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COMPLICATED STRUCTURES IN THE MOLECULAR-DYNAMIC MODEL
OF PURE ALUMINUM

Growth and structures of crystals in the model of Al obtained in results of isothermal annealing
after rapid cooling to certain temperatures are studied by the method of molecular dynamics applying
the known potential of EAM type. The growing nanocrystals have no fcc crystal structure. However,
the fcc phase set in initial conditions is stable. We have determined two types of crystallization centers
with hexagonal and tetragonal crystalline lattices. Both lattices are built from hexagonal clusters of 15
atoms (the Frank—Kasper type). In many places, small crystalline chips with these lattices coincide one
with another forming pictures typical for quasicrystals of dodecagonal type; and translation symmetry
in direction perpendicular to the sections with hexagons takes place. The tilling picture for the obtained
structure is constructed and it is compared with the tilling picture for the known quasicrystals of
dodecagonal type. The nature of forming of such quasicrystals is considered including the question on
additional Lauer patterns of twelfth order.
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I3 3acrocyBaHHAIM MeTOAY MOJIEKYJSIpDHOI AuMHAaMiku Ta Bigomoro mnorenuiaay EAM-tunmy
BHBYCHO 3POCTaHHs i CTPYKTYpYy KpucTadiB y mogeni Al, orpumaHux y pe3yJjbTarti i3oTepMidHOro
Bianany mic/is IIBUAKOIO 0XOJIO[KEHHs 10 NEeBHUX TeMIepaTyp. 3pocTayi HAHOKPUCTAJIM He MalOTh
'K crpykrypu. Ase I'IK ¢a3za € criiikoro, sikio BoHa 3aJaHa B NOYAaTKOBHUX yMoBax. BusHaueHo
ABA THNH KpPHCTATIYHMX NEHTPIiB i3 reKcaroHaJbHMMH i TeTParoHAJILHUMH KPHUCTAJIYHUMH
pewritkamu. O0uaBi rpaTku MOGYI0BaHi 3 reKcaroHaJIbHUX KJacTepiB, siki cki1agawThes 3 15 aTomis
(tun ®panka-Kacnepa). ¥ 6aratpox micusx, MajeHbKi KpUCTAJIMKH 3 IMMHU I'PaTKAMH KOHTAKTYIOTh
OJMH 3 OJIHUM, YTBOPIOIOYM CTPYKTYPH, THUINOBi /il KBa3iKPHUCTAJIIB 10CKATOHAJILHOIO THIY; i Ma€
Micne TpaHcJsLiiiHA CHUMeTpis B HaNpsAMi, NepHeHJUKYJIAPHOMY A0 IEPeTHHIB HIECTHKYTHHKIB.
CKOHCTPYHOBAHO KapTHHY CKpilUIEeHHsl eJeMeHTIB KBasikpucrana i nposeieHo ii NOpiBHAHHA 3
NOJI0HO KAPTHUHOI ISl BilOMOro KBasikpucTaja JoAeKaroHajbHOro tumy. PosrissHyTo mpupoay
YTBOpEeHHsl TAaKHMX KBa3iKpUcTaliB, 30KpeMa NHTaHHsA mnpo aojgatkosi Jlaye peduexcen, mo
Bi100paskaloTh cUMeETPil0 ABAHAAUATOIO MOPAIKY.

Kiro4oBi ci10Ba: KOMI'IOTEPHE MOJICIIOBAHHS; KBa3iKPUCTaIM; 3apPOJUKEHHS; 3POCTAHHS; CTPYKTYpa;
METajH.

C npuMeHeHHeM MeTOJa MOJEKYJISIDHOW JWHAMHMKH M H3BeCTHOro moreHnuaia EAM-tuna
H3Yy4eHbl POCT M CTPYKTYPa KPHUCTANIOB B Moaeau Al, koropble OblIM MOJyYeHHbIe B pe3y/bTaTe
H30TePMUYECKOr0 OT:KUTa MocJie OBICTPOro OXJIA:KAeHHs K onpeelIeHHbIM Temnepartypam. Pacrymue
Ha”HokpucTawibl He uMeloT 'K crpykrypsl. Ho I'IIK ¢a3a aBasiercst ycroiiunBoii, ecjii OHa 32]aHA B
HAYAJIbHBIX ycaoBuUAX. OnpegeseHbl ABa THIA KPHUCTANIMYECKHX HEHTPOB C IeKCArOHAJbLHBIMH H
TeTParoHAJIbHBIMH KPHUCTAJJINYEeCKUMH pemieTkaMu. O0e pelieTKH BBICTPOECHBI U3 I'eKCArOHAJbHBIX
KJIACTepoB, cocTossmux M3 15 aromoB (tunm Ppanka-Kacnepa). Bo MHormx mecrax MajeHbKHe
KPHCTA/UIMKHA ¢ 3THMH pelleTKaMH KOHTAKTHPYIOT APYr C APYroM, o0pa3ysi CTPYKTYpPbl THIIMYHbIE
A5l KBa3MKPHCTAJIOB J0JeKATOHAJIBLHOIO THNA; M HMeeT MeCTO TPAHCJISIHHOHHASI CHMMeTpHsl B
HaNpaBJeHHH, NepPHeHIUKYJSIPHOM K CeYeHHUSM IIecTUYroJbHHKOB. CKOHCTPYHpOBaHa KapTHHA
CBSI3bIBAHHMS JJIEMEHTOB KBa3MKPHUCTAJLUIA W HaBeJeHO €€ cpaBHeHHE € MOJO0HOH KapTHHOH a5
HM3BECTHOI0 KBA3HKPHUCTAJLIA JO0ACKATOHAJILHOrO THna. PaccMorpena mpupona o0pa3oBaHusi TAKHX
KBa3MKPHCTAJLUIOB, B TOM 4YHCJIE BONPOC O [JONOJHUTEJNbLHbIX Jlay? peduiexcax, orpazkarommux
CHMMETPHIO JBEHANATOr0 NOPSAKA.

KiaroueBbie cjioBa: KOMIBIOTEPHOE MOJEIMPOBAHUE; KBA3sHUKPHCTAIUIBI; 3apOXKICHHE; pOCT;
CTPYKTYpa; METaJLIBL.
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1. Introduction

Comparatively large atomic systems can be simulated with using a modern personal
computer with modern graphic cards (power GPU’s) when applying the program
packages for parallel computations, for instance LAMMPS. Such computer systems allow
obtaining results of simulations for the models from 10’ atoms during periods of 1+10 ns
in several workdays. Many physical properties of metals and alloys are featured correctly
when using ab-initio calculation or up-to-date EAM or MEAM potentials. Therefore, the
structures of solidificated systems obtained in results of simulations can correspond to
real structures.

Five-fold Lauer patterns were discovered at first in metals with fcc crystalline lattice,
crystals of which were periodically twinned with rotation of the crystalline lattice in 72°
(5 sectors with {220} planes in the section perpendicular to the 5-fold axis). Such
structures were investigated in many great works, including the studies performed in last
years [1-4].

The appeal of fivefold symmetry was tremendously encouraged with the disclosure
of icosahedral quasicrystals [5-7] and with the invention of the quasilattice concept to
describe these structures basing on local icosahedral packing of atoms contained in
tetrahedrally close-packed intermetallic compounds [8, 9].

More than 100 different alloys are known now as those, in which quasicrystals can
arise. A good few of them are the containing aluminum. Quasicrystalline materials with
icosahedral quasicrystals show quasiperiodicity in all three dimensions. The other classes
of quasicrystals — octagonal, decagonal and dodecagonal — are quasiperiodic in two
directions, in the quasiperiodic plane, and periodic in one direction, i.e. along the
quasiperiodic axis. Lists of alloys having quasicrystalline structures of icosahedral,
octagonal, decagonal and dodecagonal symmetry are collected in Refs. [11, 12].

When studying the Ih-fractal formation in Ref. [4] using simulations, we had applied
for aluminum the potential from Ref. [13], since the more known potential from Ref. [14]
did not provide crystallization during comparatively long time intervals in spite of
crystals with fcc-lattice set in initial condition have normal kinetics of growth. In these
work, we used for simulations of sufficiently large models the potential from Ref. [14].
Its pair part has two gently sloping minima. Most likely, this is a cause of variety of
simulated structures.

2. Details of the simulation

The MD simulations were carried out using the LAMMPS codes (large-scale atomic-
molecular massively parallel simulator) for parallel computing [2] with timestep of 2 fs
(the Verlet algorithm in velocity form, NVT ensemble and Berendsen thermostat).
Spherical models with free surfaces (of 131072 atoms) were obtained in results of
melting of the first-set crystals and quick cooling of liquids to the chosen temperature of
annealing. The melting temperature T,, of the crystal with the fcc lattice set in initial
condition was determined. For the potential from Ref. [14], T,,= 870+5 K.

Identifications of clusters were fulfilled in results of running of the LAMMPS codes
(compute cna/atom and pe/atom) and also programs for visualization VMD and OVITO.
When visualizing the results of simulations, we set colors for atom dependently on cluster
type, i.e. on their neighbor surroundings.

3. Results and their discussion

We found that in the supercooled liquid state, our model has many great icosahedral
clusters As one can see from Fig. 1, a, LAMMPS determines many icosahedral clusters
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(their central atoms are dark-grey) not only in liquid, but also in crystallization centers,
especially on their outsides. And there are many hexagonal clusters in the shown sections
(see Fig. 1,a), which are ordered in nanocrystals. At the temperature 500 K in liquid state,
LAMMPS marks ~ 8% from the full number of atoms as the centers of icosahedral
cluster. If take into account the nearest neighbors of these atoms, we can say that the
majority of atoms belongs to the clusters. Therefore, the nucleation of crystal phase is
very difficult. The waiting time for nucleation at this temperature was roughly 0.5 ns.

Figure 1 shows crystallization. There are many ordered places. Some of them are
nanocrystals from long hexagonal tubes placed into the square lattice (with full
periodicity along the tubes). Before crystallization, we see in liquid sufficiently many
nuclei from hexagonal clusters in the form of rhombs. However, the major of ordered
places are constructed from small crystalline chips having strongly square or rhombic
shapes in one section. This is a typical picture for quasicrystals of dodecagonal type; we
will name their below as “our quasicrystals”. It is most important that two types of
crystals, from which our quasicrystals consist, may exist separately.

Fig. 1. Snapshots of the model sections during annealing,
temperature T=500 K; time of annealing is 1 and 2 ns for figures a and b, accordingly;
centers of icosahedral clusters are dark-grey.

We have determined exactly the crystalline lattices of two crystalline phases. The
hexagonal phase has an elementary cell from 19 atoms (Fig. 2, a). The large crystal with
this structure set in initial condition is stable up to 300 K (P6émm type of crystalline
lattice). At higher temperature the reconstruction into the other structure (another
crystalline phase and quasicrystals) takes place. Another phase has the tetragonal close to

cubical elementary cell from 20 atoms (Fig. 2, b) (P42m type of crystalline lattice). This
phase is very stable. Its temperature of melting (T,, = 900+5 K) is higher than the
temperature of melting of the fcc-phase. In both lattices, the hexagonal clusters form long
tubes in the direction perpendicular to the plane of hexagons. Our quasicrystals are also
stable. The biggest of them were melted at the temperature ~ 86515 K.

Fig. 3 shows (from two points of viewing) tubes of hexagonal clusters from which
the crystalline lattices are built. For these figures, real coordinates of atom were used (and
VMD software). The main features of these clusters are in two points: 1) the central
atoms are not placed in the planes of hexagons; consecutive hexagons are turned one
relative another with the angle 30°. Distances between the nearest atoms are close for the
both crystal lattices; they are 2.56, 2.90, and 3.14 A for the tetragonal phase and 2.61,
2.93, and 3.26 A for hexagonal phase. Small distances are, for instance, between atoms
on the axes of the hexagonal tubes; in the hexagonal phase, there are smallest distances of
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2.53 A. These atoms have 14 nearest neighbors, i.e. they are centers of the clusters of
Frank-Kasper type, which are formed from decahedral groups of atoms (see Fig. 4).

Fig. 2. The cells of two lattices that correspond to two crystal phases,
a — the cell of hexagonal lattice; b — the tetragonal cell.

Fig. 3. Grouping of dodecagonal clusters from two points of viewing.

Fig. 4 shows the structure of one bi-dodecagonal cluster (two point of viewing). It is
possible considering these clusters as molecules with constant internal ordering. Different
packing of these molecules gives different crystalline lattice or our quasicrystals. Two
consecutive hexagons from consecutive sections look like a bi-dodecagon with 14 atoms
around the central atom. Therefore, one can mistakenly see a symmetry axis of twelve
orders (Fig. 1, 3 and 4). Of course, one will see an orientation ordering of rhombs and
squares in quasicrystals. Moreover, one can build the tilling picture by joining the central
atoms of hexagonal clusters (as it is shown in the Fig. 5,a) that shows filling of all the
area by two types of geometrical figures (squares and triangles). It will be similar to
typical tilling pictures for the quasicrystals of dodecagonal type (Fig. 5,b). But in our
opinion, the picture showing outlines of the crystalline chips of two phases (see Fig. 5,¢)
is more informational, as it responds to the physical nature of such structures.

Is the structure shown in Fig. 5,a the structure of a quasicrystal? Yes, it is typical
for quasicrystals! Will the Lauer patterns from such structure contain the patterns of 12-
fold symmetry? Yes, because of consecutive contacts of rhombic and square crystalline
chips often lead turning of their orientation in 30°. Fig. 5,c shows the recognized
quasicrystaline structure of alloy (Ta,V),¢Te. We marked out by solid and dotted white
lines the square and rhombic crystalline chips. The chip from 6 rhombs in the section
contains many hundreds of atoms. If contacts between rhombs and squares happen
through the planes of constant directions, their orientation does not change. However,
joining the rhombs to another side of the squares changes their orientation in 30° (from
right and in the bottom in Fig. 5, ¢). Thus, the Lauer patterns of the 12-th order take place
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due to orientation dependence of two contacting crystalline chips of different phases. We
could say, the quasicrystals of dodecagonal types are similar to twinned structures from
two phases, for instance to structures with alternate fcc and hcp-phases. In our opinion, all
quasicrystals of dodecagonal type consist from the crystalline chips of two possible
phases. As a rule, stacking of resembling crystalline lattices are the main condition of
forming dodecagonal quasicrystals so that a wide variety of packing of small crystals do
not damage an orientation order. A definition “two-phase fractal” is a good name for such
structures.

Fig. 5. The quasicrystal structures, tilling pictures, and contacts of crystalline chips in the quasicrystal,
a — in the simulated model of pure aluminum; b — the typical quasicrystalline structure from long
molecules [15]; ¢ — the Google image of the quasicrystalline structure in the alloy (Ta,V),¢Te.

Else, one question is interesting for consideration. Are there defects of stacking in
quasicrystalline structures, and how they influence the Lauer patterns? Of course, they are
present. One can see them in Figs 5,a and 5,c. However, the regular orientation
dependence of two phases stacking allows passing around them during the crystallization
without damage of two major orientations.

4. Conclusions

The solidificated models of aluminum contain different crystalline structures. There
are small nanocrystals with the tetragonal crystalline lattice, nuclei with the hexagonal
crystalline lattice, and “quasicrystals” of dodecagonal type. Both crystalline lattices
consist of hexagonal clusters, which packed in long ordered tubes.

“Quasicrystals” consist of crystalline chips of two crystalline phases stacking one
with another by the regular way with conservation of their orientation or with change of
their orientation in 30 or 90°. Thus, the certain orientation order is formed during the
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crystallization. Due to existing of two preferred orientations of the crystalline chips in
quasicrystals, the Lauer patterns from such structures show the existence of symmetry
axes of the 12-th order.

In our opinion, a name “two-phase fractal” is a more exact definition of quasicrystals
of dodecagonal type, as stacking rules of different crystalline chips are the main condition
of their forming. Thus, the discussion on the structure and nature of quasicrystals can be
kept on. In some cases, authors of publications can mistake concerning the real structure
of their alloys.
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