs to be modified to take into account

he contribution from some rate-controlling diffusive GB processes, 

o that the effective activation volume V can attain values less 

han 10 b 3 for ultrafine-grained and nanocrystalline FCC metals. 

he detailed form of modified Eq. (7) needs further study through 
9 
 combination of experimental and modeling effort s in the 

uture. 

. Concluding remarks 

We have performed atomistic FENEB calculations to determine 

he activation energies and activation volumes for surface and GB 

islocation nucleation in four typical FCC metals of Al, Ni, Cu and 

u. A key finding is that the activation volumes for displacive dis- 

ocation nucleation at the surface and GB are larger than 10 b 3 

nder typical experimental loading conditions. Comparison of the 

our FCC metals indicates that the shear modulus strongly influ- 

nces the activation volume values and a metal with higher shear 

odulus μ gives lower activation volume. This trend is further 

ationalized by a theoretical model which attributes μb 3 as the 

ain factor governing the activation volumes associated with sur- 

ace and GB dislocation nucleation. Considering the variation of 

is much larger than b among the typical FCC metals studied, 

he shear modulus has a predominant influence on the activation 

olume. Since the theoretical model involves parameters such as 

islocation core width that are difficult to evaluate accurately, the 

uantification of activation volumes requires high-fidelity atomistic 

alculations, as enabled by the FENEB method in this work. 

To compare the atomistically determined activation volumes 

ith the experimentally measured values from polycrystalline ma- 

erials, it is necessary to account for the amplification of local 

tress at a GB relative to the applied stress on a polycrystal. To this 

nd, we invoke the Conrad model [ 15 , 37 ] giving a Hall-Petch-like

elation of grain size dependent activation volumes. A combination 

f atomistically determined activation volumes and the Hall-Petch- 

ike relation indicates that for ultrafine-grained and nanocrystalline 

CC metals with decreasing grain sizes toward 10 nm, their ac- 

ivation volumes should approach the lower limit of 10 b 3 if the 

ominant rate-controlling mechanism is GB dislocation nucleation. 

uch a lower bound is larger than recent experimental results from 

ltrafine-grained and nanocrystalline FCC metals with decreasing 

rain sizes less than 100 nm. This discrepancy implies the op- 

ration of rate-controlling diffusive processes associated with GB 

isconnections that likely give small activation volumes less than 

0 b 3 . These diffusive processes associated with GB disconnections 

ould be greatly enhanced even at room temperature due to the 

revailing high stresses in nanograined FCC metals. Further studies 

re required to resolve this discrepancy. 

Broadly speaking, our work demonstrates the advantage of 

ENEB calculations for studying the stress-driven, thermally- 

ctivated dislocation processes relevant to typical experimental 

oading conditions. Quantitative comparison between the experi- 

ental and modeling results of activation volumes shows great 

romises to determine the rate-controlling deformation mecha- 

isms that would be difficult to clarify by other approaches. Recent 

mplementation of the FENEB method in LAMMPS [30] , in conjunc- 

ion with the comprehensive case studies provided in this work, 

an facilitate the wide adoption of this combined experimental 

nd modeling approach in future studies. In the same vein, similar 

isplacive dislocation processes as well as other diffusive disloca- 

ion processes in metals and alloys with different crystal structures 

an be investigated. In this work, we focus on the dislocation nu- 

leation processes from atomically sharp GBs. This type of sharp 

Bs is often observed in ultrafine-grained and nanocrystalline met- 

ls. GBs in real polycrystals often have more complex structures 

ith preexisting defects such as GB dislocations and disconnec- 

ions [43] and may be locally disordered [44] . The activation en- 

rgies and activation volumes associated with these complex GBs 

arrant further studies by the NEB method and other advanced 

odeling approaches for atomic-scale rare events [45–48] in the 

uture. Such comprehensive studies will deepen our understand- 
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