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The interaction of glide dislocations with own interstitial atoms in a-Fe is stud-
ied. As a method of investigation the molecular dynamics simulation is used.
The modelled sample is deformed with a rate close to the deformation rates un-
der pulsed laser treatment. Mass transfer parameter for b.c.c. Fe under laser
pulse irradiation is calculated. As established, the core of moving dislocation is
a trap for interstitial atom. The influence of temperature and deformation rate
on mass-transfer coefficient is studied.
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BusueHo B3aeMOil0 KpalioBUX AWCJIOKAIlill 3 BJaCHUMHU Mi)KBY3JOBUMU aTO-
mamu B a-Fe. Hocmimkenasa 6ya10 BUKOHAHO 3a JOIIOMOTOI0 METOAY MOJIEKYJISA-
PHOI fMHaAMiKKM. 3MOIeIbOBAHII 3Pa30K IMmigmaBaBcs Ae)OPMYyBaHHIO 3i IITBU/I-
KicTio medpopmarrii, 6,IM3bKOIO IO IMIBUAKOCTEI AedpopMallii BHACTIAOK iMIIyIb-
cHOI JiazepHOi 00poOKu. PospaxoBaHo KoedillieHTH MacomepeHeCeHHS I
OITK-3amisa B yMOBax iMIyJIbCHOTO Jia3epHOTO 00pobeHHs. BcTanoBieHO, 110
AAPO PYXOMOI AUMCIOKAIlil € ITacTKOI0 IS MidKBY3JIOBOrO aTomy. Jlociimxeno
BILIMB TeMIIepPaTypH Ta IIBUIKOCTI medopmaiiii Ha KoediiieHT Macomepene-
CeHHs.
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KarouoBi cioBa: pyx Auciokallii, MisKBy3JIOBUI aToM, iMITyJibCHE HaBaHTA-
JKeHHs, MOJIEKYJISIPHA TNHAMiKa, MacollepeHeCeHH .

Bhiy10 M3yueHOo B3aMMOAENCTBIE KPAEBhIX JUCIOKAIUI C COOCTBEHHBIMI M-
IoyselbHBIMEU aToMaMu B o-Fe. B KauecTBe Merona mcciiegoBaHus OBLIO HC-
IIOJIb30BAHO MOJIEKYJISIPHO-IMHaAMUUecKoe MomeaupoBaHue. CMozenpoBaH-
HBIZT oOpasel] moaBeprajica AedOPMUPOBAHUIO CO CKOPOCTHIO Aedopmaiiuu,
OJIM3KOIl K TAKOBOU IPU MMITYJILCHOU JiadepHOIl o6paboTKe. PaccuuTaHbl KO-
s¢punuenTsl Macconepenoca aiaa OITK-xesesa B yCI0BUSAX UMIOYJIBCHOTO Jia-
3ePHOT0 M3JIyYeHHUs. ¥ CTAHOBJIEHO, UTO SAPO ABUKYINENCS AUCIOKAIIUU SB-
JseTcsA JIOBYIIKON AJIS MEXKI0y3eJbHOro aToMa. M3yueHo BIMSHUE TeMIlepa-
TYpPHI 4 CKOPOCTH AehopManum Ha KO3(PPUIIMEeHT MaccollepeHoca.

Karouessle ciioBa: OBUXKEHNE OUCIOKAINY, MEMXI0Y3€JIbHBIA aTOM, NMIIYJIbC-
Hasi 00paboTKa, MOJIEKYIAPHASI JUHAMHIKA, MAaCcCOIIePEeHOC.

(Received September 25,2019)

1.INTRODUCTION

It is well known that diffusion processes are temperature activated.
Future studies [1] showed that not only temperature but different de-
fects of crystal structure can make an influence on diffusion processes
in solids too. For example high rate of deformation speeds up the dif-
fusion [2—4] that can be caused by formation and motion of glide dislo-
cations. Mostly, mass transfer in metal occurs by vacancy mechanism,
but at high-energy irradiation, pulsed influence and ion implantation
the transport of self-interstitial atoms takes a place [3, 5, 6]. That is
why the computer simulation technics of self-interstitial migration
and interaction of edge dislocations with impurities are wildly sup-
ported by US Department of Energy [5, 7-9].

The acceleration of atoms mobility in pure iron at room temperature
after pulsed laser influence was studied before [10]. The obtained coef-
ficient of self-diffusion was 1,6-1072 sm?/s that is many orders of mag-
nitude higher than the diffusivity in equilibrium conditions at tem-
peratures up to the melting point. The obtained result of accelerated
mass transfer is described by the realization of own interstitial atoms
migration under high-speed plastic deformation.

This study uses the molecular dynamics (MD) simulation to investi-
gate how to do the dislocations interact with own interstitial atoms in
a-iron under pulsed influence.

2. MATERIALS AND METHODS

As a research sample a rectangular object of pure iron consisted of
26255 atoms was modelled. The modelling was done at three tempera-
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TABLE 1. The modelled deformation rates depending on rate of motion of two
upper fixed planes.

Rate of motion of fixed planes, m/s | Deformation rate, s

23.9 2.78-10°
11.9 1.39-10°
2.4 2.78-108

tures (77 K, 300 K, and 900 K) and three deformation rates (Table 1).
At each temperature of this investigation iron has b.c.c. modification.
As it is known the densest packing direction in b.c.c. lattice is [111]
and the glide planes are (112) and (110) [11]. Because of this for better
visualization of dislocation motion process a system which X direction
responded to [111] direction of b.c.c. lattice, Y responded to [112] di-
rection of b.c.c. lattice and Z responded to [110] direction of b.c.c. lat-
tice was built. The dislocation line coincided with Z direction of mod-
elled system.

To create the dislocations the sample was conditionally divided into
two equal parts in Y direction and six half-planes from the underside of
modelled crystal were removed and other atomic planes were shifted in
such way to fill up the obtained emptiness. As a result, two complete
dislocations with Burgers vectors (a/2)111 were obtained. The disloca-
tion density was 6.6-10'> m 2. The glide plane was (112).

To create the interstitial atom (IA) in the pore of crystalline struc-
ture one atom from underside was replaced by two atoms in dumbbell
configuration. The dumbbell configuration coincided with the direc-
tion [110] of b.c.c. lattice (Fig. 1).

The periodic boundary conditions in Z and X directions were used.

Two upper and two lower planes in Y direction were fixed to provide
plastic deformation of the sample.
Two upper fixed planes were displacing with given rates to provide the
dislocation motion. It is the way of realization of plastic deformation
in modelled sample. Total displacement in each modelling process (for
each temperature and deformation rate) was 2a (a = 2.866 A). The de-
formation rates in modelled system were close to the deformation rate
under the pulsed laser treatment.

The deformation rate was calculated using Orovans equation for de-
formation value [12]:

e= (1)

where e—deformation value, b—Burgers vector, h—the size of the
crystal in the direction perpendicular to the glide plane of the disloca-
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tion (in the case of this investigation it’s a size of crystal in Y direc-
tion).

The deformation rate depends on time during which the dislocation
will pass all the sample:

b 1
E=—-—, 2
P (2)
where ¢ —deformation rate, t—time of dislocation motion through all
the sample.

The modelling was done by the MD simulation using the Embedded-
Atom Method (EAM) [13] for describing interatomic interactions. Full
time of modelling was 1.3 fs, time step was 3-10 % s.

The coefficient of self-diffusion was calculated to analyse how do
the moving dislocations interact with interstitial atom:

D Zf\jl A2 3
=N (3)
where N—the number of atoms in system, A>—the square of atoms dis-
placement, t—time of diffusion.

In A? calculations only displacements that are bigger then displace-
ments caused by thermal fluctuations were taken into account. For
b.c.c. lattice such displacements in projection on X axis are: a,/3/16 in
[111] direction and a4/1/16 in two other directions, where a is a lattice
spacing. Displacements of atoms in upper side of crystal weren’t taken
into account because the dislocation motion doesn’t mean the motion of
mass.

3. RESULTS AND DISCUSSION
3.1. The Interaction of Moving Dislocation with the Interstitial Atom

In the process of heating and relaxation of the system the dislocations
and the interstitial atom are fluctuating relatively to theirs equilibri-
um positions. In compare with f.c.c. lattice [4] the IA doesn’t move to
the dislocation core if the dislocation stays in place. It is because the
distance between neighbour atoms in b.c.c. is more than the same dis-
tance in f.c.c. The f.c.c. lattice is more closely packed than b.c.c. and
self-interstitial atoms in f.c.c. crystals are more mobile [14].

In the process of dislocation motion and approaching of its core to
the position of interstitial atom the stresses around the core initiate
the movement of the interstitial atom towards the direction of the near
dislocation core. It is caused by tensile stress under the extra half-
plane. The dislocation begins to move slowly in the process of ap-
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The direction of deformation and
T EyyY dislocation movement

> .
X—axis [111]

Fig.1. The part of simulation sell with 2 edge dislocations and 1 self-
interstitial atom (in the centre) in dumbbell configuration.

proaching of IA to its core. The interstitial atom is attracted by the
core of dislocation and placed under the dislocation in the glide plane
(Fig. 2).

At high temperatures (900 K) the interstitial atom is not always at-
tracted by the dislocation core. At deformation rate 1.39-10° s* the IA
moves under the dislocation core but it doesn’t place in the glide plane
and is not attracted by the dislocation core. Besides, the IA approaches
one dislocation core or core of another dislocation from time to time.
Such behaviour of IA is caused by major influence of temperature at

The dislocation core with the interstitial atom

)‘.i’—czxr's [111)

Fig. 2. The position of IA in the dislocation core.
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mass-transfer than the influence of mechanical stresses at high tem-
peratures. But at such high deformation rates it’s not a frequent phe-
nomenon. After the attracting of IA by the dislocation core, the dislo-
cation continues motion in the glide plane with the initial rate and the
IA moves with it.

3.2 The Dislocation Motion Velocity

The velocity of dislocation motion is determined by a lot of factors for
example temperature and deformation rate. The described system has
two dislocations and one interstitial atom. Only one dislocation inter-
acts with the IA while another one continues its motion without the IA.
So, it is appropriate to calculate the motion rate of dislocation with the
IA in its core and without it.

The dislocation motion velocity didn’t exceed the speed of shear
waves in iron (3250 m/s). 10 times increasing of the deformation rate
increases the dislocation motion velocity 10 times too. Increasing of
temperature causes a small decreasing of dislocation motion velocity.
It is connected with the increasing of atom oscillation amplitude and
the decreasing of elasticity modulus at high temperatures as it is seen
from the Table 2. The presence of IA in the dislocation core almost af-
fects at the velocity of its motion within the limits of measurement er-
ror.

3.3. The Influence of Temperature on Mass Transfer in b.c.c. Iron

In this investigation the diffusion by mechanism of random walks in

TABLE 2. The change of motion velocity of dislocation with IA in the core and
without it with increasing of temperature and deformation rate.

Deformation rate, s™!

Temperature, K

2.78-108 1.39-10° 2.78-10°
The motion velocity of dislocation without IA in the core, m/s
77 90+10 450 £ 50 750+100
300 80+10 250+ 50 650+ 100
900 70+£10 200+ 50 650+ 100
The motion velocity of dislocation with IA in the core, m/s
77 90+ 10 450+ 50 750+100
300 80+10 400 £ 50 750+100

900 80+10 400 £ 50 650+ 100
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the presence of driving force with the participation of interstitial atom
was realized (Fig. 3). Notably, at high-energy impulse loadings the
driving force is too high and the random walks are not significant. In
this case the directed atoms motion mostly happens. It was established
as aresult of investigation of concentration profiles shapes [15].

Increasing of temperature from 77 K to 900 K increases the calcu-
lated by MD self-diffusion coefficient two times. This increasing is too
low in compare with data [17] for non-deformed b.c.c. Fe with the in-
terstitial atoms in concentration ¢ = 1/2000. It means that the influ-
ence of temperature on mass-transfer process under impulse loading is
minor that is in good agreement with data[3, 18].

3.4. The Influence of Deformation Rate on Mass Transfer in b.c.c. Iron

The described model simulates the plastic deformation due to a rapid
thermal expansion under pulsed laser treatment. In the case of high-
speed deformations a mechanical loading gives the significant contri-
bution to the mass-transfer coefficient (Fig. 4).

With 10 times increasing of deformation rate the self-diffusion co-
efficient of a-Fe increases 10 times too. It is in good agreement with
data obtained in [17] and confirms the assumption of a significant con-
tribution of dislocation motion in mass-transfer processes.
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Fig. 3. The dependence of self-diffusion coefficient on temperature for b.c.c.
Fe under pulsed loading: 1—the deformation rate is 2.78:10° s™!, 2—the de-
formation rate is 1.39-10° s!, 3—the deformation rate is 2.78-10% 7!, 4—
theoretical data for b.c.c. Fe with self-interstitial atoms and without defor-
mation [16, 17], calculated using diffusion equation.
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—m—77 K —=—300 K ——900 K
2.0-1072

1.5-1072

1.0-10712

5.0-10713

Self-diffusion coefficient D, m2/s

c/
7.3:10716

1-108 1.1-109 2.1-109 3.1-107
Deformation rate, s-1

Fig. 4. The dependence of self-diffusion coefficient on deformation rate for a-Fe.

4. CONCLUSIONS

A three-dimensional MD model of b.c.c. Fe with two glide dislocations
and one self-interstitial atom showed that the interstitial atom moves
to the dislocation core and fixes by the field of its stresses in the pro-
cess of dislocation motion and its approaching to the interstitial atom.
The subsequent motion of the dislocation is carried out together with
the interstitial atom in the core. It means that the dislocation is a mov-
ing trap for the point defect.

In the case of non-deformed b.c.c. sample while the dislocations stay
in place the interstitial atom doesn’t approach the dislocation core, un-
like the same situation in f.c.c. lattice [4] where the interstitial atom
moves to the dislocation core in the absence of dislocation motion. This
is due to the more closely packing of f.c.c. lattice in compare with b.c.c.
That is why the self-interstitial atoms in f.c.c. lattice are more mobile
[14] and the dislocation stress field in f.c.c. extends further.

Increasing of the temperature decreases the dislocation motion rate.
It is connected with the decreasing of elasticity modulus.

The results of self-diffusion coefficient (D) study in the presence of
interstitial atom showed that the mass transfer processes mostly de-
pend on deformation rate than a temperature.
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