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Abstract 

Although hydrogen-induced fracture at grain boundaries has been widely studied and several 

mechanisms have been proposed, few studies of nanograined materials have been conducted, 

especially for grain sizes below the critical size for the inverse Hall-Petch relation. In this 

research work, molecular dynamics (MD) simulations are performed to investigate the 

hydrogen segregation and hydrogen embrittlement mechanism in polycrystalline Fe models. 

When the same concentration of H atoms is added, the H segregation ratio in the model with 

the smallest grain size is the highest observed herein, showing the high hydrogen trapping 

ability of small-grain Fe, while the H concentration at the grain boundaries (GBs) is, on the 

contrary, the lowest. Uniaxial tensile test simulations demonstrate that as the grain size 

decreases, the models show an increased resistance to hydrogen embrittlement, and for 

small-grain models (d <10 nm), the GB-related deformation modes dominate the plastic 

deformation, where the segregated H mainly influences the toughness by inhibiting 

GB-related processes.  
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Grain refinement is a commonly used method for improving mechanical properties of 

metals, such as yield strength and hardness, because grain boundaries (GBs) can act as 

obstacles to dislocation movement. The strength increase associated with reduced grain size is 

usually described in terms of the well-known Hall-Petch relation. With advances in 

manufacturing technology, grain refinement to the nanoscale regime can be achieved. Typical 

fabrication methods include severe plastic deformation
1-4

, inert gas condensation
5
 or 

electrochemical deposition
6
. With proper parameter control, grains could be as fine as ~10 nm 

after treatment
7
, which is much smaller than grains produced by traditional mechanical 

treatments. For nanograined metals, GBs often play a major role in the plastic deformation 

process. GB-related deformation modes that have been observed in nanograined metals 

include dislocation nucleation from GBs
8
, deformation twins

9-11
, grain rotation

12
, and GB 

sliding and migration
12-13

. GB-related deformation usually has an inverse influence on the 

strengthening effect of GBs, causing a breakdown of the Hall-Petch relation. It has also been 

suggested that a critical grain size of approximately 10-15 nm
13

 exists below which the 

Hall-Petch relation is inversed, and a continued reduction in the grain size would soften, 

rather than strengthen, the metal. 

Hydrogen embrittlement (HE), also known as ‘hydrogen-induced cracking’, is a 

phenomenon in which the mechanical properties of metals, especially the plasticity and 

durability, deteriorate significantly due to the atomic hydrogen present in the metals
14

. 

Hydrogen atoms can be absorbed into metals during the manufacturing process or from 

various service environments, such as those that include hydrogen gas, a corrosive liquid or 

cathodic protection
15-16

. Atomic hydrogen can segregate to crystal defects, such as 

vacancies
17-18

, dislocation cores
19

, GBs
20-21

 and precipitates
22-23

. A substantial amount of 

research has shown that for metals charged with relatively high concentrations of hydrogen, 

intergranular, rather than intragranular, fracture usually happens, indicating that GBs play an 

important role during the HE of polycrystalline metals
24-27

. To explain the occurrence of 

intergranular fracture, the hydrogen-enhanced decohesion (HEDE) mechanism
28

 was 

proposed. Theoretical calculations have also suggested the ability of hydrogen atoms to 



 

 

reduce GB cohesive strength
29-32

. However, HEDE alone could not fully explain experimental 

observations, such as quasi-cleavage fractures and dislocation pile-up that have been found 

beneath the fracture surface of intergranular fracture samples. A 

hydrogen-enhanced-plasticity-mediated decohesion mechanism
33

 was then proposed to 

complement HEDE in explaining GB-related HE. This mechanism combines HEDE with the 

hydrogen-enhanced local plasticity (HELP) modes, suggesting that GBs are not only 

weakened by hydrogen, but that the dislocations piled up near the GBs also contribute to the 

intergranular fracture.  

Now that GBs play such an important role in HE, increasing the GB density by grain 

refinement should have an effect on the HE properties of polycrystalline metals. In fact, it has 

been shown that grain refinement can improve HE resistance. Mechanical treatments, such as 

high-pressure torsion
34-35

, multi-pass rolling
36

, and dynamic plastic deformation
37

, in addition 

to heat treatments, like intercritical annealing
38

 have been performed to refine the grain size in 

steels, and the treated steels show improved resistance to HE. Mechanisms for the enhanced 

HE resistance were proposed, including a decreased H concentration value at the GBs
36, 39

, a 

decreased number of deformation twins
38

 and an increased probability of crack initiation
35

 

when the grain size decreases. However, due to the difficulty of observing the hydrogen 

distribution and measuring the local hydrogen content experimentally, in addition to the 

complicated microstructure of the studied steels, the proposed mechanisms cannot clearly 

elucidate the role that GBs play in enhancing HE resistance. Besides, the grain refinement 

methods used in those studies only refine grains to the micrometer scale. As stated previously, 

when using an advanced manufacturing technique, it is possible to fabricate nanograined 

metals with a grain size of approximately 10 nm, which is even smaller than the critical grain 

size for the inverse Hall-Petch effect. In nanograined metals, GB-related deformation modes 

play a major role in the deformation process, while in coarse-grain metals, dislocation 

nucleation and motion in grain interiors are the main deformation modes. When H atoms are 

involved, they segregate to GBs so that GB-related deformation modes are highly affected. 

Therefore, the HE mechanism in nanograined materials should be different from that in their 



 

 

coarse-grain counterparts due to the increased importance of the interaction of H with the 

GBs in nanograined materials.  

Atomistic simulation is a widely adopted tool for studying the HE mechanism
40-45

 and 

deformation processes of nanograined materials
46-51

. While it is usually difficult to directly 

observe distributions of H atoms, the interaction of H atoms with crystal defects, or the GB 

and dislocation motions in nanograined materials during deformation through experimental 

methods, atomistic simulations can overcome such limitations. In this work, we performed 

molecular dynamics (MD) simulations to investigate the effect of grain size on the HE 

mechanism in nanograined body-centered cubic (bcc) Fe. We selected bcc Fe as the research 

object because Fe is the main component in steel, which is an important structural material. 

Although it is commonly recognized that high-strength steels are highly susceptible to HE, 

pure Fe can also be embrittled when it is charged with a high concentration of hydrogen
24

. 

Nanograined models with the same GB arrangement but different grain sizes were built to 

simulate different levels of grain refinement. Hydrogen segregation was simulated by 

inserting H atoms followed by high-temperature annealing. Tensile tests were simulated to 

investigate the influence of hydrogen on the mechanical properties of the simulated models. 

The H-induced fractures in the models with different grain sizes are compared to reveal the 

grain-size effect on HE mechanism. It is found that in the large-grain models, dislocation 

activities are the main deformation modes, and the HE mechanism involves the interaction of 

dislocations, GBs and H atoms, as described by the ‘hydrogen-enhanced-plasticity-mediated 

decohesion’ mechanism
29, 33

; in the small-grain models, GB-related deformation dominated 

the plastic deformation. The segregated H was found to mainly influence the toughness of the 

models by inhibiting GB-related deformation.  

Simulation methodology 

Nanograined Fe models were built by using two-dimensional (2-D) Voronoi tessellation 

to separate cubic cells into polyhedrons. Each polyhedron was filled with bcc Fe atoms 

aligned along a random orientation. Atoms that overlapped (interatomic distance < 0.14 nm) 

were deleted. To simulate nanograined Fe with various grain sizes, we modeled cubic cells 



 

 

with 8 different in-plane (x-y plane) dimensions. The out-of-plane dimension (z direction) 

was the same for all models and was 10 nm. The 8 models had the same grain arrangement 

and orientation. The only difference was the grain size. The 8 nanograined models had 

average in-plane grain diameters of 6 nm, 7 nm, 8 nm, 9 nm, 10 nm, 12 nm, 18 nm, and 24 

nm, and are denoted hereafter as NGd, with d being the grain size. Periodic boundary 

conditions were imposed along all directions. The interatomic interaction was described by an 

embedded-atom method (EAM) potential developed by Ramasubramaniam et al. This EAM 

potential was developed for hydrogen in bcc Fe based on density functional theory. It has 

been widely used to study the HE in Fe with MD simulations
29, 44, 52-54

. After the construction 

of the nanograined models, MD simulations of the heating and cooling processes were 

performed using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) 

software
55

 to obtain equilibrium atomic structures. The models were first heated to 700 K and 

maintained for 1 ns. They were then cooled to 300 K in 0.3 ns. The annealing temperature and 

time were selected to avoid grain growth. After annealing, the equilibrated structures of the 

models were obtained and plotted in Fig. 1. Atomic structure visualization was achieved using 

the Open Visualization Tool (OVITO)
56

 with crystal structures calculated by common 

neighbor analysis
57

. To visualize the dislocation distribution in the annealed models, 

dislocation analysis was performed using the dislocation extraction algorithm (DXA) tool in 

the OVITO. The dislocation lines found by the DXA were colored according to their types.  



 

 

 

Fig. 1. Atomic structures of nanocrystalline Fe models with different grain sizes. The bcc 

atoms are colored blue, while atoms with no symmetry are white. 

To reveal the effect of grain refinement on the HE of nanograined Fe, we first simulated 

H segregation in 4 models with discrete grain sizes of 6 nm (NG6), 12 nm (NG12), 18 nm 

(NG18) and 24 nm (NG24). H atoms were added to the interstitial sites of the annealed 

nanograined models. H concentrations for the models were kept the same. Three levels of 

total H concentration were adopted to represent low, medium high, and very high H 

concentrations. The H atomic percent for the 3 levels of H concentration were 0.4% (denoted 

as H1 hereafter), 1.5% (H2) and 3% (H3). After the insertion of the H atoms, the models were 

again heated to 700 K and maintained for 1 ns to allow the H atoms to fully segregate to 

defect sites. They were then cooled to 300 K in 0.3 ns. For NG24, because the grain size is 

larger than that of the other models and H atoms would need an extended period of time to 

fully segregate to the GBs, a prolonged annealing time of 1.5 ns was used. 

Uniaxial tensile tests were simulated by straining the models along the y direction at 300 

K while keeping the x and z directions stress free. The strain rate in all tensile simulations was 

kept at 5 x 10
8
/s, which is very high compared with real experiments. We first conducted 



 

 

tensile tests on pure Fe models, and then tensile tests were performed on models with H atoms 

inserted. Under the current high strain rate at a room temperature of 300 K, H could not 

diffuse toward high stress regions and accumulate at defect sites that were generated during 

elongation. Therefore, the interaction of H with the generated defects cannot be observed in 

the present simulations. However, the interactions of the GB-segregated H with the GBs and 

the dislocations and twins that were emitted from the GBs could be observed, which is the 

focus of this study. 

Results and discussion 

1. Tensile simulations of nanograined Fe models without H 

Fig. 2 a-c plot the deformation snapshots of the models with several typical grain sizes of 

24 nm, 10 nm, and 6 nm, from which we can see the grain size-dependent deformation 

mechanisms in the nanograined materials. In NG24, dislocation nucleation and movement 

inside the grains are found in several locations, as denoted in Fig. 2a. Dislocation nucleation 

at the GBs is also found. Dislocation pile-up at the GBs can be observed at several locations, 

indicating that the grain size of 24 nm is large enough for dislocation pile-up. Deformation 

twins are only observed in a few grains and occur later than dislocation nucleation and 

movement, indicating that the partial dislocations that generate twins play a less important 

role than full dislocations in the deformation process of the NG24 model.  

In NG10 (Fig. 2b), deformation twins are observed more often than in NG24. GB migration, 

grain growth and rotation can also be observed. Judging by the changes in the grain shapes 

and GB structures, we can see that GB-related intergranular deformation modes also play 

an important role during the deformation of NG10. The deformation mechanism of the 

deformation twin was described by Zhang et al. in their MD simulation work on the 

deformation process of nanograined bcc Mo
51, 58

 with grain sizes up to 34 nm. Our 

simulation results also confirmed the important role of deformation twins in nanograined 

Fe. After twinning, grain rotation and grain growth happen. This grain rotation and growth 

induced by deformation twinning were reported by Lue et al.
11

 in their study of ~19 nm 



 

 

gold nanograined films and were found to be an important deformation mechanism in 

nanograined materials.  

In model NG6 (Fig. 2c), which is the model with the smallest grain size in our 

simulations, most of the grains change their shapes, and most GBs move after deformation. 

Therefore, we suggest that GB-related deformation is the main deformation mechanism 

during the plastic deformation of NG6. A deformation twin that nucleates at the GBs can be 

observed during the deformation of NG6, and the twin finally induces GB fracture at the GB 

triple junction. Dislocations that nucleate and vanish at the GBs are observed during 

deformation. The passage of dislocations alters the orientation of the atoms in that grain. GB 

sliding and migration are also observed, and they subsequently induce the growth or 

fragmentation of grains (grain A in Fig. 2c). No dislocation nucleation at the grain interior or 

dislocation pile-up can be observed. Although the deformation was not measured 

quantitatively, we can roughly see that the dominant GB-related intergranular deformation 

mechanism in NG6 not only includes GB sliding, migration, grain rotation and growth but also 

includes deformation twins and dislocations that nucleate at the GBs. 

  By comparing the deformation processes of NG24, NG10, and NG6, we can see a 

transition in the deformation modes from intragranular to intergranular. A large-grain model 

that has grain sizes above the critical size for the inverse Hall-Petch relation deforms mainly 

by intragranular deformation, where full dislocation nucleation from the grain interior, 

dislocation propagation and pile-up are frequently observed. However, in small-grain models, 

the deformation modes are mainly GB-related. Table 1 lists the ratio of GB atoms versus total 

atoms. In NG24, only 2.25% of the atoms are GB atoms, while that number is 8.5% for NG6. 

The higher portion of GB atoms and higher GB density for NG6 facilitate the GB-related 

deformation modes, such as GB sliding, GB migration, grain rotation and grain growth. 

Deformation twins and dislocations that nucleate at GBs can also be deemed GB-related 

deformation; hence, they are also facilitated in small-grain models. The difference in the 

deformation modes of nanograined Fe suggests that the HE mechanism should be grain size 

dependent, which is evaluated in the following discussions.  



 

 

 

Fig. 2. (a)-(c) The atomic configurations of NG24, NG10, and NG6 during deformation. GB 

migration, grain rotation, grain growth, dislocation nucleation, dislocation movement, 

dislocation pile-up, and deformation twins are indicated by arrows. Dislocation lines are 

colored by their types. (d) The stress-strain curves of the 8 nanograined models with different 

grain sizes ranging from 6 nm to 24 nm. 

 

The stress-strain curves of the 8 nanograined models with different grain sizes are plotted 

in Fig. 2d. A decrease in the slopes of the initial stress-strain relations as the grain size 

decreases is observed. This phenomenon can be explained by the increasing GB fraction as 

the grain size decreases, which has been discussed by Shimokawa et al.
49

 They suggested that 

as the fraction of atoms at the GBs increases with a decrease in the grain size, GB-related 

intergranular deformation becomes easier than intragranular deformation. The intergranular 

deformation occurs prior to intragranular deformation, resulting in a decreased slope in the 

initial stress-strain curves. The peak stress, on the other hand, first increases as grain size 

decreases but then decreases, following an inverse Hall-Petch relation where the critical grain 

size is approximately 10 nm.  

3. Hydrogen segregation in nanograined Fe models 

To investigate the grain-size effect on the HE mechanism, we first added H atoms to the 



 

 

models and let the H atoms fully segregate to the GBs. The distribution of the H atoms in the 

4 models after annealing is shown in Fig. 3, from which we can see that the annealing process 

did not change the grain arrangement and the GBs remained at their equilibrium positions. 

Most of the H atoms segregate to the GBs and other defect sites, such as dislocation cores and 

vacancies, while some are located at normal interstitial sites.  

 

Fig. 3. H distribution in (a) NG6, (b) NG12, (c) NG28, and (d) NG24. The H concentration in 

this figure is 3% (H3). Dislocation lines are colored by their types, as in Fig. 2. 

To characterize the GBs in the 4 nanograined models, we first calculated the length of the 

GB per unit area (l-GB) and GB atom ratio (number of GB atoms against total number of 

atoms, GB atom%), which are shown in Table 1. The GB free volume (FV), which is the 

excess volume due to the existence of GBs, is another important characteristic of GBs. Here, 

we calculated the FV in the 4 nanograined models by: 

                            (1) 

where              volume of the model after annealing and       corresponds to the 

volume of the bulk bcc Fe with the same number of atoms as the nanograined model. The 

calculated FV values are shown in Table 1, which shows that GB length, FV, and GB atom 

ratio have a positive correlation with each other.  

After the H segregation simulations of the 4 nanograined models were completed, H 

atoms that segregated to the GBs were counted, and the segregation ratios were calculated, 

which are listed in Table 1. For the 4 nanograined models, the segregation ratio (Seg-H1, H2, 

H3) is almost independent of the H concentration and decreases as the GB density 



 

 

(represented by l-GB), GB atom ratio and FV decrease. In an equilibrium state, the 

segregation ratio should only depend on the number of segregation sites and the segregation 

energy at that site; therefore, for the same model, the H segregation ratio should be the same. 

The variance in the segregation ratio originates from defect sites other than GBs in the models 

that also trap H atoms. However, the defect sites, like dislocation cores and vacancies, are 

much lower in number than the number of GB trapping sites; therefore, they saturate quickly 

with the rest of the H atoms segregate to the GBs. This explains the increased segregation 

ratio as the H concentration increases. Upon comparing the segregation ratio of models with 

different grain sizes, we can see that as the grain size decreases, the segregation ratio 

increases, which means that small-grain models have a higher H trapping ability than the 

large-grain models.  

The H concentration at the GBs (HGB) of the 4 models with 3 levels of H concentrations 

are listed in the last 3 columns of Table 1. The value of HGB is calculated as the number of H 

atoms per unit length (nm) in the GBs. By comparing the HGB of the 4 nanograined models, 

we find that as the grain size decreases, the HGB also decreases. Owing to the refined grain 

size, NG6 has a much higher GB density than NG18 and NG24; thus, even though the 

segregation ratio of NG6 is the highest, its HGB is only half that of NG18 and NG24, rendering it 

more resistant to HE than NG18 and NG24.  

 

Table 1. GB length (l-GB), FV, GB atom ratio (GB atom%), and H segregation ratio at the 

GBs at 3 H concentration levels (Seg-H1, H2, H3), and the H concentration at GBs at 3 H 

concentration levels (HGB- H1, H2, H3) in NG24, NG18, NG12, and NG6. 

Grain 

size 

l-GB 

(Å/nm
2
) 

FV 

(%) 

GB 

atom% 

Seg-

H1 

Seg-

H2 

Seg-H

3 

HGB-

H1 

HGB-H

2 

HGB-H

3 

24 nm 0.063  0.32 2.25% 0.484 0.523 0.530 76.15  301.03  659.09  

18 nm 0.084  0.37 2.96% 0.536 0.554 0.588 65.15  242.76  551.16  

12 nm 0.126  0.42 4.37% 0.681 0.712 0.722 54.70  211.53  457.28  

6 nm 0.253  0.55 8.50% 0.844 0.863 0.898 31.17  124.31  287.25  



 

 

 

4. Uniaxial tensile test simulations in H-segregated nanograined Fe models with different 

grain sizes 

 Uniaxial tensile test simulations were then performed on the H-segregated NG24, NG18, 

NG12, and NG6 to obtain their mechanical response under the influence of hydrogen. The 

maximum strain is 50%. The stress-strain curves of the models at 4 different H concentrations, 

which include no H, H1, H2, and H3, are plotted in Fig. 4.  

Fig. 4. Stress-strain curves from the (a) NG24, (b) NG18, (c) NG12, and (d) NG6 models with no 

hydrogen and hydrogen concentrations of H1, H2, and H3.  

 

24 nm grain model (NG24) 



 

 

 

Fig. 5. The snapshots of NG24 without H and with H concentrations of H1, H2, and H3 at 10%, 

15%, 20%, 40% and 50% uniaxial strains. 

The atomic configuration snapshots at 10%, 15%, 20%, 40% and 50% strain of NG24 

during tensile simulations are plotted in Fig. 5. Fe atoms are colored according to common 

neighbor analysis, as in Fig. 1, and H atoms are colored dark green and are enlarged for better 

observation. Dislocation lines are marked and colored according to their types. The 

corresponding stress-strain curves are shown in Fig. 4a. As stated in the previous section, 

plastic deformation of NG24 happens mainly through dislocation activities. From Fig. 5, we 

can see that when a low concentration of H is added, as in the no H and H1 cases, dislocation 

nucleation in the grain interior and dislocation movement can be observed, and dislocation 

pile-ups are found near several GBs, indicating that intragranular deformation rather than 

intergranular deformation is dominant for NG24. From the curved fracture surface and crack 

tips found inside grains in the no H case, we can also see that the fracture mode is ductile 

rather than brittle. 

As the H concentration increases, the fracture surfaces become flat. In the H3 case, the 

model fractures within 20% strain, indicating a large amount of ductility loss due to H 

segregation at the GBs. In NG24, we suppose that for the high H concentration case, the HE 



 

 

mechanism is mainly the HEDE mechanism, where the cohesive strength of the GBs is 

greatly reduced by H segregation, and GBs fracture at relatively low strain, as seen in the 

stress-strain relation in Fig. 4a. For the low H concentration case, the more complicated 

hydrogen-enhanced- plasticity-mediated decohesion mechanism should be applied, which 

suggests that the HE mechanism involves the interaction of H atoms, dislocations and GBs. 

However, due to the timescale limitation, we cannot simulate H diffusion toward dislocation 

cores, which can facilitate dislocation movement and enhance local plasticity. Therefore, 

hydrogen-enhanced-plasticity is difficult to observe in the present MD simulation work. 

18 nm grain model (NG18) 

 

Fig. 6. The snapshots of NG18 without H and with H concentrations of H1, H2, and H3 at 10%, 

15%, 20%, 40% and 50% uniaxial strain. 

 

The snapshots of NG18 during tensile simulations are plotted in Fig. 6. The corresponding 

stress-strain curves are shown in Fig. 4b. Similar to NG24, dislocation nucleation and 

movement in the grain interior can be observed. For cases with low H concentrations, 

dislocation activities, including dislocations nucleated at the GBs and grain interiors, 

dominate the plastic deformation process. GB sliding, GB migration, grain rotation, grain 

growth and deformation twins are also observed. 



 

 

NG18 at concentrations of H1, H2, and H3 lose most of their stress-bearing ability within 

40% strain. The H3 case even fractures at barely 20% strain. From the grain shape change 

during deformation, we can see that GB-related intergranular deformation modes are more 

suppressed as H concentration increases. Although dislocations and twins also decrease as the 

H concentration increases, they are less influenced than the GB-related deformation modes. 

GB fracture occurs when GBs are substantially weakened by H segregation, while at the same 

time, deformation twins and dislocations exert a higher stress than the GBs can withstand. In 

the low H concentration case (H1), the weakening of GB strength by H segregation is not as 

severe, so the dislocations have time to move and pile-up; thus, the fracture surfaces are 

curved and look like a quasi-cleavage fracture surface. In the high H concentration cases (H2 

and H3), the GBs are so weakened by H segregation that a few dislocations and deformation 

twins could exert enough stress to fracture the GBs.  

 

12 nm grain model (NG12) 

 

Fig. 7. The snapshots of NG12 without H and with H concentrations of H1, H2, and H3 at 10%, 

15%, 20%, 40% and 50% uniaxial strain.  

 

The snapshots of NG12 during tensile simulations are plotted in Fig. 7. The corresponding 

stress-strain curves are shown in Fig. 4c. Since 12 nm is higher than the critical grain size for 



 

 

the inverse Hall-Petch effect, dislocations can nucleate and pile-up in the grain during 

deformation. In addition to dislocation activities, deformation twins, GB sliding, GB 

migration and grain rotation are commonly observed in NG12 with no H added. Due to the 

small grain size, GB-related deformation is more important in NG12 than that in NG18 and 

NG24.  

As the H concentration increases, the observations of dislocations and deformation twins 

decrease, GBs are mostly pinned to their original positions, and grain rotation occurs much 

less frequently than that for the no H case. Since GB-related deformation modes, like GB 

migration and grain rotation, play important roles during plastic deformation of NG12, the 

suppression of GB-related deformation due to H segregation at the GBs forces NG12 to 

deform by dislocation activities and deformation twins, which can induce GB fracture. 

Therefore, H segregation to the GBs not only weakens GB cohesive strength but also 

suppresses GB-related deformation.  

 

6 nm grain model (NG6) 

 

Fig. 8. The snapshots of NG6 without H and with H concentrations of H1, H2, and H3 at 10%, 

15%, 20%, 40% and 50% uniaxial strain.  

 



 

 

The snapshots of NG6 during the tensile simulations are plotted in Fig. 8. The 

corresponding stress-strain curves are shown in Fig. 4d. In Fig. 8, we can see that similar to 

NG12, the H atoms segregated at the GBs greatly inhibit the GB-related intergranular 

deformation modes. As the H concentration increases, the grains retain an increased amount 

of their original shapes, while grain growth and rotation decrease. Deformation twin and 

dislocation nucleation are also suppressed by the increased H concentration, as few 

deformation twins and dislocation activities are observed during the deformation process as 

the H concentration increases. From the dislocation lines along the GBs, we can see that H 

segregation largely changes the local atomic configurations and causes a decrease in the 

density of the GB dislocations. This local atomic configuration change may have resulted in 

the suppression of GB dislocation nucleation. As deformation twins are also formed by partial 

dislocation slip, the suppression of dislocation nucleation should also suppress twin formation. 

This hypothesis can be partly confirmed by Fig. 4d, in which the peak stress of H3 is higher 

than those of the other cases, indicating that the onset of plastic deformation, such as full or 

partial dislocation nucleation, is delayed due to the high H concentration at the GBs. However, 

despite the inhibiting effect of the H segregation, GB migration is still observed. The GB 

between grain A and B migrates upwards regardless of the segregated H atoms, leaving the H 

atoms behind, which can be seen from the enlarged plot of the GB between grain A and B. 

The H atoms that are originally segregated at the GB between grain A and B move to 

neighboring boundaries. The GB migration finally results in the growth of grain A. 

Compared with models of larger grain size, NG6 is the least susceptible to HE. The 

fracture surfaces of NG6 at H3 are mostly curved, and the model does not fracture until 47% 

strain is reached, which is in clear contrast with the flat fracture surfaces in NG12, NG18 and 

NG24 at H3. Due to this obvious difference, we propose two explanations. First, the increased 

GB density in the 6 nm grain model makes it more likely to deform by GB-related 

intergranular deformation. Although the intergranular deformation is inhibited by the H 

segregation at the GBs, some GBs could still migrate and cause grain rotation or grain growth 

to accommodate the stress (see grain A and B in NG6-H3). Second, the increased GB density 



 

 

in the 6 nm grain model decreases the H concentration per unit length of GB, given that the 

total H concentrations in the models are the same. As shown in Table. 1, the HGB of NG6 is 

less than half of the HGB of NG24, despite the fact that the GB segregation ratio of NG6 is 

higher than that of NG24 by 65%. The decreased H concentration mitigates the embrittling 

effect of H segregation, enabling the model to have an increased toughness.  

From the above simulation results and analysis, we can conclude that H atoms can 

suppress GB-related intergranular deformation. The inhibitory effect of H on GB movement 

can be understood through the impurity-drag theory
59-60

, which suggests that solute atoms can 

greatly decrease GB mobility. The MD simulation performed by Yi et al. 
61

 also showed that 

H atoms could hinder GB migration by increasing GB disorder. In addition to GB migration, 

we suggest that H atoms might also inhibit the nucleation of GB dislocations by changing the 

local atomic configuration of the GBs. The suppression of plastic deformation induced by H 

segregation at the GBs along with H-induced weakening of the GB strength cause the early 

fracture of NG6-H3. We can also see that even with high concentration of H along the GBs, 

NG6 still retained a high toughness, indicating its high resistance to HE.  

 

 



 

 

Fig. 9. Stress-strain curves of NG24, NG18, NG12, and NG6 at different H concentrations. The 

results are shown for (a) H1, (b) H2, and (c) H3. (d) Toughness versus grain size for NG24, 

NG18, NG12, and NG6 with H concentrations of H1, H2, and H3. 

Finally, the stress-strain curves of the 4 models at different H concentrations are replotted 

in Fig. 9 with results of the same H concentrations shown in the same plot. The toughness of 

the models was calculated by integrating the stress-strain curves, and the toughness versus 

grain size relations are plotted in Fig. 9d. It should be noted that as NG6 did not fracture at H1 

and H2, the toughness calculated is lower than the actual value. For all H concentrations, the 

toughness values of the models increase as the grain size decreases, confirming the hypothesis 

that refining the grain size can enhance the HE resistance of nanograined Fe. When the grain 

size is as small as 6 nm, HE-induced fracture does not happen until the H concentration 

increases to 3% (H3). The increased resistance to HE comes not only from the decreased H 

concentration at the GBs due to the increased GB density in small-grain models but also from 

the enhanced GB-related intergranular deformation modes due to a reduced grain size. 

5. Discussion 

Fig. 10 plots the peak stress of the stress-strain curves (Fig. 2d) from the 8 nanograined 

models versus their grain size and the toughness of the H-segregated models at H2. The 

critical grain size dc is where the transition from the normal Hall-Petch relation to inverse 

Hall-Petch happens. As the grain size decreases below dc, the dominant deformation modes 

transfer from dislocation activities in the grain interiors to GB-related deformation, including 

GB migration, GB sliding, grain rotation, grain growth, deformation twins and dislocations 

that are nucleated at the GBs, as shown in Fig. 2b and 2c. In the inverse Hall-Petch region, the 

GB-segregated H atoms embrittle the NGs by inhibiting GB motion, which increases the 

difficulty of plastic deformation. However, due to the high density of GBs and abundance of 

GB-related deformation modes, the small-grain model has a high resistance to HE. In the 

normal Hall-Petch region, GBs generally play a minor role during plastic deformation, while 

dislocation activities in the grain interiors become increasingly important as the grain size 

increases. Hydrogen then influences the toughness by the commonly known 



 

 

‘hydrogen-enhanced-plasticity-mediated decohesion’ mechanism, where dislocations 

enhanced by hydrogen pile-up at and impinge GBs to cause the fracture of the already 

weakened GBs.  

  



 

 

 

Fig. 10. Peak stress of the stress-strain curves (Fig. 2d) of the 8 nanograined models versus 

their grain size and toughness versus grain size for NG24, NG18, NG12, and NG6 with H 

concentrations of H2; The critical grain size dc is where the transition from the normal 

Hall-Petch relation to inverse Hall-Petch happens. 

From the GB segregation results in Table 1, we can see that although the H segregation 

ratios in the small-grain models are much higher than those in the large-grain models, the HGB 

values of the small-grain models are still lower than those of the large-grain models, given 

that the total H concentration is the same. This is due to the high GB density in small-grain 

models, which has a ‘dilution effect’ on the H segregation at the GBs. Several studies about 

the grain-size effect on the HE of nanograined metals have suggested that the ‘dilution effect’ 

resulting from a high density of GBs can enhance the HE resistance of materials
36, 38

. 

However, confirming this hypothesis with experiments is not easy. Here we use MD 

simulations to provide evidence for the ‘dilution effect’ from the GBs.  

The simulation results confirmed the possibility of increasing HE resistance by grain 



 

 

refinement to nanosized grains. Grain refinement could have two effects: it may dilute the H 

concentration at GBs to reduce the H-induced GB decohesion and it may promote GB-related 

intergranular deformation. In our simulations, the largest grain diameter was only 4 times 

larger than the smallest; therefore, the ‘dilution effect’ was not obvious. If we can achieve 

grain refinement from the micrometer scale to the ~10 nm scale, the GB density would be 

increased by 10
4
 times, and the ‘dilution effect’ would be much more influential.  

Last, we would like to discuss the limitation of the current simulations. First, tensile test 

simulations were carried out at room temperature and a high strain rate. In real cases, HE 

usually happens at a low strain rate where the H atoms have enough time to diffuse toward 

defect sites that are generated during the deformation. However, in our simulation, H atoms 

do not have enough time to diffuse toward the generated defect sites, making the observed 

deformation process different from the real case. Therefore, understanding the simulation 

results should focus on the H segregation effect on GB-related intergranular deformation and 

the grain-size effect on the plastic deformation mode. Second, the largest grain size simulated 

is only 24 nm, which is still extremely small. From our simulations, it is difficult to predict 

the deformation modes and HE mechanism in nanograined materials with grain sizes of 

approximately 100 nm. At the same time, there are only 9 grains in our models. To obtain a 

more realistic simulation, one should adopt models with larger grain sizes and more grains 

than those that were used herein, which is planned for our following studies. However, the 

current study focuses on the comparative analysis of the HE mechanism in models with 

different grain sizes. We believe that from the simulation results, it is possible to reveal the 

grain-size effect on the plastic deformation and the HE mechanism of nanograined Fe. Apart 

from the above two limitations, it should be noted that the results and discussions of the 

current research are based on the assumption that the H concentrations in models with 

different grain sizes are the same. Considering that GBs are effective hydrogen traps, in real 

cases the H concentration in smaller-grain samples would be higher than their coarser-grain 

counterparts. A more realist model should consider the different hydrogen uptake in models 

with different GB density. Such kind of data could only come from experimental results and 



 

 

would be our next step.  

Conclusions 

In summary, we performed a series of MD simulations to investigate the grain-size effect 

on the HE mechanism in nanograined Fe. Models of different grain sizes but with the same 

grain distribution were built. The equilibrium atomic structures of the models without H and 

with H segregation were obtained by heating and cooling process. The H segregation results 

show that given the same total H concentration, the segregation ratio increases with 

decreasing grain size; however, in contrast, the H concentration values at GBs decrease with 

decreasing grain size, owing to the high GB density in the small-grain models. The HE 

mechanism in models with different grain sizes is revealed by uniaxial tensile test simulations. 

It is found that in the large-grain models (NG18 and NG24), dislocation activities are the main 

deformation modes. Therefore, for the models with large grains, the HE mechanism involves 

the interaction of dislocations, GBs and H atoms that segregate at GBs, and the HE 

mechanism could be well described by the ‘hydrogen-enhanced-plasticity-mediated 

decohesion mechanism
29, 33

; however, in the small-grain models, GB-related intergranular 

deformation, including GB migration, GB sliding, grain rotation, grain growth, deformation 

twins and dislocations that nucleate at GBs dominate the plastic deformation. The segregated 

H is then found to mainly influence the toughness of the models by inhibiting GB-related 

deformation. By comparing the mechanical response of models with different grain sizes and 

the same total hydrogen concentration, we can see that the small-grain model has an increased 

HE resistance, not only because the high GB density dilutes the H concentration at the GBs 

but also because of the abundant GB-related deformation modes.  
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