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Abstract

Hydrogen ingress into a metal is a persistent source of embrittlement. Fracture surfaces are often intergranular,

suggesting favorable cleave crack growth along grain boundaries (GBs) as one driver for embrittlement. Here,

atomistic simulations are used to investigate the effects of segregated hydrogen on the behavior of cracks along

various symmetric tilt grain boundaries in fcc Nickel. An atomistic potential for Ni–H is first recalibrated

against new quantum level computations of the energy of H in specific sites within the NiΣ5(120)⟨100⟩ GB. The

binding energy of H atoms to various atomic sites in the NiΣ3(111) (twin), NiΣ5(120)⟨100⟩, NiΣ99(557)⟨110⟩,

and NiΣ9(221)⟨110⟩ GBs, and to various surfaces created by separating these GBs into two possible fracture

surfaces, are computed and used to determine equilibrium H concentrations at bulk H concentrations typical

of embrittlement in Ni. Mode I fracture behavior is then studied, examining the influence of H in altering the

competition between dislocation emission (crack blunting; “ductile” behavior) and cleavage fracture (“brittle”

behavior) for intergranular cracks. Simulation results are compared with theoretical predictions (Griffith theory

for cleavage; Rice theory for emission) using the computed surface energies. The deformation behavior at the

GBs is, however, generally complex and not as simple as cleavage or emission at a sharp crack tip, which is

not unexpected due to the complexity of the GB structures. In cases predicted to emit dislocations from the

crack tip, the presence of H atoms reduces the critical load for emission of the dislocations and no cleavage

is found. In the cases predicted to cleave, the presence of H atoms reduces the cleavage stress intensity and

makes cleavage easier, including NiΣ9(221)⟨110⟩ which emits dislocations in the absence of H. Aside from the

one unusual NiΣ9(221)⟨110⟩ case, no tendency is found for H to cause a ductile-to-brittle transformation for

cracks along GBs in Ni, either according to theory or simulation for initial equilibrium H segregation and with

no, or limited, H diffusion near the newly-created fracture surfaces. The NiΣ3(111) twin boundary does not

absorb H at all, suggesting that embrittlement is more difficult in materials with higher fraction of such twin

boundaries, as found experimentally. Experimental observations of cleavage-like failure are thus presumably

caused by mechanisms involving H diffusion or dynamic crack growth.
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1. Introduction

It is well-established that Hydrogen degrades the mechanical properties of metals such that failure is eas-

ier [1–5], but the mechanism(s) driving this embrittlement remain unknown. Hydrogen can interact with (i)

dislocations to change the overall plastic flow behavior, (ii) crack tips to change the local deformation (enhancing

or suppressing cleavage relative to dislocation emission), (iii) grain boundaries to enhance intergranular failure,5

(iv) interfaces to enhance interfacial decohesion, and/or (v) other defects such as precipitates, vacancies, and
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solutes. Any combination of these phenomena may occur in a given material, but how these process(es) actually

lead to embrittlement (premature failure relative to a Hydrogen-free material) is unclear.

Extensive experimental studies have indirectly revealed phenomena associated with, or affected by, the

presence of Hydrogen, at macroscopic, mesoscopic, or atomistic scales. Transmission electron microscopy (TEM)10

observations show that the separation distance between the dislocations in pile-ups are significantly different in

the presence and the absence of hydrogen [6, 7]. There are also experiments that show extensive plastic-like

strain localization and slip bands at the vicinity of the crack tips [8, 9]. Furthermore, a series of nanoindentation

experiments on different ferritic alloys shows that the pop in load denoting the load at which a sudden and

significant increase in displacement of the tip of the indenter occurs, reduces by introduction of the cathodically15

charged hydrogen [10, 11]. In tandem with experiments, atomistic simulations are a valuable tool for probing

specific mechanisms that occur at the atomic scale, which encompasses most of the above interactions. Thus,

there are many studies in the literature where operation of a specific mechanism is studied, and comparisons

made between the responses with and without Hydrogen [12–21]. Insight from such studies may point to

those mechanisms that are most important for embrittlement, as opposed to mechanisms that operate but are20

tangential or secondary to the failure process.

One feature of Hydrogen embrittlement is often cleavage-like failure, frequently along grain boundaries in

polycrystalline metals such as Ni. We thus believe the understanding of embrittlement is likely to be achieved

by understanding the behavior of cracks, and at the nanoscale. Cleavage-like failure implies that sharp cracks

can propagate without blunting, and this points toward studying crack-tip specific phenomena associated with25

Hydrogen. We have previously shown that the aggregation of a sufficient amount of H at a crack tip in bulk

Ni or Fe can prevent dislocation emission and blunting, leaving cleavage as the remaining mechanism to reduce

the system energy [19, 20]. Aggregation of H requires diffusion, and a kinetic model was developed to predict

embrittlement as a function of loading rate, H concentration, and H diffusion rate, and good agreement was

found in application to ferritic (bcc) steels, where H diffusion is very fast [20]. In polycrystalline metals,30

segregation of H to grain boundaries during the H charging process provides the possibility of embrittlement

without active diffusion. That is, if the segregation of H to a grain boundary can prevent blunting of grain

boundary cracks, and permit cleavage along the grain boundary (which is also expected to be easier due to

the H segregation), then the embrittlement may proceed without diffusion. Grain boundary embrittlement by

solute species is widely studied, with classic examples such as S in Ni, Bi in Cu, and Ga in Al. H embrittlement35

of grain boundaries has also been studied, but usually using energetic concepts assuming cleavage a priori. The

question is then reduced to whether or not H segregation decreases the work of fracture, and by how much,

without consideration of the competing crack tip mode of dislocation emission and blunting. Thus, the aim of

the present work is to investigate the effects of H on modifying the crack tip behavior of cracks along GBs in

fcc Ni. We consider GBs containing equilibrium segregation of H under conditions typical of embrittlement in40

Ni, and study several different GBs of increasing complexity. To guide understanding, we correlate the results

of direct MD simulations to predictions based on the Griffith and Rice theories for cleavage and emission,

respectively, and assess whether these theories are useful for predicting or understanding H embrittlement at

GBs.

The remainder of this paper is organized as follows. The Griffith and Rice theories for predicting the45

critical cleavage and dislocation emission stress intensity factors at the tip of a GB crack in an anisotropic

polycrystalline material is reviewed in Section 2. The calibration of a Ni–H EAM interatomic potential to
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recent density functional theory (DFT) data for H in the NiΣ5(120)⟨100⟩ GB and the subsequent energies and

segregation of H to atomic sites in a range of symmetric tilt boundaries in Ni is presented in Section 3. Section 4

summarizes the details of the simulations of the crack behavior with and without H segregated to GBs. The50

results of the simulations are presented and discussed in Sections 5 and 6, respectively.

2. Theoretical framework

In this section, a brief overview of the Griffith and Rice criteria for cleavage and dislocation emission,

respectively, and some subtleties in their application to GB problems are discussed. The influence of interstitial

hydrogen atoms on the key parameters in each criterion is then also presented.55

We consider a symmetric tilt grain boundary with the tilt angle of ψ containing an intergranular crack,

as illustrated in Figure 1. The stiffness tensor of the material in the coordinate system {xi} (i = 1,2,3) is

C. The deformation mode at the crack tip is determined by the competition between cleavage and dislocation

emission mechanisms. According to Griffith theory, cleavage occurs when the energy release rate at the crack

tip G = αK2
Ic reaches the critical value, Gc = γi = γs1 + γs2 − γGB , where γsi (i = 1,2), and γGB are the energies

of the surfaces made after cleavage and grain boundary energy, respectively. The critical stress intensity factor

for cleavage can be determined as

KIc =

√
γi

α
(1)

The calculation of α(C, ψ) within anisotropic linear elasticity is well-established, and recently presented in Ref.

[22]. The surface and interface energies are functions of the crystallographic orientation of the GB and the

Hydrogen concentration in the GB.

An important subtlety in using Eq. (1) is that the value for γi is required but the proper fracture surface

for many intergranular crack problems is not well defined. The lowest-energy surface may be kinked (non-flat),60

which changes the local crack tip stress intensity. The grain boundary structure can also have a long periodic

repeat distance, so that the crack could be “trapped” in some local region of the GB where the local energy

to extend the crack exceeds the average surface energy. Thus, the critical KIc computed by the Griffith theory

may not be accurate, and could be lower or higher than an assessment based on an assumed fracture surface.

The presence of hydrogen makes this problem even more complicated. Hydrogen generally decreases both the65

surfaces energy and the GB energy, and it is thus not guaranteed that γi = γs1 +γs2 −γGB decreases in all cases.

We will consider these subtleties below.

3

This is a pre-print of the following article: Tehranchi, A.; Curtin, W. A. Journal Of The Mechanics And Physics Of Solids 2017, 101,
150--165.. The formal publication is available at http://dx.doi.org/10.1016/j.jmps.2017.01.020

http://dx.doi.org/10.1016/j.jmps.2017.01.020


φ

θ1

θ2x1

x2

x3

1

Figure 1: Schematic diagram of a crack along a symmetric tilt boundary, showing the differences in slip plane orientation at the

two crack tips.

The emission of a dislocation can occur at the crack tip when the stress intensity KI reaches the critical

value KIe required for a dislocation to be nucleated on a slip system available at the crack tip [23]. For cases

where a slip system exists that contains the crack front line, emission of a straight dislocation along the length

of the crack can occur, and this is generally the easiest (lowest KIe) or most-ductile situation. In this case, the

critical KIe is

KIe =

√

β(θ, φ,C, ψ)γusf (2)

where θ, φ, and γusf are the angle between the slip and crack planes, the complementary angle of the crack front

and the slip direction, and the unstable stacking fault, respectively. Details for calculating β within anisotropic

elasticity are also given in [22]. The same formulation can be used for the case of the symmetric tilt GBs70

in cubic metals, which is the case studied here. The unstable stacking fault energy is a function of hydrogen

concentration (see, for instance, [21]). However, the slip planes of interest are usually inclined with respect to

the grain boundary plane so that H may exist only very locally at the crack tip along the grain boundary, and it

is unclear whether the H will influence the unstable stacking fault energy that controls the emission. However,

in any case, emission is into one of the two grains, and hence the unstable stacking fault energy of the bulk75

material is probably the relevant quantity. In this work, we use the value of γusf for pure Ni in all cases, which

should provide a lower bound on emission since H increases the unstable stacking fault energy for the Ni–H

system [21].

An important feature of intergranular fracture is the directional anisotropy of a crack which is observed in

experiments [24, 25]. This feature can be explained by means of Rice theory [23]. Since KIe depends on θ and80

φ, a finite crack with two cracks tips along the same GB has two different values for θ and φ. One crack tip

may show ductile behavior, KIe <KIc, while the opposite crack tip may show brittle fracture, KIc <KIe. Here,

we define “emission” to refer to cases where emission is theoretically predicted to be favored over cleavage.

Likewise, we define “cleavage” to refer to cases where cleavage is theoretically predicted to be favored over

emission. Since Ni, and most other fcc metals, do not show intergranular failure in the absence of H, we can85

safely assume that brittle crack growth in a “cleavage” cases alone is not sufficient for embrittlement. We thus

focus mainly on the behavior of the “emission” cases, searching for a ductile-to-brittle transition.
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3. Energetics of Hydrogen in Ni grain boundaries and fracture surfaces

In bulk fcc Ni, H atoms occupy octahedral interstitial sites. The binding sites in and around any particular

grain boundary must be determined, and depend strongly on the local atomic structure [26]. For a possible H

site i, we define the interaction energy of an H atom relative to the energy of H in a bulk octahedral site as

Eint,i = E
GB+H
i −EGB+H

bulk (3)

where EGB+H
i is the energy of a fully-relaxed material containing a grain boundary with an H atom at site #i

and where EGB+H
bulk the energy of the same fully-relaxed material with an H atom in a bulk interstitial site far90

from the GB.

3.1. Validated Ni–H interatomic potential

For the complex crack studies here, atomistic simulations must use semi-empirical interatomic potentials;

direct first principles computations are prohibitively expensive. It is thus essential that the interatomic potential

function be validated against higher-fidelity calculations. Here, we adapt the embedded atom method (EAM)95

potential for Ni–H introduced by Angelo et al. [27, 28], and previously modified by Song and Curtin [19], to

obtain good agreement with recent results obtained using density functional theory (DFT) (Alvaro et al. [29],

Di Stefano et al. [30]) for the case of H in NiΣ5(120)⟨100⟩. Figure 2a shows the positions of the binding sites

found in the two different sets of DFT calculations; the corresponding H/GB interaction energies are shown in

Table 1. Alvaro et al. [29] show that H binds to octahedral-like sites at the boundary, with site #5 in a very100

open region of the GB being unstable. This result is slightly counter-intuitive because H atoms have large misfit

volume and so generally prefer to occupy sites with more open structure, and surfaces are also quite favorable

relative to the bulk. Di Stefano et al. [30] show this site to be stable and with a large interaction energy

of -0.22 eV. In spite of the discrepancy at site #5, the results are comparable for H at binding sites #1 and

#2. The EAM potential finds all the octahedral-like sites #1–#4 and the site #5 to be stable and binding.105

For the existing Ni–H EAM potential, however, the interaction energies at all sites are 0.1eV higher (stronger

binding) than the DFT calculations. This discrepancy would lead to large overestimation of the probability of

occupation of such sites in the NiΣ5(120)⟨100⟩ as well as errors in the GB and surface energies in the presence

of H. The existing Ni–H EAM potential is thus inadequate.

Table 1: Interaction energies for Hydrogen atoms in Ni(120)Σ5⟨100⟩ at various sites indicated in Figure 2a. Results are shown

for computations using DFT [Alvaro et al. [29], Di Stefano et al. [30]], using the original Ni–H EAM potential [19], and using the

modified Ni–H EAM potential developed in this paper.

Eint(eV )

# site DFT [29] DFT [30] EAM [19] Modified EAM (this work)

1 -0.23 -0.23 -0.37 -0.25

2 -0.14 -0.17 -0.26 -0.13

3 -0.09 not studied -0.24 -0.16

4 +0.04 not studied -0.09 -0.05

5 not stable -0.22 -0.28 -0.14

6 not stable -0.09 +0.05 +0.07
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We have modified the existing EAM potential by changing some of the parameters that describe the Ni–H

interactions but while maintaining good overall properties. Table 2 shows the original and revised values for the

modified parameters in the potential as well as the relevant bulk properties of Ni that are used in the analyses

provided in this work. With the new potential, the positions of the energetically favorable sites for H remain

unchanged but the binding energies are closer to the DFT calculations, as shown in Table 1. The surface energy

of Ni(111) with H has also been computed as [31]

γs =
1

2A
(Es(N

Ni,NH
) −NNiENi

coh −N
NiEH

bulk) (4)

in which A, NNi, NH, Es(N, c), E
Ni
coh, and EH

bulk are the surface area, number of the Ni and H atoms in the110

specimen, total energy of the specimen with two free surfaces, the cohesive energy of the Ni atoms in the bulk,

and the solution energy of one H atom in the bulk Ni, respectively. The surface energy of Ni(111) is a linear

function of H concentration c (i.e. γs(c) = a+bc). The original potential has a = 2.044J/m2, b = −1.599J/m2 while

the revised potential has the same a for pure Ni and b = −1.465J/m2, which is not a significant change. Since

other properties of the pure Ni remain unchanged, the new Ni–H potential provides a significant improvement115

for the study of the grain boundary problems of interest here.

Table 2: Original and modified parameters for the Ni–H EAM potential based on the formulation of [27, 28]. Also shown are

relevant properties of bulk Ni, as predicted by the potential.

parameter original [27, 28] modified

cH10(eV ) 13.26 13.85

c6(eV ) 0.53419208 0.52

c9 1.1292331 1.092

rHc (Å) 2.8 2.7

C11(GPa) 251.7 251.7

C12(GPa) 147.3 147.3

C44(GPa) 130.6 130.6

γusf(mJ/m
2
) 276 276

3.2. Energies of H in grain boundaries and fracture surfaces

We have used the new Ni–H potential to find binding sites for H and their associated interaction energies in

and around the NiΣ3(111)⟨110⟩, NiΣ9(221)⟨110⟩, and NiΣ99(557)⟨110⟩ grain boundaries. Figure 2 shows the

position of the binding sites for H in each GB. The corresponding interaction energies are shown in Table 3. It120

should be noted that the molecular statics simulations are performed using the Large-scale Atomic/Molecular

Massively Parallel Simulator (LAMMPS) [32] and atomic configurations are visualized using the Open Visual-

ization Tool (OVITO) [33]. For NiΣ3(111)⟨110⟩, the twin boundary, there is only one site for H and it has a

very small interaction energy. For NiΣ9(221)⟨110⟩ and NiΣ99(557)⟨110⟩, the binding sites are concentrated in

the areas with more open structure. We have evaluated the H–H interactions for H atoms in two types of sites;125

in all cases, the H–H interactions are repulsive but fairly small (all less than 0.02 eV). We thus neglect the H–H

interactions and consider the interaction energy of each site as independent of the H occupation of any other

sites. We followed the same procedure to find the binding sites and energies on and around the free surfaces

6
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Figure 2: Structure and Hydrogen binding sites in various symmetric tilt boundaries and free surfaces: (a) NiΣ5(120)⟨100⟩; (b)

NiΣ3(111)⟨110⟩; (c) NiΣ9(221)⟨110⟩; (d) NiΣ99(557)⟨110⟩. (e) Ni(120); (f) Ni(111); (g) Ni(221); (h) Ni(557). Atoms colored by

Common Neighbor Analysis (Green: fcc Ni; Red: hcp Ni; White: Ni with less than 12 neighbors; Purple: Hydrogen sites)

that are related to surfaces created by advancement of the intergranular crack along the grain boundary. The

position of the binding sites for Ni(111), Ni(120), Ni(221), and Ni(557) are illustrated in Figure 2 and the130

interaction energies are displaced in Table 3. The interaction energies of H atoms with the free surfaces are

necessary for calculation of the equilibrium concentration of the H atoms on the initial crack faces, but do not

enter in any other calculations here. It also should be mentioned that the repulsive H–H interaction of the

adjacent sites at these surfaces is also negligible.
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Table 3: Interaction energies for Hydrogen atoms at various sites in NiΣ3⟨110⟩, NiΣ9(221)⟨110⟩, NiΣ99(557)⟨110⟩ GBs and Ni(111),

Ni(120), Ni(221), Ni(557) surfaces as predicted by the modified EAM potential.

Eint(eV )

# site NiΣ3(111)⟨110⟩ NiΣ9(221)⟨110⟩ NiΣ99(557)⟨110⟩ Ni(111) Ni(120) Ni(221) Ni(557)

1 -0.04 -0.20 -0.15 -0.19 -0.55 -0.22 -0.16

2 - -0.16 -0.20 -0.47 -0.55 -0.51 -0.56

3 - -0.16 -0.26 - -0.24 -0.46 -0.23

4 - -0.20 -0.21 - -0.07 -0.46 -0.48

5 - -0.16 - - -0.43 -0.48 -0.48

6 - - - - - - -0.21

7 - - - - - - -0.48

8 - - - - - - -0.43

9 - - - - - - -0.48

10 - - - - - - -0.61

Based on the computed binding energies and small magnitudes of H–H interactions, we can construct GB

structures with equilibrium segregation of H. We use a simple solution model to compute the concentration ci

of H segregated to sites of type i with binding energy Eint,i as

ci =
c0exp(−Eint,i/kBT)

1 + c0exp(−Eint,i/kBT)

(5)

where T is the temperature, c0 is the bulk concentration of H atoms, corresponding to some imposed H chemical135

potential during charging, and kB is Boltzmann’s constant. The simple solution model neglects specific entropy

contributions beyond the entropy of mixing. Given a desired concentration ci, specific atomic sites of type i

are occupied with H by selecting a random number in the domain R ∈ [0,1] and occupying the specific site if

R < ci.

For cleavage fracture, we require the initial grain boundary energy γGB and the final energies of the two new140

fracture surfaces γs1, γs2 that are created by the cleavage. These quantities combine to yield γi = γs1 +γs2 −γGB

that enters the Griffith theory for cleavage. The GB energies without H are easily computed. In the presence

of H, we can also compute the total energy knowing the H/GB interaction energies Eint,i and the equilibrium

concentrations ci for all site types i per unit of GB area. The final surface energies γs1, γs2 depend, however, on

the precise fracture surface, which is not defined a priori. Imagining fracture to occur by the separation across145

a specified planar surface, we can consider several possible planar surfaces and compute the energy γs1 + γs2

for each planar surface. We compute the energy for both rigid separation and following atomistic relaxation

of the separated surfaces to examine the effects of such relaxations. We then select the lowest energy among

all of these choices as the final surface energy used in the theory. For each GB, the three different choices of

planar surface are shown in Figures 3–5 and the resulting final surface energies are shown in Table 4, for cases150

with and without H. Table 4 shows that the variations in γi versus choice of separation plane are generally not

large for the fully relaxed surfaces. The largest differences upon relaxation occur for those surfaces with high

unrelaxed energies. More interestingly, the presence of H does not lead to significant changes in the fracture

energy γi, except for the case of the Ni(120)Σ5⟨100⟩ GB, which is expected to be brittle even without H.
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The above calculations ignore the possibility of H diffusion near the crack tip during the (possible) crack155

opening. These results are thus the “fast” limit considered by Rice [34], in contrast to the “slow” limit where

the final fracture surfaces are considered to have full equilibrium H concentrations of the surfaces. The “slow”

limit is achieved by H diffusion, and at very low bulk H concentrations would require diffusion over significant

distances continuously during crack growth. Here, we consider another more realistic limit wherein all H that

is near the fracture surface, due to having been segregated to the GB prior to fracture, can diffuse via a few160

atomic hops to some lower-energy position on the fracture surface. Such diffusion could be envisioned to occur

right at the crack tip during the opening process. To examine this “local diffusion” case, we have started from

the relaxed separated fracture surfaces and then moved all subsurface H atoms to nearby low-energy sites on

the fracture surface. These atomic configurations are shown in Figure 3–5. The entire system is then relaxed

to obtain new energies γs1, γs2 and hence new fracture energies γi, as shown in Table 4. We find very limited165

changes in the fracture energy due to this local diffusion, especially for the lowest fracture-energy cases that

control the fracture behavior.

Figs. 3–5 shows the structure of the grain boundaries of interest in the presence and absence of H atoms.

The relaxed and unrelaxed states of the separated grain boundaries for different cutting planes are given in these

Figures as well. It should be noted that since the interaction energy of the H atoms with the twin boundary170

is extremely low, the amount of H atoms along the boundary is low such that the separation energy in the

H-charged cases is identical to that of the H-free case. Thus, local diffusion effects are also insignificant.

Table 4: Unrelaxed and fully relaxed fracture energies (mJ/m2) for the separation of GBs along different possible fracture planes.

The minimum separation energy for each GB is highlighted.

c0 = 0 c0 = 0.001 c0 = 0.001(local diffusion)

unrelaxed relaxed reduction (%) unrelaxed relaxed reduction (%) relaxed reduction (%)

P1 3625 3438 5 3562 3377 4.9 3377 0

NiΣ9(221)⟨110⟩ P2 4482 3437 23 4462 3384 24.1 3384 0

P3 4753 3427 27 4745 3437 27 3370 1.9

P1 4378 3718 15.1 4853 3801 21 3787 0.5

NiΣ99(557)⟨110⟩ P2 4162 3273 21.3 4170 3191 23 3162 0.9

P3 4475 3756 16 4484 3541 21 3515 0.7

P1 4145 3716 10.3 3020 2135 29.3 2135 0.0

NiΣ5(120)⟨100⟩ P2 4145 3716 10.3 3122 2145 31.3 2257 -5.2

P3 5176 3732 27.9 4638 2909 37.3 2208 24.9
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Figure 3: Atomic configurations of NiΣ9(221)⟨110⟩ with and without hydrogen. For each grain boundary, the relaxed and unrelaxed

configuration of the separated grains through three different cutting planes are given. Atoms colored by Common Neighbor Analysis

(Green: fcc Ni; Red: hcp Ni; White: Ni with less than 12 neighbors; Purple: H)
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Figure 4: Atomic configurations of NiΣ99(557)⟨110⟩ with and without hydrogen. For each grain boundary, the relaxed and unrelaxed

configuration of the separated grains through three different cutting planes are given. Atoms colored by Common Neighbor Analysis

(Green: fcc Ni; Red: hcp Ni; White: Ni with less than 12 neighbors; Purple: H)
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Figure 5: Atomic configurations of NiΣ5(120)⟨100⟩ with and without hydrogen. For each grain boundary, the relaxed and unrelaxed

configuration of the separated grains through three different cutting planes are given. Atoms colored by Common Neighbor Analysis

(Green: fcc Ni; Red: hcp Ni; White: Ni with less than 12 neighbors; Purple: H)

4. Fracture simulations

With the above baseline of GB and fracture energies with and without H, we now examine the explicit

simulation of crack-tip processes in molecular statics. We construct simulation cells of size l1 ∈ [420Å,490Å],175

l2 ∈ [400Å,500Å] and l3 ∈ [17Å,20Å] containing a GB (NiΣ9(221)⟨110⟩, NiΣ99(557)⟨110⟩, NiΣ5(120)⟨100⟩ or

NiΣ3(111)⟨110⟩) along the central plane x2 = 0. For all grain boundaries except the twin boundary, we insert

a crack in the x1x3 plane of the grain boundary with crack front along [11̄0] by removing three atomic layers.

For the twin, using a blunted crack leads to unphysical results and so a sharp crack is inserted by artificially

eliminating atomic interactions across the crack faces. For this crack geometry, all cases except NiΣ5(120)⟨100⟩180

have a slip plane that allows for the emission of straight dislocations from the crack tip. For the cases with H

atoms, we saturate the binding sites of the crack faces at the equilibrium concentrations ci according to Eq. (5).

To study the directional anisotropy of the intergranular cracks, we consider crack growth in both emission

and cleavage directions, and both directions for the NiΣ5(120)⟨100⟩ GB. The simulation cell is then subjected

to incremental K-field loading by displacing all atoms within 10Åof the outer cell boundary according to the185

asymptotic continuum solution for a semi-infinite crack in an anisotropic linear elastic symmetric bicrystal.

After each increment of loading, the boundary of the specimen is held fixed and the remaining atoms in the

simulation cell are relaxed to the minimum total energy of the system using the conjugated gradient method [35].

The relevant geometric parameters describing the slip in the grains are tabulated in Table 5.
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Table 5: Geometrical parameters describing slip orientations in grains adjacent to each grain boundary.

GB case φ(°) θ(°)

NiΣ3(111)⟨110⟩
cleavage 60 109.5

emission 0 70.5

NiΣ9(221)⟨110⟩
cleavage 60 125

emission 0 55

NiΣ99(557)⟨110⟩
cleavage 60 103

emission 0 77

NiΣ5(120)⟨100⟩
cleavage 45 N.A.

emission 45 N.A.

Note that we use H segregation computed at finite temperature but execute the simulations at zero T.190

This ensures that there is no diffusion during the simulation, nor any other thermally activated behavior, so

that the simulation probes the energetics of fracture with no time dependence. Performing finite-T molecular

dynamics would introduce a time scale into the problem, and all results would then depend on the simulation

time and/or loading rate. Since MD loading rates are unrealistically high, as compared to experiments, the

finite-T/finite-time results would provide little or no additional insights beyond the T=0K simulations. It is195

then clear that, for comparison with theory, the relevant interface energy in the Griffith theory is the minimum

value of γi without local diffusion as shown in Table 4.

5. Results

Table 6 summarizes the results of the theoretical predictions of the Griffith and Rice theories as well as the

simulation results. The values for the theoretical cleavage loads are obtained by inserting the corresponding200

information in Table 4 into Eq. (1) while the theoretical emission loads are calculated by incorporating the

information in Tables 2 and 5 into Eq. (2).
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Table 6: Theoretical cleavage and emission stress intensities for all grain boundaries studied here. The predicted behavior (cleavage

or emission) is indicated, as dictated by the lower of the two predicted stress intensities as highlighted in bold. The simulation

results are tabulated as well.

NiΣ3(111)⟨110⟩ c0
Rice theory Griffith theory simulation results

(MPa
√

m) (MPa
√

m) (MPa
√

m)

NiΣ3(111)⟨110⟩

0.0 1.01 1.03 1.20 cleavage

0.001 1.01 1.03 1.20 cleavage

0.0 0.38 1.03 0.62 emission

0.001 0.38 1.03 0.58 emission

NiΣ9(221)⟨110⟩

0.0 1.500 0.98 1.49 rearrangement

0.001 1.50 0.97 1.39 cleavage

0.0 0.64 0.98 0.72 emission

0.001 0.64 0.97 0.93 emission of two partials

NiΣ99(557)⟨110⟩

0.0 1.41 1.00 1.52 rearrangement

0.001 1.41 0.92 1.07 cleavage

0.0 0.62 1.00 0.63 emission

0.001 0.62 0.92 0.58 emission

NiΣ5(120)⟨100⟩

0.0 N.A. 0.92 0.91 cleavage

0.001 N.A. 0.75 0.65 cleavage

0.0 N.A. 0.92 1.38 cleavage

0.001 N.A. 0.75 1.20 cleavage

Figs. 6 and 7 show key atomistic configurations for the sharp intergranular crack along [112̄], and [1̄1̄2]

directions of twin boundary, respectively. The theoretical cleavage load both with and without hydrogen is

1.03 MPa
√

m since H binds weakly to this twin. For the case in which the crack is along [112̄] direction, the205

theoretical emission load is 1.01MPa
√

m, quite close but less than the theoretical cleavage load. In the H-free

specimen, the crack starts to propagate at 1.20MPa
√

m, slightly higher than the emission/cleavage predictions.

For the H-charged case, with hydrogen atoms covering the crack faces, an initial K=0.80MPa
√

m is applied to

avoid closure of the crack. In this case, cleavage occurs at 1.20MPa
√

m, equal to the critical cleavage load for

the H-free case. This result is expected because the twin boundary does not absorb any H atom. In the case in210

which the crack is along the theoretically ductile direction [1̄1̄2], the predicted emission load is 0.38 MPa
√

m,

whereas the simulations without H show emission at 0.624MPa
√

m. With H, the emission load decreases slightly

to 0.58MPa
√

m. Both with and without H, the crack tip emits several partial dislocations. H thus does not

change the ductile/brittle nature of the twin boundary, with most effects here associated with H absorbed on

the pre-existing crack faces rather than with H segregated to the twin boundary itself.215

Figs. 8 and 9 show key atomistic configurations for the intergranular crack along the NiΣ9(221)⟨110⟩

boundary for the two directions of cracking, respectively. For the theoretical cleavage case, the predicted

cleavage load decreases from 0.98 MPa
√

m in pure Ni to 0.97MPa
√

m in the presence of H, both less than the

emission load of 1.50 MPa
√

m. Thus, cleavage is predicted with and without H. The simulations show that

crack behavior is more complicated than a simple cleavage process. In pure Ni, a tiny partial cleavage starts at220

0.496 MPa
√

m but atoms at the crack tip rearrange and suppress continued cleavage. At a much higher load of

1.49 MPa
√

m, dislocations are emitted ahead of the crack tip, thus cleavage does not occur in this case - this

theoretical cleavage case is in fact ductile. With H, a tiny partial cleavage starts at 0.544 MPa
√

m followed by

emission of dislocations at 1.10MPa
√

m but eventually the crack faces cleave at 1.39 MPa
√

m. This ductile-to-
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brittle transition for a case expected to be brittle without H may be explained if H reduces lattice trapping at225

the crack tip (see Discussion). For the theoretical emission case, the predicted emission load is 0.64 MPa
√

m and

pure Ni shows emission at 0.72 MPa
√

m, within the typical accuracy of the emission model. With H, leading

and twinning partials are emitted at the same time at a much higher load of 0.928 MPa
√

m. H thus delays

emission, but the emission load remains below the predicted cleavage load of 0.97 MPa
√

m. The difference is

small, however, indicating that H could push this boundary close to a transition from ductile-to-brittle, but no230

actual transition is observed in these simulations. The origin of the increase in the emission load is also not

understood within the context of the emission theory, which does not account for any H-induced phenomena

occurring right at the crack tip.

Figs. 10 and 11 show key atomistic configurations for the intergranular crack along the NiΣ99(557)⟨110⟩ GB

for the two directions of cracking, respectively. For the predicted cleavage case, the cleavage load decreases from235

1.00 MPa
√

m in pure Ni to 0.92 MPa
√

m in the presence of H. Simulations in pure Ni show partial cleavage at

0.912 MPa
√

m, followed by some atomic rearrangements at the crack tip, with cleavage finally occurring at 1.52

MPa
√

m. In the presence of H, the final cleavage load is reduced to 1.072 MPa
√

m, approaching the predicted

values, with the H atoms preventing the local rearrangement at the crack tip. For the predicted emission

case, simulations for pure Ni show emission at 0.624 MPa
√

m which is quite close to the predicted value of240

0.62MPa
√

m. With H, the emission load is reduced to 0.576 MPa
√

m, slightly lower than the predicted value.

As noted, distortions and energy of H near the crack tip are not included in the emission theory, and hence some

deviations between simulation and emission theory can be expected. In any case, however, no ductile-to-brittle

transition is observed due to the introduction of H into this GB.

Figs. 12 and 13 show key atomistic configurations for the intergranular crack along the NiΣ5(120)⟨100⟩ for245

the two crack directions, respectively. Recall that for this boundary there are no slip planes containing the crack

front so that any emission is on oblique planes, which requires higher loads and which is also outside the scope

of the emission theory used here. Such three-dimensional behavior is beyond the scope of this work and so our

simulations use short crack front lengths and are quasi-2d so as to suppress the oblique emission. Both crack

directions are thus expected to be ”cleavage” cases. The predicted cleavage load is 0.92MPa
√

m in pure Ni and250

decreases to 0.75MPa
√

m in the presence of H. Simulations along [21̄0] show partial cleavage at 0.75MPa
√

m in

pure Ni followed by rearrangement of the crack tip atoms around 0.87MPa
√

m. This rearrangement is a result of

the tendency of the crack tip to emit oblique dislocation loops. Cleavage then proceeds at 0.91MPa
√

m, close to

the predicted value. With H, partial cleavage starts at 0.32MPa
√

m followed by cleavage at 0.51MPa
√

m. This

reduction in the cleavage load is strong evidence of the suppression of oblique dislocation emission by H atoms.255

For the crack along the opposite direction, partial cleavage occurs at 0.99MPa
√

m in pure Ni, followed by atomic

rearranged at 1.04MPa
√

m and cleavage at 1.2MPa
√

m. With H, rearrangements occur at 0.90MPa
√

m followed

by cleavage at 1.14MPa
√

m, which is slightly lower than that of the pure Ni but larger than the predicted value.

No ductile-to-brittle transition is observed due to the introduction of H into this GB, and H generally facilitates

cleavage, consistent with the trend of the theory.260
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Figure 6: Sharp crack tip atomic structure at load levels where various events occur in the simulations of NiΣ3(111)⟨110⟩ along

[112̄] direction. Atoms colored by Common Neighbor Analysis (Green: fcc Ni; Red: hcp Ni; White: Ni with less than 12 neighbors;

Purple: H)
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Figure 7: Crack tip atomic structure at load levels where various events occur in the simulations of NiΣ3(111)⟨110⟩ along [1̄1̄2]
direction. Atoms colored by Common Neighbor Analysis (Green: fcc Ni; Red: hcp Ni; White: Ni with less than 12 neighbors;

Purple: H)
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Figure 8: Crack tip atomic structure at load levels where various events occur in the simulations of NiΣ9(221)⟨110⟩ along the

theoretically cleavage favorable direction. Atoms colored by Common Neighbor Analysis (Green: fcc Ni; Red: hcp Ni; White: Ni

with less than 12 neighbors; Purple: H)
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Figure 9: Crack tip atomic structure at load levels where various events occur in the simulations of NiΣ9(221)⟨110⟩ along the

theoretically emission favorable direction. Atoms colored by Common Neighbor Analysis (Green: fcc Ni; Red: hcp Ni; White: Ni

with less than 12 neighbors; Purple: H)
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Figure 10: Process of an intergranular crack propagation in NiΣ99(557)⟨110⟩ along the theoretically cleavage favorable direction.

Atoms colored by Common Neighbor Analysis (Green: fcc Ni; Red: hcp Ni; White: Ni with less than 12 neighbors; Purple: H)
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Figure 11: Process of an intergranular crack propagation in NiΣ99(557)⟨110⟩ along the theoretically emission favorable direction.

Atoms colored by Common Neighbor Analysis (Green: fcc Ni; Red: hcp Ni; White: Ni with less than 12 neighbors; Purple: H)
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Figure 12: Process of an intergranular crack propagation in NiΣ5(120)⟨100⟩ along [21̄0] direction. Atoms colored by Common

Neighbor Analysis (Green: fcc Ni; Red: hcp Ni; White: Ni with less than 12 neighbors; Purple: H)
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Figure 13: Process of an intergranular crack propagation in NiΣ5(100)⟨100⟩ along [2̄10] direction. Atoms colored by Common

Neighbor Analysis (Green: fcc Ni; Red: hcp Ni; White: Ni with less than 12 neighbors; Purple: H)

6. Discussion

The simulations show that no ductile-to-brittle transition is observed for the predicted ductile cracks in

the presence of segregated hydrogen atoms along any of the GBs studied here. However, hydrogen does make

cleavage easier for crack growth in the intrinsically brittle directions. In the particular case of NiΣ9(221)⟨110⟩,

the theoretically-brittle case is actually ductile, and the presence of H leads to the expected cleavage/brittle265

behavior. In the case of the twin boundary, which has no absorbed H, the cleavage load remains unaltered.
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These observations indicate that hydrogen has limited embrittling effects due to a change in the crack tip

behavior, but can help intergranular fracture to be more favorable in theoretically brittle cases. These results,

except the case of NiΣ9(221)⟨110⟩, are in qualitative agreement with the theoretical Rice and Griffith criteria.

However in all cases, the exact values of the K-loads at which critical events occur are different between theory270

and simulation, and the nature of the different atomic scale mechanisms of crack growth vary. Below, we

thus discuss the origins of these differences and further elucidate the effects of segregated hydrogen on these

intergranular fracture processes.

One major effect that hinders easy cleavage of the crack faces, and that raises the fracture K above the

Griffith prediction, is crack trapping within the GB structure. Since the grain boundary has a complicated275

discrete structure at the atomistic level, the crack tip can be arrested within the higher-toughness regions of the

GB. The crack may first extend through lower-toughness regions but ultimately encounters the locally-tougher

regions. Griffith theory considers only the surface energy, which is an average over the various structural units

in the GB. With trapping, a higher K+ is required for crack growth. If K+ is higher than the critical emission

load, local plastic events can occur prior to, or in place of, cleavage. In pure NiΣ9(221)⟨110⟩, the final event in280

the predicted cleavage direction is actually emission ahead of the crack tip and thus no cleavage is observed. In

this case, this final event occurs at a K slightly higher than the theoretical Rice criterion and is a manifestation

of trapping with K+ > KIe. Further evidence of strong trapping is seen for cracking in the [2̄10] direction of

the NiΣ5(120)⟨100⟩ where, after a partial cleavage at a K slightly higher than the theoretical cleavage K, the

final cleavage occurs only after a further 50% increase in load. Finite temperatures allow thermal activation285

over trapping energy barriers, and so can alleviate trapping and facilitate cleavage at K values lower than the

value measured at T=0K.

The presence of H atoms could also help the crack tip overcome trapping. Specifically, the presence of H

along the grain boundary occurs mainly in the open spaces of the boundary, presumably making the energy along

the surface more uniform, and thus reducing trapping. In the predicted cleavage case for the NiΣ9(221)⟨110⟩,290

in which the crack tip in pure Ni actually emits dislocations, adding H makes cleavage favorable by preventing

local atomic rearrangements. This is the only case in which we observe any ductile-to-brittle transition. Per

the discussion above, the embrittlement in this case presumably arises from reduction of trapping effects rather

than reduction in the fracture energy. As stated earlier, temperature can reduce the trapping effect, thus even

in this case we expect that embrittlement may not occur at finite-T. A similar effect reduces the critical K-load295

for cleavage in the predicted cleavage direction of NiΣ99(557)⟨110⟩. The cleavage load remains higher than the

Griffith prediction, but less than the theoretical emission load. For the crack along [2̄10] of the NiΣ5(120)⟨100⟩,

H atoms reduce the cleavage load by 8%.

Another issue in relating simulations to theory is the occurrence of local distortions at the crack tip. These

distortions could be an artifact of the interatomic potential or a consequence of complicated “plastic” activity at300

the crack tip. For an intergranular crack along [21̄0] of the NiΣ5(120)⟨100⟩, such plastic activity is the start of

emission of oblique dislocation loops that, due to the short crack front length, interact and prevent larger-scale

expansion of the dislocation loops. This activity hinders the crack from propagating until the load has been

increased by an additional 15% .

H atoms could also have both increasing and decreasing effects on the emission load. A high H concentration305

along the inclined slip planes in the grains will increase γusf and hence increase the emission load [21]; this is

not present in our simulations because H is only present in the grain boundaries. Emission in mode I loading is
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accompanied by creation of a surface step, and the energy cost for creation of this surface step is proportional

to the surface energy of the metal; this effect is not included in the Rice theory. Since H atoms saturate the

crack faces in most cases, the surface energy could be reduced and the critical K for emission also reduced, but310

this depends on H rearrangements as the step is being created. Here, for the predicted emission directions of

NiΣ3(111)⟨110⟩ and NiΣ99(557)⟨110⟩, the presence of H atoms along the GB and on the crack faces indeed

reduces the critical K for emission. In the case of the NiΣ3(111)⟨110⟩ GB, where H atoms are present only

on the crack faces, the reduction in the emission load is due to this effect. In the case of the NiΣ9(221)⟨110⟩

GB, adding H atoms does not decrease the emission load. However, the crack tip emitted both leading and315

twinning partials at the same K. Hydrogen-enhanced emission of dislocations from crack tips is reported in the

literature, for example see [36].

All simulations and theoretical calculations presented in this work are done for T=0K, and finite-T thermal

activation might be envisioned to alter the results. However, we believe the T=0K results are reasonable for

understanding most finite-T conditions. The Griffith theory is a thermodynamic criterion and so the effects of320

temperature are due only to temperature-dependent changes in surface/interface energies and elastic moduli.

These quantities both typically decrease with increasing temperature. Thus, the K for cleavage should reduce

with increasing temperature. The Rice criterion is an instability condition, and so there is an energy barrier that

can be overcome at lower loads at finite T. However, the energy barriers are typically large [37, 38] and so the

decrease in applied K is relatively small at moderate temperatures (T=300K). The main effects of temperature325

on the Rice condition are thus due to changes in γusf and elastic moduli. The decrease in K for emission

is thus expected to change similarly to the K for cleavage. Thus, the temperature-dependent competition

between cleavage and emission will not change dramatically and predictions at T=0K are thus expected to be

representative of results at finite T, in general. The only exception to this discussion involves lattice trapping,

where we noted earlier that finite temperatures will reduce trapping and allow cleavage to occur closer to the330

thermodynamic Griffith limit.

In summary, the presence of H creates no ductile-to-brittle transition for grain boundary cracks that are

predicted to emit dislocations in the absence of H, at levels of H corresponding to equilibrium segregation at

bulk H concentrations where embrittlement is typically observed in Ni. The simulation results are in qualitative

agreement with the Griffith and Rice theories, although quantitative differences are notable. Reasons for the335

differences have been discussed. Generally, H makes cleavage possible and easier in the predicted brittle cases,

but does not cause the predicted emission cases to become brittle. For a finite length crack nucleated along

a grain boundary that is saturated with an equilibrium distribution of H atoms, the crack is predicted to

propagate only along the brittle direction. This propagation either needs higher K or is not possible in the H-

free case. The crack tip in the ductile direction will not extend by cleavage and, as the crack grows in the brittle340

direction and K increases, the crack would emit dislocations in the ductile direction. We find no evidence that H

changes the ductile behavior in theoretically ductile cases, and in fact observe cases where H facilitates emission.

While no study can be exhaustive, our results lead us to conclude that hydrogen embrittlement observed in

polycrystalline Ni is not likely associated with equilibrium-segregated H along grain boundaries. Embrittlement

is thus presumably attributed to processes that involve H transport (through the bulk or along the boundaries),345

such as the mechanism proposed by Song and Curtin [19, 20]. Other effects of H on dislocations may affect the

plastic evolution, but these effects do not directly point toward intergranular cleavage-like failure. Our results

for the twin boundary reveal that this boundary does not absorb H at all. Hence, as shown experimentally
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by [39], increasing the fraction of twin boundaries by grain boundary engineering processes is one strategy for

reducing embrittlement in Ni. Nonetheless, the mechanisms of embrittlement in fcc metals thus remain open350

to further theoretical investigation.
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