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The effect of hydrogen and carbon on the mobility of a grain boundary in the
a-iron is studied by means of molecular dynamics. The calculations are per-
formed within the linear elasticity approach. Both hydrogen and carbon at-
oms reveal a strong tendency to grain boundary segregation. As shown, the
hydrogen atoms, located in the vicinity of the grain boundaries, decrease the
activation enthalpy of grain boundary migration, which results in their
higher mobility in comparison with the hydrogen-free case. In contrast, the
carbon atoms strongly pin the grain boundary at its initial position within
the whole range of temperatures and also under the strain used in the model-
ling. The obtained results are interpreted based on the opposite effect of the
studied interstitial elements on the atomic interactions: the increase in the
concentration of free electrons due to hydrogen and its decrease due to car-
bon. As supposed, the hydrogen-caused increase of grain boundaries mobility
can be a reason for the early start of recrystallization, as it is observed in the
hydrogen-charged iron-based alloys.

Key words: hydrogen, carbon, interatomic bonding, electron structure, grain
boundary mobility, molecular dynamics.

BriuB BOLHIO Ta BYTJIEII0O HA PYXJUBICTh MeXK 3epeH B o-3ajisi OyJio mocii-
JIKeHO i3 BUKOPUCTAHHAM METOAY MOJIEKYJIAPHOI nuHaMiku. PospaxyHku 6y-
JI0 BUKOHAHO B PAMKAaXxX IPYsKHOTO HabOJMKeHHA. BogeHb Ta ByrJIelb BUABIIA-
I0Th CUJBHY CXUJIBHICTBH A0 3epHOMEK0BOI cerperariii. Ilokasano, 1o 3Haxo-
ISAYKMCh B OKOJIi MeXK 3epeH BOJeHb 3HIKYE 3HAaUeHHSA eHTaJbHOil akTuBaIii ix
Mirpairii, 110 IPOABAATHCA Y IIiABUINEHilT MOOiJIBHOCTI MeXX 3epeH y IIOPiB-
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HSHHI 3 BUIIAJKOM HEHaBOJHEHOro 3pa3ka. Ha mporuBary mpoMmy, aTOMHU BYyT-
JIeII0 MIiITHO 3aKPillJIIOIOTh MEKYy 3epHa Ha il BUXigHi# mo3uIlii Ha BCbOMY TeM-
mepaTypHOMY iHTepBaJIi i IpW Bcix 3HAUEHHAX Aedopmailrii, BUKOPUCTAHUX
mpu MozeaoBaHHI. OTpuMaHi pes3yabTaTH iHTEPIPETYIOThCA 06a3youuch Ha
OPOTUJIEKHOMY BILJIMBI €JIEMEHTIiB Ha MisKaTOMHI B3aeMOAii: IIigBUINEHHA
KOHIIeHTpAIlii BiTbHUX eJeKTPOHIB BOAHEM Ta iX 3HUKEHHS ByrJereMm. [Ipu-
MYCKAEThCA, 1[0 CIPUUYNHEHA BOJHEM HiBUINeHA PYXJIUBICTh MeXKi 3epHa MO-
sKe OyTU MPUYMHOIO PAHHBOTO CTAPTy pPeKpucTaiaisallii, 1o coocrepiraeTbes B
HaBOJHEHUX CIIJIaBaxX Ha OCHOBI 3aJjisa.

KuarouoBi cioBa: BozeHb, ByIJjenb, MiKaTOMHUY 3B’ A30K, €JIEKTPOHHA CTPYK-
Typa, PpyXJIUBICTb MesKi 3epHa, MOJeKyJIApHa JUHAMIKa.

Biuanue Bomopoza u yriaepoia Ha IOABUKHOCTL T'DAHUI] 3€PEeH B a-)KeJje3e
OBLJIO MCCJIEOBAHO C MKCIIOJH30BAHMEM METOJa MOJIEKYJIAPHOM NUHAMUKU.
Pacuérsl BRIIOJHEHEI B paMKaXxX yIPyroro mpudan:keHusa. Bogopoa u yriaepos
IIPOABJIAIOT CUJIBLHYIO CKJIOHHOCTh K 3epHOTPaHUYHON cerperanuu. ITokasano,
YTO HAXOAACH B OKPECTHOCTH I'PAHUIL 3€PEH, BOJOPO/ ITIOHUKAET 3SHAUEHUE DH-
TaJbIIUY AKTUBAIIMM WX MUTPAIlUU, UTO IIPOSBJISIETCA B ITOBBIINEHHONW MO-
OMJIBbHOCTU TPAHUIL 36PEeH B CPAaBHEHUM C HEHABOAOPOKEHHBIM o0pasioM. B
IIPOTUBOMIOJIO}KHOCTE 3TOMY, aTOMBI YIJIEPOAA JKECTKO 3aKPEILIAIOT I'DAHUILY
3epHa Ha €€ IepBOHAYAJBHOM IO3UIINM BO BCEM TeMIEPAaTypPHOM MHTepBaJe U
IIpU BCEeX 3HAYEHUAX AedopMamuy, MCHOJIb30BAHHBIX IPU MOJIEJIUPOBAHUU.
ITosryueHHbIe PEe3yJIbTATHI MHTEPIPETUPYIOTCA, OCHOBBIBAACH HA IPOTUBOIIO-
JIO}KHOM BJIMAHUU 9JIEMEHTOB HA MEXKAaTOMHBIE BBAUMOIEMCTBUA: MOBBINIIEHUN
KOHIIEHTPAIMU CBOOOJHBIX 3JIEKTPOHOB BOJOPOAOM U UX IIOHUKEHUU YTJIePO-
mom. IIpepmosiaraercs, YToO MHAYIMPOBaHHAA BOLOPOJOM IIOBBIIIEHHAA IIO-
IBUKHOCTH T'PAHUIILI 3€pHA MOMKET ObITh MPUYMHOM PaHHErO CTapTa PeKpH-
CTaJLIN3alluM, YTO HAOJII0ZaeTCA B HABOJOPOKEHHBIX CILJIaBaX Ha OCHOBE JKe-
Jesa.

KiaroueBsie cioBa: BOLOPOI, YIJIEPOM, MeEXKATOMHAs CBs3b, DJJIEKTPOHHAS
CTPYKTYPAa, IOABUKHOCTD I'DAHUIILI 3€PHA, MOJIEKYIAPHAA IUHAMUKA.

(Received June 2,2019)

1.INTRODUCTION

It is well known that grain boundaries (GB’s) significantly affect me-
chanical properties of metallic materials. Perhaps Lim and Ray [1]
were the first to shed light on the importance of GB structure for their
interaction with dislocation slip. Studying the low cycle fatigue in the
polycrystalline nickel, they have shown that cavities are formed due to
impingement of dislocation slip at grain boundaries. The probability of
cavitation increases with the > value of the grain boundary. Moreover,
the slip-boundary intersection can induce GB migration leading to nu-
cleation and growth of new grains.

The emission of dislocations by GB as a function of their structure
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was another effect studied by Lim and Ray [2]. The slip continuity
across the GB was found to be higher for the low X boundaries in com-
parison with the high > ones.

Earlier, Ponds and Smith [3] proposed a detailed mechanism for ab-
sorption of slip dislocations by the high angle GB. The emission or ab-
sorption of slip dislocations or blocking of slip by GB has been also in
detail studied in [4, 5].

A concept of ‘grain boundary design and control’ for optimization of
mechanical and chemical properties has been introduced by Watanabe
[6] claiming that bulk properties can be improved by increasing the
number of ‘special’ grain boundaries close to low X orientation rela-
tionships. As shown by Shvindlerman and Straumal [7], special grain
boundaries exist in a certain range of misorientation angles and the
magnitude of this angle range decreases with increasing .. Following
to Watanabe [6] and using a geometric model of crack propagation
through the intergranular paths, Aust et al. [8] confirmed importance
of the 2 grain boundary fraction control in the intergranular corrosion
of a Ni-based alloy. While analysing available experimental data on the
grain boundary character distribution, one can suppose that GB’s with
lower energies and low index planes are preferred.

Another approach to characteristics of GB’s in the crystals can be
based on their excess energy, i.e. the difference in the energy between
the defected and ideal crystals. As dominant defects in materials, the
grain boundaries reveal a wide variation in the excess energy. From
this point of view, important is the affinity of interstitial elements to
GB’s and, correspondingly, the effect of segregation on GB properties,
e.g. their mobility, which controls recrystallization.

Theoretical methods are widely used to describe the grain boundary
interactions with impurity atoms [9—-15]. A special attention is paid to
GB behaviour under effect of hydrogen and carbon. Both elements
have a strong tendency to grain boundary segregation (see e.g. [16—
18]). Nevertheless, their effect on mechanical properties of materials
is completely different.

Hydrogen in the iron-based alloys is known to cause embrittlement,
which frequently results in the intergranular fracture [19-21]. By
means of molecular static simulation on the iron-hydrogen system [22]
it was shown that hydrogen accumulation at the GB causes its decohe-
sion. As for the carbon, using the first-principles calculations, Yama-
guchi [11] has shown that the carbon surface segregation energy is
smaller than its segregation energy on the grain boundaries. This re-
sult is an indication that carbon can increase the GB cohesive energy.

It is worth noting that, in such theoretical studies, the grain bound-
ary is considered as a static defect. The application of external stress
could result in GB migration. For example, the shear-coupled grain
boundary migration model [23, 24] was proposed to explain the stress-
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driven growth of grains at room temperature in the nanocrystalline
aluminium [25]. The wide range of materials, where the stress-driven
GB migration manifests itself, allows to conclude, that this effect is
not restricted to the type of crystal lattice and has a general character.
The atmospheres of interstitial atoms around GB usually act as pin-
ning points and, thus, can affect GB mobility under driving force (see,
e.g.,[26—28)).

The aim of the present research is to perform a comparative study of
hydrogen and carbon effect on the grain boundary mobility in the o-
iron by means of molecular dynamics.

2. THEORETICAL METHOD

To study mobility of grain boundaries in the a-iron in presence of hy-
drogen and carbon, the molecular dynamics simulations were carried
out using the large-scale atomic/molecular massively parallel simula-
tor (LAMMPS) program package [29]. The simulations were performed
on the asymmetric tilt grain boundary x5[001](430)/(100) incorpo-
rated in the rectangular simulation box with crystallographic orienta-
tions <100>, <010> and <001>. The schematic presentation is given
in Fig. 1. To construct the grain boundary, the coincidence site lattice
theory (CSL) has been used [30, 31], where each half-crystal denoted as
‘cell 1’ and ‘cell 2’ is rotated around the tilt axis on different angles
and connected together along the obtained GB. To simplify the further
strain energy density calculations, the local coordinate system of ‘cell
1’ coincides with the global axes directions. To satisfy the CSL condi-
tions, dimensions of the global simulation box were ~71x287x30 A®
along the X, Y and Z axes, respectively.

Initial calculations have shown that the variation in the number of
atoms in the simulation box does not cause any change in the energy
characteristics. The periodic boundary conditions were applied in the
X and Z directions of the global coordinate system, whereas the bound-
aries in Y direction were treated as free surfaces to prevent GB’s inter-
action and allow expansion or contraction in this direction, which de-
pends on the externally applied forces. To obtain the equilibrium
structure, the energy minimization procedure was applied to the simu-
lation box amounting to the relaxation of atomic positions and GB in-
ternal degrees of freedom.

Initially, the hydrogen atoms were homogeneously distributed with-
in the simulation box taking into account that hydrogen prefers to oc-
cupy tetrahedral interstitial positions in the bcc lattice [32, 33]. Dur-
ing subsequent stages of temperature stabilization, the hydrogen and
iron atoms are allowed to relax. The bulk hydrogen concentration was
equal to 56 wtppm. In contrast to hydrogen, carbon atoms were homo-
geneously distributed in the area close to the GB. A reason for that is
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the much slower diffusion of carbon in comparison to hydrogen and,
taking into account the time scales used in the molecular dynamics, a
long time should be needed to observe the carbon atoms redistribution.
The concentration of carbon atoms in the iron was taken to be of 40
wtppm.

The atomic interactions in the iron-hydrogen system were character-
ized with potential developed in [34] based on the embedded atom
method potential [35—37]. For the Fe—H interaction, an extensive da-
tabase of energies and atomic configurations obtained by the density
functional theory (DFT) calculations was used in order to fit the cross
interaction between Fe and H. The pair atomic interactions in the iron—
carbon system were approximated with potential developed in [38]
with the appropriate description of short-range covalent interactions
of carbon p-electrons.

At the initial stage, all systems were relaxed using the Gibbs-NPT
thermodynamic ensemble, where N is a number of particles, P is a
pressure, and T is a temperature. This technique allows to control the
internal energy of the system and considers a thermal equilibrium
state with a heat bath under fixed temperature. The pressure parame-
ter during the relaxation was controlled using the Parrinello-Rahman
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Fig. 1. Schematic representation of simulation box with the asymmetric tilt
grain boundary inside.
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technique [39]. The Nose—Hoover method [40, 41] was used to keep a
constant temperature (T). The pressure was maintained at 0 Pa in all
the simulations. To reach and stabilize the parameters, the NPT en-
semble has been applied for 1.5 ns.

At the second stage, to initiate the grain boundary migration, a
permanent strain has been applied to the simulation box with a compo-
nents €, = ¢, = ¢ in relation to its global coordinates and the changes in
GB position have been observed for the next 4 ns.

3. RESULTS

The asymmetric tilt grain boundary has been chosen because of the
method used to initiate GB migration. There are several theoretical
methods to study GB mobility [42—49]. In the present research we have
chosen the method based on the driving force initiation. Two tech-
niques are widely used for that: (i) to apply the elastic strain to a bi-
crystal [42—44] and (ii) to add the artificial energy based on the local
orientation of the crystal lattices [45—47]. We used here the first one
because of its direct relation to physical processes. Nevertheless, as it
has been shown in [50], the simulation results do not depend on the
type of applied force under the condition of its linear correlation with
GB velocity. An external strain has been applied to the simulation cell
with its components along the X and Z directions of the global coordi-
nate system (see Fig. 1). The GB normal strain component, ¢,, was
equaled to 0 to prevent the external influence on the grain boundary
migration. An additional condition is that, within the elasticity limit,
€. = &,, = € to exclude the appearance of the shear strain and, thus, to
avoid the effect of GB sliding on the grain boundary migration.

As it is known and recently confirmed by the experimental study
[61], the migration step of the symmetric tilt grain boundaries consists
of normal GB migration coupled to the tangential GB shear. On the
other hand, as mentioned in [52], sliding does not appear in case of
twist and general GB’s. By taking into account that, in our case, the
collective atomic displacement of the upper cell relative to the lower
one is not observed, it is possible to imply that for the studied high-
angle asymmetric grain boundary and under above mentioned condi-
tions, the GB sliding is not a necessary crystallographic step in GB mi-
gration process. Nevertheless, local tangential atomic displacements
in GB plane could not be excluded.

In case of the asymmetric tilt grain boundary and under condition of
external strain and bi-crystals elastic anisotropy, the driving force is a
result of the energy change across the GB. The energy gradient across
the GB appears because of different orientations of ‘cell 1’ and ‘cell 2’
in relation to the global coordinate system. Within the linear elastic
approach, the strain energy density, U, equals to
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1
U ZEGUSU’ (1)
where o and ¢ are second rank stress and strain tensors, respectively.
Both tensors are related to each other through the generalized Hooke’s
law:

O;; = Cijklgkla (2)

where C;;, is a fourth rank tensor of elastic constants, with i, j, k, [ =1
to 3. By considering the cubic symmetry of cells, the number of inde-
pendent parameters in the tensor of elastic constants reduces to the
three ones: Cy;, Cy5, C, (for simplicity, we used Voigt notation here).
By combining equations (1) and (2), the driving force of grain bounda-
ry migration, P, could be determined as a difference between the strain
energy densities of two half-crystals:

pP= Ucellz - Ucenl- (3)

As seen in Fig. 1, the local coordinate system of ‘cell 2’ is inclined in
relation to global coordinates. In such case, the strain tensor for this
crystal has to be modified by multiplication on the rotation matrix.
The condition of free surfaces allows the simulation box to change its
dimension in Y direction without the appearance of stress component
along the GB normal, i.e. 6;; = 0, where i = 1, 2, 3. The details about
strain energy density determination could be found in [42].

A special method has to be developed to determine the grain bounda-
ry position in the simulation box with interstitial atoms. A typical ap-
proach to get the GB position is to use the Common Neighbour Analysis
(CNA) [53, 54]. In case of systems with interstitial atoms, a direct ap-
plication of such technique does not give satisfactory results. A reason
for that can be the following: (i) the bulk concentration of interstitial
atoms and their non-homogeneous distribution result in a large num-
ber of local distortions of crystal lattice; (ii) rather high simulation
temperature and, therefore, large thermal atomic oscillations give too
many deviations from the bce template according to CNA and (iii) local
variations in the GB shape and the non-equilibrium hydrogen distribu-
tion in the GB plane.

To calculate the grain boundary position, we developed a scheme
that is based on a strong affinity of hydrogen (carbon) atoms to GB.
The first step was the averaging in the atomic positions before apply-
ing the CNA method, which improves the statistics. In the second step,
because of the number of broken bonds, the atoms in the GB area are
characterized by the increased energy in comparison with the atoms in
the bulk. Thus, by performing the screening on the energy per atom
value, these atoms could be separated from the others.
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At the last stage, the simulation box has been divided into regions
parallel to the X axis of global simulation box with the step of approx-
imately 0.3 A and the number of atoms in each region has been calcu-
lated. As a result, the diagram presented in Fig. 2 is constructed,
where each bar represents the weight of the average GB position in the
current region.

At such consideration, the coordinate of grain boundary has been
determined as a mass centre of the diagram:

N
D> my,
— i=1

m

Y,

MC

, (4)

i

-

-
Il
=N

where y is a cell co-ordinate along the Y direction in Fig. 1, m,; is a num-
ber of atoms in the i-th cell, N is the total number of regions in the GB.

By means of the mentioned technique, the grain boundary position
at each time step has been calculated. In addition, as follows from Fig.
2, the GB width is equal to approximately 8 A, which is very close to
the experimentally determined grain boundary width of ~5 A [55].

To get a true GB migration under the driving force, it is necessary to
be convinced that a variation in internal parameters does not cause the
GB movement. Particularly, as shown in [56, 57], the high angle GB
¥29 in copper is quite mobile at elevated temperatures and can migrate
without the action of external force.

10+

Intensity

0
260 280 290 310

Cell index

Fig. 2. Diagram to determine the average grain boundary position at a certain
step of molecular dynamics.
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The effect of temperature on the GB position within time used in the
current simulation is shown in Fig. 3. In this Figure and in the follow-
ing ones, the GB position is represented as a fraction of the simulation
box length in direction of GB normal Y. It is seen that there is some
thermal fluctuation of the grain boundary position with time and the
fluctuation amplitude depends on temperature. Nevertheless, its aver-
age position could be considered as permanent. In addition, the absence
of GB movement under the equilibrium conditions indicates that there
is no interaction of GB with free surfaces.

Under tensile strain, the grain boundary is forced to move. The re-
sults of simulation of GB migration in the hydrogen-free iron and that
doped with 56 wtppm hydrogen are shown in Fig. 4 for different
strains at temperature of 1100 K. The change in GB position has been
observed during 4 ns.

It has to be mentioned that the temperature used in the simulations
exceeds 1000 K. The reasons of such rather high temperature are con-
nected with i) the necessity to observe a GB migration under the action
of the driving force and ii) the time scales used in the molecular dy-
namics calculations. Particularly it means that the conditions have to
be applied to the simulation box to observe the whole process of grain
boundary migration within the time interval of several nanoseconds. It
is worth noting that the temperature in this case affects only the atom-
ic kinetic energy. Also, during the simulations the system is consid-
ered as closed in relation to hydrogen escape and hydrogen can only to

0.272 -
—— T=900K

T5[001](430)/(100)  ceeee- T'= 1000 K
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(=)
2

0.256 l \
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T T T N T
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Fig. 3. Variations in grain boundary position in the a-iron with time at differ-
ent temperatures without the action of external forces.
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migrate or to redistribute between the defects of crystal structure. A
similar conditions, for example are realized during gaseous hydrogen
charging where high temperature and pressure are necessary to keep
an increased hydrogen concentration in the material. Thus, during
further discussion, the meaning of segregation is the certain amount
of hydrogen around the GB that affects its mobility.

All the curves, presented in Fig. 4, reveal a linear behaviour, which
corresponds to a steady state grain boundary migration in the iron
crystal. With increasing applied strain, the GB moves because of high-
er driving force. The hydrogen GB segregation leaves unchanged the
general linear behaviour. At equal strains, GB migration is higher in
the iron crystal doped with hydrogen.

As mentioned above, the determination of grain boundary mobility
by means of molecular dynamics simulations is based on the linear elas-
ticity approach. Thus, the range of external deformation applied to the
crystal has to be discussed.

In present simulations, the strain level does not exceed 2.5% . It has
to be mentioned that this value cannot be very low because, taking into
account the time scale of molecular dynamics, it will result in too small
distance run by the grain boundary. In addition, atomic oscillations at

0.36- a 0.36- b
= £=10% o-iron . g-1gy O-iron+H
° eSS = 4100 K s £=125% T=1100K
034 & =159
o £=175%
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o
o
b

0.30

GB position, units
GB position, units
f=
Qo
T

0.28+ 0.284

0.26 0.26-44

Time, ns Time, ns

Fig. 4. Change with time of the grain boundary position in the a-iron under
different external strains: H-free (a); Cypu = 56 witppm (b).
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elevated temperatures will not provide an appropriate statistics for
accurate determination of GB movement. For example, for twist GB
migration in aluminium [58], the mobility assessment has been shown
to be correct at strains of 4% and temperatures T > (2/3)T,,, where T,
is the melting temperature. Zhang et al. [42] compared the linear elas-
tic approach with the alternative determination of strain energy densi-
ty via integration of stress-strain curve for each grain for the asym-
metric GB in nickel. It was shown that, at largest strain € = 2%, the de-
viation was approximately 13% . Taking into account the ideal struc-
ture of crystals in the simulations and based on the mentioned results,
the strain interval used in our modelling is considered to be valid.

The results presented in Fig. 4 allow to find velocity of grain bound-
ary migration under certain strains and temperatures. The variation in
the simulation temperature allows to obtain GB velocity as a function
of the driving force calculated using equation (3). The results are
shown in Fig. 5 for crystals with and without hydrogen.

As follows from the theory of reaction rate, a linear correlation is
expected between GB velocity and driving force at its small values [42,
58, 59]. The mobility M of grain boundaries is a temperature activated
parameter and its representation in Arrhenius co-ordinates (see inserts
in Fig. 5) allows to obtain the activation enthalpy of grain boundary
migration AH. For the case of the asymmetric tilt grain boundary
>5[001](430)/(100), we obtained AHy ... = 0.99 + 0.06 eV for the hy-
drogen-free crystal and AH g6 wippm) = 0.73 £ 0.03 eV for that with the
bulk hydrogen content of 56 wtppm. It is seen that H segregation at the
grain boundaries decreases the activation enthalpy for their move-
ment.

It is worth noting that redistribution of hydrogen atoms takes place
in the course of stabilization stage because the grain boundaries and
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3 w _'35
@ 3.0 2 ~
g 25 2 8 1.5
5 : & 28
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Fig. 5. Grain boundary velocity as a function of driving force at different
temperatures for the H-free simulation cell (a) and that with Cy,,, of 56
wtppm (b). The temperature dependence of GB mobility is shown in the insert
in the Arrhenius co-ordinates.
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free surfaces in the simulation cell possess the excess energy. As shown
in [60] using first-principles atomic calculations, the fracture surface
in the iron-hydrogen solid solution is more preferential for hydrogen
segregation in comparison with the GB. In order to estimate the actual
hydrogen content at the grain boundary during the steps of molecular
dynamics, the area around the GB of 0.8 nm in the width has been se-
lected in the present simulation and the number of hydrogen atoms
within this area was calculated and averaged. As a result, the segre-
gated hydrogen content at the grain boundary is of 10.5 wtppm,
whereas the rest part of hydrogen, 45.5 wtppm, goes to free surfaces.

As mentioned previously, in contrast to hydrogen, the carbon atoms
were initially distributed in the GB area because of their very slow dif-
fusion and short time scales used in molecular dynamics simulations.
In Fig. 6, the variation of GB position with time is presented under the
strain level of 1.25% and temperatures of 1100 K and 1300 K. It is
seen that, under such conditions, only thermal oscillations of the grain
boundary take place increasing in their amplitude with increasing
temperature.

4. DISCUSSION

In our previous research [61], the grain boundary diffusion of carbon
and hydrogen has been studied. By means of theoretical and experi-
mental techniques, it was shown that the activation enthalpy of H and
C migration in the selected area of grain boundaries is higher in com-
parison with that in the bulk. In other words, the grain boundaries

05131 Cg(C) =40 wippm —T=1100K
--- T=1300K

£=1.25%
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Fig. 6. Variation in grain boundary position with time in the a-iron doped
with carbon under strain 1.25% and different temperatures.
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substantially decrease the mobility of C and H atoms in their vicinity.
This conclusion was derived for the high angle GB’s, but it can be ex-
tended also to the case of low angle GB’s which can be constructed as
dislocation arrays.

The presented molecular dynamics simulations of hydrogen effect
on the mobility of the asymmetric £5[001](430)/(100) tilt grain
boundary in the a-iron show that hydrogen decreases the activation
enthalpy of GB migration under the action of externally applied strain,
i.e. increases GB mobility in comparison with the H-free crystal. In
contrast, the effect of carbon is opposite.

As follows from the results presented in Fig. 6, only the grain
boundary thermal oscillation takes place without any sign of migration
at temperatures up to 1300 K and strain of 1.25% . Under such circum-
stances, the quantitative effect of carbon on the enthalpy of GB migra-
tion could not be determined, but it is obvious that its value is higher
in comparison with that in the interstitial-free iron. On the other hand,
it is quite complicate to compare the theoretically obtained values with
the experimental ones. The reasons for that are the following: (i) diffi-
cult preparation of bi-crystals with special geometry of grain bounda-
ries and (ii) significant effect on the GB migration caused by the segre-
gation of even small bulk content of impurities, as it was shown, e.g.,
in [28].

The conclusion about a decrease of recrystallization temperature can
be derived from the obtained hydrogen-caused reduction in the activa-
tion enthalpy of GB migration. As experimental confirmation of this
effect, the results earlier presented in [62] can be referred to. Using
the EBSD technique and X-ray diffraction, it was shown that the gase-
ous hydrogen charging of the previously cold worked 304 austenitic
steel at 543 K results in the reverse a—y transformation accompanied
by the recrystallization. This phenomenon seems to be surprising if to
take into account that in the hydrogen-free austenitic steel of 304 type
as well as in the more stable 316 steel, the reverse a—y transformation
occurs at about 823 K independently of the amount of strain-induced
a-martensite, see e.g. [63], whereas the recrystallization temperature
is even much higher, i.e. 973 K and 1073 K, respectively.

An alternative interpretation of the hydrogen-caused decrease in
the recrystallization temperature can be also based on the hydrogen
effect on the concentration of vacancies. It was theoretically predicted
[64] and experimentally confirmed [65] that hydrogen in metals in-
creases the thermodynamically equilibrium concentration of vacan-
cies. Taking into account the segregation tendency of hydrogen atoms
to the GBs which at the same time are the sinks for vacancies, it is ex-
pected that, under driving force, the migration of host atoms consti-
tuting grain boundary is accelerated in comparison with the H-free
case. However, as follows from the present simulation results, hydro-
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gen atoms decrease the activation enthalpy of grain boundary migra-
tion and increase its mobility without any excess vacancies. Moreover,
the theoretical assessment performed by McLellan [66] shows that car-
bon atoms also increase the equilibrium concentration of vacancies.

On account of the strong affinity of carbon atoms with the grain
boundaries, it is expected that their effect on GB mobility should be
similar to that of hydrogen. In contrast, the results of our modelling
confirm that carbon atoms pin the GB in its initial position.

This difference in the H and C effect on the grain boundary migra-
tion allows us to suppose that a reason for such different behaviour can
be searched for in the change of atomic interactions caused by both el-
ements coupled with the mechanism of GB migration.

There are different approaches concerning an atomic mechanism for
the grain boundary migration. In a group of models [67, 68], the GB
migration is analysed as a thermally activated single- or multi-atomic
transport across the boundary. The other approach is based on the
transmission electron microscopy studies and relates the GB migration
to movement of the grain boundary dislocations which have a compo-
nent of the step vector out of the GB plane, see e.g.[69]. From our point
of view, the attention has also to be paid to theoretical results present-
ed in [60]. By means of molecular dynamics, the authors analysed the
distribution of planar interatomic bond angles and came to conclusion
that GB migration steps consist of local bond rearrangements with
formation of domain-like structures and their reordering. If so, the
strength of interatomic bonds should play an important role during the
rearrangement process and interstitial elements should affect it.

In this relation, it is shown in the ab initio atomic calculations of the
electron structure in the hydrogen-containing iron in its f.c.c. [70], as
well as in b.c.c. [T1] modifications, that hydrogen increases concentra-
tion of free electrons and, thereby, enhances the metallic component of
interatomic bonding. Depending on the GB migration mechanism, this
should ease the reordering processes and atomic jumps across the grain
boundary. Under condition of mobile hydrogen atoms, it should result
in the accelerated grain boundary migration. The effect of carbon at-
oms is opposite: the decrease in the conduction electrons concentration
promotes the covalent interatomic interactions [72], which strength-
ens the grain boundary against rearrangement of atomic bonds. Com-
bining with much higher activation enthalpy of carbon diffusion, as
compared to that of hydrogen, a significant reduction in GB mobility is
expected.

It is also worth noting that the change in atomic interactions caused
by interstitial elements has similar consequences for dislocation prop-
erties, particularly dislocation mobility. The hydrogen atmospheres
around the dislocation locally decrease its specific energy and thus in-
crease the dislocation mobility [70, 72]. Within the framework of elec-
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tron delocalization molecular orbital (ASED-MO) theory, it was shown
for the b.c.c. iron [73], that carbon atoms create a Fe—C—Fe ‘bridge’ in
the area of a/2[111] dislocation, which should prevent the dislocation
displacement under the shear stress.

5. CONCLUSIONS

1. By means of molecular dynamics simulation of hydrogen effect on
mobility of the asymmetric tilt grain boundary, it is shown that, be
segregated at the grain boundary, hydrogen decreases the activation
enthalpy of the GB migration and, thus, increases its mobility.

2.1In contrast to hydrogen, the carbon segregation at the grain bounda-
ry causes the opposite effect. Within the range of temperatures, only
the grain boundary thermal atomic oscillations take place under exter-
nal strain, which means that carbon increases the activation enthalpy
of GB migration.

3. The proposed interpretation of different H and C effects on the
grain boundary mobility is based on the change in the atomic interac-
tions caused by interstitial elements. Hydrogen enhances the metallic
component of interatomic bonding, which promotes the bond rear-
rangement in the GB area or atomic jumps across the GB. In contrast,
carbon increases the covalent component of atomic interactions, which
strengthens the Fe—C—Fe bonds and lowers GB mobility.

REFERENCES

1. L. C. Lim and R. Raj. Acta Metal., 32(8): 1183 (1984).

2. L. C. Lim and R. Raj, Acta Metal., 33(8):1577-1583 (1985).

3. R. CPond and D. A. Smith, Philos. Mag., 36(2): 353 (1977).

4. N. Hansen, A, Horsewell T. Leffers, and H. Lilholt, Proceedings of the 2nd Riso

International Symposium on Metallurgy and Materials Science (September

14-18, Riso ) (Denmark, Roskilde: National Laboratory: 1981).

T. N. Backer, Yield, Flow and Fracture of Polycrystals (London: Applied

Science Pub.: 1983).

T. Watanabe, J Phys. Colloques., 49(C5): 507 (1988).

L. S. Shvindlerman and B. B. Straumal. Acta Metall., 33(9): 1735 (1985).

K. T. Aust, U. Erb, and G. Palumbo. Mater. Sci. Eng. A, 176: 329 (1994).

W.T. Geng, A. J. Freeman, R. Wu, and G.B. Olson, Phys. Rev. B, 62: 6208

(2000).

10. J. P. Buban, K. Matsunaga, J. Chen, N. Shibata, W. Y. Ching, T. Yamamoto,
and Y. Ikuhara, Science, 311: 212 (2006).

11. M. Yamaguchi, Metall. Mater. Trans., 42: 319 (2011).

12. D.N. Seidman, B. W. Krakauer, and D. Udler, J. Phys. Chem. Solids, 55(10):
1035 (1994).

13. A. Sutton and R. Balluffi, Interfaces in Crystalline Materials (Oxford, UK:
Clarendon Press: 1995).

ot

©®ae


https://doi.org/10.1016/0001-6160(84)90125-1
https://doi.org/10.1016/0001-6160(85)90057-4
https://doi.org/10.1080/14786437708244939
https://searchworks.stanford.edu/view/1479132
https://searchworks.stanford.edu/view/1479132
https://searchworks.stanford.edu/view/1479132
https://doi.org/10.1051/jphyscol:1988562
https://doi.org/10.1016/0001-6160(85)90168-3
https://doi.org/10.1016/0921-5093(94)90995-4
https://doi.org/10.1103/PhysRevB.62.6208
https://doi.org/10.1103/PhysRevB.62.6208
https://doi.org/10.1126/science.1119839
https://doi.org/10.1007/s11661-010-0381-5
https://doi.org/10.1016/0022-3697(94)90123-6
https://doi.org/10.1016/0022-3697(94)90123-6

1202

14.
15.
16.
17.

18.
19.
20.

21.

22.
23.
24.
25.

26.

27.

28.

29.
30.
31.
32.
33.
34.

35.

36.

37.
38.
39.
40.
41.
42.

43.
44.

45.
46.

47.
48.
49.

S.M. TEUSand V. G. GAVRILJUK

E. D. Hondros and M. P. Seah, Int. Met. Rev., 22: 262 (1977).

M. Yamaguchi, M. Shiga, and H. Kaburaki. Science, 307: 393 (2005).

J.S. Wang, Eng. Fract. Mech., 68(6): 647 (2001).

T. Ohmisawa, S. Uchiyama, and N. Nagumo, J. Alloys Compd., 356—357: 290
(2003).

Yu. N. Petrov, Scr. Metall. Mater., 29: 1471 (1993).

K. H. Lo, C. H. Shek, and J. K. L. Lai, Mater. Sci. Eng. R, 65: 39 (2009).

P. Novak, R. Yuan, B. P. Somerday, P. Sofronis, and R. O. Ritchie, J. Mech.
Phys. Solids, 58: 206 (2010).

L. Zhong, R. Wu, A. J. Freeman, and G. B. Olson, Phys. Rev. B, 62 (21): 13938
(2000).

H. Fukushima and H. K. Birnbaum. Acta Metall., 32(6): 851 (1984).

J. W. Cahn and J. E. Taylor, Acta Mater., 52(14): 4887 (2004).

J. W. Cahn, Y. Mishin, and A. Suzuki, Acta Mater., 54 (19): 4953 (2006).

T. J. Rupert, D. S. Gianola, Y. Gan, and K. J. Hemker, Science, 326: 1686
(2009).

B. B. Straumal, V. G. Sursayeva, and L. S. Shvindlerman, Phys. Met.
Metalloved., 49: 102 (1980).

V. Yu. Aristov, Ch. V. Kopetsky, V. G. Sursayeva, and L. S. Shvindlerman,
Reports of USSR Academy of Sciences, 225 (14): 804 (1975) (in Russian).

L. S. Shvindlerman, G. Gottstein, and D. A. Molodov, phys. status solidi (a ),
160 (2): 419 (1997).

S. Plimpton, J. Comp. Phys., 117 (1): 1 (1995).

S. Ranganathan, Acta Cryst., 21: 197 (1966).

M. A. Fortes, phys. status solidi (b ), 54 (1): 311 (1972).

D. E. Jiang and E. A. Carter, Phys. Rev B, 70: 064102 (2004).

J. K. Norskov, Phys. Rev. B, 26 (6): 2875 (1982).

A. Ramasubramaniam, M. Itakura, and E. Carter, Phys. Rev. B, 79 (17): 174101
(2009).

M. I. Mendelev, S. Han, D. J. Srolovitz, G. J. Ackland, D. Y. Sun, and M. Asta,
Philos. Mag., 83: 3977 (2003).

G. J. Ackland, M. I. Mendelev, D. J. Srolovitz, S. Han, and A. V. Barashev,
J. Phys.Condens. Mat., 16 (27): S2629 (2004).

M. W. Finnis and J. E. Sinclair, Philos. Mag A, 50: 45 (1984).

D. J. Hepburn and G. J. Ackland, Phys. Rev. B, 78 (16): 165115 (2008).

M. Parrinello and A. Rahman, J. Appl Phys., 52: 7182 (1981).

S. Nose, Mol. Phys., 52: 255 (1984).

W. G. Hoover, Phys. Rev. A, 31 (3): 1695 (1985).

H. Zhang, M. I. Mendelev, and D. J. Srolovitz, Acta Mater., 52 (9): 2569
(2004).

H. Zhang, M. I. Mendelev, and D.dJ. Srolovitz, Scr. Mater., 52: 1193 (2005).
B. Schonfelder, P. Keblinski, D. Wolf, and S. R. Phillpot, Mater. Sci. Forum,
294—-296: 9 (1998).

D. L. Olmsted, E. A. Holm, and S. M. Foiles, Acta Mater., 57 (13): 3704 (2009).
K. G. F. Janssens, D. Olmsted, E. A. Holm, S. M. Foiles, S. J. Plimpton, and
P. M. Derlet, Nature Mater., 5: 124 (2006).

D. L. Olmsted, S. M. Foiles, and E. A. Holm, Scr. Mater., 57: 1161 (2007).
Z.'T. Trautt, M. Upmanyu, and A. Karma, Science, 314: 632 (2006).

S. M. Foiles and J. J. Hoyt, Acta Mater., 54 (12): 3351 (2006).


https://doi.org/10.1179/095066077791100390
https://doi.org/10.1126/science.1104624
https://doi.org/10.1016/S0013-7944(00)00120-X
https://doi.org/10.1016/S0925-8388(03)00355-4
https://doi.org/10.1016/S0925-8388(03)00355-4
https://doi.org/10.1016/0956-716X(93)90339-T
https://doi.org/10.1016/j.mser.2009.03.001
https://doi.org/10.1016/j.jmps.2009.10.005
https://doi.org/10.1016/j.jmps.2009.10.005
https://doi.org/10.1103/PhysRevB.62.13938
https://doi.org/10.1103/PhysRevB.62.13938
https://doi.org/10.1016/0001-6160(84)90021-X
https://doi.org/10.1016/j.actamat.2004.02.048
https://doi.org/10.1016/j.actamat.2006.08.004
https://doi.org/10.1126/science.1178226
https://doi.org/10.1126/science.1178226
https://doi.org/10.1002/1521-396X(199704)160:2%3c419::AID-PSSA419%3e3.0.CO;2-O
https://doi.org/10.1002/1521-396X(199704)160:2%3c419::AID-PSSA419%3e3.0.CO;2-O
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1107/S0365110X66002615
https://doi.org/10.1002/pssb.2220540131
https://doi.org/10.1103/PhysRevB.70.064102
https://doi.org/10.1103/PhysRevB.26.2875
https://doi.org/10.1103/PhysRevB.79.174101
https://doi.org/10.1103/PhysRevB.79.174101
https://doi.org/10.1080/14786430310001613264
https://doi.org/10.1088/0953-8984/16/27/003
https://doi.org/10.1080/01418618408244210
https://doi.org/10.1103/PhysRevB.78.165115
https://doi.org/10.1063/1.328693
https://doi.org/10.1080/00268978400101201
https://doi.org/10.1103/PhysRevA.31.1695
https://doi.org/10.1016/j.actamat.2004.02.005
https://doi.org/10.1016/j.actamat.2004.02.005
https://doi.org/10.1016/j.scriptamat.2005.03.012
https://doi.org/10.4028/www.scientific.net/MSF.294-296.9
https://doi.org/10.4028/www.scientific.net/MSF.294-296.9
https://doi.org/10.1016/j.actamat.2009.04.015
https://doi.org/10.1038/nmat1559
https://doi.org/10.1016/j.scriptamat.2007.07.045
https://doi.org/10.1126/science.1131988
https://doi.org/10.1016/j.actamat.2006.03.037

50.

51.
52.

53.
54.

55.
56.

57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.

71.
72.

73.

MD STUDY OF THE H AND C EFFECT ON MOBILITY OF GBIN a-Fe 1203

M. I. Mendelev, C. Deng, C. A. Schuh, and D. J. Srolovitz, Modelling Simul.
Mater. Sci. Eng., 21: 045017 (2013).

J.-E. Brandenburg and D. A. Molodov, Scr. Mater., 163: 96 (2019).

J. M. Rickman, S. R. Phillpot, D. Wolf, D. L. Woodraska, and S. Yip, J. Mater.
Res., 6 (11): 2291 (1991).

D. Faken and H. Jonsson, Comput. Mater. Sci., 2 (2): 279 (1994).

H. Tsuzuki, P. S. Branicio, and J. P. Rino, Comput. Phys. Commn., 177 (6): 518
(2007).

A. Inoue, H. Nitta, and Y. Iijima, Acta Mater., 55 (17): 5910 (2007).

J. F. Lutsko, D. Wolf, S. Yip, S. R. Phillpot, and T. Nguyen, Phys. Rev. B, 38
(16): 11572 (1988).

J. F. Lutsko, D. Wolf, S. R. Phillpot, and S. Yip, Phys. Rev. B, 40 (5): 2841
(1989).

B. Schonfelder, D. Wolf, S. R. Phillpot, and M. Furtkamp, Interface Sci., 5 (4):
245 (1997).

K. Lucke and H.-P. Stuwe, (Ed. L. Himmel) Recovery and Recrystallization of
Metals (New York: Interscience: 1963), p. 171.

M. Yamaguchi, J. Kameda, K.-I. Ebihara, M. Itakura, and H. Kaburaki, Philos,
Mag., 92 (11): 1349 (2012).

S. M. Teus, V. F. Mazanko, J.-M. Olive, and V. G. Gavriljuk, Acta Mater., 69:
105 (2014).

V. M. Shyvanyuk, Y. Mine, and S. M. Teus, Scr. Mater., 67: 979 (2012).

C. Herrera, C. L. Plaut, and A. F. Padilha, Mater. Sci. Forum, 550: 423 (2007).
A. A.Smirnov, Metal Physics, 13 (11): 21 (1991) (in Russian).

V. G. Gavriljuk, V. N. Bugaev, Yu. N. Petrov, A. V. Tarasenko, and

B. Z. Yanchitsky, Scr. Mater., 34 (6): 903 (1996).

R. B.McLellan, J. Phys. Chem. Solids, 49 (10): 1213 (1988).

N. F. Mott, Proc. Phys. Soc., 60: 391 (1948).

D. Turnbull, Trans AIME, 191: 661 (1951).

C. M. F. Rae and D. A. Smith, Philos. Mag. A, 41 (4): 477 (1980).

S. Teus V.N. Shlvanyuk B. D. Shanina, and V. G. Gavriljuk, phys. status

S

. M. Teus and V. G. Gavriljuk, Materials Lett., 258: 126801 (2020).

. G. Gavriljuk, B. D. Shanina, V. N. Shyvanyuk, and S. M. Teus, Corros. Reuv.,
31(2): 33(2013).

S. Simonetti, M. E. Pronsato, G. Brizuela, and A. Juan, Appl. Surf. Sci., 217: 56
(2003).


https://doi.org/10.1088/0965-0393/21/4/045017
https://doi.org/10.1088/0965-0393/21/4/045017
https://doi.org/10.1016/j.scriptamat.2019.01.009
https://doi.org/10.1557/JMR.1991.2291
https://doi.org/10.1557/JMR.1991.2291
https://doi.org/10.1016/0927-0256(94)90109-0
https://doi.org/10.1016/j.cpc.2007.05.018
https://doi.org/10.1016/j.cpc.2007.05.018
https://doi.org/10.1016/j.actamat.2007.06.041
https://doi.org/10.1103/PhysRevB.38.11572
https://doi.org/10.1103/PhysRevB.38.11572
https://doi.org/10.1103/PhysRevB.40.2841
https://doi.org/10.1103/PhysRevB.40.2841
https://doi.org/10.1023/A:1008663804495
https://doi.org/10.1023/A:1008663804495
https://doi.org/10.1080/14786435.2011.645077
https://doi.org/10.1080/14786435.2011.645077
https://doi.org/10.1016/j.actamat.2014.01.049
https://doi.org/10.1016/j.actamat.2014.01.049
https://doi.org/10.1016/j.scriptamat.2012.09.001
https://doi.org/10.4028/www.scientific.net/MSF.550.423
https://doi.org/10.1016/1359-6462(95)00580-3
https://doi.org/10.1016/0022-3697(88)90178-3
https://doi.org/10.1088/0959-5309/60/4/309
https://doi.org/10.1007/BF03397362
https://doi.org/10.1080/01418618008239327
https://doi.org/10.1002/pssa.200723249
https://doi.org/10.1002/pssa.200723249
https://doi.org/10.1016/j.matlet.2019.126801
https://doi.org/10.1515/corrrev-2013-0024
https://doi.org/10.1515/corrrev-2013-0024
https://doi.org/10.1016/S0169-4332(03)00582-8
https://doi.org/10.1016/S0169-4332(03)00582-8


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



