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Abstract
Molecular dynamic simulations are invoked to study hydrogen (H) adsorption as well as its effects on the strength of pearlitic 
steels. In particular, the effects of H on the strength of the cementite  (Fe3C)–ferrite interphase and the ferrite–ferrite grain 
boundaries are investigated. It is observed that the thickness of the cementite phase and the ferrite grain boundary orienta-
tion influences H adsorption: the amount of adsorbed H atoms decreases linearly with the thickness of the cementite phase; 
the Σ3 ferrite grain boundaries with ~ 30° or 75° orientation trap the most H atoms. Upon comparing the tensile strength 
of atomic structures before and after the H adsorption, it is observed that the strength of the cementite–ferrite interface is 
increased after H adsorption. H adsorption and H cluster formation at or near the grain boundaries are observed to affect the 
strength and failure modes of the ferrite–ferrite grain boundaries.

Introduction

The influence of hydrogen on the mechanical properties of 
materials has been extensively studied. Three mechanisms, 
i.e., hydrogen-enhanced decohesion [1, 2], hydrogen-
enhanced localized plasticity [3, 4], and hydrogen-enhanced 
strain-induced vacancy formation [5, 6], have been proposed 
to explain the brittle intergranular fracture observed in fer-
ritic steels, enhanced dislocation mobility observed in Ni 
and Ni–C alloys, and the reduced mobility of H atoms due 
to trapping by vacancies, respectively. Some aspects of the 
mechanisms that contribute to H-induced damage have been 
validated by experiments.

While the effects of hydrogen on the material’s behavior 
can be readily characterized at the macroscale level, it is still 
challenging to directly observe the H adsorption process at 
the microstructural level. Hence, the precise nature of the 

interactions between H and microstructural features, such as 
internal defects, secondary phase particles, grain boundaries, 
as well as H’s effects on mechanical deformation, have not 
been fully understood.

With the development of potential functions for the inter-
actions between H, Fe, C, and other elements within steels 
[7] over the past decade, molecular dynamics simulations 
have been used to investigate H adsorption and H interac-
tions with internal defects of steels, such as vacancies and 
dislocations. The effect of H on dislocation mobility in 
α-ferrite lattice has been analyzed using nano-scale simula-
tion [3, 4, 8]. The effect of H on the mobility of the grain 
boundaries has also been explored [9–11], and improved 
strength of the H-adsorbed material, attributed to the obsta-
cle effect of H atoms, has been reported as well.

Recently, advances in atom probe tomography have 
enabled a detailed characterization of the actual distribu-
tion of H atoms in a H-charged ferritic steel [11, 12]. It is 
believed that the interfaces within the microstructure, such 
as the carbide–ferrite interface and the ferrite–ferrite grain 
boundaries, are more likely to trap the H atoms. Therefore, 
these phase boundaries and grain boundaries are expected 
to play critical roles in designing steels that resist H-induced 
damage. Hence, the present study is focused on understand-
ing H adsorption at two types of internal interfaces: the fer-
rite–cementite phase boundary and the ferrite–ferrite grain 
boundary. Since most grain boundaries within the micro-
structure are asymmetric [13, 14], the asymmetric tilt grain 
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boundaries are chosen for this study. Molecular dynamics 
simulations are invoked to analyze the effects of cementite 
thickness and the ferrite–ferrite grain boundary orientation 
on H adsorption at the phase boundaries and grain bounda-
ries and to assess the strength of these interfaces.

Modeling setup

The atomic structures were generated in the visualization and 
analysis software, OVITO [15], and all the molecular dynam-
ics simulations were conducted in LAMMPS [16]. There are 
three essential elements: Fe, C, and H, in pearlitic steels. Cor-
respondingly, three pairwise potential functions were adopted 
in the current study: (i) the modified embedded atom method 
(MEAM) potential functions from Liyanage [17] were used 
for cementite  (Fe3C) since these functions have been validated 
by the experimentally obtained elastic modulus and thermal 
properties; (ii) the potential functions from Ramasuramaniam 
[7], which have been widely implemented in previous simu-
lations [8–10], were utilized for the Fe–H interaction; and 
(iii) the MEAM potential functions from Nouranian [18] were 
used for the C–H interaction. Because two types of MEAM 
potential functions were utilized, additional computing capa-
bility was required to obtain the angular forces in the simu-
lated systems. The number of atoms in the simulation model 
was about 300,000, and the time step was fixed at 0.1 fs.

As shown in Fig. 1a, the microstructures of pearlitic 
steels that were modeled exhibited two characteristic 
interfaces—phase boundaries and grain boundaries. Eight 
models of ferrite–cementite interfaces with different thick-
nesses of the cementite phase, as shown in Fig. 1b, were 
developed. Since the ferrite–cementite interfaces should 
satisfy the orientation relationship proposed by Bagary-
atsky [19], the X, Y, and Z directions were selected to 

conform to the combination of ferrite/cementite direc-
tions as  [111]ferrite//[010]cementite, (112)ferrite//(010)cementite, 
and [110]ferrite//[100]cementite, respectively. The interface 
was along the X–Z plane. The thickness of the cementite 
in the diffusion simulation varied from 1.4 to 11.4 nm. Of 
the eight structures considered, four, denoted as C-1, C-2, 
C-3, and C-4, with cementite thickness of 1.4 nm, 2.8 nm, 
5.7 nm, and 11.4 nm, respectively, were analyzed for the 
effects of H adsorption on the interfacial strength. The 
model size was 11.5 nm in the X-direction, 25.8 nm in the 
Y-direction, and 11.5 nm in the Z-direction.

Furthermore, Σ3 grain boundaries were constructed to 
study H adsorption at the asymmetric ferrite tilt grain bound-
ary. Using the X-axis as the rotation axis, two adjacent ferrite 
grains were rotated to different degrees (φ: 10.02°, 29.50°, 
64.76°, and 81.95°) in ATOMSK [20]. The total angle (θ) 
was kept at 109.47°, as shown in Fig. 1c. Grain bounda-
ries with eight angles were implemented in the H diffusion 
simulation, and four of them (named as GB-1, φ = 10.02°; 
GB-2, φ = 29.50°; GB-3, φ = 64.76°; GB-4, φ = 81.95°) were 
selected for detailed analysis.

In the H adsorption simulation, about 0.08% H atoms were 
randomly distributed in the ferrite grains within the model 
structure to mimic long-time H diffusion or charging. The 
initial temperature was set to 300 K, and periodic boundary 
conditions were applied in the three directions. The conjugate 
gradient algorithm was utilized to optimize the initial system. 
The H diffusion and adsorption process were allowed to take 
place over 100 ps in the isothermal–isobaric condition to 
ensure saturation in H adsorption. The damping parameters 
for isothermal–isobaric ensemble are temperature damping 
parameter (Tdamp) = 100 timesteps and pressure damping 
parameter (Pdamp) = 1000 timesteps, respectively. The ten-
sile test simulations were conducted in the isothermal–iso-
baric condition with a  109/s strain rate. The limitations of 

Fig. 1  a The illustration of 
the microstructure with grain 
boundaries and phase bounda-
ries, b the ferrite–cementite 
interfacial structure as the red 
box highlighted in figure a, and 
c the sketch of atomic structure 
with grain boundaries as the 
blue box highlighted in figure a 
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Molecular dynamic (MD) simulations usually permit simula-
tions of tensile tests at high strain rates. There is a possibil-
ity that some deformation mechanisms that are dominant at 
lower strain rates and observed in experiments conducted 
at lower strain rates may not be captured in the MD simula-
tions. Thus, a direct comparison of MD simulation results to 
experiments is possible if the experiments are also conducted 
at equivalent high strain rates. However, within the limits 
of MD simulations, this study aims to obtain trends in the 
mechanical response of the material to H adsorption at the 
phase boundary and grain boundary interfaces.

Results and discussion

Hydrogen adsorption at the phase boundaries 
(ferrite–cementite interfaces)

Since the H atoms were mainly adsorbed by the carbon 
atoms in the cementite, the H atoms were considered to be 

adsorbed if the distance between one H atom and one C 
atom was less than 0.15 nm, which is the length of the C–C 
covalent bond. An in-house code was developed to record 
the atomic positions and obtain the number of captured H 
atoms. Then, the number of H atoms that was adsorbed at 
the interface, over time, was determined (Fig. 2a). It was 
observed that the initial adsorption rate was different in the 
four model structures considered. The structure with the 
thinnest cementite layer, C-1, had the highest H adsorp-
tion rate and took the longest time (~ 40 ps) to reach the 
saturation state with the most adsorbed H atoms. While the 
structure with the thickest cementite layer, C-4, had the low-
est adsorption rate and reached the H saturation limit faster 
than other structures. The relationship between the cementite 
phase thickness and the total number of adsorbed H atoms 
was determined (Fig. 2b) as follows:

The number of adsorbed H atoms = 238.71 − 19.07t2

+ 0.63t2 − 0.007t3,

Fig. 2  a The absorbed H atoms 
number versus time for the 
four structures (from C-1 to 
C-4), b the absorbed H atoms 
and cementite thickness (a is 
the lattice parameter of α-Fe, 
and equal to 0.28 nm) with the 
fitted curve in red dash line, c 
the stress–strain curves of four 
structures before H adsorption, 
d the stress–strain curves of 
four structures after H adsorp-
tion, and e dislocation analysis 
of four structures at 10% strain
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where t is the thickness of the cementite phase.
Subsequently, tensile stress was applied along the 

Y-direction on the four structures before and after the H 
adsorption. As shown in Fig. 2c and d, the strength of the 
ferrite–cementite interface was increased for all four struc-
tures after H adsorption. As observed in the response of the 
C-1 structure, the adsorption of more H atoms was corre-
lated to a greater increase in the interfacial strength. In all 
the four structures that were analyzed, a certain level of dis-
location activity was observed. Dislocations were generated 
near the ferrite–cementite interface and moved to the inte-
rior of the ferrite. However, comparatively more dislocations 
were generated and significant dislocation movements were 
observed in the H-adsorbed C-3 or C-4 structures, unlike in 
the case of C-1 or C-2 structures where the dislocation activ-
ity was much less. Thus, it can be reasoned that H adsorption 
decreases dislocation activity, reduces plastic deformation, 
and enhances the strength of the ferrite–cementite interface.

Hydrogen adsorption at the asymmetric tilt grain 
boundaries (ferrite–ferrite interfaces)

The thickness of the ferrite–ferrite grain boundary was about 
1 nm after relaxation. The criterion for the H capture at the 

grain boundary was set as 0.5 nm distance from the grain 
boundaries. The models with grain boundary structures took 
much longer times (about 1200 ps) than the ferrite–cement-
ite structures to reach H saturation. The four models (GB-
1, GB-2, GB-3, and GB-4) showed different H adsorption 
behaviors within 1200 ps. The structure GB-2 adsorbed the 
most H atoms, and structure GB-1 or GB-4 adsorbed the 
fewest H atoms.

The strength of the ferrite–ferrite grain boundaries before 
and after H adsorption was compared, by applying a ten-
sile stress and the resulting stress–strain responses of all 
the four structures are presented in Fig. 3c and d. The ten-
sile strength of the structures GB-1 and GB-4 was reduced 
after H adsorption at the grain boundaries, especially for 
the GB-4 structure, where an 8.6% reduction was observed. 
On the contrary, the tensile strength of structures GB-2 and 
GB-3 was increased. A 12.5% increment was observed in the 
tensile strength of GB-2. While the precise mechanism that 
causes the strength of a grain boundary interface to increase 
or decrease with H is not clear, the differences in the stress 
field gradients near the grain boundary region (which arises 
due to the differences in the grain orientations) that influ-
ence H diffusion and the formation of H clusters during the 
diffusion process (as shown in Fig. 3e), which contributes to 

Fig. 3  a The absorbed H atoms 
with grain boundary rotation 
angles from 10.02° to 81.95°, 
b the number of absorbed H 
atoms versus time for the four 
structures with different grain 
boundary rotation angles, c the 
stress–strain curves of the four 
structures before H adsorption, 
d the stress–strain curves of the 
four structures after H adsorp-
tion, e H distribution within 
four structure after H diffusion 
with H clusters marked in red 
circles, and f common neighbor 
analysis of GB-2 and GB-4 
structures
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the formation of nano-voids, could be important factors to be 
considered. As shown in Fig. 3f, failure of the grain bound-
ary interface is initiated with the formation of a crack near 
the grain boundary in the GB-2/GB-4 structure. The crack 
then propagates along the interface and moves into the fer-
rite grains. Thus, H adsorption and H cluster formation at or 
near the grain boundaries are observed to affect the strength 
and failure modes of the grain boundaries.

Overall, the current study illustrates that H adsorption 
and accumulation near the interfacial regions in pearlitic 
steels has the potential to increase the strength of the fer-
rite–cementite interface as well as the ferrite–ferrite grain 
boundaries for some grain orientations. This observation 
is consistent with the trends observed in a previous study 
[21, 22], where nanoindentation experiments were used to 
demonstrate that the regions near such interfaces generally 
exhibited higher nano-hardness. Combining the current 
simulation results with additional experimental results and 
microstructural analyses, such as electron backscatter dif-
fraction, would enable a more comprehensive understanding 
of the overall effects of H on the strength of pearlitic steels.

Conclusions

In the current study, molecular dynamics simulations were 
invoked to study H adsorption in pearlitic steels and its effect 
on the tensile strength of the ferrite–cementite phase bound-
aries and ferrite–ferrite grain boundaries. The thickness of 
the cementite phase and the orientation of the ferrite grain 
boundaries were observed to influence H adsorption and the 
strength of the corresponding phase and grain boundaries. 
A structure with thinner cementite adsorbed relatively more 
H atoms and exhibited increased interfacial strength. The 
extent of H adsorption and the strength of the Σ3 ferrite–fer-
rite grain boundaries were dependent on the orientation of 
the grain boundaries.
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