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a b s t r a c t 

Hydrogen as an interstitial solute at grain boundaries (GBs) can have a catastrophic impact on the me- 

chanical properties of many metals. Despite the global research effort, the underlying hydrogen-GB in- 

teractions in polycrystals remain inadequately understood. In this study, using Voronoi tessellations and 

atomistic simulations, we elucidate the hydrogen segregation energy spectrum at the GBs of polycrys- 

talline nickel by exploring all the topologically favorable segregation sites. Three distinct peaks in the en- 

ergy spectrum are identified, corresponding to different structural fingerprints. The first peak ( −0.205 eV) 

represents the most favorable segregation sites at GB core, while the second and third peaks account for 

the sites at GB surface. By incorporating a thermodynamic model, the spectrum enables the determina- 

tion of the equilibrium hydrogen concentrations at GBs, unveiling a remarkable two to three orders of 

magnitude increase compared to the bulk hydrogen concentration reported in experimental studies. The 

identified structures from the GB spectrum exhibit vastly different behaviors in hydrogen segregation and 

diffusion, with the low-barrier channels inside GB core contributing to short-circuit diffusion, while the 

high energy gaps between GB and neighboring lattice serving as on-plane diffusion barriers. Mean square 

displacement analysis further confirms the findings, and shows that the calculated GB diffusion coefficient 

is three orders of magnitude greater than that of lattice. The present study has a significant implication 

for practical applications since it offers a tool to bridge the gap between atomic-scale interactions and 

macroscopic behaviors in engineering materials. 

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Hydrogen, the smallest and most abundant element in the uni- 

erse, is recognized as a highly efficient and clean energy carrier 

hat can help achieve a zero-emissions future. As hydrogen-based 

nergy systems become more prevalent, material challenges asso- 

iated with hydrogen storage and transport remain a bottleneck 

eeding to be addressed. One significant issue is hydrogen em- 

rittlement (HE), where dissolved hydrogen in metals leads to dra- 

atic degradation of mechanical properties and potentially catas- 

rophic failure. Since first observed in 1875 [1] , numerous research 

ffects have been contributed to elucidating the nature of HE 

nd many mechanisms have been proposed [2–6] . To name some 
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f them, there are hydrogen-enhanced decohesion (HEDE) [ 7 , 8 ], 

ydrogen-enhanced localized plasticity (HELP) [ 9 , 10 ], hydrogen- 

nhanced strain-induced vacancies (HESIV) [ 11 , 12 ]. All the pro- 

osed mechanisms are supported by experimental and theoretical 

vidence, however, due to the multifaceted nature of HE, it is chal- 

enging to apply any one paradigm universally. Researchers today 

end to suggest that HE is a result of the synergistic interactions of 

ultiple mechanisms [ 4 , 13 ], without enumerating the quantitative 

ontribution from each mechanism or the critical condition for one 

ominating mechanism. One of the reasons for the current inabil- 

ty of quantifying the contribution of HE mechanisms is the lack of 

roper understanding of hydrogen-microstructure interactions. 

Of all the HE-related phenomena, hydrogen-induced intergran- 

lar fracture represents a particularly severe degradation mode 

hich is accompanied by flat and smooth fracture surface and de- 

reased toughness [14–19] . The intergranular fracture is usually at- 

ributed to that the saturation of interstitial hydrogen atoms at GB 
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educes its cohesive energy and promotes cleavage-like failure, as 

roposed by the HEDE mechanism. This concept helps to inter- 

ret experimental observations and develop predictive models for 

uantitative assessment of hydrogen-related degradation [ 20 , 21 ]. 

n contrast, HELP theory [ 10 , 22 ] tends to conclude that it is the

ydrogen-influenced plasticity that leads to the attainment of crit- 

cal hydrogen concentration at GB and results in final decohesion. 

urthermore, recent studies have revealed the significant or even 

ominant role of GB vacancies in facilitating and controlling inter- 

ranular fracture [23–25] . All the evidence highlights the funda- 

ental role of hydrogen-GB interactions in governing intergranular 

racture. 

To gain a better understanding of hydrogen-GB interactions and 

hus intergranular fracture, it is a prerequisite to have a precise de- 

cription of hydrogen segregation and transport in polycrystalline 

aterials. Multiple obstacles currently impede progress in this en- 

eavor. Firstly, although a large experimental data reached agree- 

ent on hydrogen diffusivity in bulk [2] , the reported value of hy- 

rogen diffusivity at GB, i.e., GB diffusion coefficient D GB shows 

 large dispersion spanning over several magnitudes [25–33] . The 

 GB is calculated by comparing diffusivities in single crystal and 

olycrystal, however, complex experimental setups, contributions 

rom other crystal defects, and imprecise estimation of GB volume 

ould all lead to incoherent results. Secondly, hydrogen diffusion 

nd segregation behavior at typical � GB based on the coincidence 

ite lattice (CSL) model have been elucidated by a large number 

f atomistic simulations [34–41] . Nevertheless, those analyses are 

imited to one or several specific systems which are not neces- 

arily representative of a real polycrystal network dominated by 

andom GBs [25] . A collective description of hydrogen segregation 

nd diffusion map in polycrystals is needed to bridge the gap be- 

ween experiments and theories. Thirdly, most current hydrogen 

egregation models to describe equilibrium hydrogen concentra- 

ion at GB originate from the one derived by Oriani [42] , which 

ssumes single-value segregation energy by fitting experiments. In 

he 1980s, Kirchheim [6] considered the diversity of GB sites by as- 

uming that hydrogen segregation energies at GBs fall into a single 

aussian distribution. However, the specific nature of this diver- 

ity was speculative at that time, and there is still a lack of direct 

emonstration at the atomic level. 

Substitutional segregation, which also addresses the diversity of 

ites at GBs, has been a highly active research area in recent years. 

hite et al. [ 43 , 44 ] introduced the concept of binding energy

pectra to explain experimental segregation data in polycrystalline 

etals, going beyond a single segregation energy. More recently, 

agih and Schuh [45–47] demonstrated the anisotropic nature of 

B segregation by extracting the spectra of GB segregation energies 

rom atomistic simulations on various alloying systems. They de- 

ived a thermodynamic framework that incorporates these spectra 

o predict the equilibrium GB segregation state, successfully tran- 

itioning from segregation energy to GB enrichment. However, it is 

mportant to note that these studies focused exclusively on substi- 

utional segregation and cannot be applied to cases of interstitial 

egregation. In hydrogen-metal systems, such as hydrogen-nickel 

ystems, hydrogen acts as an interstitial solute at the GB network 

f polycrystals, enhancing the susceptibility to intergranular frac- 

ure. In such cases, a solely thermodynamic model is insufficient 

o account for hydrogen diffusion and trapping near GBs, kinetic 

nalysis is needed to fully understand these phenomena [ 4 8 , 4 9 ]. 

In this study, we design a new computational route combin- 

ng Voronoi tessellations and molecular statics to identify the in- 

erstitial sites and calculate the hydrogen segregation energy at all 

eometrically favorable interstitial sites in a polycrystal consisting 

f general GBs. Polycrystalline nickel is chosen as a representative 

ost system because of its broad industry application and suscep- 

ibility to HE [50] . The hydrogen segregation spectrum in nickel is 
226 
xtracted as a collection of hydrogen segregation energy at millions 

f interstitial GB sites. GB core and GB surface sites are identified 

ased on their distinctive energy profiles and unique geometrical 

rrangements. The spectrum was incorporated with a thermody- 

amic framework to predict the equilibrium hydrogen distribution 

n polycrystals. Hydrogen diffusion and trapping behavior is stud- 

ed both statically by comparing neighbor energy gap and dynami- 

ally through mean square displacement analysis, with the GB dif- 

usion coefficient D GB precisely calculated over a range of temper- 

tures. 

. Methodology 

.1. Computational route 

We utilize large-scale atomistic simulations combining Voronoi 

iagram [ 36 , 51 ] to identify and calculate hydrogen segregation en- 

rgy at all geometrically favorable interstitial sites in polycrys- 

alline nickel. The atomic interactions are described by the em- 

edded atom method (EAM) potential developed by Angelo et al. 

 52 , 53 ], which well captures hydrogen interaction with a wide 

ange of defects. Molecular dynamic and molecular statics simula- 

ions are performed using the LAMMPS code [54] , Voronoi tessel- 

ations are constructed with the Voro ++ package [55] , and atomic 

tructure is visualized in Ovito [56] . 

Several nickel polycrystal models are built by filling cubes 

f varying size (14–30 nm) with randomly oriented grains, con- 

tructed by Voronoi tessellation using the Atomsk toolkit [57] . The 

efault model in Fig. 1 (a) (20 nm) 3 has 733,655 atoms and 12 ran-

omly oriented grains, with 122,688 atoms composing 68 individ- 

al GBs. [58] . The polycrystal is structurally optimized using the 

onjugate gradient algorithm, followed by thermal relaxation in the 

sothermal-isobaric (NPT) ensemble at 300 K for 300 ps. The equi- 

ibrium structure is then cooled down to 0 K with a rate of 1 K/ps

nd finally minimized with an energy tolerance of 10 −25 . 

For each nickel atom in the polycrystal, we draw Voronoi cells 

onsisting of all points of the plane closer to that central nickel 

tom than to any other neighbor nickel atoms. The vertices of all 

he cells are collected as potential hydrogen segregation sites, with 

 total of 4,019,870 sites identified in the default model (20 nm 

3 ). 

hese sites are divided into GB trapping sites and lattice trapping 

ites, by comparing their distance to the nearest GB atoms with a 

utoff of 2.2 Å. Molecular statics are utilized to calculate the hy- 

rogen solution energy at any site i , E sol 
i 

, defined as: 

 

sol 
i = E i +H − E i −

1 

2 

E H 2 (1) 

here E i +H and E i are the total energies of the system before and 

fter trapping of one hydrogen atom at site i, respectively, and E H 2 
s the energy of one isolated H 2 molecule in vacuum. The hydrogen 

egregation energy at GB, E 
seg 
i ( GB ) 

, is defined as: 

 

seg 
i ( GB ) 

= E sol 
i ( GB ) 

− E sol 
oct (2) 

here E sol 
i ( GB ) 

and E sol 
oct are the total energies of the system with a hy-

rogen atom trapped at the GB site i and an octahedral site in a 

erfect fcc lattice, respectively. Negative values of GB segregation 

nergy indicate the GB sites are energetically more favorable for 

ydrogen absorption and trapping than the lattice. We screen the 

air distance and energy gap between all trapping sites, pairs with 

he closest distance (cutoff 0.1 Å) and limited energy gap (cutoff

.1 eV) are counted only once to avoid overlapping sites. The seg- 

egation energy of all GB sites after screening is plotted into a his- 

ogram to draw the final GB segregation spectrum. It should be 

oted that the computational framework presented in this study 

an be extended to other interstitial segregation systems. With the 
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Fig. 1. (a) Default (20 nm) 3 nickel polycrystal. (b) Map of potential interstitial hydrogen trapping sites, colored by its corresponding segregation energy. (c) Relationship 

between hydrogen segregation energy E seg 
GB 

and distance from GB. Only the closest sites within a cutoff distance of 2.2 Å (blue) are taken as interstitial sites at GB, the 

remaining sites (pink) are regarded as in lattice. 
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ppropriate interatomic potential and parameters, the segregation 

pectrum can be obtained for additional systems using the pro- 

edures involving identification through geometric tessellation and 

alculation through molecular statics. 

.2. Thermodynamic model for determining equilibrium hydrogen 

istribution 

Given sufficient time to diffuse, all the hydrogen inside lattice 

nd GB will redistribute and reach equilibrium. Following Mclean’s 

sotherm [59] , Fermi-Dirac statistics incorporated with the single 

egregation energy value or segregation spectrum have been suc- 

essfully applied in previous studies [ 45 , 47 , 60 , 61 ] to predict sub-

titutional solute segregation at GBs. Regarding hydrogen as inter- 

titial segregation at GB, Oriani [42] introduces a theoretical model 

o describe the relationship between equilibrium hydrogen concen- 

ration at GB and lattice: 

c GB 

1 − c GB 

= 

c l 
1 − c l 

e 

(
− E 

seg 
GB 
kT 

)
(3) 

here c l and c GB are the atomic hydrogen occupation in the lat- 

ice and GB, respectively, E 
seg 
GB 

is the hydrogen-GB segregation en- 

rgy, k is Boltzmann’s constant and T is temperature. One thing 

o be noted is that the hydrogen occupation denotes the fraction 
227 
f atoms (ratio between hydrogen atoms and nickel atoms) at a 

pecific site, not the fraction of atoms in a unit volume. However, 

his model could be oversimplified to take E 
seg 
GB 

as one certain value 

y assuming there is just one type of GB segregation site for hy- 

rogen. This single-value assumption is robust for comparing seg- 

egation feasibility between different solute systems at the same 

attice concentration, however, it neglects the natural variation of 

egregation at different GBs and different sites which could lead 

o biased predictions when applied in a broader range. This issue 

s addressed by White et al. [44] and Kirchheim [6] , elaborated by 

agih and Schuh [45–47] , through introducing a set of segregation 

ites with different energy levels: 

c i ( GB ) 

1 − c i ( GB ) 

= 

c l 
1 − c l 

e 

(
−

E 
seg 
i ( GB ) 
kT 

)
(4) 

here c i ( GB ) is the atomic hydrogen occupation at a specific GB site 

 and E 
seg 

i ( GB ) 
is corresponding segregation energy. By taking c i ( GB ) as 

he probability of hydrogen at site i , the total hydrogen occupation 

t GB could be viewed as c i ( GB ) contributed from all GB sites: 

 GB = 

1 

N 

N ∑ 

i =1 

c i ( GB ) = 

1 

N 

N ∑ 

i =1 

c l e 

(
−

E 
seg 
i ( GB ) 
kT 

)

1 − c + c e 

(
−

E 
seg 
i ( GB ) 
kT 

) (5) 
l l 
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here c GB is the total hydrogen occupation at GB and N is the total

B sites, the rightmost term in the equation is obtained by sub- 

tituting Eq. (4) into the middle term. Thus, Eq. (5) describes the 

omplete GB segregation by taking into account the energy dif- 

erence and density distribution of all GB sites. Kirchheim et al. 

6] have assumed a Gaussian distribution of hydrogen segregation 

nergies at GBs to fit the experimental data, however, the full spec- 

rum describing atomic hydrogen-GB segregation is still lacking 

hich makes the application of Eq. (5) difficult. 

.3. Theoretical analysis for hydrogen diffusivity 

Compared to the equilibrium hydrogen distribution, which can 

e directly evaluated by the energy differences at varying sites, 

ydrogen diffusion is a more complex and path-dependent pro- 

ess where analysis of dynamic hydrogen-GB interaction is needed. 

xperimentally, the hydrogen diffusion coefficient in single crystal 

r polycrystal could be measured by the permeation approaches 

 25 , 62 ]. The diffusivity of hydrogen at GB could be derived linearly

y subtracting the contribution by the lattice part from the whole 

olycrystal as follows: 

 GB = 

D poly V poly − D lattice V lattice 

V GB 

(6) 

here D lattice , D GB , and D poly are the diffusion coefficients in the 

attice, GBs, and the whole polycrystal, respectively, V lattice , V GB , and 

 poly are the volume of lattice, GBs, and the whole polycrystal, re- 

pectively, with V lattice + V GB = V poly . Alternatively, by regarding the 

olycrystal as a composite of grains embedded in an intergranu- 

ar matrix composed of random GBs where the empirical Hashin- 

htrikman upper bound (HS + ) model can be applied [ 25 , 63 ], the

B diffusion coefficient could be derived from the following for- 

ula: 

 poly = D GB + 

1 − f GB 

( D lattice − D GB ) 
−1 + 0 . 33 f GB D 

−1 
GB 

(7) 

here f GB = V GB /V poly is the volume fraction of GB. Actually, given 

he sufficient difference between D lattice and D GB , the value from 

q. (7) is equal to Eq. (6) in most cases. However, a significant 

mount of uncertainty in the material system has resulted in a 

ubstantial discrepancy in the calculated D GB as mentioned. Many 

actors such as pre-existing dislocations and vacancies, and inac- 

urate GB volume estimation could lead to inaccurate predictions. 

or example, a corrected estimation (5 Å in this paper) of GB thick- 

ess compared to Oudriss’ work [25] will lead to a change of one 

r two magnitudes in the calculated D GB value. 

Theoretically, one typical method [ 37 , 64 ] to calculate D GB is the

ombination of nudged elastic band method (NEB) [65] and density 

unctional theory (DFT), where the NEB method provides a way to 

nd a minimum energy path given the initial and final states and 

FT is used to calculate the energy of associated configuration. The 

aximum energy jump in the path is taken as the energy barrier, 

hich can be used to estimate the ratio between GB and lattice 

iffusivities by assuming the same jump frequency for hydrogen in 

attice and GB [37] : 

D GB 

D lattice 

= e 
−
(

E bar 
GB 

−E bar 
lattice 

kT 

)
(8) 

here E bar 
GB 

and E bar 
lattice 

are the energy barrier (maximum energy 

inus minimum energy in the diffusion path) of the GB region 

nd lattice region, respectively, k is Boltzmann’s constant and T is 

emperature. However, for complex systems where the migration 

ath is not known as a priori, the NEB is not applicable and mean

quared displacement (MSD) analysis is needed [ 66 , 67 ]. Molecular 

ynamics can provide the trajectory 
−→ 

r i (t) of the particle useful for 

he MSD analysis, where the hydrogen diffusion coefficients D in a 
228 
hree-dimensional system can be determined as follows from Ein- 

tein [68] : 

 = lim 

t→∞ 

MSD 

6 t 
= lim 

t→∞ 

1 

6 Nt 

N ∑ 

i =1 

( 
−→ 

r i ( t ) − −→ 

r i ( 0 ) ) 
2 

(9) 

here 
−→ 

r i (0) and 

−→ 

r i (t) are the position of the i th hydrogen atom at 

ime 0 and time t , respectively, N is the total number of hydrogen 

toms in the system, and MSD is equal to 1 
N 

N ∑ 

i =1 

( 
−→ 

r i (t) − −→ 

r i (0)) 
2 
. 

y writing the D poly into the sum of MSD from lattice hydrogen 

nd GB hydrogen we obtain: 

 poly = lim 

t→∞ 

1 

6 Nt 

N lattice ∑ 

i =1 

( 
−→ 

r i ( t ) − −→ 

r i ( 0 ) ) 
2 + 

N GB ∑ 

i =1 

( 
−→ 

r i ( t ) − −→ 

r i ( 0 ) ) 
2 

= 

N lattice 

N 

D lattice + 

N GB 

N 

D GB (10) 

here N lattice , N GB , and N are the numbers of hydrogen atoms in

he lattice, GBs, and the whole polycrystal. If the hydrogen atoms 

re randomly distributed in the whole polycrystal during the MSD 

ollection period, the hydrogen proportion can be viewed as equal 

o their volume proportion: 
N lattice 

N = 

V lattice 
V poly 

, 
N GB 

N = 

V GB 
V poly 

. And then 

q. (10) is transformed into Eq. (6) . To be noted, most systems in

he previous calculations are limited to CSL bicrystal models which 

ould not address the collective diffusion behavior among all ran- 

om GBs and along all directions. 

. Results and discussion 

.1. Properties of the spectrum 

By exploring all the interstitial segregation sites through molec- 

lar statics, the map of all potential hydrogen trapping sites with 

heir segregation energy is shown in Fig. 1 (b). As indicated by the 

olor, octahedral (green) and tetrahedral (red) interstitial sites in 

he lattice display a layer-by-layer pattern (visualization effect), 

hile the GB network provides a number of energy-favorable sites 

cyan and blue) in the region associated to those interstitial sites. 

he distance between interstitial sites and the nearest GB atom 

s defined as the interstitial-GB distance, and its relationship with 

egregation energy is plotted in Fig. 1 (c). Only the closest cluster 

blue) within a cutoff distance of 2.2 Å is taken as GB segrega- 

ion sites, and the remaining interstitial sites (pink) are regarded 

s lattice trapping sites. It is clear both qualitatively in Fig. 1 (b) 

nd quantitatively in Fig. 1 (c) that GB sites show a broader region 

f energy distribution compared to the lattice, which is attributed 

o its diverse nature and complex local structures. In contrast, the 

nergy distribution of lattice sites is monotonous and only oscil- 

ates around 0 eV and 0.4 eV in line with typical octahedral and 

etrahedral sites, respectively. 

After a screening procedure to avoid overlapping sites, a total 

umber of 491,799 GB interstitial segregation energies in the de- 

ault model is extracted to draw their probability density histogram 

n Fig. 2 (a), i.e., the energy spectrum of hydrogen-GB segregation in 

ickel. The calculated spectrum shows a well-fitted Gaussian mix- 

ure distribution, three peaks with distinct energy levels are iden- 

ified after deconvolution. The separated Peak1, Peak2, Peak3, and 

heir sum are denoted by red, green, blue, and black dash curves, 

espectively. The fitted probability density distribution of segrega- 

ion energy f ( E seg 
GB 

) can be expressed as: 

f 
(
E seg 

GB 

)
= 

3 ∑ 

i =1 

w i 

1 

σi 

√ 

2 π
e 

− 1 
2 

(
E 

seg 
GB 

−u i 
σi 

)2 

(11) 

here u i , σi , and w i are the mean, standard deviation, and weight 

f each peak, respectively, and the integral of probability den- 
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Fig. 2. Segregation energy spectrum of interstitial hydrogen at GB. (a) Probabil- 

ity density distribution of hydrogen segregation energies at 491,799 (model 1), 

1,347,330 (model 2), 428,936 (model 3), and 203,052 (model 4) interstitial GB sites. 

The decomposed three Gaussian distributions and their sum are denoted by red, 

green, blue, and black dash curves, respectively. The segregation energies of octa- 

hedral and tetrahedral sites in the lattice are indicated by the vertical dash line. (b) 

Cumulative probability density distribution of segregation energies in the four mod- 

els. The red symbols denote hydrogen segregation energy in several typical CSL GB 

models from previous DFT calculations [ 37 , 52 , 35 , 70 , 71 ] or EAM potentials [ 40 , 52 ]. 
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ity, 
∫ ∞ 

−∞ 

f ( E seg 
GB 

) , should be equal to 1. Peak1 has the lowest 

ean value ( u 1 = −0 . 205 eV ) and accounted for 42.4% of GB sites

 w 1 = 0 . 424 ), while Peak2 ( u 2 = −0 . 0 6 6 eV , w 2 = 0 . 40 6 ) and Peak3

 u 3 = 0 . 287 eV , w 3 = 0 . 17 ) have a more similar energy level to lat-

ice octahedral (green vertical line) and tetrahedral (blue vertical 

ine) segregation energies. The segregation energies at octahedral 

nd tetrahedral sites are directly obtained from the two crests in 

ig. 1 (c). Thus, the trapping behavior in the GB region is dominated 

y the Peak1 sites due to their more energy-favorable nature. The 

umulative probability density is shown in Fig. 2 (b). Approximately 

0% of sites are favorable for hydrogen GB segregation with a neg- 
able 1 

arameters of Gaussian mixture distribution for the different polycrystal models, where u

Polycrystal model sizes Grains GB atoms GB interstitial sites u 1 

Model 1 (20 nm) 3 12 122,688 491,799 −0.205 

Model 2 (30 nm) 3 24 327,287 1,347,330 −0.205 

Model 3 (20 nm) 3 24 106,568 428,936 −0.204 

Model 4 (14 nm) 3 8 53,276 203,052 −0.205 

229 
tive value, with the lowest ( u 1 − 3 σ1 ) segregation energy located 

t −0.376 eV. In comparison, a bunch of segregation energies 

ased on typical coincidence site lattice (CSL) [69] GB models are 

isted in the literature [ 37 , 40 , 52 , 35 , 70 , 71 ]. Most of the reported

nergies from CSL models belong to the top 20% of low-energy 

ites, which account for exactly the left half of Peak1. Only some 

pecial GBs are located in the relatively high-energy area. On the 

ne hand, it reflects the CSL model can capture the key feature 

f those most favorable trapping sites at GBs and highlight the 

mportance of Peak1 sites during hydrogen occupation. On the 

ther hand, it indicates that any single or combination of the CSL 

Bs cannot be representative of hydrogen interstitial segregation 

n a full polycrystal. Thus, to verify the generality of this spectrum, 

e repeat the computational route for several polycrystals with 

arying sample sizes and grain sizes. The resulted spectrums are 

lotted in Fig. 2 (a, b) with edge lines of different colors, which 

grees well with the original spectrum extracted from the default 

odel in both probability density and cumulative probability den- 

ity. These spectrums are further fitted into the Gaussian mixture 

odel, with the parameters listed in Table 1 . The location ( u i ) and

hape ( σi ) of each peak from different polycrystal samples match 

erfectly, proving the universality of the hydrogen-GB spectrum. 

he small deviation in weights ( w i ) of each peak is acceptable 

iven that small errors could be introduced during the classifica- 

ion between lattice and GB interstitial sites. Thus, this spectrum is 

 unique representative of the statistical hydrogen-GB interaction 

n polycrystals which provides a robust tool to predict equilibrium 

ydrogen concentration, trapping, and diffusion behavior in a 

olycrystal. We will elucidate the usage of the spectrum in the 

ubsequent Sections 3.3 and 3.4 . We have noticed that Waigh 

nd Schuh [72] reported a similar two-Gaussian mixture distri- 

ution in the hydrogen-palladium system. Its similarity with the 

ydrogen-nickel system discussed in this manuscript suggests that 

he Gaussian mixture distribution may provide a universal repre- 

entation of interstitial hydrogen segregation at GBs in fcc metals. 

.2. Interstitial sites at GB core and surface 

In order to comprehend the three-peak spectrum, it is im- 

ortant to explore the fingerprint microstructure of each peak 

nd their underlying structure-property correlation. To track this, 

e first divide the spectrum into two parts using a vertical line 

ith the mean value of Peak1, u 1 in Fig. 3 (a). Only the left part

 E 
seg 
GB 

< −0 . 205 eV ) of the spectrum is visualized in Fig. 3 (a1) ac-

ording to the energy level, while the whole spectrum is visual- 

zed in Fig. 3 (a2), but the sites belonging to the right part ( E 
seg 
GB 

>

0 . 205 eV ) are all colored red. The primary observation obtained 

rom the visualization is that the low-energy sites are completely 

urrounded by sites with relatively high energy levels, suggesting 

hat the geometric arrangement of GB sites is organized based on 

heir respective energy values. It agrees with previous CSL model 

tudies where core structures of GB behave as the deepest trap- 

ing sites and are mostly located at the left half of peak1 ( E 
seg 
GB 

<

0 . 205 eV ), as shown in Fig. 2 (b). The GB sites are further di-

ided into core and surface sites according to their local atomic 

nvironment as described below. The blue peak in Fig. 3 (b) shows 

he density distribution of GB core sites and the remaining olive 
 i , σi , and w i are the mean, standard deviation, and weight of each peak. 

u 2 u 3 σ1 σ2 σ3 w 1 w 2 w 3 

−0.066 0.287 0.057 0.063 0.096 0.424 0.406 0.170 

−0.065 0.295 0.057 0.064 0.097 0.403 0.422 0.175 

−0.064 0.291 0.057 0.064 0.097 0.407 0.415 0.178 

−0.066 0.286 0.057 0.063 0.097 0.426 0.405 0.170 
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Fig. 3. (a) Divided spectrum using the mean value of Peak1. Only the left part ( E seg 
GB 

< −0 . 205 eV , group A1) of the spectrum is visualized according to their energy level in 

(a1), while the whole spectrum is visualized in (a2) but sites belonging to the right part ( E seg 
GB 

> −0 . 205 eV , group A2) are all colored red. (b) Divided spectrum into GB core 

sites (blue) and GB surface sites (olive). Only GB core sites (group B1) are visualized in (b1), while the GB surface sites (group B2) are all colored olive in (b2). 
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art corresponds to GB surface sites. Only GB core sites are shown 

n Fig. 3 (b1) colored by their energy level, while GB surface sites 

re all colored olive in Fig. 3 (b2). The significantly overlapping area 

90% of the Peak1 area) between GB core sites and Peak1 (red dash 

urve) in the spectrum obviously shows their statistical similari- 

ies, which is also demonstrated by the similar hierarchical struc- 

ure between GB core and GB surface in Fig. 3 (b2). 

To distinguish between the GB core and surface sites struc- 

urally, merely using a distance parameter between interstitial sites 

nd the nearest GB atoms is not sufficient, a more sophisticated 

ocal environment descriptor is needed. The number of neighbor- 

ng fcc atoms n and their proportion fn among all the neighbors 

re chosen to describe the local structure. n denotes the num- 

er of atoms in the vicinity of an interstitial site belonging to the 

cc (lattice) structure, where the non-fcc atoms are treated as GB 

toms using common neighbor analysis (CNA) [73] . fn corresponds 

o the ratio between n and the coordination number of the inter- 

titial site. Typically, the coordination number denotes the num- 

er of nearest neighbor atoms. For a perfect fcc lattice, the coor- 

ination number of an octahedral site is 6 setting the cutoff as 

.76 Å ( 1 / 2 a 0 , where a 0 is the lattice constant). To take into ac-

ount the effect of the second nearest neighbor, the coordination 

umber could be increased to 14 by setting the cutoff as 3.05 Å 

 

√ 

3 / 2 a 0 ). For an interstitial site in GB, the coordination number

an vary dramatically (4 to 15) due to its complex nature. The n 

nd fn are taken as the measure of similarity of the structures be- 

ween tested GB sites and perfect fcc lattice sites, with low values 

ndicating the GB core sites with less similarity and high values in- 

icating the GB surface with more similarity. Setting a proper cut- 

ff for n and fn could then help to classify the GB core ( n < n cutoff

r fn < fn cutoff) and surface ( n > = n cutoff or fn > = fn cutoff). The per-

ormance of the classification is measured by the nonoverlapping 

rea between Peak1 and the identified GB core in the spectrum, 
230 
ith a lower value indicating better performance. The results from 

ombinations of different neighbor distance cutoffs (1.6–3.2 Å) and 

 cutoff (0 −15) or fn cutoff (0 −1) are shown in Fig. 4 (a, b), with the

orresponding GB core proportion indicated by the blue area in the 

pectrum in Fig. 4 (a1 −a3) and (b1–b3). The GB core area starts to 

ll Peak1 with increased n cutoff and fn cutoff, while discrepancy also 

enerates around the right corner of Peak1. The balance between 

ncreased overlapped area and generated discrepancy is reached 

t the minimum nonoverlapping area of 0.15 given n cutoff = 3 or 

n cutoff= 0.3 with a 3.05 Å neighbor cutoff. At this point, the se- 

ected GB core sites show the largest coincidence with the Peak1 

rea in Fig. 4 (a2, b2). Thus, by selecting appropriate parameters, 

e can quantitatively connect the low-energy sites in Peak1 to a 

roup of sites with specific local geometrical arrangements, i.e., the 

B core sites. 

.3. Equilibirum hydrogen concentration at GB 

By combining the atomic spectrum presented in this study with 

q. (5) , we are able to construct a comprehensive hydrogen segre- 

ation map for polycrystals. The full spectrum prediction is derived 

irectly from the discrete spectrum, which is based on all 491,799 

egregation sites without any approximation. By assigning weights 

o each site based on their probability density, we can convert the 

rediction into a continuous description using the following equa- 

ion: 

 GB = 

∫ ∞ 

−∞ 

c i ( GB ) 

(
E seg 

GB 

)
f 
(
E seg 

GB 

)
d E seg 

GB 

= 

∫ ∞ 

−∞ 

c l e 

(
− E 

seg 
GB 
kT 

)

1 − c + c e 

(
− E 

seg 
GB 
kT 

) 3 ∑ 

i =1 

w i 

1 

σi 

√ 

2 π
e 

− 1 
2 

(
E 

seg 
GB 

−u i 
σi 

)2 

d E seg 
GB 

(12) 
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Fig. 4. Nonoverlapping area between defined GB core (blue area) and Peak1 (red dash curve) as a function of neighbor fcc atom number cutoff n cutoff in (a) or its proportion 

cutoff fn cutoff in (b). The GB core sites identified by n cutoff= 1, n cutoff= 3, n cutoff= 8, fn cutoff= 0.1, fn cutoff= 0.3, fn cutoff= 0.6 with a 3.05 Å neighbor cutoff are colored blue in the 

spectrum of (a1, a2, a3, b1, b2, b3), respectively. The GB surface sites are colored olive. 
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here c GB is the total hydrogen occupation at GB, c i ( GB ) ( E 
seg 
GB 

) is 

tomic hydrogen occupation at a specific GB site i with segrega- 

ion energy E 
seg 
GB 

, f ( E seg 
GB 

) is probability density distribution of E 
seg 
GB 

. 

y substituting Eq. (11) into the middle term, we obtain the Gaus- 

ian mixture model prediction in the rightmost of Eq. (12) . The 

redicted hydrogen occupations at GB c GB as a function of lattice 

ydrogen occupations c l at different temperatures (300 K, 450 K, 

43 K) are shown in Fig. 5 (a) with the detailed segregation states 

llustrated in Fig. 5 (c1 −c9). The perfect agreement between dis- 

rete full spectrum prediction (solid) and continuously fitted spec- 
231 
rum prediction (dash) at three temperatures further proves that 

he spectrum has been well captured by the Gaussian mixture 

odel. Taking an example of a lattice occupation c l = 0 . 001 and

emperature T = 300 K, the predicted GB occupation is 0.303 which 

eans 30.3% of GB interstitial sites have been filled with hydrogen 

toms at equilibrium. Among those filled interstitial sites, the con- 

ribution from the 1st Gaussian (dotted), i.e., Peak1, is 0.273, in- 

icating that 90% of GB trapped hydrogen is concentrated at the 

B core region. It is worth noting that in cases where the hydro- 

en concentration exceeds the dilute limit, the repulsive interac- 
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Fig. 5. (a) Equilibrium atomic hydrogen occupation at GB c GB as a function of lattice hydrogen occupation c l at T = 300, 450, and 543 K. The prediction based on the full 

discrete spectrum in Eq. (13) , the prediction based on Gaussian mixture model in Eq. (14) , and the contribution of Peak1 are illustrated by the solid, dash, and dot lines, 

respectively. (b) Effective single-value segregation energy E seg 
GB 

by substituting c GB and c l from (a) into Eq. (11) . (c1 −c9) Detailed equilibrium hydrogen segregation state at GB 

with varying lattice hydrogen occupations and temperatures. The GB hydrogen occupations c GB and contribution from Peak1 is denoted by solid and dot curves, respectively, 

with green, yellow, and orange colors. The spectrum is filled with blue and the Peak1 is indicated by the red dash curve. 
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H  
ion between hydrogen atoms becomes significant and can lead to 

 lower real hydrogen occupation compared to the theoretically 

redicted value here. As c l keeps increasing to 0.005, the c GB in- 

reases to 0.423 and the contribution from 1st Gaussian increases 

o 0.35. While the newly inserted hydrogen keeps pumping into 
232
he GB core region, the proportion of GB core hydrogen decreased 

o 82.6%. This is because the GB core sites are closed to their full 

egregation value (0.424, w 1 , the weight of Peak1) and GB surface 

tarts to take the responsibility to accommodate hydrogen atoms. 

owever, in most experimental charging levels [ 14 , 74 , 75 ], the hy-
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Table 2 

Mean absolute migration energy between different structures. 

Structure A&B E mig 
A , B 

( eV ) Structure A&B E mig 
A , B 

( eV ) 

GB core & GB core 0.072 GB surface & lattice 0.324 

GB surface & GB surface 0.198 GB core & lattice 0.44 

Lattice & lattice 0.400 GB & all 0.233 

GB core & GB surface 0.207 – –
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rogen occupation is below 0.005 (5000appm) and it is still the 

B core sites that dominate the nickel GB trapping behavior in this 

egion. As the temperature increases, the equilibrium hydrogen oc- 

upation at GB decreases but the GB core still plays the main role 

n trapping hydrogen in the displayed region. 

To further compare with experiment results based on the 

ingle-value GB segregation assumption as in Eq. (3) , the concept 

f effective segregation energy is employed. As previously derived 

y Steigerwald et al. [76] and Wagih et al. [45] , it can be written

ith a discrete form in the middle or a continuous form in the 

ightmost: 

 

seg 
GB 

= 

1 

c GB ( 1 − c GB ) 

N ∑ 

i =1 

E seg 
GB 

c i ( GB ) 

(
1 − c i ( GB ) 

)

= 

1 

c GB ( 1 − c GB ) 

∫ ∞ 

−∞ 

E seg 
GB 

f 
(
E seg 

GB 

)
c i ( GB ) 

(
1 − c i ( GB ) 

)
d E seg 

GB 
(13) 

here the c GB and c i ( GB ) are the total GB hydrogen occupation and 

tomic hydrogen occupation at a specific GB site i , respectively, 

 

seg 
GB 

is the effective segregation energy by deriving the spectrum 

ack into one equivalent value in Eq. (3) at a specific tempera- 

ure and lattice concentration. The result E 
seg 
GB 

as a function of c l 

s shown in Fig. 5 (b). As the c l increases, the absolute value of E 
seg 
GB 

ecreases because the GB core hydrogen proportion decreases and 

ewly occupied GB surface trapping sites weaken the overall GB 

rapping capacity. While at a higher temperature, less hydrogen is 

rapped at GB and E 
seg 
GB 

is represented by fewer amount of sites but 

ith lower average segregation energy (more energy favorable), 

hich makes the absolute value of E 
seg 
GB 

higher. We also attach an 

xample comparing recent thermal desorption spectroscopy (TDS) 

esults from Wada et al. [74] , the experimentally calculated single- 

alue segregation energy of about 0.2 eV at 543 K and c l = 1 ‰
grees well with our prediction. 

.4. Hydrogen diffusion and trapping at GB 

To study hydrogen diffusivity in polycrystals, we would like to 

evisit the coexistence of short-circuit diffusion and GB trapping 

henomenon from the energy perspective first. By treating hydro- 

en diffusion as a random walk from one site toward its neighbor 

ites, the concept of mean absolute migration energy is introduced 

s the average absolute segregation energy gap between sites in 

icrostructure A and their neighbor sites in microstructure B: 

 

mig 
A , B 

= 

1 

n 

∑ 

i ∈ A 

0 < dis ( i, j ) <d c ∑ 

j∈ B 

∣∣E seg 
i 

− E seg 
j 

∣∣ (14) 

here A and B are the identified microstructures in 

ection 3.2 that could be GB core, GB surface, or lattice. i 

nd j are all interstitial sites belonging to microstructures A and B, 

espectively, E 
seg 
i 

and E 
seg 
j 

are the segregation energy of sites i and 

 , respectively. Only the neighbor pairs ( i and j) with a distance

ess than the cutoff distance d c of 1.55 Å ( 
√ 

3 / 4 a 0 , which is the

istance between the closest octahedral site and tetrahedral site), 

ill contribute to the mean absolute migration energy E 
mig 
A , B 

, n 

s the total number of qualified pairs. Therefore, we only focus 

n the migration behavior in the nearest neighbor. For example, 

iven A = lattice, B = lattice, the cutoff distance, and the fact that 

ny octahedral site in the perfect lattice is surrounded by eight 

etrahedral sites with an energy gap of 0.4 eV, only the nearest 

ctahedral-tetrahedral pairs will be counted as qualified neighbor 

airs. Thus, the E 
mig 

lattice , lattice 
is equal to 0.4 eV. The mean absolute 

igration energies inside or between each structure are displayed 

n Table 2 , with a lower value indicating a lower energy barrier 

or hydrogen diffusion. For a hydrogen atom in the lattice, it must 
233 
vercome at least E 
mig 

lattice , lattice 
of 0.4 eV to diffuse. In contrast, 

ydrogen atoms at GB core only need to overcome an average 

nergy E 
mig 
GB core , GB core 

of 0.072 eV, providing a fast channel to 

acilitate hydrogen transport. The value of E 
mig 
GB core , GB core 

could be 

lso compared to the standard deviation of Peak1 ( σ1 = 0 . 057 eV)

iven the large overlap between Peak1 and GB core sites. The 

iffusion inside GB surface or between surface and core is also 

asier compared to the lattice. These low energy barrier inside 

B provides direct evidence of GB short-circuit diffusion with the 

B core making the most significant contribution. However, the 

ransport between GB and lattice is characterized by relatively 

igh energy gaps of 0.324 and 0.44 eV. In particular, diffusion 

etween the GB core and lattice can be more challenging than 

n the lattice. This indicates that GB could provide a short-circuit 

iffusion channel along its core region while simultaneously 

reventing hydrogen diffusion perpendicular to it by jumping 

nto the lattice. The collective diffusion behavior in the vicinity 

f GB is characterized by the energy gap between GB sites and 

ll their neighboring sites E 
mig 

GB , all 
of 0.233 eV. It should be noted 

hat the mean absolute migration energy serves as an indicator 

o characterize the energy difference between the initial state 

at sites belonging to structure A) and the final state (at sites 

elonging to structure B). Its value reflects the minimum energy 

equired for crossing the energy barrier, in contrast, the energy 

arrier is the energy difference between the initial state and the 

addle point. Typically, the saddle point exhibits a higher energy 

tate than the final state. However, in the nickel-hydrogen system, 

he energy difference between the saddle point and the final state 

an be relatively small compared to their absolute values [ 37 , 52 ].

iven the large statistical base, we assume that the mean absolute 

igration energy, even if not linearly scaled, still characterizes the 

egree of difficulty for a hydrogen atom at structure A to diffuse 

o structure B. Therefore, by replacing the energy barrier E bar 
GB 

nd E bar 
lattice 

in Eq. (8) with E 
mig 

GB , all 
and E 

mig 

lattice , lattice 
, respectively, we 

an make a rough estimation of the GB diffusion coefficient D GB , 

hich is approximately 640 times larger than the lattice diffusion 

oefficient D lattice at 300 K. It is worth noting that linear averaging 

ay introduce inaccuracies when applied to Arrhenius behavior. In 

his context, the aim is to provide a rough qualitative comparison 

f the overall diffusion properties among different structures. 

herefore, further kinetic analysis is necessary to obtain a more 

ccurate prediction. 

Thus, molecular dynamics are employed to calculate the GB dif- 

usion coefficient D GB through the MSD analysis in Eq. (10) . 10,0 0 0

ydrogen atoms are randomly inserted into the default polycrys- 

al model or single crystal model with the same size, and the sys- 

ems are maintained at 300, 350, 400, 450, 500, 550, and 600 K to 

rack the average MSD for all hydrogen atoms. 100 ns is sufficient 

o get the converged MSD (shown in Fig. A1 in Appendix) without 

lobal redistribution where Eq. (10) is equal to Eq. (6) . The diffu- 

ion coefficients for single crystal D lattice and polycrystal D poly are 

isplayed in Fig. 6 , with the corresponding GB diffusion coefficient 

 GB derived from linear model in Eq. (6) or HS + model in Eq. (7) .

he polycrystal shows higher effective diffusivities about 170 times 

t 300 K and 4 times at 600 K than the lattice, and the calcu-
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Fig. 6. Hydrogen diffusion coefficients as a function of temperatures. The diffusivity in single crystal and polycrystal are directly extracted from MSD analysis, while the GB 

diffusivity is calculated through linear model in Eq. (6) or HS + model in Eq. (7) . The Arrhenius equation is obtained by linear fitting of the diffusion coefficients at varying 

temperature. Experimental results for lattice diffusivity [ 25 , 26 ] at varying temperatures and GB diffusivity [25–33] at room temperatures are labeled by stars. 
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Table 3 

Activation energy barrier E bar and the pre-exponential factor D 0 for different 

structures. 

E bar (eV) D 0 (m 

2 /s) 

FCC lattice 0.484 3.7 × 10 −6 

Polycrystal 0.297 3.7 × 10 −7 

GB (linear model) 0.286 1.4 × 10 −6 

GB (HS + model) 0.285 9.7 × 10 −7 
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ated GB diffusivity could be 970 (for linear) and 690 (for HS + )

imes at 300 K and 19 (for linear) and 13 (for HS + ) times higher.

t proves that the collective effect of GB is accelerating hydrogen 

iffusion, and the enhancement of three orders of magnitude at 

00 K agrees well with the prediction from the mean absolute mi- 

ration energy analysis above. At the examined region, the linear 

odel and HS + model predict similar values of D . The experimen- 

ally obtained D lattice at varying temperatures [ 25 , 26 ] and D GB at

00 K [25–33] are displayed as stars. Compared to the consistent 

esults of D lattice in the literature which also agree with our calcu- 

ation, the D GB show a large fluctuation range from 1 to 10 5 times 

he lattice diffusivity. By eliminating the effects of other defects 

n the material system and identifying the GB volume fraction di- 

ectly from the atomic structure, we have an accurate prediction 

f GB diffusivity to be 10 3 times at 300 K. We note that the poly-

rystal system examined in this study consists of grains with an 

verage grain size of 10 nm, which is significantly smaller than 

he grain size typically observed in coarse-grain or even nanocrys- 

alline materials in experimental studies. The high volume propor- 

ion of GBs and triple junctions in such a polycrystal, resulting 

rom the small grain size, could lead to a high calculated hydro- 

en solubility and diffusion coefficient D poly . The amount of so- 

uted hydrogen can be estimated to scale with the GB volume, and 

t is important to note that as the grain size increases, a substan- 

ial decrease in D poly is expected. In fact, Kirchheim et al. [29] have 

reviously reported the hydrogen diffusivity to be only two orders 

f magnitude higher in nanocrystalline nickel with a grain size of 

00 nm. As the grain size continues to increase, the volume of GBs 

ecreases, and the short-circuit diffusion effect diminishes. With 

oarse-grain sizes on the micrometer scale, the enhancement of 

iffusivity from GBs can be largely mitigated, resulting in similar 

iffusivity between coarse-grain and single crystal materials [25] . 

hus, D poly can decrease from two orders of magnitude higher to 

he same order of magnitude as D lattice , within the range of 100 nm

o micrometer-sized grains. The diffusivities at varying tempera- 

ures are further fitted using the Arrhenius equation: 

 = D 0 e 
−
(

E bar 

kT 

)
(15) 
234 
here the activation energy barriers E bar , and the pre-exponential 

actors D 0 for different structures are shown in Table 3 . The 

ctivation energy barrier for lattice diffusion 0.484 eV is simi- 

ar to the value of 0.4 eV [2] from previous experiments in a 

arge temperature range, the slightly higher value could be ex- 

lained by the ideally perfect lattice in the MD simulations com- 

ared to experiments. Actually, by introducing point defects such 

s vacancy, interstitial, and Frenkel pair into the single crystal, 

hou et al. [67] found the E bar for lattice diffusion can be de- 

reased 0.05 −0.1 eV, which will make our results completely 

atch the experimental value. As for GB diffusion, the linear 

odel and HS + model output a similar value of energy barrier of 

.286 eV. The gap of 0.2 eV between diffusion barriers in the lat- 

ice and GB show conformity with the gap of 0.167 eV between 

 

mig 

GB , all 
and E 

mig 

lattice , lattice 
in Table 2 . This further proves that the 

roperties derived form spectrum could well capture the hydrogen 

iffusion behaviors at GBs. 

. Conclusion 

Through a novel calculation route combining atomistic simula- 

ions and Voronoi diagram, we were able to identify all the pos- 

ible interstitial sites in polycrystals consisting of realistic, random 

B networks and derive the spectrum of hydrogen segregation at 

Bs. This spectrum, based on millions of local atomic configura- 

ions, revealed a comprehensive picture of hydrogen-GB interac- 

ions. Three peaks with distinct energy levels were identified using 

he Gaussian mixture model and further connected to groups of in- 
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erstitial sites with characteristic geometrical fingerprints, i.e., the 

B core sites and GB surface sites. The hierarchical arrangement 

etween the GB core, GB surface, and lattice was found to facili- 

ate both short-circuit diffusion and trapping, with the low barrier 

nside the same structure facilitating hydrogen transport while the 

igh barrier between different structures inhabiting hydrogen dif- 

usion. Through kinetics analysis, we further extracted the hydro- 

en diffusivity in polycrystals at varying temperatures, where the 

ydrogen diffusion coefficient at GB was found to be three orders 

f magnitude higher than in the lattice. Finally, we incorporated 

he spectrum with a thermodynamics framework to predict the 

quilibrium hydrogen concentration at GB without neglecting the 

iverse nature of GBs. It is important to acknowledge that in a real 

olycrystal, multiple defects such as vacancies, dislocations, solute 

toms, and strain fields are present. These defects can have both 

ndividual and collective effects on the energy spectrum, thereby 

nfluencing the segregation tendencies and enrichment of hydro- 

en. For example, the formation of vacancies at GBs can signifi- 

antly decrease the segregation energy and facilitate the clustering 

f hydrogen. Furthermore, the presence of strain fields can lead to 

 global shift in the energy spectrum, and the extent of this ef- 

ect highly depends on the loading mode. Therefore, it is crucial to 

onsider the influence of these multiple defects in order to obtain 

 comprehensive understanding of hydrogen segregation and en- 

ichment in polycrystalline materials. In our forthcoming study, we 

ill systematically elucidate the effect of strain fields on the en- 

rgy spectrum, as well as on the diffusion and trapping behaviors 

f hydrogen. 
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in single crystal (a) and polycrystal (b). 

http://dx.doi.org/10.13039/501100005416


Y. Ding, H. Yu, M. Lin et al. Journal of Materials Science & Technology 173 (2024) 225–236 

R

 

 

 

[
 

[

[  

[

[  

[

[
[

[

[

[

[
[  

[

[  

[
[

[
[

 

[

[

[
[

[

[  

[  

[

[

[  

[

[

[
[

[

[
[

[
[

[
[

[

[
[

[

[

[

[
[

[

eferences 

[1] W.H. Johnson, Proc. R. Soc. Lond. 23 (156–163) (1875) 168–179 . 

[2] Y. Fukai, The Metal-Hydrogen System: Basic Bulk Properties, Springer Science 

& Business Media, 2006 . 
[3] R.P. Gangloff, B.P. Somerday, Gaseous Hydrogen Embrittlement of Materials in 

Energy Technologies: Mechanisms, Modelling and Future Developments, Else- 
vier, 2012 . 

[4] I.M. Robertson, P. Sofronis, A. Nagao, M.L. Martin, S. Wang, D.W. Gross, K.E. Ny- 
gren, Metall. Mater. Trans. B 46 (2015) 1085–1103 . 

[5] S. Lynch, Acta Metall. 36 (1988) 2639–2661 . 

[6] R. Kirchheim, Prog. Mater. Sci. 32 (1988) 261–325 . 
[7] R.A. Oriani, Ber. Bunsen Ges. Phys. Chem. 76 (1972) 848–857 . 

[8] A.R. Troiano, Metall. Microstruct. Anal. 5 (2016) 557–569 . 
[9] H.K. Birnbaum, P. Sofronis, Mater. Sci. Eng. A 176 (1994) 191–202 . 

[10] M.L. Martin, M. Dadfarnia, A. Nagao, S. Wang, P. Sofronis, Acta Mater. 165 
(2019) 734–750 . 

[11] M. Nagumo, Mater. Sci. Technol. Lond. 20 (2004) 940–950 . 
[12] M. Nagumo, K. Takai, Acta Mater. 165 (2019) 722–733 . 

[13] M.B. Djukic, G.M. Bakic, V.S. Zeravcic, A. Sedmak, B. Rajicic, Eng. Fract. Mech. 

216 (2019) 106528 . 
[14] Z.D. Harris, S.K. Lawrence, D.L. Medlin, G. Guetard, J.T. Burns, B.P. Somerday, 

Acta Mater. 158 (2018) 180–192 . 
[15] Y. Ogawa, K. Noguchi, O. Takakuwa, Acta Mater. 229 (2022) 117789 . 

[16] Y. Ding, H. Yu, K. Zhao, M. Lin, S. Xiao, M. Ortiz, J. He, Z. Zhang, Scr. Mater. 204
(2021) 114122 . 

[17] X.F. Li, J. Zhang, E. Akiyama, Q.Q. Fu, Q.Z. Li, J. Mater. Sci. Technol. 35 (2019)

499–502 . 
[18] X. Lu, D. Wang, J. Mater. Sci. Technol. 67 (2021) 243–253 . 

[19] D. Wan, Y. Ma, B. Sun, S.M.J. Razavi, D. Wang, X. Lu, W. Song, J. Mater. Sci.
Technol. 85 (2021) 30–43 . 

20] D.E. Jiang, E.A. Carter, Acta Mater. 52 (2004) 4 801–4 807 . 
[21] M. Lin, H. Yu, Y. Ding, G. Wang, V. Olden, A. Alvaro, J. He, Z. Zhang, Scr. Mater.

215 (2022) 114707 . 

22] M.L. Martin, B.P. Somerday, R.O. Ritchie, P. Sofronis, I.M. Robertson, Acta Mater. 
60 (2012) 2739–2745 . 

23] Y. Ding, H. Yu, M. Lin, K. Zhao, S. Xiao, A. Vinogradov, L. Qiao, M. Ortiz, J. He,
Z. Zhang, Acta Mater. 239 (2022) 118279 . 

24] S.K. Lawrence, Y. Yagodzinskyy, H. Hanninen, E. Korhonen, F. Tuomisto, 
Z.D. Harris, B.P. Somerday, Acta Mater. 128 (2017) 218–226 . 

25] A. Oudriss, J. Creus, J. Bouhattate, E. Conforto, C. Berziou, C. Savall, X. Feaugas,

Acta Mater. 60 (2012) 6 814–6 828 . 
26] Y. Ebisuzaki, W. Kass, M. O’Keeffe, J. Chem. Phys. 46 (1967) 1378–1381 . 

27] M. Louthan Jr, J. Donovan, G. Caskey Jr, Acta Metall. 23 (1975) 745–749 . 
28] D. Kuhn, H. Johnson, Acta Metall. Mater. 39 (1991) 2901–2908 . 

29] D. Arantes, X. Huang, C. Marte, R. Kirchheim, Acta Metall. Mater. 41 (1993) 
3215–3222 . 

30] T. Harris, M. Latanision, Metall. Trans. A 22 (1991) 351–355 . 

[31] A.M. Brass, A. Chanfreau, Acta Mater. 44 (1996) 3823–3831 . 
32] B. Ladna, H.K. Birnbaum, Acta Metall. 35 (1987) 2537–2542 . 

33] J. Yao, J.R. Cahoon, Acta Metall. Mater. 39 (1991) 119–126 . 
34] W.T. Geng, A.J. Freeman, R. Wu, C.B. Geller, J.E. Raynolds, Phys. Rev. B 60 (1999)

7149–7155 . 
35] S. He, W. Ecker, R. Pippan, V.I. Razumovskiy, Comput. Mater. Sci. 167 (2019) 

100–110 . 

36] X. Zhou, D. Marchand, D.L. McDowell, T. Zhu, J. Song, Phys. Rev. Lett. 116 (2016)
075502 . 
236 
37] D. Di Stefano, M. Mrovec, C. Elsasser, Acta Mater. 98 (2015) 306–312 . 
38] A. Tehranchi, W.A. Curtin, Model. Simul. Mater. Sci. Eng. 25 (2017) 075013 . 

39] X. Zhou, N. Mousseau, J. Song, Phys. Rev. Lett. 122 (2019) 215501 . 
40] S. Huang, D.K. Chen, J. Song, D.L. McDowell, T. Zhu, npj Comput. Mater. 3 

(2017) 28 . 
[41] Y. Ding, K. Zhao, M. Lin, H. Yu, S. Xiao, J. He, Z. Zhang, J. Appl. Phys. 133 (2023)

045103 . 
42] R.A. Oriani, Acta Metall. 18 (1970) 147–157 . 

43] C. White, W. Coghlan, Metall. Trans. A 8 (1977) 1403–1412 . 

44] C. White, D. Stein, Metall. Trans. A 9 (1978) 13–22 . 
45] M. Wagih, C.A. Schuh, Acta Mater. 181 (2019) 228–237 . 

46] M. Wagih, C.A. Schuh, Acta Mater. 199 (2020) 63–72 . 
[47] M. Wagih, C.A. Schuh, Acta Mater. 217 (2021) 117177 . 

48] Q. Luo, Y. Guo, B. Liu, Y. Feng, J. Zhang, Q. Li, K. Chou, J. Mater. Sci. Technol. 44
(2020) 171–190 . 

49] Q. Li, Y. Lu, Q. Luo, X. Yang, Y. Yang, J. Tan, Z. Dong, J. Dang, J. Li, Y. Chen, J.

Magnes. Alloy. 9 (2021) 1922–1941 . 
50] X. Lu, Y. Ma, D. Wang, Mater. Sci. Eng. A 792 (2020) 139785 . 

[51] N. Rhodes, M. Tschopp, K. Solanki, Model. Simul. Mater. Sci. Eng. 21 (2013) 
035009 . 

52] J.E. Angelo, N.R. Moody, M.I. Baskes, Model. Simul. Mater. Sci. Eng. 3 (1995) 
289–307 . 

53] M. Baskes, X. Sha, J. Angelo, N. Moody, Model. Simul. Mater. Sci. Eng. 5 (1997)

651 . 
54] S. Plimpton, J. Comput. Phys. 117 (1995) 1–19 . 

55] C. Rycroft, Voro ++ : A Three-Dimensional Voronoi Cell Library in C ++ , 
Lawrence Berkeley National Lab.(LBNL), Berkeley, CAUnited States, 2009 . 

56] A. Stukowski, Model. Simul. Mater. Sci. Eng. 18 (2009) 015012 . 
57] P. Hirel, Comput. Phys. Commun. 197 (2015) 212–219 . 

58] A.P. Thompson, S.J. Plimpton, W. Mattson, J. Chem. Phys. 131 (2009) 154107 . 

59] D. McLean, A. Maradudin, Phys. Today 11 (1958) 35 . 
60] P. Lej ̌cek, S. Hofmann, Crit. Rev. Solid State Mater. Sci. 20 (1995) 1–85 . 

61] P. Wynblatt, D. Chatain, Metall. Mater. Trans. A 37 (2006) 2595–2620 . 
62] X. Lu, D. Wang, R. Johnsen, Electrochim. Acta 421 (2022) 140477 . 

63] Z. Hashin, S. Shtrikman, J. Mech. Phys. Solids 11 (1963) 127–140 . 
64] K. Hirata, S. Iikubo, M. Koyama, K. Tsuzaki, H. Ohtani, Metall. Mater. Trans. A 

49 (2018) 5015–5022 . 

65] G. Henkelman, B.P. Uberuaga, H. Jónsson, J. Chem. Phys. 113 (20 0 0) 9901–
9904 . 

66] E. Torres, J. Pencer, D. Radford, Comput. Mater. Sci. 152 (2018) 374–380 . 
67] X.W. Zhou, R. Dingreville, R.A. Karnesky, Phys. Chem. Chem. Phys. 20 (2018) 

520–534 . 
68] A. Einstein, Ann. Phys. 4 (1905) 549–560 . 

69] D. Warrington, P. Bufalini, Scr. Metall. 5 (1971) 771–776 . 

70] M. Yamaguchi, M. Shiga, H. Kaburaki, J. Phys. Condens. Matter 16 (2004) 3933 . 
[71] G.A. Young Jr, R. Najafabadi, W. Strohmayer, D.G. Baldrey, B. Hamm, J. Harris, 

J. Sticht, E. Wimmer, An Atomistic Modeling Study of Alloying Element Im- 
purity Element, and Transmutation Products On the Cohesion of A Nickel E5 

{001} Twist Grain Boundary, Lockheed Martin Corporation, Schenectady, NYUS, 
2003 12301 . 

72] M. Wagih, C.A. Schuh, Scr. Mater. 235 (2023) 115631 . 
73] J. Schiotz, F.D. Di Tolla, K.W. Jacobsen, Nature 391 (1998) 561–563 . 

[74] K. Wada, J. Yamabe, H. Matsunaga, Materialia 8 (2019) 100478 . 

75] X. Lu, D. Wang, D. Wan, Z.B. Zhang, N. Kheradmand, A. Barnoush, Acta Mater. 
179 (2019) 36–48 . 

[76] D.A. Steigerwald, P. Wynblatt, Surf. Sci. 193 (1988) 287–303 . 

http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0001
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0002
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0003
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0004
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0005
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0006
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0007
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0008
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0009
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0010
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0011
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0012
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0013
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0014
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0015
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0016
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0017
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0018
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0019
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0020
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0021
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0022
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0023
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0024
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0025
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0026
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0027
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0028
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0029
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0030
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0031
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0032
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0033
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0034
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0035
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0036
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0037
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0038
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0039
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0040
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0041
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0042
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0043
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0044
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0045
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0046
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0047
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0048
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0049
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0050
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0051
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0052
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0053
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0054
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0055
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0056
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0057
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0058
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0059
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0060
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0061
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0062
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0063
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0064
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0065
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0066
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0067
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0068
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0069
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0070
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0071
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0072
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0073
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0074
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0075
http://refhub.elsevier.com/S1005-0302(23)00699-0/sbref0076

	Hydrogen trapping and diffusion in polycrystalline nickel: The spectrum of grain boundary segregation
	1 Introduction
	2 Methodology
	2.1 Computational route
	2.2 Thermodynamic model for determining equilibrium hydrogen distribution
	2.3 Theoretical analysis for hydrogen diffusivity

	3 Results and discussion
	3.1 Properties of the spectrum
	3.2 Interstitial sites at GB core and surface
	3.3 Equilibirum hydrogen concentration at GB
	3.4 Hydrogen diffusion and trapping at GB

	4 Conclusion
	Data availability
	Author contribution
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgements
	Appendix
	References


