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A thermodynamic model is derived to study the void nucleation in ideal lattices under hydrostatic

tension loading and predicts that the plasticity has to be initiated before homogeneous nucleation

of voids. Molecular dynamics simulations are performed to evaluate the mechanical behavior of Ni

specimens with and without hydrogen charged. The results show that in both cases dislocations are

generated before the nucleation of voids, and the insertion of hydrogen atoms does not alter the

void nucleation significantly. The fact that the mechanical property is not sensitive on hydrogen is

attributed to the formation of an amorphous shell around the voids. Published by AIP Publishing.
https://doi.org/10.1063/1.5029953

I. INTRODUCTION

Ductile fracture in metals commonly occurs by the nucle-

ation, growth, and coalescence of voids. Capturing the com-

plete evolution path of voids across scales is thus essential to

understand the fundamental physics beneath the critical conse-

quences, such as spallation,1 softening due to void growth,2

plastic localization,3 cavitation instabilities,4,5 as well as the

intriguing hydrogen-induced ductile to brittle transition.6

The commonly cited continuum mechanics models, such as

the Rice-Tracy,7 Gurson-Tvergaard-Needleman,8,9 and

Rousselier model,10 can properly describe the growth and coa-

lescence of pre-existing voids. These models, however, fail to

predict ductile fracture at atomistic scale.11,12 Thus, under-

standing the intrinsic mechanisms underlying the evolution of

void dynamics requires the atomistic knowledge of localized

deformation.1,13 Verified by both atomistic simulations12,14–17

and experiments,17,18 it is well established that the nanoscale

void growth is driven by dislocation-mediated plastic defor-

mation.1,17,19,20 Compared with the growth of an existing

void, little is known about the nucleation of voids itself. In

polycrystalline materials, void nucleation occurs heteroge-

neously by cracking at grain boundary,21,22 de-bonding at par-

ticle/inclusion-matrix interface,23 or breaking of particles.24

However, the homogeneous nucleation without the presence

of preferred nucleation sites in ideal lattice is not well under-

stood. Taking the well-defined hydrostatic loading as an

example, whether and how the dislocation plasticity interacts

with the atomistic void nucleation process remains an open

question. Meanwhile, given the fact that hydrogen has been

envisioned to stabilize and promote the agglomeration of

vacancies,25,26 thus leading to the lowering of ductility

through the growth and coalescence of nanovoids,6 it is neces-

sary to understand the effect of hydrogen on the homogeneous

void nucleation process, especially the interaction between

hydrogen solutes and the plastic flow around a nanovoid

quantitatively.

In this manuscript, following the merit of the previous

studies,27–30 we will start by describing the free energy

model of void nucleation accompanied with plastic deforma-

tion based on the study of cavitation process in amorphous

solids.28 We then perform MD simulations of both pure Ni

and Ni-H system to calibrate and verify the free energy

model.

II. METHODOLOGY

It is reasonable to regard liquid as an extreme case of

plastically deformed solids31 and draw a parallel between

cavitation in liquids and void nucleation in solids. Therefore,

quoting the study of metallic glass,28 the free energy change

upon creation of an embryo of a void is given by

DG ¼ Ee � Es �Wp; (1)

where DG is the free energy change due to void nucleation,

which can be decomposed into contributions from the bulk

elastic response Ee ¼ 4
3
pr3Ke, the surface tension

Es ¼ 4pr2c, and the plastic dissipation Wp, where K is the

bulk modulus, e is the volumetric strain at the remote bound-

ary, r is the void radius, and c is the surface energy. To a first

approximation, we assume that the plastic dissipation scales

only with the void volume and define ec via the equivalency

Wp � KecVc, where Vc ¼ 4
3
pr3 is the volume of the cavity.

The surface energy is known to be curvature dependent at

small radii, and a form for this dependence was proposed by

Tolman,32,33 in which c ¼ c1= 1þ 2d=rð Þ, where c1 is the

surface energy of the flat surface and d is a parameter known

as the Tolman length. If the void is spherical and grows

monotonically, we can solve the critical void radius at which

the void becomes unstable by differentiating Eq. (1) as

dG=dr ¼ 4pr2 K e� ecð Þ � 3
c1

r þ 2d
þ r

c1
r þ 2dð Þ2

� �
: (2)a)Author to whom correspondence should be addressed: zhiliang.zhang@

ntnu.no
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Let Eq. (2) equals to zero, we can obtain the critical

void radius

rc ¼ r�
1

2
þ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4d

r�

r
� 2d

r�

 !
; (3)

where r� ¼ 2c1=Kðe� ecÞ represents the critical radius for

the case where the surface energy is independent of curva-

ture (d ¼ 0). By integrating Eq. (2), the free energy barrier

for cavitation is

DGc ¼
4

3
pr3

c K e� ecð Þ � 4pcr2
c : (4)

As shown in Fig. S1 (Supplementary Material), by numeri-

cally solving Eq. (4), we can obtain the direct insights about

the Gibbs free energy as a function of hydrostatic tension

under static relaxation.

According to the classical nucleation theory,27 the

nucleation rate at any moment can be written as

� ¼ �0exp
DG

kBT

� �
; (5)

where �0 is the attempt frequency, and the nucleation rate

refers to per atom scenario. For the homogeneous cavitation

under constant-rate tension, the probability of solid phase

containing cavities should be constant,27,31 i.e.,

p ¼ 1� exp �
Ð ef

0
�de

f

( )
: (6)

Here, Cai et al.27 have demonstrated the equivalence

between temporal and spatial scale inherent in the nucleation

events in liquid Cu by proposing a size-rate parameter

f ¼ _e=N. If we describe the hydrostatic stress with a na€ıve

linear elasticity, Eq. (6) can be analytically reformulated as

p eð Þ¼1� exp �3kBT�0

4pr3Kf
exp � 4pr3

3kBT

3c
r
�K e�ecð Þ

� �� ���

�exp �4pr2

kBT
c

� ���
:

(7)

It should be noted that the critical void radius derived in Eq.

(3) could not be applied here because the equilibrium relaxa-

tion is not satisfied under dynamic loading. In order to verify

the proposed model above and investigate the H effect on the

cavitation in metals, we carry out MD simulations using

LAMMPS code.34 The embedded atom method potential

proposed by Angelo et al.35 is used to describe the pairwise

interactions between Ni and H atoms. The grand canonical

Monte Carlo36 relaxation is employed to introduce the H

atoms into the fcc lattice by establishing the optimum lattice

configurations in thermal equilibrium with an imposed

hydrogen reservoir. Initially, the system is relaxed under the

NPT ensemble with constant temperature (300 K) and pres-

sure (0 bar). Then, the constant stain rate loading is applied

on the specimen under the canonical (NVT) ensemble with

the temperature fixed at 300 K. For the simulation with a

given specimen size and strain rate, we carry out 60–100

independent runs in order to provide sufficient sampling

depending on the computational costs.

III. RESULTS

Under hydrostatic tension, the typical process of the

stress evolution for specimens both without and with hydro-

gen charged are presented in Fig. 1, along with the inserted

snapshots of void nucleation and growth at representative

moments. Statistical analysis shows that the insertion of

hydrogen atoms seems to not affect the fracture behavior sig-

nificantly. The initial negative value of the hydrostatic stress

in NiH system indicates that the hydrogen gives rise to the

existence of internal pressure. From another standpoint, it

also means that an external pressure is required to charge the

hydrogen atoms into the specimen. For the pure Ni speci-

men, it is clearly observed that the dislocation loop is nucle-

ated before the sudden drop of the hydrostatic stress. The

snapshots of NiH system indicate that the dislocation activi-

ties are closely coupled with the formation of a void.

Besides, the formation of an amorphous shell around the

void is also observed in Fig. S3 (Supplementary Material),

which originates from the local rearrangement of atoms and

represents another kind of plastic dissipation.28 Thus, the

MD results confirm the predictions of Fig. S1

(Supplementary Material), i.e., plasticity must be initiated

before the nucleation of voids irrespective of the insertion of

hydrogen atoms.

In order to explore the effect of the interplay between

size and strain rate on the fracture behavior, we calculate the

hydrostatic stress-strain curves of specimens with three dif-

ferent sizes under five different strain rates (106, 107,

2� 107, 5� 107, and 108/s). The statistical distribution of

the critical failure strain ef is shown as a function of strain

rate in Fig. 2, which contains more than 1000 independent

FIG. 1. The hydrostatic stress vs. time for both Ni and NiH systems under

constant strain rate of 108/s with the same amount of Ni atoms (20� 20� 20

a3
0). The inserted snapshot of Ni specimen illustrates a dislocation loop is

nucleating, but not necessarily the first nucleation event. The two snapshots

of NiH specimen represent the void nucleation and subsequent growth asso-

ciated with dislocation multiplication, respectively. The green lines repre-

sent dislocation network, while the purple bulb is the nanovoid.
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stress-strain tests, thus guarantees that the effect of thermal

fluctuation can be well considered. It is found that the statis-

tical average of ef increases monotonically with the strain

rate, while decreases with the specimen size. However, the

insertion of hydrogen atoms seems not significantly alter the

statistical distribution of ef . That is to say, hydrogen almost

exerts no influence on collective behavior of dislocation gen-

eration and lattice decohesion. Previous studies of Ni single

crystal with hydrogen pre-charged37 also lead to the similar

conclusions. While for the single crystal specimens with

hydrogen dynamically charged37 or the bicrystal speci-

mens,38 hydrogen will result in severe decrease in the failure

strain due to the heterogeneous nucleation of nanovoids at

lattice defects. It should be noticed that Jiang and Carter39

have found that the surface energy deceases with the increase

in the hydrogen coverage by density functional theory calcu-

lations, where the hydrogen concentration is astronomically

large. However, when the DFT calculations are performed

under practical hydrogen concentration, the difference of

surface energy per atom could be ignored. Thus, the inserted

hydrogen atoms could only affect the plastic dissipation pro-

cess, where the strong interaction between dislocation-

mediated plasticity and hydrogen atmosphere has been vali-

dated.40 Thus, the insensitivity of hydrogen on the void

nucleation shown in Fig. 2 indicates that the hydrogen-

dislocation interaction may be suppressed by the formation

of the amorphous shell. In Fig. 3(a), the median values of ef

in different subgroups in Fig. 2 are plot as a function of the

parameter 1=f. It is found that the effect of specimen size

and loading rate on the fracture behavior can be universally

described by introducing the scaling factor f. The compari-

son between Ni and Ni-H systems indicates that the ef is

almost not influenced by the insertion of hydrogen atoms. As

the value of N=_e approaches positive infinite, which repre-

sents the normal laboratory condition, the failure strain

decays to finite value slowly. Implicitly, Eq. (7) indicates

that the physical quantities like void radius, Tolman length,

and characteristic plastic strain may be a function of f, while

other quantities like bulk modulus and remote surface energy

would not change with specimen size and strain rate. It has

to be mentioned that this universal law only accounts for the

dislocation mediated plastic dissipation as the only internal

process during ductile cavitation, while in realistic experi-

ments/simulations, other types of dissipation processes, such

as precipitation hardening and grain boundary migration,

cannot be ignored and will definitely lead to the difference

with the predictions of this scaling law. In Fig. 3(b), tempo-

rarily forget the plasticity, a typical example of the cavitation

probability [exactly Eq. (7)] is shown with respect to the

applied volumetric strain, where a sharp transition from 0 to

1 is identified as the critical failure strain ef . In Figs. 3(c) and

3(d), we plot the contours of the critical failure strain ef as a

function of the Tolman length d and nucleus radius r for

ec ¼ 0 and 0:08, respectively. It is found that when the plas-

tic effect is ignored, the maximum failure strain for void

nucleation is �0.123 and the most probable failure strain is

localized in the range of [0.001, 0.01625]. In Fig. 3(d), by

assigning an attempt ec ¼ 0:08, the most probable failure

strain will be elevated to the range of [0.07675, 0.1020].

Thus, the introduction of initial plasticity can effectively

enhance the ductility of metals. Provided the characteristic ec

and ef can be obtained from experiments/simulations, the

possible range of the initial void radius can be directly

derived from Fig. 3(d) with the Tolman length d and f
known. Further calculations indicate that the slight variation

of f does not alter the distribution of critical failure strain,

thus the dependency shown in Fig. 3(a) can only originate

from the change of void size and/or the Tolman length.

As the cavitation process under dynamic loading has

been clarified, we study the natural nucleation of voids under

quasi-static loading now. Considering the scenario that the

system is loaded to a given state, the atomic configuration of

which will be recorded and relaxed under NVT ensemble. In

order to eliminate the effect of thermal fluctuation, for each

instinct configuration, 100 independent runs are carried out.

The cavitation event is identified by monitoring the sudden

decrease in the potential energy, with details shown in the

FIG. 2. The critical hydrostatic failure strain as a function of the strain rate.

Each open triangle symbol represents a single hydrostatic tension test, while

this figure contains more than 1000 tests in total. (a) for pure Ni single crys-

tal and (b) for Ni-H system. The black blank box (d20) represents the system

with 32 000 Ni atoms (20� 20� 20 a3
0), magenta diagonal stripe pattern

(d30) with 1 08 000 Ni atoms (30� 30� 30 a3
0), and orange textile pattern

(d65) with 10 98 500 Ni atoms (65� 65� 65 a3
0) with a0 being the lattice

constant. The dynamic loading tests are performed for d20 specimens under

five different strain rates, while the d30 and d65 specimens are only loaded

under 108/s due to the limitation of computational resources.
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supplementary material. If the cavitation process is a homo-

geneous Poisson process under a given strain, the fraction of

the cavitated samples described by Eq. (6) decays into

f T
e tð Þ ¼ 1� e�NRT

e tf , with treating the nucleation rate t ¼ RT
e

as a single time constant, i.e., the rate of cavitation per atom

per unit time, and tf ¼ ef=_e as the fracture time. Thus, with a

given N=_e, the nucleation probability is implicitly a function

of ec, d; and ef , if we assume that the surface energy and

bulk modulus are not affected due to the charging of hydro-

gen. As shown in Fig. 4(a), a plot of ln 1� f T
e ðtÞ

	 

as a func-

tion of time t does behave in a linear fashion over the entire

time window for both Ni and Ni-H systems. It is of no inter-

est to compare the absolute value of the fitted slope, because

the thermal fluctuation (kBT) is on the same order of the acti-

vation energy. The direct information derived from Fig. 4(a)

is that the insertion of hydrogen atoms does not alter the

Poisson feature of the nucleation process. The results thus

demonstrate that H atoms seem to be evenly smeared in the

ideal lattice, rather than to be introduced as heterogeneous

sites. Dongare et al.41 have found that the void growth in Cu

occurs by the formation of a shell of disordered atoms, which

results in the amorphous-like response in the local region

around the voids. Experimentally, the deformation induced

crystalline to amorphous transition in single crystal Si has

been evidenced by the in situ TEM observations.42 The

observation of large amount of disordered atoms in this study

(see the supplementary material) thus guarantees the applica-

tion of Poisson process. In a previous experimental study,

Liu et al.43 have found that the tensile response of Zr-based

bulk amorphous alloys is not sensitive to the environmental

hydrogen at room temperature. In the study of the mechani-

cal properties of amorphous Fe40Ni38Mo4B18, Lin and

Perng44 found that the effect of hydrogen on the tensile

strength of reduced-section specimens under various strain

rates is negligible, while the fracture toughness of double-

edge-notched specimens is significantly reduced due to the

presence of hydrogen at lower strain rates. These results may

indicate that the hydrogen embrittlement is attributed to the

heterogeneous nucleation of localized plastic deformation,45

which is absent in present high strain rate MD simulations. It

should be mentioned that plastic flow still occurs during the

deformation of amorphous solids.28 Thus, our understanding

FIG. 3. (a) The critical failure strain as a function of the parameter f ¼ N=_e for both Ni and Ni-H systems. The blue curve is fitted to the function y ¼ A=xB

with parameters A ¼ 0:08102 and B ¼ 0:00677 and is shown as a guide to the eye. (b) A typical plot of the cavitation probability as a function of the volumet-

ric strain with d ¼ 0:5 Å and k ¼ 8. (c) The contour map of the critical failure strain under linear elasticity (i.e., ec ¼ 0). (d) The contour map of the critical

failure strain with an attempt ec ¼ 0:08. Here, we define the dimensionless parameter k ¼ r=d, i.e., the void radius normalized by the Tolman length.
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of hydrogen-plasticity interaction should be widened that

there may exist a competition between the dislocation- and

amorphization-mediated plasticity processes. Although we

cannot decouple the effect of plasticity and surface tension

in the present data processing procedure, the hydrogen does

not exert significant effect on the resultant coupled process,

thereby cannot precisely modify these two dissipation behav-

iors independently. That is to say, the interactions between

hydrogen and dislocations are not directly observed during

the homogeneous nucleation of voids. As shown in Fig. 4(b),

while it is already confirmed that the void grow is promoted

by the emission and multiplication of dislocations attached

on the void surface (in the left panel), the presence of hydro-

gen will definitely accelerate the void dynamics if the hydro-

gen enhanced localized plasticity mechanism is present,

which is realized either by the enhanced dislocation mobility

or nucleation (in the right panel). Furthermore, the fitted

slope of MD results also indicates that the absolute value of

DGc deceases with the applied strain as predicted by Eq. (4)

(see Fig. S1). Thus, with the critical failure strain known

from simulations or experiments, the physical quantities ec

and d can be obtained by fitting these DGc data to Eq. (4).

Given by the slight difference of ef between Ni and NiH sys-

tems shown in Fig. 1, no significant effect of H on the plas-

ticity and surface tension can be expected.

IV. CONCLUSIONS

In summary, for the first time, it is confirmed mathemat-

ically and atomically that the initiation of plasticity is a sine

qua non of homogeneous void nucleation in crystalline mate-

rials, while the necessary plastic activity involves the

contributions from the formation of an amorphous shell as

well as the nucleation and movement of dislocations. When

the statistical error is considered, the hydrogen-induced

decrease in the critical failure stain observed in the previous

studies may need to be revisited. MD results show that there

exists no significant variation of the critical failure strain due

to the insertion of H atoms. The insensitivity of hydrogen

charging could originate from the formation of an amor-

phous shell, which masks the effect of hydrogen on the

plasticity-mediated process of void nucleation. These results

may urge a reconsideration of the “shielding” effect of the

amorphous shell on the interactions between hydrogen and

nanovoid. Together with the previous experimental studies,

this paper further points out that the addition of amorphous

phase in metallic materials may improve the resistance of

hydrogen embrittlement. The plot of the failure strain as a

function of the size-rate parameter f can be employed to

bridge the gap between the information obtained from the

atomistic simulations and continuum scale experiments.

Informed by MD simulations, the thermodynamic model pre-

dicts that the insertion of hydrogen atoms does not exert con-

siderable influence on the homogeneous nucleation of

nanovoids. It thus suggests that the operation of the nanovoid

coalescence mechanism6 of hydrogen embrittlement depends

on the hydrogen enhanced heterogeneous nucleation of voids

on microstructural defects.

SUPPLEMENTARY MATERIAL

See supplementary material for the details of the free

energy model, MD settings, and the formation of amorphous

shells.

FIG. 4. (a) The value of ln 1� f T
e ðtÞ

	 

as a function of t, where f T

e is the frac-

tion of samples that have been cavi-

tated. The open and solid symbols

represent the Ni and NiH systems at

corresponding hydrostatic strain

(extracted from the stress-strain curves

shown in Fig. 1), respectively. The

dashed and solid lines are used to illus-

trate the linear feature with fixed inter-

cept at 0. (b) Left panel: The void

growth by attached shear loops. Right

panel: The amorphous shell suppresses

the dislocation-based void activities,

with the blue points representing H

atoms.
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