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Abstract. The microstructure of amorphous Al is investigated by molecnlar dynamics

simulation. An unexpected mass effect caused by impurities is observed, which indicated the

importance of the mass differences of components in generating the actual structure. [mpurities

with considerably lower masses than Al give amorphous microstructures, while much larger

masses generate guasi-crystalline-like microstructures in the alloy. Both the Voronoci analysis
- and the pair comelation function are studied to clarify this effect. ’

1. Introduction

The effect of metalloids on the amorphous structure of metals is a well studied [1] topic
in condensed-matter physics. On the microstructural fevel, metalloids promote fivefold
clustering in the system [2] (first, distorted Frank—Kasper polyhedra {3] are preferred [4]),
which is not consistent with the proper translation symmetry of the crystalline structures;
the long-range order (LRO) has been broken. The loss of LRO emphasizes the role of short-
range order (SRO) and medium-range order (MRO), which determine the amorphous matter
[5). ‘The icosahedral microstructure (or other fivefold microstructures) may be arranged
s0 strictly that a quasi-translation symmetry appears (guasi-crystals [6]} or may even be
50 disoriented (concerning of course SRO, since the disorientation starts from the second
coordination sphere) that the structure may be said to be entirely amorphous.

On -the other hand, microstructures depend greatly on the metalloid concentration [7]
or else on the other metallic components [8]. In general the alloying elements considerably
deform the matrix of the basic material, playing a decisive role in the non-crystalline micro-
arrangements.

In our present paper we shalf try to clartfy the mass effect of the impurities introduced
into the base material. This effect has not been regarded as relevant up to now (the chemical,
electronic and size effects have mostly been studied), but our experience with clustering
problems focused our attention on this ‘side’ effect.

One of the most investigated model systems is aluminium-based alloys, which generate
various icosahedral phases and microstructures [91. Consequenily aluminium alloys were
chosen for our present study.,
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Earlier we have observed a marked concentration dependence of the microstructures on
the alloying elements [10]. A very high concentration of the metalloids was required to

observe amorphization in experiments by rapid cooling; so our interest was at first focused
on the following questions.

(i) Does the interaction between impurities play a decisive role?

(ii) Does the size misfit and the chemical interactions create the observed non-crystalline
structure?

(iii) Is it possible to obtain considerable microstructure changes by impurities without
modifying the atomic sizes and pair potential?

2. Method

In order to study the above questions, we simulated the aluminium host by molecular
dynamics (MD), modelling an ideal impurity in the system, which has the same size and
interatomic potential as Al atoms, except that its mass may be different. The impurity mass
dependence of the micro-arrangements in this system is investigated in the following.

Our MD calculation has been performed in the microcanonical ensemble NV E
framework, where the energy E. the volume V and the number N of particles were kept
constant in the averaging process of the physical data. Details have been published elsewhere
[11]. The motion of 256 atoms is considered for the system which includes one impurity
atom with a special mass, but all the parameters of this impurity were the same as for
alumininm, This relatively small number of atoms is characteristic of the radial distribution
function and is sufficient for the Voronoi analysis [12]; consequently, simple computers and
a relatively short computing time can be used. The essential behaviour does not change on
increase in the number of particles (we impiemented up to 1000).

In the initial state the atoms were arranged in the nodes of a FCC lattice in a cubic box
with edge L, and their velocities were assumed to be in accordance with a Maxwellian
distribution at a temperature of 2000 K. The volume of the box is calculated from the
experimental density of the aluminium. The well known periodic boundary condition was
used.

A Morse-type empirical potential was applied for the interatomic interaction with a set
of experimental parameters [13].

The integration of the motion equations was performed using a so-called ‘leap-frog’
algorithm [14) with a time step of 10~ s. The system was stabilized at the initial
temperature (2000 K} for 3000 steps to reach the standard hquid state. Starting with the
well established equilibrium, the system was cooled in the next 10000 steps {average rate
of cooling was 10'* K s™1) up to 300 K by rescaling the velocities of every particle by
maltiplying by a constant factor after every ten steps. After every 3000 time steps the alloy
was thermally stabilized, and the thermodynamic and structural characteristics averaged
with a correction of the system to the Maxwellian distribution at the actual temperature.
These corrections were necessary to keep the system in a real thermodynamic process and
allows enough time to create the relevant SRO. This is the reason that, despite the high
cooling rate, the simulation is realistic and comparable with the experiments. The total
process consisted of a sequence of cooling, stabilizing and averaging of some intermediate
temperatures ranging from 2000 to 300 K in the cooling process of the system from the
melt to the amorphous state. The glass transition temperature was identified by a sudden
decrease—by several orders of magnitude—in the self-diffusion coefficient.
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Figare 1. Voronol analysis of rapidly quenched aluminium containing impurities with various
masses. The ratio (L + M)/5 is given versus the impurity mass: {a) large-scale mass changes;
(b) enfargement of (a).
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Fipare 2. The impurity-mass dependence of the number of fcosahedral arrangements (00 120)
and (01 102) polyhedr) in rapidly quenched Al.

The atomic positions after the above thermodynamic process were recorded; this enables
the micro-arrangements, the correlation of the neighbours and their coordination clustering
in the system 10 be studied. The radial distribution function (RDF) (partial pair correlation

function gi;(r)) was calculated parallel to recording the micro-arrangements.

Clustering is studied by the so-called Voronoi analysis which is a statistical analysis
of the generalized Wigner—Seitz cells (Voronoi polyhedra [15]). To construct a polyhedral
environment, every atom is assumed to be central, and the radii connecting this atom to its
nearest neighbours were bisected by planes. These planes form the Yoronoi polyhedron (like
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the Wigner—Seitz cells in crystals) which is the geomewrical dual of the actuai coordination
polyhedron.

in the evaluation of the polyhedral distribution we used the well known Schiifli notation
[16], counting the edges of the faces and setting them in increasing order. In this way
a polyhedron is denoted by a set of indices ni, aa, Rs, ng. #7, {n;}, where n is the
number of faces with vertices i, Consequently the Voronoi polyhedron of the BCC structure
would be denoted by (0608), because its numbers of three-, four-, five- and six-edged
polygons are 0, 6, 0 and 8, respectively. The Voronoi polvhedra of the FCC structure are
rhombododecahedra, having 12 equal rhombuses as their faces; so their Schlifli notation is
(01200). (This is identical with the symbol for the HCP Voronoi polyhedron, indicating that
the symmetries are not included in the notation—only the number of the surface polygons.)
The icosahedral arrangement has a dodecshedron as its Voronoi polyhedron; so its symbol
is (00120). (Note that every dodecahedron (not only the regular dodecahedron) has this
notation!) The statistics of the actual state of the phase contain all the types of Voronoi
polyhedron realized in the actual state, and their frequency is also calculated around both
the constituents. Highly deformed polyhedra also appeared. The well known periodic
structures have various deformed intermediate polyhedra, such as (0364), (0365), (0446),
(0447) and similar structures, which are generated from the distribution of the regular
crystalline arrangements.

Table 1. The statistics of Voronoi polyhedra for various impurities in aluminiom. Pure
aluminium is given as a reference. . '

. Voronoi statistics
Impurity mass . b

m lcosahedea  Ponsm FOC poe Miscellaneous

(au} (%) %) B (B ()
1 345 20.8 216 00 231
3 20.0 19.6 2001 04 305
10 29.1 22.1 279 L6 193
27° 274 202 247 03 269
35 323 17.3 200 16 288
300 395 15.3 260 12 179
1000 41.2 21.6 173 12 187

® This is the reference damam for pure aluminium.

3. Results and discussion

There are some characteristic differences in the distribution of the Voronoi polyhedra
(symmetries in the first coordination spheres) of the system including various impurity
masses (table 1). The Voronoi analysis of the microclusters shows an interesting distribution
of the polyhedra in the system with the impurity, compared with pure aluminium (rapidly
quenched in the same way as the other systems). As we described above, the Voronoi
poiyhedral analysis does not include symmetries in the Schlafli notation, but by the statistics
of the characteristic polyhedra a symmetry characterization is available. If the number L
of clusters corresponding to the proper LRO, the number § of polyhedra corresponding {0
the most characteristic SRO and the number M of microstructures between these structures
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(mesoscopic effects and distorted polyhedra) are compuied, then the (L + M)/§ ratio, is the
largest for pure Al (figure 1). What is unexpected, however, is that this parameter decreases
in both directions of ¢changes in impurity mass. (The same effect is also observable for the
icosahedral arrangements ((00120) and (01 102)) alone (figure 2).
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Figare 3. Total rDFs f;, for rapidly quenched Al with
. . . impunties at T = 300 K: (a) pure aluminium; (b)
o 12 3 4 5 & 7 & aluminium with an impurity having wass m = 1; {¢)

r (A} aluminium with an impurity having mass s = 55.

The RDF provides information abouit the actual average distribution of the particles. The
first peak corresponds to the hard-sphere radii, while its second (doublet) peak mitrors much
more the actual micro-arrangements. The doublet refers to the second and third coordination
spheres, contrary to the Voronoi polyhedra which correspond only to the nearest neighbours.
The first subpeak of the RDF doublet—considering the atoms as hard spheres—agrees with
the tetrahedral clustering (n = 32+/6 2 4.90), while the second corresponds to the collinear
arrangements (r: = 3x2 = 6.00) in the disordered system [17]. Moreover the plane structure
consisting of two regular triangles (r, = 3+/3 = 5.20), as well as the regular octahedron
(ro = 3+/2 =2 4.25), may also exist in this region [18). Some characteristic distances for hard
spheres and for regular polyhedra have been collected in table 2. The peaks are smeared
because of the deformed polyhedra and the non-hard-sphere packing. The soft potentials
shift the peaks towards smaller values.
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Figure 4. Partial Al-Al RDFs fpp for rapidly quenched Al with impurities at T = 300 K: (a)
aluminium with an imparity having mass m = 1; (b} aluminium with an mpurity having mass
m =758, -
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Figure 5. Partial Al-impurity RDFs fp; for rapidly quenched Al systems at T = 300 Kr (@)
aluminium with an impurity having mass 7, = 1; (¥) aluminium with an impurity having mass
m =155,

The total RDF functions (figure 3) as well as the Al-Al bond distribution (Ggure 4) for
pure Al and the systems containing impurities do not differ greatly: only a slight modification
in the second peak-doublet intensity is observable, and the main difference is in the fine
structure of the doublet. The pure aluminium has a hump between the subpeaks, which
corresponds to the large number of octahedral arrangements in this material,

If we analyse the RDF data of the impurity—aluminium bonds (the distribution around
the impurity), the curves in figure 5 show the markedly different characters of the systems
with small and large impurity masses.

(i) The first peak of course remains at the same position, because the impurity has the
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Figure 6. Difference between the partial ROF curves (difference between the curves shown in
figure 5(a)} and figure 5(p)) for the investipated systems.

same radius as Al

(i1) The small-mass system prefers arrangements with r, = 5.2 in its second peak, while
the large-mass sysiems are much more precisely characterized by the peaks at r; = 4.9 and
ry = 6.0; 50 the doublet dominates the second peak of RDF only for large impurity masses.

The differences in the partial RDF curves (figore 6) demonstrate well the discrepancy
caused by the masses alone.

The impurities locally disturb thermal equilibrium a great deal and so do the clustering
processes. First of all, both the impurities Iocally disturb the equilibrium, thus emphasizing
the role of the short-range effects. In this sense it does not matter whether the impurity mass
m is larger or smaller than that of the base particles; in both cases the locally most optimal
clustering will be arranged. The optimal clustering is icosahedral, or at least has fivefoid
symmetry [19], which is not affected by long-range (translation) Symmetry requirements,
This is the origin of the fact that the increase in the number of polyhedra characterizing
short-range optimization was observed in both impurity mass classes of impurities (above
and below the mass of aluminium).

On the other hand, the specific changes observed in the RDF can be explained by the
differences in the mobility of the given impurity. The small-mass impurities (having the
same average energy as the Al atoms) have a much higher velocity v than its neighbours,
while the impurities with large masses have a much lower velocity. A high-velocity particle
reaches a larger area during its motion than the average {Al), and of course the particles
with low velocities influence a smaller area of the base material, However, impulses p of
the particles, with the same kinetic energy, satisfy the conditions

n/ Pi = Jmy/Jm;
v1/v2 = vy /.
So, the impurity with a larger mass has a larger impulse and at the same time a

smaller velocity than the average. Consequently, the large mass is relatively ‘hot’ in its
neighbourhood and is able to transfer a larger impulse by scattering than the average. The
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Table 2. Some charactenstic distances of micro-arrangements built up by the regular polyhedra,
and hard spheres. The radit of the spheres are unity.

Arrangement Dristance®

BCC edge Z/3 =115

Qctahedron opposite vertices 222141

Icosahedron two tiangles VBT - /2 1.56
shanng one edge

Two triangles in a sheet LRSS Wi

sharing one edge

Prism {two tetrahedra) 24/6/3 =~ 1.63
Octahedron with a ST E = 1.87
tetrahedron sharing one face

[cosahedron opposite (10 4+ 27712 =190
vertices

Collinear chain 2

Octahedron with two 1//6 42483 = 2.04
tetrahedra in its opposite face

Shortest distance in two FE=224

FCC units

lcosahedron with two 2/6/3 + (42 + 184512 /12 2 239

opposite tetrahedra

Fcc diagonal VB 245

® These values should be multiplied by the actual atomic-sphere radii r, (which is in our case
g = 3],

small impurity, however, is ‘colder’ than the average, ¢xchanging smaller impulses in one
scattering process with the Al particles. The vicinity of the large masses is ‘heated’, relaxing
the lattice locally and creating icosahedral, prism-type and even FCC and BCC clustering. The
small-mass impurity ‘cools” the material but jumps quickly from cluster to cluster, creating
‘open’ arrangements in its neighbourhood; consequently it prefers connected triangles. On
this basis the small-mass impurity has in its RDF a characteristic peak corresponding to the
joined regular triangles, which share a common edge, both in their plane form (r,) and also
as a fraction of an icosahedral surface (r;).

This simple scattering mechanism causes a characteristically different RDF around the
impurities of various masses.

The small-mass impurity, because of its large effective scattering area and low impulse
exchange, prefers amorphization of the material, creating more icosahedra than in pure AL
This is indeed observed when pure metals become amorphous owing to their hydrogen
content.

On the other hand, large-mass impurities allow microregions to reach their optimal
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amrangements, which are mostly icosahedral, but the vicinity of the impurity becomes
more ordered (preferring large three-dimensional units) and supports the creation of quasi-
crystalline order.

4. Conclusion

We observed different mechanisims of impurities in rapidly quenched aluminium, depending
on the impurity mass relative to atomic mass of aluminium. The impurities with smaller
masses than Al generate an amorphous structare, while impurities with relatively large
masses support quasi-crystalline formation.
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