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Grain boundary diffusion of hydrogen atoms in the a-iron is analysed based
on the theoretical modelling. By means of molecular-dynamics simulation of
hydrogen-atoms’ migration in selected special grain boundaries with differ-
ent misorientation angles as well as in the bulk, it is demonstrated that the
activation enthalpy of hydrogen migration in the grain boundary is higher
than that in the bulk. Based on this result, a conclusion is made that grain
boundaries in the iron are traps for hydrogen atoms and retard their migra-
tion. As supposed, an increase in the hydrogen grain-boundary diffusion, as
observed in some experiments, is related to the hydrogen-caused intergranu-
lar cracking.

3a IOTIOMOI0I0 TEOPETUYHOTO MOJeJIOBAHHA OyJI0 IPOoaHAasi30BaHO 3epHOME-
JKOBY au(ysiio aToMiB BOAHIO B O-3aii3i. MoJjleKyaapHO-IUHAMIUHEe MOZEJI0-
BaHHA Mirparii aToMiB BOJHIO B 00paHMX MeKaX 3epPeH 3 PisHUMU KyTaMU Ie3-
opieurarii, a Takox B 00’eMi 3epHa, IIOKAa3aJIo0, 1[0 eHTAJbIIiA aKTUBAIlil Mir-
paiii aTromiB BOAHIO IT0 MeXKaX 3epeH BUIIA, Hi’K BiATIOBifHe 3HAUeHHS B 06’ eMi
s3epHa. Ha miarpysari mux pesyabTaTiB 3po6JieHO BUCHOBOK, ITIO0 MEKi 3epeH y
3aJIisi € macTKaMu JJIsT aTOMiB BOJHIO i CIIOBiIBHIOIOTE iX Mirpairito. 3po6aeHo
OPUIIYIIeHHs, 1110 30iJIbIeHHA KoedilienTa 3epHOMe:koBOi Audysii BogHIO,
sAKe CcIIocTepirajgocsa B AesAKNX eKCIIepUMeHTaX, 0B’ A3aHe 3 iHAYKOBAHUM BO-
ITHEM MiKKPHUCTAJIITHIM PO3TPiCKYBAHHSIM.

ITocpeacTBOM TEOPETHUUECKOrO MOIEINPOBAHUS NCCIEeN0OBAHA 3€PHOIPAHNYHAA
1udPysus aToMOB BOLOPOa B O-3Kejre3e. MOJIEKYIAPHO-ITUHAMIYECKOe MOJe-
JMPOBaHIE MUTPAIMU aTOMOB BOJOPOAa B BLIOPAHHLIX I'PAHUIIAX 3EPEH C pas-
HBIMHI yIJIaMi Pa30OpPHUEHTHPOBKM, a TaK »Ke B 00bEéMe 3epHa, II0Ka3ajo, UTO
SHTAJBINA AKTUBAIMNA MUTPAIMKA aTOMOB BOZOPOJA II0 TPAHUIAM 3EPEH BbI-
1lIe, YeM COOTBETCTBYIOIee 3HAUeHNEe B 00béme 3eprHa. OCHOBBIBASCH HA STUX
pesyibTarax, cIeJiaH BLIBOJ, UTO TPAHUIILI 3€PEH B JKejlese SIBJIAITCS JIOBYIII-
KaMHu JJIsI aTOMOB BOZOPOJA U 3aMeIJIAIT UX Murpamnuio. CrelaHo mpenmoso-
JKeHUe, YTO yBeJInueHne Koa(ppuiineHTa sepHorpannyHoin aud@ysunr BOIOPO-
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Ia, HabJumogaBIIeecss B HEKOTOPBIX SKCIEPUMEHTAX, CBSI3aHO ¢ MHAYI[MPOBAH-
HBIM BOJOPOIOM MEXXKPHUCTAJJINTHLIM PACTPECKUBAHUEM.

Key words: o-iron, hydrogen-in-metal diffusion, special grain boundaries,
molecular dynamics.

(Received 24 February, 2014 )

1.INTRODUCTION

The phenomenon of materials degradation by hydrogen atoms, which is
denoted as hydrogen embrittlement, takes important place in the mod-
ern material science. In practice, it appears as a substantial change in
the mechanical behaviour of materials being exposed to severe hydro-
gen environment [1-3]. Under such conditions, the fracture takes
place under applied stresses, which are much lower as compared to
those for hydrogen-free materials [4]. The analysis of hydrogen inter-
action with different structural defects like dislocations, grain bound-
aries, and precipitates, is important to understand the peculiarities of
hydrogen embrittlement. Taken into account that majority of materi-
als used in industry are polycrystals and that the volume fraction of
grain boundaries is usually high, the analysis of interaction between
this structural defect and hydrogen atoms is of both scientific and
practical significance (see, e.g., [5—12]). After the penetration into ma-
terial, the redistribution of hydrogen atoms can occur via different
mechanisms, for example by the lattice or grain-boundary diffusion, as
well as via dislocation transport. Among such diffusion pathways, a
particular attention to the grain-boundary diffusion is related with the
idea that the grain boundaries are the fastest diffusion paths. Never-
theless, the analysis of experimental data reveals that this approach is
rather controversial. By measuring tritium concentration profile in
304 and 316 austenitic steels, Calder et al. [13] have shown that the
grain-boundary diffusion coefficient was by eight orders of magnitude
higher than that in the bulk. Using secondary ion mass spectrometry
(SIMS), Tsuru and Latanision [14] analysed hydrogen permeation in
the polycrystalline nickel. With the same techniques, Ladna and Birn-
baum [15] studied the hydrogen depth distribution profile. Both of
these studies have shown that grain boundaries increase the hydrogen
diffusion in nickel. Nevertheless, in the first case, the diffusivity en-
hancement was about a factor within 60 to 100, whereas in the second
one the enhancement was reported to be in the range of 8 to 17 times.
Kimura and Birnbaum [16] also observed the acceleration of hydrogen
migration along the grain boundaries in nickel. However, in this case,
the reported level of diffusion enhancement was only of a factor two.
As it is seen from the mentioned experimental results, the data of
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accelerated hydrogen grain-boundary diffusion are extremely differ-
ent even in case of one material. It is also confusing that the increase of
hydrogen grain-boundary diffusion in the austenitic steels is by sever-
al orders of magnitude higher than that in nickel, although the activa-
tion enthalpy for hydrogen migration in nickel is much lower in com-
parison with that in austenitic steels (0.4 eV for nickel [17] and in the
range of 0.52 to 0.57 eV in CrNi austenitic steels [18]). While analys-
ing the grain-boundary diffusion of hydrogen in nickel [15], it was re-
ported that the enhancement exists only along the 23 and not along the
211 boundaries. This result was attributed to the difference in the en-
ergy of these boundaries. In other words, the increase of hydrogen dif-
fusion along the grain boundaries cannot be considered as a general
rule.

In contrast to the above-mentioned results, the enhancement of hy-
drogen diffusion along the grain boundaries was not confirmed in some
studies (e.g., [19, 20]), and moreover, the opposite results were ob-
tained [21]. A comparison between the diffusion of hydrogen atoms in
the single crystal and nanocrystalline palladium was performed in
[22]. It was demonstrated that, at small hydrogen concentrations, the
effective diffusion coefficient is higher in single crystal Pd, which
suggests that the grain boundaries limit the hydrogen atoms mobility.
With increasing hydrogen content, the effective diffusion in the nano-
crystalline Pd starts to dominate.

The results mentioned above reveal that additional studies of hy-
drogen grain-boundary diffusion are necessary. In the present paper,
the analysis is made based on the theoretical modelling. By means of
theoretical calculations, it is possible to separate effects caused by hy-
drogen diffusion from other phenomena in materials, which can occur
during experimental studies.

2. THEORETICAL CALCULATIONS

To study diffusion of hydrogen in the o-iron and the interaction of hy-
drogen atoms with the grain boundaries, a classical molecular-
dynamics simulation was carried out using the large-scale atom-
ic/molecular massively parallel simulator (LAMMPS) program pack-
age[23].

Taking into account a very low solubility of hydrogen in the o-iron,
a single crystal of pure iron of bec structure with dimensions of about
143x143x143 A® was constructed with crystallographic orientations
<100>, <010> and <001>. This single crystal contains approximately
250000 atoms. The symmetric-tilt grain boundaries were generated
within the framework of the coincidence site lattice (CSL) theory [24,
25]. According to this theory, a symmetric tilt grain boundary is creat-
ed by rotating the two parts of the single crystal around the tilt axis
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and connecting them along the boundary. In general, the crystallog-
raphy of grain boundary could be described by the five independent
macroscopic parameters: the three to specify the mutual misorienta-
tion and the two to determine the grain-boundary plane. In our case,
the rotation axis is <001> and the grain-boundary planes are (310),
(410), and (710). An energy minimization procedure was applied to get
an equilibrium configuration with the minimum energy value. The
simulation cells for each case have a rectangular shape and the side
lengths were chosen to satisfy the CSL conditions. For all the cells, pe-
riodic boundary conditions were applied.

The hydrogen atoms were homogeneously distributed over the whole
volume of the cells, taking into account the well-known data that hy-
drogen atoms thermodynamically prefer to occupy the tetrahedral in-
terstitial sites of the b.c.c. lattice [26, 27]. For all the simulations, the
hydrogen concentration does not exceed 2 mass ppm, i.e., the content
that can be obtained experimentally, for the comparison.

To characterize atomic interactions, a potential developed in [28]
from the embedded atom method potential [29—31] was considered. For
the Fe—H interaction, an extensive database of energies and atomic
configurations obtained by the density functional theory (DFT) calcu-
lations was used in order to fit the cross interaction between Fe and H.

Initially, all the systems were relaxed using Gibbs NPT ensemble.
The pressure parameter (P) during the relaxation was controlled using
the Parrinello-Rahman technique [32]. The Nose—Hoover method [33,
34] was used, to keep a constant temperature (7). The pressure was
maintained at 0 Pa in all the simulations. Afterwards, we used Gibbs
NVT thermodynamic ensemble to monitor the atomic positions during
the steps of molecular dynamics. The NPT ensemble was applied for
500 ps to reach and stabilize the parameters at certain temperature
and, thereafter, NPT ensemble was used for 100 ps to monitor the
atomic positions at constant volume (V) and temperature.

To simulate a hydrogen permeation process, a supercell of b.c.c. iron
with a dimensions 90x180x85 A® had been created with a high-angle
special grain boundary X5 (310)[001]. The grain-boundary plane was
created orthogonal to the surface along <100> crystal orientation. Ini-
tially, the hydrogen atoms were homogenously distributed on the crys-
tal surface along <010> crystallographic axis, i.e., orthogonal to the
grain-boundary plane.

In the course of experimental measurements of hydrogen permea-
tion, the electric potential is applied to create a hydrogen flux in a
sample. To realize the same condition during simulation, an additional
force was applied to all hydrogen atoms along <100> axis. The value of
this force should satisfy two conditions: (i) it should provide the
movement of hydrogen atoms along the force direction, instead of ran-
dom walk; (ii) the energy created by this additional force component
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should not significantly exceed the activation enthalpy of hydrogen
migration, otherwise the difference between the hydrogen movement
in the bulk and in the grain boundary will be hidden. The temperature
of simulation was equal to 300 K.

3. RESULTS

Starting from the initial homogeneous distribution of hydrogen atoms
over the simulation cell, the relaxation using NPT ensemble results in
the change of spatial distribution of hydrogen. After the selected
simulation time, the hydrogen atoms segregated to the grain bounda-
ries. This atomic redistribution is shown in Fig. 1. The obtained result
is consistent with the experimental data reported in[35, 36].

During the simulation, the mean square displacement parameter
(MSD) was determined, which characterizes the spatial extent of ran-
dom motion of hydrogen atoms. Afterwards, based on the MSD, the
diffusion coefficient was derived following the Einstein expression:

1 1 2
D= MSD :a<|r(t)—r(0)| > (1)

where f is a time interval, r(¢) — r(0) is a distance travelled by atom over
a time interval ¢. The time variation of the mean square dependence
parameter for hydrogen atoms in the bulk iron for different tempera-
tures is shown in Fig. 2. The linear part on each curve allows determin-
ing the diffusion coefficient of hydrogen atoms at certain tempera-
ture. In the insert to Fig. 2, the dependence of hydrogen diffusion co-
efficient on the inverse temperature is shown.
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Fig. 1. Schematic view of hydrogen atoms redistribution when the grain
boundary is present in comparison with the bulk as a result of molecular-
dynamics simulation.
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Fig. 2. Time dependence of mean square displacement for hydrogen atoms in
the bulk o-iron at different temperatures. The insert shows the Arrhenius
dependence of hydrogen diffusion coefficient versus reciprocal temperature.

A comparison could be made between the calculated hydrogen diffu-
sion coefficient at room temperature and results of other theoretical
calculations, as well as experimental data. In comparison with other
molecular-dynamics data, our result (D=0.83-10°m?/s) is several
times higher, but similar to the data obtained using the centroid path-
integral molecular dynamics [37]. At the same time, our data are con-
sistent with the experimental results [38, 39]. The discrepancy with
other calculations could be related to the potential used in the present
study, which describes the Fe—H and H—H interactions more correctly.
It must be also mentioned about the scattering of the experimental da-
ta that strongly depends on the specimen purity.

In Figure 3, the temperature dependence of diffusion coefficient is
shown for hydrogen atoms in the o-iron with different types of special
grain boundaries. The analysis of such dependences in the Arrhenius
co-ordinates allows determining the activation enthalpy for hydrogen
atoms diffusion in the bulk and in the grain-boundary region. The cal-
culated data are presented in Table.

As follows from Table, the dependence of the grain-boundary energy
on the misorientation angle is in agreement with the trend that was
previously reported by Shibuta et al. [40] and Jaatinen et al. [41].
Therefore, it is confirmed that there are some energy cusps in such de-
pendence, which could be explained by a special atomic ordering, which
causes a change in the grain-boundary energy.
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Fig. 3. Arrhenius dependence of hydrogen diffusion coefficient on reciprocal
temperature for three cases of special grain boundaries.

A perfect agreement is obtained between the data calculated in the
present study and the experimental activation enthalpy for the bulk
hydrogen diffusion [39, 42]. The comparison of these data with those
obtained for the system containing grain boundaries clearly shows that
the activation enthalpy for diffusion of hydrogen in the vicinity of the
grain boundary is always higher.

The result of simulation of hydrogen permeation process is present-
ed in Fig. 4, where only the hydrogen atoms are shown and the graph-
ical analysis of these data is represented in Fig. 5. Starting from the
homogeneous distribution of hydrogen atoms on the one side of a crys-
tal containing a grain boundary, the concentration profile is signifi-
cantly modified with a time. As seen, the average penetration distance

TABLE. Characteristics of grain boundaries and results of molecular-
dynamics study.

Migoriniaion] s [mnergy,mayme| Actiyation Enihalo
Bulk 0.037x£0.004
(310)[001] 36.87 5 1073 0.314+0.017
(410)[001] 28.07 17 1102 0.341+0.011

(710)[001] 16.26 25 1023 0.244 +0.001
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of hydrogen atoms in the grain boundary is smaller than in the bulk
that corresponds to different values of the hydrogen diffusion coeffi-
cient in these two areas.

4. DISCUSSION

The models used for the analysis of many experimental data about
grain-boundary diffusion are based on the prediction that grain
boundaries are the fast diffusion path (see, e.g., [43—45]). However, it
has to be mentioned that the theory used in such models was developed
for the case of vacancy migration. The vacancy mechanism is tradi-
tionally used for the description of the enhanced grain-boundary dif-
fusion of substitutional atoms. Therefore, taking into account that the
grain boundaries are characterized by an increased concentration of
vacancies, it seems to be natural that the grain-boundary diffusion of
substitutional elements should be increased. This is consistent with all
the experimental data where the grain-boundary diffusion of substitu-
tional atoms is studied.

However, in case of the grain-boundary migration of interstitial at-
oms, vacancies cannot accelerate the diffusion of hydrogen atoms.
Moreover, the hydrogen atoms form complexes with vacancies in the -
iron. It reduces their mobility as the binding energy in the hydrogen-
vacancy complexes is added to the migration enthalpy energy. A strong

00 ©®O QO W o D WD 000
%
)

D

t=0 ps t="70 ps

Fig. 4. Schematic representation of hydrogen atoms redistribution in the o-
iron sample with 25 (310) special grain boundary after the time interval ¢.
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Fig. 5. Molecular-dynamics simulation of hydrogen penetration in the o-iron
crystal with X5 (310) special grain boundary. Initially, the hydrogen atoms
were homogeneously distributed on the surface of the simulated crystal. The
crystal size is of 90x180x85 A3.

affinity of hydrogen atoms to vacancies in the iron follows from the ab-
initio calculations [46].

The segregation factor is an important parameter that is included in
many theoretical equations used for the analysis of experimental data
obtained using the autoradiography, sectioning method or SIMS. Tak-
ing into account difficulties of a direct determination of this parame-
ter, on the one hand, and a strong affinity of hydrogen atoms with the
grain boundaries, on the other hand, (see Refs. [35, 36]), the analysis
of experimental data is quite complicated, which could be a reason for
such a big scatter in the experimental results, as mentioned in the In-
troduction. In this relation, the theoretical modelling has an ad-
vantage because the mobility of atoms directly located in the area of
grain boundary should be taken into consideration. An advantage of
theoretical modelling was also demonstrated in [47], where the theo-
retical predictions were formulated for observation of the enhanced
grain-boundary diffusion of hydrogen. Nevertheless, its application to
experimental measurements of hydrogen penetration in nickel [48] has
shown that the grain boundaries are not high diffusion path for hydro-
gen.

Our molecular-dynamics simulations show that grain boundaries
retard migration of hydrogen atoms. As follows from the comparison
between the values of activation enthalpy for diffusion of hydrogen in



1408 S.M. TEUSand V. G. GAVRILJUK

the bulk and in the vicinity of the grain boundary (see Table), the latter
is higher for all studied types of grain boundaries. It means that diffu-
sion along the grain boundaries should be decreased. This result sug-
gests that grain boundaries act as traps for hydrogen atoms and cannot
be a high diffusion path for them.

A simple physical substantiation can be proposed for the retarded
migration of hydrogen atoms along the grain boundaries. If hydrogen
atoms in the solid solution approach the grain boundary (the tendency
of hydrogen atoms to grain-boundary segregation also follows from
our modelling), the elastic term disappears from the chemical potential
gradient or significantly decreases. Thus, the grain-boundary migra-
tion of such atoms cannot be faster in comparison with that in the bulk.
An additional argument is that interstitial atoms create complexes
with the vacancies in the grain-boundary region, which also reduces
their mobility. It should be noted that we do not consider the case when
the density of grain boundaries is increased significantly that could be
in case of severe plastic deformation with the formation of nonequilib-
rium grain boundaries [49].

To explain the experimentally observed acceleration of hydrogen
diffusion along the grain boundaries (e.g., in [13, 17, 50]), which is in
contradiction with the results of our theoretical modelling, the follow-
ing approach could be proposed. During electrolytic charging, hydro-
gen atoms enter the bulk of the material and are redistributed there,
according to their affinity with the crystal-lattice defects. In the aged
material, the grain boundaries are the main lattice defects. Therefore,
based on the hydrogen enhanced localized plasticity mechanism
(HELP) in its elasticity [51] or electron interpretations [562], the for-
mation of hydrogen atmospheres in the vicinity of the grain bounda-
ries should result in some reduction of the stress needed for opening of
microcracks. Thus, an increased migration of hydrogen atoms, as ob-
served in some experiments, can be a consequence of the hydrogen-
induced grain-boundary microcracking with the further molecular hy-
drogen recombination in these cracks, its repeated dissociation at the
crack tips, and migration along the grain boundary.

The detailed analysis of experimental results presented in [50]
shows also that, at the initial stage of the hydrogen permeation pro-
cess, the flux is larger in the coarse grain specimens. With increasing
time, the hydrogen flux in the small grain material became larger. This
result can be evidence that, at the beginning, the grain boundaries act
as traps for hydrogen atoms and, only after the crack formation, the
hydrogen migration is intensified in the samples with smaller grains.

The suggested microcracking along the grain boundaries in the
course of hydrogen charging of the samples is also applied to the re-
sults presented in [22], where, at high hydrogen contents, the hydro-
gen grain-boundary diffusion coefficient is higher than that in the
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bulk. According to our approach, the increase in the density of hydro-
gen clouds around the grain boundaries results in the microcracks’ ini-
tiation caused by the operating HELP mechanism or the brittle phase
formation along the grain boundaries. Both effects can lead to the in-
crease in the effective hydrogen diffusion coefficient in the nanocrys-
talline Pd.

5. CONCLUSIONS

The role of the grain boundaries in the diffusion of hydrogen atoms in
the o-iron was studied based on the molecular-dynamics simulations. It
was shown that the migration activation enthalpy of hydrogen atoms
located in the vicinity of high-angle grain boundaries is higher as com-
pared to that in the bulk. The retardation of grain-boundary migration
of hydrogen atoms is explained by the disappearance or the drastic de-
crease of the elastic term in the gradient of chemical potential due to
capture of interstitial hydrogen atoms by the grain boundaries. An in-
crease in grain-boundary diffusion coefficient, as observed in some ex-
periments, can be related to the hydrogen-caused intergranular crack-
ing, which accompanies the hydrogen penetration because of hydrogen
segregation at the grain boundaries and corresponding hydrogen em-
brittlement.
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