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The molecular dynamics method was used to study the formation of free volume at grain boundaries and triple junctions
during crystallization using nickel as an example. To simulate the crystallization process, crystalline nuclei were used — small
ideal crystals with a fixed lattice. The orientation of the crystal lattice in the nuclei was set randomly, but so that tilt boundaries
with the misorientation axis <100> or <111> were formed in the result of crystallization. It is shown that the free volume
during crystallization is predominantly concentrated at grain boundaries and triple junctions, and more so in the latter ones,
i.e. where the last solidification of the structure occurs and crystallization fronts are encountered. The reduced density of the
structure at triple junctions compared with grain boundaries is explained by the fact that when three crystallization fronts
meet, the volume is fixed, where the liquid phase having a density lower than that of the crystal solidifies. The velocity of
crystallization front motion is several tens of times lower than the speed of sound in a metal, therefore, defects, as a rule,
formed only in the last turn — when the fronts meet, i.e. at grain boundaries and triple junctions. Disclinations at triple
junctions were not observed in this work. During crystallization, relatively small subgrains with an orientation different from
the neighboring grains, and usually in a stretched state, sometimes appeared in the region of triple junctions. But they “healed”
relatively quickly, being absorbed by neighboring growing grains.
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MeTooM MOTEKYIAPHOI AUHAMUKU IIPOBEIEHO MCCIefioBaHNe GOpPMIPOBaHUA CBOOOTHOTO 06beMa B TPaHNIAX 3epeH
U TPOJMHBIX CThIKaX NPU KPUCTA/UIM3ALMM Ha NpuMepe HUKeNA. [I1a MMmuTanmum mpouecca KpUCTanans3aluy UCIIO0Nb30Ba-
JIMCh KPUCTAJIMYECKVe 3apOABIIIN — HeOOJIbIINe UfieaIbHble KPUCTA/UIBL ¢ (PUKCUPOBAHHON pemetkoil. OpueHTanusa
KPUCTA/UTMYECKO PEIIeTKM B 3apOfbIIIaX 3a/jaBajach CIyJalfHON, HO TaKoi, YTOOBI B pe3ynbTaTe KpPMCTAUIM3AIVIN
[OTy4Ya/iCh TPAaHUIIBI HAaKJIOHA C OCblo pasopueHTamyu <100> wmwmm <111>. ITokasaHO, 4YTO CBOOORHBI 0O0DBEM
IIpU KPUCTA/UIM3ALUY [IPeUMYIIeCTBEHHO KOHIIEHTPUPYeTCsA B I'PaHMIAX 3€PeH U TPOIHBIX CTBIKAX, IpuYeM B OOJIblueil
CTeIIeHM) B IIOC/IENHNX, T. €. TaM, IJie B IOCTIEHIO0 OYepelib IIPOMCXONUT 3aTBEepAeBaHMe CTPYKTYPBL U BCTPEYAIOTCA PPOHTHI
KpucTamsanuy. [IoHyDKeHHas IVIOTHOCTD CTPYKTYPBI B TPOIHBIX CTBIKAX IO CPaBHEHMIO C TPAaHMIIAMIY 3€peH 00bACHACTCS
TeM, 4TO IIPU BCTpede TpeX GPOHTOB KPUCTA/UIM3ALNY IPOUCXOAUT PUKCalVsA 06beMa, B KOTOPOM 3aTBepHeBaeT >KUKasA
¢asa, nMerommas IIOTHOCTb HIDKE IVIOTHOCTY KpucTamia. CKOpOCTb BIDKeHMA (PPOHTAa KPUCTA/UIM3AalVM B HECKOTIBKO
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[IeCSITKOB pa3 MeHbllle CKOPOCTH 3BYKa B METAJIIE, T09TOMY fiepeKThl, KaK IPaBuIo, (OPMUPOBAIUCH TOTIBKO B IIOC/IEIHIO0
odepenib — IpU BCTpede PPOHTOB, T. €. B IPAHNUIIAX 3€PEH U TPOITHBIX CTBIKAX. [JUCK/IMHALINY B TPOIHBIX CTHIKAX B HACTOSIIIEN
pabore He Habmomanuce. B mporecce kpucramsannyu B 06/1aCTU TPOMHBIX CTHIKOB MHOTZA BOSHUKAIN CPAaBHUTEIBHO
He6obLIe Cy63epHa C OTIMYHOI OT COCEIHIX 3epeH OPMEHTAIMel I HAXOMAINeCsT, KaK IIPABIJIO, B COCTOSIHUY PACTSDKEHN,
HO OHU CPABHUTETBLHO OBICTPO «3a/IEUNBA/IUCDY, IOITIOMIASACH COCETHNUMI PACTYIIVIMIL 3€PHAMIL.

KnroueBbie cioBa: MOJIEKY/IApHAA IMMHaMMKa, TpOVIHOVI CTBIK, 'PaHNIIA 3€PEH, CBO60I[HI>II7[ O6"beM, KpuUcCTamm3anns.

1. Introduction

The triple junction of grain boundaries is a linear defect
along which three grain boundaries are conjugated. The
systems of grain boundaries and their triple junctions in
metals obtained as a result of crystallization from a melt
and during plastic deformation differ very much. In the
latter case, the proportion of nonequilibrium boundaries
and excess defects is high both at the boundaries and at the
triple junctions [1-3]. But in both cases, the triple junctions
differ in properties from the grain boundaries forming them.
According to experimental data, diffusion in the region of
the triple junction proceeds much more intensively than
along the boundaries themselves [4 - 8]. The triple junction
is often characterized by a relatively “loose” structure (even
with inclusions of the amorphous phase [9]), that is, with a
higher free volume content compared to the grain boundaries
forming this junction [8,10,11]. This paper is devoted to the
triple junctions obtained as a result of crystallization of a
metal.

Earlier, in [12], we showed that the most probable reason
for the formation of excess free volume at the triple junctions
obtained during crystallization is the “locking” of the density
of the liquid phase at the meeting of three crystallization
fronts, which causes the concentration of excess free volume
in the triple junction after solidification. The free volume at the
triple junctions plays an important role not only in diffusion
[6,8,13], but also in the processes of their migration [14], and
the mechanisms of deformation with their participation [15].

Fig. 1 schematically depicts the process of “locking”
the free volume at triple junctions during crystallization.
The speed of motion of the crystallization front is an order
of magnitude lower than the speed of sound. Therefore,
defects, as a rule, are formed during crystallization of pure
metals in the regions where crystalline phases with different
orientations are conjugated, i. e. at grain boundaries and triple
junctions, and especially at the triple junctions that crystallize
last. When three crystallization fronts meet (Fig. 1), the
liquid phase remains at the triple junction, which has not yet
crystallized (marked with the number 3). Its density is lower
than the density of the crystalline phase. This lack of atoms
for the formation of an “ideal” triple junction leads to the
appearance of an excess free volume, which is concentrated
during crystallization mainly at triple junctions.

In [12], to test this hypothesis, a computer simulation
of nickel crystallization from several randomly oriented
crystallization nuclei was carried out. The simulation results
confirmed that the free volume can indeed be locked at triple
junctions in this way. In addition, it was found in [12] that,
in some cases the formation of relatively small subgrains
with different orientations from the joined grains and in

the stretched state is possible during crystallization in the
triple junction region. However, the model used by us in
[12], from our point of view, had drawbacks. Firstly, the
size of the computational cell was not large enough — only
30 thousand atoms. In this case, obviously, the resulting
grains were relatively small. Secondly, modeling of nickel
crystallization was carried out at a relatively low temperature
of the thermostat — 800 K. In this paper, we have tried to
correct these shortcomings. The use of OpenCL technology
in our own program MDR allowed us to increase the size of
the computational cells by an order of magnitude.

.

Fig. 1. (Color online) A schematic representation of the structure of
a polycrystal during crystallization at the moment of meeting the
crystallization fronts and the formation of pockets of the liquid
phase having density smaller than that of the crystalline phase:
1 — crystallization center, 2 — crystallization front, 3 — liquid
phase in the triple junction.

)

2. Description of the model

Modeling was carried out using the molecular dynamics
method. The calculation cell of nickel was in the form of a
plate containing 12 specially introduced crystalline seeds
(nuclei) — small cylindrical crystalline regions with a fixed
atomic structure (in Fig. 2 they are highlighted in dark gray
and marked with the number 1). Crystalline nuclei were
used because of the complexity of modeling crystallization
in the molecular dynamics model from the liquid state at
typical cooling rates for this method. The nuclei were located
at equal distances from each other (Fig. 2). The orientation
of the crystal lattice in the nuclei was set randomly, but so
that, as a result of crystallization, tilt boundaries with a
misorientation axis <100> or <111> are obtained.

The calculated cells contained about 240 thousand atoms.
The thickness of the calculation cells along the Z axis was
approximately 25 A. Height and width are 360 and 300 A,
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respectively. The boundary conditions along the X and Z axes
(Fig. 2) were specified periodically. Along the Y axis they
were free, so that the computational cell could change the
volume during crystallization and temperature changes.

The interactions of nickel atoms with each other
were described by the Cleary-Rosato many-body tight-
binding potential [16]. This potential has proven well itself
in a number of calculations of the structural and energy
characteristics of metals performed by the molecular
dynamics method [17-19]. The time integration step in the
molecular dynamics method was 2 fs. The temperature in the
model was set through the initial atomic velocities according
to the Maxwell-Boltzmann distribution. At the first stage of
preparation of the computational cell, the positions of the
atoms corresponded to the crystal structure.

Crystallization in the molecular dynamics model was
carried out as follows. At first, the computational cell melted
by holding at a temperature of 3000 K (the crystal structure
in the nuclei remained fixed at the same time). After that,
the temperature of the thermostat was lowered by 1500 K
and crystallization was simulated. When setting this or that
temperature, all interatomic distances in the calculation
cell changed in accordance with the coefficient of thermal
expansion, which was preliminary found specifically for the
potential used.

3. Results and discussion

Fig. 2 shows an example of a computational cell during
crystallization. In the figure, growing crystalline grains are
clearly visible. The growth of crystals, regardless of their
orientation, occurred at approximately the same rate (according
to [20], this rate is several tens of times lower than the speed
of sound in a metal). In this regard, the size of the resulting
grains, as can be seen in Fig. 3, is about the same.

Fig. 3 shows the final structures of the calculated cells
after modeling crystallization with tilt boundaries <111>

free surface

periodic boundary conditions
periodic boundary conditions

free surface

o iy

Fig. 2. Example of the computational cell in the process of crystallization
modeling: 1 — crystallization nucleus, 2 — crystallization front.

(Fig. 3a) and <100> (Fig. 3b). To obtain a clearer structure,
the calculated cells after the main computer experiment were
cooled to a temperature close to 0 K. To study the structures
obtained, a visualizer of the average distance to the nearest
atoms was used. This gives an idea of the presence of local
tension and indirectly of the distribution of free volume. For
each atom, the average distance to the nearest atoms was
calculated. If the average distance was slightly different from
the distance corresponding to the ideal crystal, the atom was
not highlighted in color. Otherwise, the atom was painted over
in one or another shade from light gray to dark burgundy.

b

Fig. 3. Distribution of free volume in the calculation cells after crystallization and subsequent cooling: with <111> tilt boundaries (a), with

<100> tilt boundaries (b).
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As can be seen in the presented examples (Fig. 3), the
resulting crystalline grains do not contain defects. The
resulting structure in them is clean and ideal, which indicates
that defects are formed during crystallization at the last
stage — at grain boundaries and triple junctions. It should be
noted that the width of different grain boundaries is visually
approximately the same. In [21], it was shown that it is
approximately 5 A, if measured by the diffusion permeability
of the boundaries. Disclinations in triple junctions were not
observed in this work.

Low- and high-angle boundaries in Fig. 3 are noticeably
different. The former are characterized by a periodic
distribution of free volume, while the latter — by a continuous
one. Low-angle tilt boundaries, as is known, are periodically
located edge dislocations [17,19,22], while it is not possible
to distinguish them at high-angle ones.

First of all, when conducting these studies, attention
was paid to whether the free volume is blocked during
crystallization at the triple junctions. As can be seen in Fig. 3,
the free volume, in fact, is concentrated in the region of the
junctions to a greater extent than at the grain boundaries. It
should be borne in mind, however, that the free volume in the
process of diffusion can partially go along the grain boundaries
to the free surface, and also move to the boundaries when
the junction migrates, as was shown in [14]. However, the
results indicate that triple junctions are the preferred site for
concentration of free volume.

Comparing with the results of our previous work [12], it
should be said that in the present model, stretched subgrains
were not observed in the final structure. They appeared in
the process of crystallization, but in the end they “healed”,
being absorbed by growing grains. The result reported in [12]
is apparently explained by the relatively low temperature of
the thermostat, insufficient for the normal evolution of the
polycrystalline structure.

4. Conclusions

The molecular dynamics simulation of nickel crystallization
from several crystalline nuclei was carried out. The orientation
of the crystal lattice in the nuclei was set randomly, but so
that, as a result of crystallization, tilt boundaries with a
misorientation axis <100> or <111> are obtained. It is shown
that the free volume during crystallization is predominantly
concentrated at grain boundaries and triple junctions,
especially at the latter, i.e. where crystallization fronts are
encountered and solidification occurs last. The increased
content of free volume in triple junctions compared with
grain boundaries is explained by the fact that when three
crystallization fronts meet, the pockets of the liquid phase are
formed, in which the density is lower than in the crystalline
phase.

The grain growth rate during crystallization did not
depend on the orientation of their crystal lattice. The velocity
of crystallization front motion is several tens of times lower
than the speed of sound in a metal, therefore, defects, as a
rule, are formed at the final stage, when the fronts meet, i. e. at
grain boundaries and triple junctions. Disclinations at triple
junctions were not observed in this work. Subgrains with a

different orientation from the neighboring grains and in a
stretched state, the formation of which in the region of triple
junctions was noted by us earlier in [12], were also observed
in this study. But they were unstable and “healed” relatively
quickly, being absorbed by neighboring growing grains.
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