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Abstract. The microslmcture of amorphous AI is investigated by molecular dynamics 
simulation. An unexpected mass effect caused by impurities is observed, which indicated the 
importance of the mass dxerences of components in generating the actual stluchlre. Impurities 
With considerably lower masses than AI give amorphous micmswctures, while much larger 
masses generare quasi-crystalline-like microsuudures in the alloy. Both the Varanoi analysis 
and the pair correlation function are sNdied to clarify this effecL 

1. Introduction 

The effect of metalloids on the amorphous structure of metals is a weU studied [l] topic 
in condensed-matter physics. On the microstructural level, metalloids promote fivefold 
clustering in the system [2] (fust, distorted Frani-Kasper polyhedra 131 are preferred [4]), 
which is not consistent with the proper translation symmetry of the crystalline structures; 
the long-range order (No) has been broken. The loss of LRO emphasim the role of short- 
range order (SRO) and medium-range order (MT10). which determine the amorphous matter 
[51. The icosahedral microswcture (or other fivefold microstructures) may be arranged 
so shicictly that a quasi-translation symmetry appears (quasi-crystals [61) or may even be 
so disoriented (conceming 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- 
mangements. 

In our present paper we shal! try to clarify the mass effect of the impurities introduced 
into the base material. This effect has not been regarded as relevant up to now (the chemical, 
elecnonic 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 microsrmctures [91. Consequently aluminium alloys were 
chosen for our present study. 
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Earlier we have observed a marked concenhation dependence of the microsmctures on 
the alloying elements [lo]. 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 qucstions. 

(i) D e s  the interaction between impurities play a decisive role? 
(ii) Does the size misfit and the chemical interactions create the observed noncrystalline 

(iii) Is it possible to obtain considerable microstructure changes by impurities without 
structure? 

modifying the atomic sizes and paifpotential? 

2. Method 

In order to study the above questions, we simulated the aluminium host by molecular 
dynamics (MO), modelling an ideal impurity in the system, which has the same size and 
interatomic potential as AI atoms, except thal 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 N V 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 
[ll]. 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 me same as for 
aluminium. This relatively small number of atoms is characteristic of the radial distribution 
function and is sufficient for the Voronoi analysis (121; 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 implemented 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 MaxweUi 
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 [141 with a time step of s. The system was stabilized at the initial 
temperature (2000 K) for 3000 steps to reach the standard liquid state. Starting with the 
well established equilibrium, the system was cooled in the next 10000 step (average rate 
of cooling was loL4 K s-l) up to 300 K by rescaling the velocities of every particle by 
multiplying 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 
decrease4y several orders of magnitude-in the self-diffusion coefficient. 
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Figure 1. Vomnoi analysis of rapidly quenched aluminium containing impurities with various 
masses. The ratio (L + M ) / S  is givw ve&s the impurity mass: (a) large-scale mass changes: 
(b) enlargement of (a). 
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Figure 2. The impurity-mass dependence of Ihe number of icosahedral mmgemmts ((00 120) 
and (0 1102) polyhedra) in rapidly quenched Al. 

The atomic positions after the above thermodynamic process were recorded; this enables 
the micro-mgements, the correlation of the neighbours and their coordination clustering 
in the system to be studied. The radial distribution function (RDF) (partial pair correlation 
function g , j ( r ) )  was calculated parallel to recording the micro-amngements. 

Clustering is studied by the so-called Voronoi analysis which is a statistical analysis 
of the generalized WignerSeitz 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. n e s e  planes form the Voronoi polyhedron (like 
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the WignerSeitz cells in crystals) which is the geomemical dual of the actual coordination 
polyhedron. 

In the evaluation of the polyhedral distribution we used the well known Schl23i notation 
[161, counting the edges of the faces and setting them in increasing order. In this way 
a polyhedron is denoted by a set of indices n),  n4, ns, n6. n,, (ni}, where n is the 
number of faces with vertices i. Consequently the Voronoi polyhedron OC the BCC Structure 
would be denoted by (MOS), because its numbers of three-, four-, five- and six-edged 
polygons are 0, 6,  0 and 8, respectively. The Voronoi polyhectra of the FCC smctwe are 
rhombododecahedra, having 12 equal rhombuses as their faces: so their SchlHi notation is 
(0 1200). (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 dodecahedron as its Voronoi polyhedron; so its symbol 
is (00 120). (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. 
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Table 1. 
aluminium is $wn as a reference. 

Impurity mass , . ,, , , ,  , 

The statistics of Vommi polyhedra for various impulities in aluminium. Pure 

Vomnoi stamtics 

m Icosahedra Pnrm FCC BCC M i s c e l ~ u s  
(4 (%) m) , ('m , , ,  (%I , (%) , , , , 

I 34.5 20.8 21.6 0.0 23.1 
3 29.0 19.6 20.1 0.4 30.5 

10 29.1 22.1 27.9 1.6 19.3 
27' 27.4 20.2 24.7 0.8 26.9 
55 32.3 17.3 20.0 1.6 28.8 

300 39.6 15.3 26.0 1.2 17.9 
1000 41.2 21.6 17.3 1.2 18.7 

a lhis is the reference d a m  for pure aluminium. 

3. Results and discussion 

Then: 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 micrmlusters 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 
polyhedral analysis does not include symmetries in the Schlmi 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 S of polyhedra corresponding to 
the most characteristic SRO and the number M of microstrucmes between these structures 
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(mesoscopic effects and distorted polyhedra) are computed, then the (L+ M ) / S  ratio, is the 
largest for pure AI (figure I). 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 ((00 120) and (0 1 102)) alone (figure 2). 

1.31 
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Figure 3. Total RDFS f,r far rapidly quenched AI With 
impurities at T = 300 K~(o) pure aluminium: (b)  
aluminium with an impurity having mass m = 1: (c) 
aluminium with an impurity having mass m = 55. 
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r 41 

The RDF provides information about the actual average distribution of the particles. The 
6rst peak corresponds to the hard-sphere radii, while its second (doublet) peak mirrors much 
more the actual micro-arrangements. The doublet refers to the second and Wid 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 (rt = 3$& N 4.90), while the second corresponds to the collinear 
arrangements (rt = 3 x 2 = 6.00) in the disordered system [17]. Moreover the plane Structure 
consisting of two regular triangles (rb = 3 8  5.20), as well as the regular octahedron 
(ro = 3 d  c 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. Panial AI-AI RDFS for rapidly quenched AI with impurities at T = 300 K. (a) 
aluminium with an impurity having mass m = 1; (b) aluminium with an mpriIy  having mass 
m = 55. 
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Figure 5. Panial AI-impurity RDFs fQi for rapidly quenched AI syrlems ai T = 300 k (a) 
aluminium wilh an impurity having -I m = 1; (b) aluminium with an h p r i t y  having mass 
n l =  55. 

The total RDF functions (figure 3) as well as the AI-AI bond distribution (figure 4) for 
pure A1 and the systems conraining 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 chmcters 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 RDF curves (difference between the curves shown in 
figure 5(0) and figure 5(b)) for the investigated systems. 

same radius as AI. 
(ii) The small-mass system prefers arrangements with r A  = 5.2 in its second peak, while 

the large-mass systems are much more precisely characterized by the peaks at rl = 4.9 and 
r2 = 6.0: so the doublet dominates the second peak of RDF only for large impurity masses. 

The differences in the partial RDF curves (figure 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 locally 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 fivefold 
symmetry [19], which is not-affeckd by long- range^ (&slation) symmetry requirements. 
This is the origin of the fact that the increase in the number of polyhedra characterizing 
shob-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 ObSeNed 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 AI 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 paaicles 
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 

PllP2 = f i l f f i 2  

V l I V 2  = f i 2 l f i l .  

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 charanenstic dismces of micro-arrangements built up by the regular polyhedra., 
and hard spheres. Tbr radii of Ihe spheres are unity. 

Arrangement Distance' 

Bcc edge 2/&" 1.15 

Octahedron opposite vertices 

Icosahedron two lliangles 
shanng me edge 

Two triangles in a sheet 
sharing me edge 

Prism (two tetrahedra) 

.& z 1.41 

&?I(& - 1)/2 E 1.56 

f i r 1 . 1 3  

2&/3 Y 1.63 

Octahedron with a Jil.&- 1.81 
tetrahedron sharing one face 

Icosahedron opposite ' (IO + 2 8 ) - ' / 1  z 1.90 
venices 

Collinear chain 2 

Octahedron with two 1 /& + 2&/3 z 2.04 
t e t r a h h  in its opposite face 

Shortest diswce in two 
P c c  units 

Icosahedron with two 2&//3+(42+ 18&)-1/2/12E2.39 
apporife tetrahedra 

6 .I 2.24 

FCC diagonal & E i.45 

Those values should be multiplied by h e  aeNai atomic-sphere ndii r, (which is in our m e  
r, = 3). 

small impurity, however, is 'colder' than the average, exchanging smaller impulses in one 
scattering process with the AI 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 theu plane form (rn) and also 
as a fraction of an icosahedral surface (rs). 

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 amorphizdtion 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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mangements, 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 mechanisms of impurities in rapidly quenched aluminium, depending 
on the impurity mass relative to atomic mass of aluminium. The impurities with smaller 
masses than AI generate an amorphous structure, while impurities with relatively large 
masses support quasi-crystalline formation. 
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