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� Effects of common elements on H were studied by first-principles calculations.

� Both Ni grain boundary (GB) and coherent twin boundary (CTB) were studied.

� Effects of alloying elements on energetics and kinetics of H were studied.

� The effects were decomposed into physical and chemical components.

� The mechanisms at electronic and atomic levels were explored.
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The effects of several common metallic and nonmetal alloy compositions (i.e., Cr, Mo, B,

and P) on the energetics and kinetics of hydrogen behaviors at a nickel grain boundary (GB)

and a coherent twin boundary (CTB) were systematically investigated by first-principles

calculations. H, Cr, Mo, B, and P have a stronger segregation into Ni GB than Ni CTB due

to the presence of a cavity in GB. Cr, Mo, B, and P all act as obstacles for H segregation and

diffusion in both GB and CTB, but the physical mechanisms are different: In Ni GB, Cr and

Mo result in the shrinkage of isosurfaces of optimal charge densities for H, and B and P

provide a strong competitive tendency to accumulate into the GB; in Ni CTB, Cr and Mo

induce charge accumulation, and B and P result in a repulsive interaction to H. The present

study provides the microscopic images of H compositions in Ni GB and CTB under the

effects of alloy compositions; this is essential for understanding the mechanism of

hydrogen embrittlement (HE) and improving the ability of alloys against HE.
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Introduction

Hydrogen embrittlement (HE) [1e3] in metals and alloys has

been extensively researched for many decades, and is nor-

mally not detectable before the final fracture of metals and

alloys. HE is a complex phenomenon, and there are a variety

of mechanisms that are responsible for HE of a material [4e7].

HE involves the interactions between hydrogen and defects at

multiple-length scales [8e11], and our understanding of HE is

limited by the challenge ofmeasuring the precise location of H

atoms [8,9]. Recently, Chen et al. [8,12] used cryo-transfer

atom probe tomography to observe H at specific microstruc-

tural features in steels and directly observed hydrogen at

dislocations and grain boundaries that can act as trapping

sites.

Nickel-based alloys are important commercial alloy that

have widespread applications according to their excellent

mechanical properties, high-temperature performance, and

corrosion resistance. Nevertheless, Ni-based alloys are sus-

ceptible to HE [3,13e15], which impairs their excellent per-

formance. In addition to the experimental studies, first-

principles calculations are very suitable to study H behaviors

in alloys fundamentally and have already been extensively

utilized to investigate the HE of the Nimetal andNi alloys, e.g.,

H on the Ni surface [16,17], H diffusion in Ni [18e20], and H in

the vacancy of Ni [21e25], in which first-principles calcula-

tions can not only provide a deep understanding of the HE

mechanism but also predict the susceptibility of metals and

alloys toward HE.

As is well known, H trapping and diffusion at the Ni grain

boundary (GB) are crucial for HE phenomena, and GB serves as

an area for accumulation of H atoms and diffusion of a rapid

channel. Thus, first-principles calculations have been exten-

sively used to study H behaviors in NiS5 GB [13e15,26e30],

which is a representative kind of Ni GB, since both substitu-

tional and interstitial sites exist on the S5 GB plane for the

alloying elements because of the presence of a cavity in the GB

region. Zhu et al. [13] mainly studied the effects of several

metallic elements (i.e., Al, Ta, W, and Zr) on H in Ni GB using

first-principles calculations and found that the elements can

act as an obstacle for H diffusion at Ni GBs.

In particular, among various kinds of GBs, the Ni coherent

twin boundary (CTB) is quite special, and it is also called S3 GB

in some cases. CTB is simply a special GB. For simplicity, “GB”

only indicates S5 GB in the following sections. CTB is in an FCC

structure, as the (111) mirror planes where the normal stack-

ing sequence of (111) planes is reversed and has the amazing

ability to improve the strength and ductility of alloys simul-

taneously [31e34]. Recently, Zhou et al. [35] used first-

principles calculations to reveal that the studied metallic el-

ements (i.e., Al, Cr, Mo, Nb, and Ti) can considerably increase

the formation of vacancies and vacancy-hydrogen clusters at

Ni CTB, which may facilitate nanovoid nucleation to promote

final crack initiation at Ni CTBs.

In Ni alloys, alloy compositions can modify H behavior,

thus serving as an engineering approach to solving the HE

problem. As a result, the effects of alloy compositions on H

behavior are essential for understanding the HE mechanism

and improving the ability of alloys against HE in commercial
Ni alloys. Unfortunately, the present studies mainly focus on

H behavior in pure Ni bulk or GB without considering the ef-

fects of alloy compositions except a few studies as mentioned

above [13,28,35].

In our previous studies, we have investigated the in-

teractions between H and 3d/4d transition elements, sp-

elements in the bulk of Ni alloys through first-principles cal-

culations [36e38], and in this study, we further studied the

effects of several representative alloy compositions (not only

metallic elements but also nonmetal elements) on H trapping

and diffusion at Ni GBs and CTBs. The chosen alloy compo-

sitions in this work consisted of Cr, Mo, B, and P. Cr and Mo

represent transition elements that are common and aremajor

elements in Ni alloys. B and P are the universal nonmetal el-

ements that exist in almost all alloys, not just in Ni alloys.
Computational methods

The Vienna ab-initio simulation package (VASP) [39] was

employed to perform spin-polarized electronic state calcula-

tions within the density functional theory [40,41]. Electron-ion

interactions were described by the projector-augmented

plane-wave (PAW) [42] method and the wave functions were

expanded in a plane-wave basis set with a cutoff energy of

450 eV. A generalized gradient approximation (GGA) [43] of the

exchange correlation energy was used in PBE scheme. Total

energy and HellmanneFeynman forces were convergent

within 10�6 eV and 10�2 eV/�A, respectively. The Monkhorst-

Pack k-point meshes of 4 � 8 � 2 for NiS5 GB and 6 � 10 � 1

for Ni CTB model were used to sample the Brillouin zone [44].

Ni GB and CTB are model based on the optimized lattice

parameter, 3.522 �A, of the FCC Ni, which is in good agreement

with the experimental value when extrapolated from room

temperature to 0 K (3.517 �A) [18,37].

To evaluate the energy barrier of H diffusion in pure and

alloyed GB and CTB, the climbing image nudged elastic band

method (cNEB [45,46]) was utilized to calculate the potential

barrier and transition state (TS) for H diffusion across or along

GB and CTB, with the force tolerance of 10�2 eV/�A. In each

process of H diffusion, a total of three images are used (not

including the initial and final images).

The GB model contains a cavity, which is different from

CTB, as illustrated in Fig. 1. In the GB plane, “0” refers to the

cavity in GB, i.e., the GB0 site. Twenty atomic layers are

included, and each layer consists of two equivalent atomic

sites. The calculated dimensions of the GB model are 7.80 �
3.48 � 16.63 �A3. The CTB in a face-centered cubic structure is

an anti-stacked sequence to the substrate material along the

[111] direction [31]. In the Ni CTB model illustrated in Fig. 1(a),

12 atomic layers are contained, and each layer consists of two

equivalent atomic sites. The calculated size of the CTB model

is 4.31 � 2.49 � 24.46 �A3. The same numeric planes in both

sides of GB and CTB are symmetric.

To identify a site that is favored energetically for the

alloying atoms to occupy, the binding energy of one alloying

atom in GB or CTB, Eb
A, is defin0065d as follows [30,47]:

Eb
A ¼ENT=GBðNNi;1Þ�EA �ENT=GB

�
N0

Ni

��NNi �N0
Ni

N0
Ni

EBulk

�
N0

Ni

�
; (1)
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Fig. 1 e (a) The NiS5 GB model, (b) the possible interstitial

sites of H in the GB plane of (a) and (c) the Ni CTB model.

“GB” in (a) indicates the GB plane, and “CTB” in (b) denotes

the CTB plane. The atomic layers are labeled by numbers

counted from the GB or CTB plane in (a) and (b), and “0” in

(a) denotes the cavity in S5 GB. In (b), S2 and S5 sites are at

equivalent positions, and S3 and S4 sites are also at

equivalent positions. S1, S2/S5, and S3/S4 sites are in one

cavity of the GB plane surrounded by 1a, 1b, and 1c atoms,

and S3′ and S5′ sites are out of this cavity and within the

adjacent ones.

Fig. 2 e Calculated binding energies and segregation

energies for (a) Cr, (b) Mo, (c) B, and (d) P at each atomic site

in the Ni GB model illustrated in Fig. 1(a).
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where ENT=GBðNNi;1Þ refers to the calculated total energy of the

GB or CTB unit cell including NNi Ni atoms and one alloying

atom, EA is the energy of one isolated alloying atom, and N0
Ni is

the number of Ni atoms in the clean GB or CTB and bulk unit

cells. For NNi ¼ N0
Ni � 1, the last term is used to adjust the

number of Ni atomswhen one alloying atom is substituted for

the Ni atom. The tendency for the alloying atom to diffuse

from a bulk site to a GB or CTB site can be quantified by the

segregation energy, DESeg
A , which was calculated as

DESeg
A ¼Eb

A � Eb
Bulk�A; (2)

where Eb
Bulk�A is the binding energy of one alloying atom in the

bulk site of GB or CTB.

The binding energy for one H atom, Eb
H, was defined as

Eb
H ¼EGB=CTBþH � EGB=CTB � 1

2
EH2; (3)

where EGB=CTBþH or EGB=CTB is the total energy of the GB/CTB

supercell with or without an H atom, and EH2 is the energy of
an isolated H2 molecule. The segregation energy of the H

atom, DESeg
H , is calculated as

DESeg
H ¼Eb

H � Eb
Bulk�H; (4)

where Eb
Bulk�H is the binding energy of one H atom in the bulk

site of pure GB or CTB (i.e., the octahedral interstitial site),

which is the most stable site for H in Ni bulk [37].

The binding energy and segregation energy of alloy com-

positions (i.e., Cr, Mo, B, and P) were calculated to identify the

occupation position of alloy compositions in GB and CTB, and

the negative values imply a preferable occupation and segre-

gation of H atoms. Then, H behaviors of trapping and diffusion

in Ni GB and Ni CTB with or without segregated alloy com-

positions were investigated to explore the role of alloy

composition on H atoms. For simplicity, Cr-segregated Ni GB

and CTB are denoted as Ni/Cr GB and Ni/Cr CTB, respectively;

this is also applicable to the cases of the other elements.
Results and discussion

Segregation of alloy compositions at the GB and CTB

To find out which site is preferable for alloy composition, the

binding energies and segregation energies for Cr, Mo, B, and P

at each atomic site in the Ni GB and CTB models were calcu-

lated and demonstrated in Figs. 2 and 3, respectively. A

negative value of the binding energy or segregation energy

indicates a segregation tendency at the GB or CTB.
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Fig. 3 e Calculated binding energies and segregation

energies for (a) Cr, (b) Mo, (c) B, and (d) P at each atomic site

in the Ni CTB model illustrated in Fig. 1(c).

Table 1 e The calculated binding energies and
segregation energies (in eV) of one H atom at the pure, Ni/
Cr, and Ni/Mo GBs. The segregation energies are in
parentheses. (See Fig. 1(a) and (b) to find the positions of
interstitial sites of H, i.e., S1, S2, S3, S4, S5, and S6).

Pure GB Ni/Cr GB Ni/Mo GB

S1 �0.18 (�0.24) �0.13 (�0.18) �0.03 (�0.09)

S2/S5 �0.17 (�0.22) �0.18 (�0.23) �0.05 (�0.10)

S3/S4 �0.05 (�0.10) e e

S6 �0.11 (�0.17) �0.09 (�0.14) 0.02 (�0.04)

Table 2 e The calculated total effects of Cr and Mo on the
H binding energies and segregation energies (in eV) in the
S2 and S5 sites of Ni/Cr and Ni/Mo GBs and the
corresponding chemical and mechanical components.

Chemical Mechanical Total

At Ni/Cr GB 0.082 �0.095 �0.01

At Ni/Mo GB 0.39 �0.27 0.12
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The Ni GB model contains both the cavity site (i.e., GB0 in

Fig. 1(a)) and substitutional sites (e.g., ±GB1 and ±GB2 in

Fig. 1(a)). It can be judged from Fig. 2 that GB0 is unfavorable

for Cr and Mo with the largest binding energy (0.55 and

1.42 eV, respectively), which is directly associated with the

small size of the GB0 site. For the case of Cr in Fig. 2(a), there

are no obvious differences of segregation tendency in the

substitutional sites. For the case of Mo in Fig. 2(b), the GB1 site

is a slightly more preferred position.

By contrast, the nonmetal elements (B and P) have a strong

tendency to segregate to the GB region. The GB0 site is most

favorable for B energetically with segregation energy �2.03 eV

in Fig. 2(c). GB0 and GB2 sites are most preferred for P with the

segregation energy �1.26 and �1.35 eV, respectively, which is

in good agreement with our previous work [48]. When all of

the sites in the GB0 or GB1 layer are occupied by P atoms in the

Ni GB model, the segregation energy of the former is lower

[48].

The Ni CTB model is coherent and without cavities as

illustrated in Fig. 1(c); thus, only substitutional sites were

investigated. As shown in Fig. 3, it is obvious that the atomic

site 1 (i.e., CTB1 site in Fig. 1(c)) is most favorable for Cr, Mo, B,

and P to occupy in the Ni CTB model. However, the corre-

sponding segregation energies are small, with the values of

�0.056, �0.062, �0.142 and �0.093 eV per atom, respectively,

indicating that they have a relatively small segregation ten-

dency to the CTB plane.

Throughout the following sections of this study, to inves-

tigate the effects of alloy compositions on hydrogen trapping

and diffusion at Ni GB and CTB, H atoms are added on the

basis of the segregation configurations with Cr or Mo atoms
substituted in the GB1 sites of the Ni GB model, B or P atoms

inserted in GB0 sites of the Ni GB model, and Cr, Mo, B or P

atoms substituted in CTB1 sites of the Ni CTB model.

H trapping and diffusion in Ni GBs with alloy compositions

H at the Ni/Cr and Ni/Mo GBs
To study the effects of alloy compositions on H accumulation

in the GB region, the binding energies of H atoms in various

interstitial sites in and near the GB plane of the pure, Ni/Cr,

and Ni/Mo GBs were calculated, as presented in Table 1. Our

calculated segregation energies of H in pure Ni GB are in

reasonable agreement with the results of Stefano [44]. As

demonstrated in Fig. 1(a) and (b), sites S1eS5 are in the GB

plane, and site S6 is the nearest H site to the GB plane. In Table

1, all of the H binding energies are negative, which means H

atoms have the tendency to diffuse into the GB region and can

be trapped in it. However, the values of the H binding energies

are in the order pure GB > Ni/Cr > Ni/Mo, indicating that both

Mo and Cr suppress H accumulation and segregation and that

the effect of Mo is most apparent. Moreover, sites S3 and S4

are no longer stable for H atoms in Ni/Cr and Ni/Mo GBs, and

the H atoms in the S3 and S4 sites will jump into the S2 and S5

sites; thus, there are only three stable atomic sites (i.e., S1, S2,

and S5) in one cavity of the GB plane surrounded by the atoms

in the sites 1a, 1b, and 1c illustrated in Fig. 1(b).

As listed in Table 1, the S2 and S5 sites are the most stable

in Ni/Cr and Ni/Mo GBs, and Cr and Mo change the binding

energies and segregation energies by �0.01 and 0.12 eV,

respectively, compared with those in pure GB. Hence, to

deeply understand the suppression effect of Mo and Cr on H

segregation, the changes of binding energies and segregation

energies in the S2 and S5 sites can be decomposed into

chemical and mechanical components [47,49,50]. The calcu-

lated results are illustrated in Table 2, in which a positive

value means the suppression of H segregation, and a negative

one denotes a promotion effect.

https://doi.org/10.1016/j.ijhydene.2020.02.008
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In Table 2, the chemical components for Cr and Mo are

both positive and suppress H segregation. The chemical

components are thought to be induced by the electronic dis-

tribution. The cavity in the GB plane provides an isosurface of

optimal charge density for H atoms to bind on its internal

surface [44,51], which has a close association with the chem-

ical components, and the calculated isosurfaces of optimal

charge densities for H in pure, Ni/Cr, and Ni/Mo GBs are dis-

played in Fig. 4. In Fig. 4(a), the isosurface is largest, and the

stable sites for H atoms shown in Fig. 1(a) and (b), sites S1eS5,

all bind onto an isosurface of the same charge density (0.14

electrons/�A3). However, the isosurfaces shrink obviously in

Fig. 4(b) and (c); this shrinkage is directly associated with the

segregated Cr andMo atoms, and sites S3 and S4 are no longer

on the isosurface and become unstable for H atoms; this is in

good agreement with the calculated binding energies in Table

1. The effect of Mo on the shrinkage of the isosurface is most

distinct and thus suppresses H segregation, confirming the

results of the chemical components in Table 2.

As shown in Table 2, the mechanical values of Cr and Mo

are positive and promote H segregation. The mechanical

components are closely associated with atomic size. The

atomic size of Mo is obviously larger than that of Ni. Thus, Mo

can induce the more obvious volume expansions in the GB

region; this is beneficial for H segregation. However, the

chemical component contributes the major part of the effect

of Mo, and the mechanical one only reduces its value as dis-

played in Table 2. Ni and Cr have almost the same atomic size;

therefore, the effect of the mechanical component is not
Fig. 4 e The calculated isosurfaces of optimal charge densities

calculated results for (d) Ni/B and (e) Ni/P GBs are illustrated for

0.021 electrons/Bohr3 (i.e., 0.14 electrons/�A3) [44] and is yellow in

figure legend, the reader is referred to the Web version of this a
apparent in Ni/Cr GB. Although the mechanical component is

slightly bigger than the chemical one for H segregation in sites

S2 and S5 in Table 2, the chemical component plays a domi-

nant role for H in sites S1, S3, S4, and S6 of Ni/Cr GB and results

in the overall suppression effect of Cr, which can be inferred

from the results in Table 1. As a result, the effects of Cr andMo

on H segregation are mainly attributed to the chemical

component.

Since GB serves as a rapid channel for H atoms to diffuse,

the effects of alloy compositions on H migration along and

across GB were investigated further, and the calculated

diffusion barriers for H along and across pure, Ni/Cr, and Ni/

Mo GBs are illustrated in Fig. 5 and 6, respectively. Our

calculated diffusion barrier of H in pure Ni GB is in reasonable

agreement with the results in Ref. [44].

As stated above, there are only three stable sites (i.e., S1, S2,

and S5) in one cavity of the GB plane in Ni/Cr and Ni/Mo GBs,

and the S2 and S5 sites are equivalent. Therefore, in one cavity

surrounded by the 1a, 1b, and 1c atoms illustrated in Fig. 1(b),

the diffusion barriers for S1 to S2 and S2 to S1 were calculated

and are illustrated in Fig. 5. It is apparent that there are only

negligible changes in these diffusion barriers in pure, Ni/Cr and

Ni/Mo GBs, and the diffusion barriers are so low that H atoms

can move readily within one cavity even in Ni/Cr and Ni/Mo

GBs. Although the isosurfaces of optimal charge density are

shrunk inNi/Cr andNi/Mo GBs in Fig. 4(b) and (c), S1, S2, and S5

are still on these isosurfaces, and the pathways for S1 to S2 and

S2 to S1 are still included in these isosurfaces. Thus, the diffu-

sion barriers change slightly in pure, Ni/Cr, and Ni/Mo GBs.
for H in (a) pure GB, (b) Ni/Cr GB, and (c) Ni/Mo GB. The

convenience. The isosurface of optimal charge density is

colour. (For interpretation of the references to color in this

rticle.)
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Fig. 5 e Calculated diffusion barriers for H migration along Ni S5 GB, along with the binding energies and the corresponding

segregation energies for H (see Fig. 1(a) and (b) to find the atomic positions).
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H migrations from one cavity to an adjacent cavity were

also calculated, as illustrated in Fig. 5. For the case of pure GB,

the calculatedmigration paths are S30 to S1, S1 to S30, S2 to S50,
and S50 to S2. Since S30 is not stable in Ni/Cr andNi/MoGBs, the

calculatedmigration paths are S20 to S1, S1 to S20, S2 to S50, and
S50 to S2, as illustrated in Fig. 5. Different from the negligible

effects of Cr andMo on H diffusions within one cavity, Mo and

Cr effectively increase the H diffusion barriers between two

neighboring cavities, and the effect of Mo is most evident. For

example, the H diffusion barriers for S2 to S5’ are 0.28, 0.40,

and 0.50 eV in pure, Ni/Cr, andNi/MoGBs, respectively. During

these processes, H atoms have to diffuse across the iso-

surfaces of optimal charge density, resulting in the much

higher diffusion barrier. Since H diffusion barriers between

adjacent cavities aremuch larger than thosewithin one cavity

as displayed in Fig. 5, the former barriers should be thought of

as the determining barriers for H diffusion along the GB plane.

As a result, Mo and Cr act as an obstacle for H diffusion along

the GB plane.

Furthermore, H diffusions across Ni GB were investi-

gated and the corresponding diffusion barriers are illus-

trated in Fig. 6. The H migration path is S6 to S6’. In Ni/Cr
Fig. 6 e Calculated diffusion barriers for H migration across Ni S5

segregation energies for H (see Fig. 1(a) and (b) to find the atom
and Ni/Mo GBs, only sites S1, S2, and S5 sites are stable.

Thus, H atoms can jump through these sites during the

migration path, and the diffusion barriers of both paths

were calculated. As displayed in Fig. 6, these two pathways

are more complex, and the upper limits of the energy

barriers in one pathway are the determining barriers for H

diffusion across the GBs.

For the case of pure GB, when H diffuses from S60 to S6, it

has to overcome the uppermost energy barrier of 0.25 eV

through the S1 site and 0.14 eV through the S2 and S5 sites.

Thus, the pathway through S1 is preferential with the low

energy barrier of 0.14 eV. In Ni/Cr and Ni/Mo GBs, the upper-

most energy barriers through S1 decrease to 0.12 and 0.11 eV,

respectively, and the uppermost energy barriers through

S2/S5 become 0.13 and 0.10 eV, respectively. Thus, the

preferred H pathways in Ni/Cr and Ni/Mo GBs are S6’/S1/S6

with a barrier of 0.117 eV and S6’/S2/S5/S6 with 0.10 eV,

respectively. As a result, Cr and Mo somewhat reduce the H

energy barriers across GBs, compared with the pure GB.

Nevertheless, Cr and Mo decrease the H segregation energies

in the positive direction in the GB region as discussed earlier

and presented in Table 1 and Fig. 6. Thus, Cr and Mo can
GB along with the binding energies and the corresponding

ic positions).

https://doi.org/10.1016/j.ijhydene.2020.02.008
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Table 3 e The calculated binding energies and
segregation energies (in eV) of H atoms at the OGB/OGB’
site of the pure, Ni/Cr, and Ni/Mo CTBs. The segregation
energies are in parentheses. The calculated results for Ni/
B and Ni/P CTBs are also presented in Table 3 for
convenience (See Fig. 1(c) to find the position of OGB and
OGB’).

Pure CTB Ni/Cr
CTB

Ni/Mo
CTB

Ni/B
CTB

Ni/P
CTB

OGB/

OGB’

0.06 (�0.01) 0.12 (0.05) 0.38 (0.31) 0.85 (0.79) 1.06 (1.00)

Fig. 7 e The calculated charge density differences in Ni/Cr

and Ni/Mo CTBs with one H atom in the OGB site, according

to Eq. (5). With the values of 0.006 and ¡0.006 electrons/

Bohr3, the yellow and blue isosurfaces represent gain and

loss of electrons, respectively. The gray balls denote Ni

atoms. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of

this article.)
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suppress H segregation in the GB region, which can offset the

reduced H diffusion barriers.

H at the Ni/B and Ni/P GBs
In the Ni/B and Ni/P GBs, B and P atoms have the strong ten-

dency to accumulate into the GB plane and occupy the GB0

site, with the segregation energy �2.03 and �1.35 eV, respec-

tively, as demonstrated in Fig. 2. By contrast, as presented in

Table 1, H segregation energies in pure GB are only�0.24�0.22

�0.10, and �0.17 eV in sites S1, S2/S5, S3/S4, and S6, respec-

tively, which is much lower than those of B and P. As a result,

B and P segregate into the GB region more preferentially than

H does.

In Fig. 1(a) and (b), the GB0 site is in the middle of the tri-

angle formed by 1a, 1b, and 1c atoms. Our calculated results

indicated that this cavity is too small to accumulate one B (or

P) and one H atoms in the meantime. When B or P atoms

occupy GB0 sites, it will be unfavorable for H atoms to occupy

sites S1, S2/S5, or S3/S4 energetically. Furthermore, when B or

P atoms occupy the sites in the GB plane, S6 and S6’ become

unstable sites for H atoms, and H atoms diffuse away from the

GB plane. As illustrated in Fig. 4(d) and (e), in the Ni/B and Ni/P

GBs, the calculated isosurfaces of optimal charge densities for

H almost disappear because of the existence of B and P

segregation, which is different from the cases of pure, Ni/Cr,

and Ni/Mo GBs. As a result, the B and P atoms in the GB region

can repel H atoms and hinder H segregation into GB more

effectively, which may be a possible method of reducing the

susceptibility of Ni alloys to HE.

H trapping and diffusion in Ni CTBs with alloy compositions

H at the Ni/Cr and Ni/Mo CTBs
The binding energies of H atom at the OGB/OGB’ site of the pure,

Ni/Cr and Ni/Mo CTBs were calculated and listed in Table 3.
Table 4 e The calculated total effects of Cr and Mo on H
binding energies and segregation energies (in eV) in the
OGB/OGB’ site of Ni/Cr and Ni/Mo CTBs and the
corresponding chemical and mechanical components.
The calculated results for Ni/B and Ni/P CTBs are also
presented.

Chemical Mechanical Total

At Ni/Cr CTB �0.10 0.16 0.06

At Ni/Mo CTB 0.83 �0.51 0.32

At Ni/B CTB 0.42 0.37 0.79

At Ni/P CTB 1.48 �0.48 1.00
There are no atomic sites in the CTB plane for H atoms to

occupy, and theOGBandOGB’ sitesare thenearest sites to theGB

plane.As shown inTable 3, the calculated segregationenergyof
Fig. 8 e Calculated diffusion barriers for H migration from

the OGB site to the OGB’ site across pure Ni, Ni/Cr, and Nr/Mo

CTBs, along with the binding energies and the

corresponding segregation energies for H (see Fig. 1(c) to

find the positions of OGB and OGB’). ‘TS’ denotes transition

state.
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H at the OGB/OGB’ site of pure CTB is�0.01 eV,meaning that the

H segregation and trapping in pure CTB is negligible. Addi-

tionally, the H binding energies are all positive and in the order

pure CTB < Ni/Cr < Ni/Mo; thus, Mo in CTB mostly repels H,

which is in accordance with that in the case of GB.

As displayed in Table 4, Cr and Mo increase the H binding

energies and segregation energies by 0.06 and 0.32 eV in Ni/Cr

and Ni/Mo GBs, respectively, compared with in pure Ni GB.

The effect of Cr is negligible, whereas that of Mo is more

obvious. The mechanical component of Mo is negative with

the value of �0.51 eV and promotes H segregation, which is

directly associated with the volume expansion induced by the

large atomic size of Mo. Nevertheless, the chemical compo-

nent plays a dominant role with the value of 0.83 eV, which is

in good agreement with the role of Mo in the GB case as stated

above.

While the isosurface of optimal charge density in GB can

induce H accumulation on the internal surface as stated

above, there are no cavities that can provide these isosurfaces
Fig. 9 e The calculated valence charge density distributions (elec

B GB and (e) Ni/P GB with an H atom in the OGB site. The H atom

corresponding substitute elements) are in this plane of charge d

and the atom in the CTB1 site (i.e., Ni, Cr, Mo, B, or P) are also d
in CTB; this is confirmed by the calculated charge densities of

the pure, Ni/Cr, Ni/Mo, Ni/B, and Ni/P CTBs. As a result, there

are no apparent tendencies for H atoms to segregate into the

CTB plane, which agrees with the results in Table 3. Since the

isosurface of optimal charge density cannot be used to study

the differences in the chemical components of Cr and Mo in

Table 4, the charge density differences were calculated and

are illustrated in Fig. 7. The charge density differences, r, were

calculated as follows:

r¼ ½rðAlloyedCTBÞ� rðpureCTBÞ� � ½rðAlloyÞ� rðNiÞ�; (5)

where rðpureCTBÞ is the charge density of pure Ni CTBwith the

H atom in the OGB site. Since the atomic positions of Ni/Cr and

Ni/Mo CTBs are close to those of pure CTB, rðAlloyedCTBÞ de-
notes the charge density of pure Ni CTBwith the H atom in the

OGB site in which Ni atoms in CTB1 sites are replaced by Cr or

Mo atoms. rðAlloyÞ indicates the charge density of the Cr or Mo

monolayer in CTB1 sites, and rðNiÞ is that of the Ni monolayer

in CTB1 sites.
trons/Bohr3) for (a) pure GB, (b) Ni/Cr GB, (c) Ni/Mo GB, (d) Ni/

in the OGB site and the Ni atoms in the CTB1 sites (or the

ensity. The calculated distances between H in the OGB site

isplayed.
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As shown in Fig. 7, Cr and Mo segregations in the CTB

planes induce the charge accumulation around H atoms and

that H atoms gain more electrons from Cr and Mo than Ni in

the CTB plane. Particularly, more electrons can be found

around the H atom in Ni/Mo CTB, meaning that the chemical

effect of Mo is more obvious than that of Cr. More obvious

charge accumulation in Ni/Mo CTBmakes H segregationmore

difficult; this can be used to interpret the chemical component

of Mo in Table 4, because H atoms tend to stay in a position

with low electron density and the charge density of optimal

isosurface for H is very low.

After Cr and Mo occupy the CTB1 sites, the H binding en-

ergies in OGB and OGB’ sites are largely increased as listed in

Table 3. Furthermore, the diffusion barriers for H migration

across pure Ni, Ni/Cr, and Nr/Mo CTBs were calculated and

illustrated in Fig. 8, with the values of 0.58, 0.96, and 3.21 eV,

respectively. Thus, it is easiest for H to diffuse across pure Ni

CTB and most difficult to diffuse across Ni/Mo CTB, and the

large diffusion barrier (3.21 eV) makes it impossible for H to

diffuse across Ni/Mo CTB, soMo atoms act as an obstacle for H

diffusion.

H at the Ni/B and Ni/P CTBs
Table 3 presents the calculated H binding energies at the OGB/

OGB’ site of the Ni/B and Ni/P CTBs. Compared with the cases

of pure, Ni/Cr, and Ni/Mo CTBs, the H binding energies
Fig. 10 e (a) Calculated diffusion barriers for H migration from O

corresponding atomic configurations (c) Initial state (IS), (d) Ima

process of Hmigration. (b) Is the calculated atomic configuration

the nearest B are also presented. The gray, green and pink balls d

the references to color in this figure legend, the reader is referr
increase further into 0.85 and 1.06 eV in Ni/B and Ni/P CTBs,

respectively, indicating that B and P repel H more obviously

than Cr and Mo. It can be seen in Table 4 that the chemical

components of B and P play a dominant role with the values of

0.42 and 1.48 eV, respectively. To shed light on the chemical

components of the effects of B and P on H behaviors, the

calculated charge densities in Ni/B and Ni/P CTBs are dis-

played in Fig. 9 in comparison with those in pure Ni, Ni/Cr and

Ni/Mo CTBs.

Although the calculated distances between H in the OGB

site and the metal atoms in the CTB1 site increase gradually

with the increase of atomic sizes of Ni, Cr, and Mo from

Fig. 9(a)e(c), the NieH, CreH and MoeH bonds have no qual-

itative changes as judged by the charge density distributions

between them. However, in Fig. 9(d) and (e), the charge den-

sities between B (or P) and H become much more diluted than

the corresponding ones in Fig. 9(a)e(c). In the meantime, the

BeH and PeH distances are lengthened more remarkably in

Fig. 9(d) and (e) as comparedwith the corresponding distances

in Fig. 9(a), (b), and (c). Thus, it can be concluded that the BeH

and PeH bonds are very weak and almost negligible.

Because of their large electronegativity, B, P, and H can

obtain electrons from the adjacent Ni atoms by binding with

them and forming a relatively stable electronic configuration.

As a result, the neighboring B, P, and H do not tend to bind

with each other as judged by the dilute charge density
GB to OGB’ across the plane of Ni/B CTB, along with the

ge1, (e) Image2, (f) Image3 and (g) Final state (FS) in the

of Ni/B CTB without H atoms. The distances between H and

enote Ni, B and H atoms, respectively. (For interpretation of

ed to the Web version of this article.)
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between them in Fig. 9(d) and (e). Actually, the BeH and PeH

interactions can be interpreted a repulsive force that is illus-

trated by the interactions between the two neighboring S

atoms [30] and P atoms [52]; this force is also applicable to the

BeH interaction illustrated in Fig. 9(d). The charge density

between B in the CTB1 site and H in OGB in Fig. 9(d) is denser

than that between P in the CTB1 site and H in OGB in Fig. 9(e);

thus, the repulsive force between P and H atoms is stronger

than that between B and H atoms, which is accordance with

the calculated results that the PeH distance in Fig. 9(e) is

longer than the BeH distance in Fig. 9(d).

The diffusion barriers for H migration from OGB to OGB’

across the CTB planes in Ni/B and Ni/P CTBs were calculated.

The calculated H diffusion barrier in Ni/B CTB is 1.06 eV and

displayed in Fig. 10, along with the corresponding atomic

configurations in the diffusion process. In the diffusion pro-

cess from Fig. 10(c)e(g), the BeH balance distance remains

almost the same (approximately 2�A) as in Fig. 9(d). The atomic

size of B is much smaller than those of Ni, Cr, and Mo, and the

region near the CTB plane is large enough to accommodate the

BeH balance distance, which can relieve the repulsive inter-

action between B and H. As a consequence, the H diffusion

barrier in Ni/B CTB is lower than that in Ni/Mo CTB because of

the much smaller atomic size of B than that of Mo and is

higher than in pure and Ni/Cr CTBs because of the BeH

repulsive interaction.

The H diffusion barrier in Ni/P CTB was calculated to be

more than 10 eV, indicating that P acts as a strong obstacle to

H diffusion in Ni/P CTB. Since the atomic size of P is larger

than that of B, the region near the CTB plane cannot accom-

modate the balance distance between P and H with the value

of 2.498 �A illustrated in Fig. 9(e). Consequently, the PeH

repulsive interaction cannot be relieved and play a domi-

nant role in the H diffusion process.
Conclusions

First-principles calculations have been carried out to study the

effects of common metallic and nonmetal alloy compositions

(i.e., Cr, Mo, B, and P) on hydrogen behaviors at the nickel grain

boundary (GB) and the coherent twin boundary (CTB). H

segregation and diffusion in GB and CTB were investigated to

explore the physical mechanism of the effects of alloy com-

positions. The key findings are listed as follows:

1. H, Cr, Mo, B, and P have a stronger segregation into Ni GB

than Ni CTB because of the presence of the cavity in GB.

2. Cr and Mo suppress H segregation and diffusion in Ni GB.

Particularly, the shrinkage of isosurfaces of optimal charge

densities for H plays a dominant role in the effect of Mo.

3. B and P have a much stronger tendency to accumulate into

the GB plane than that of H; this is a strong competitive

effect to H segregation and diffusion.

4. Charge accumulations induced by Cr and Mo in Ni CTB

make these atoms act as an obstacle for H segregation and

diffusion.

5. The BeH and, especially, PeH repulsive interactions inhibit

H segregation and diffusion in Ni CTB.
The present study provides the microscopic images of H

segregation and diffusion in Ni GB and CTB under the influ-

ence of several common and typical alloy compositions,

which is essential for understanding the mechanism of

hydrogen embrittlement (HE) and improving the ability of al-

loys against HE and can serve as a necessary complement to

the experimental work.
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