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On the phase transitions of binary A.lo.86Vo.14 glass 
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Department ot Physics, National Sun bt-Sen University, Kaohsiung, W i n  80424, 
Republic of China 

Received 9 March 1992 

Abslrnet A molecular dynamics simulation on the phase transitions of a reheated 
A l o , ~ ~ V o . l r  glass is presented. The results obtained demonstrate a number at a s p m  of 
the transitions involved, leading 10 the suggestion that such solids as the experimentally 
reported amorphized icwahedral quasicrystals in the Literature may be mnsidered as 
highly perturbed quasicrystals, in which the orientational order k lost through the random 
orientation of imsahedra. 

Mayer d a1 [I] have demonstrated the similarity between the structure of an amor- 
phized quasicrystal of AIo,a4V,,16 alloy (produced by electron irradiation of the quasi- 
crystalline phase of this alloy) and the structure of a typical liquid-quenched metallic 
glass. This was examined further (see, e.g., 12, 31) and we are left with the follow- 
ing dilemma: either the amorphized quasicrystal is not really amorphous but rather 
microquasicrystalline or it may be thought of as highly defective quasicrystal. 

The main purpose of the present work is to obtain some information that would 
advance our understanding of such states as that of the above-noted amorphized 
quasiaystal. For this, we considered a molecular dynamics (MD) simulation [4] on the 
liquid-to-glass and glass-to-other-solids transitions of binary Ala,a6Vo,14 alloy, which 
consists of 430 AI atoms and 70 V atoms, subject to the usual periodic boundary 
conditions, and interacting via an interatomic pair potential, i.e. 

Z,, pi,d and Fij(q) being, respectively, the ionic valence, the depletion charge of 
the i-type atom and the normalized energy wavenumber characteristic, defined in the 
energy-independent non-local model-pseudo-potential (EINMP) theory [SI. This pair 
potential is reliable for both AI and V atoms in their metallic states, as indicated 
by the results obtained using the EINMP theory for pure AI and V metals in 151. 
Also, the valence electron charge-transfer effects should not be large in the binary 
alloy of interest, because the electronegativity ditference between AI and V is not 
significant. Accordingly, the above y j ( ~ )  can be used immediately as an interatomic 
pair potential between any two atoms in the binary alloy under consideration. Having 
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Qure 1. The R(T)-values (in arbitrary units) 
determined for the Liquid-to-glass and the glass-to- 
solid tmnsitions in binary Alo.seVa.,r alloy. 

Figure Z m e  internal energies determined, mrre- 
sponding to the R(T)-values (in arbitrary units) in 
figure 1 for Alo.seVo.lr. 

determined the potential for use, the MD procedure is fust applied to arrange the 
a t o m  involved to be in a liquid-state configuration at a T somewhat above the 
corresponding melting temperature T, and to determine the mean atomic volume 0 
from its relation with the pressure p ,  i.e. 

p = k , T / R  - aEo/afl (2) 
with Eo being the internal energy E minus oneion ldnetic energy, i.e. 

Eo = E, + E ,  + Ep + A E  + (2fl)-,/ V ( r )  dr (3) 

in the E I W P  theory at present used 161. Herein E, and E, are, respectively, the 
electron-gas energy and the first-order energy in the EINh4P theory (see, for details, 
[SI). E, is the structure-dependent part of the energy, which can be obtained from 
the MD simulation using the formula 

where N and ( A )  stand, respectively, for the number of atoms involved and the time 
average of A. A E  is of the form 

Now, the second term in equation (2) may be evaluated numerically as 

aEo/an = - ( 4 x r 3 - l  ( a 1  + 2a, / r0)  

with a t  and a2 satisfying the relation 

Eo = a, + + aZr-' 

for a given volume and r0 = (3i2/4~)1/3. 
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Next, the damped-force method [7] is employed to decrease the temperature of 
the system under consideration with a fast cooling rate, i.e. 2 x 1013 K s-l, and to 
determine R as a function of T from the condition that p involved in the simulation 
be about 10 bar (p is so sensitive to s1 that R at 10 bar does not differ significantly 
from R at  1 bar). The results thus obtained for R (  5") and the corresponding internal 
energy E ( T )  are, respectively, denoted in figures 1 and 2 by the lines with arrows 
pointing to the left. The corresponding pair distribution function (PDF) at 400 K, 
obtained using its partial PDFS (figures %5) as usual, is shown in figure 6 by curve A, 
this being similar to those of the usual liquid-quenched metallic glasses. This means 
that the rapidly quenched Alo.86V0.14 liquid becomes a glass at T < Tg shown in 
figures 1 and 2 as the glass transition temperature. 

t 
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r ( i )  

Figure 3. The partial PDF g A [ A l ( f )  b e t v e n  
Al atoms for binary AI0 86Vo.l4 glass at 400 K 
(curve A) and for solidf at 470 K, (curve B), 
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~~~ Figure 4 The partial PDF r ( i )  gvv ( i - )  between V atoms 

for binaly Alo.86V0.14 glass at 400 K (curve A) 
and for solid{ at 470 K (curve B). 

Subsequently, we proceed to reheat the glass obtained (denoted as glass, in fig- 
ures 1 and 2) at two heating rates: 2 x 1O'O K s-l and 3.8 x 10" K s-'. The 
corresponding R-values, determined as described above, are also displayed in figure 1 
by the curves ae and abcd. The aspects of the displayed results that merit emphasis 
are as follows. 

(i) In the slow-heating case, the volume of the glass decreases with increasing T 
before it makes a phase transition to another type of solid (solid, say) as indicated 
by the curve ae. This occurs because the corresponding heating rate is slow enough 
(compared with the cooling rate used here) to allow volume changes to take place in 
such a manner as shown by the curve ae (corresponding to stabilization). 

(ii) When the heating rate is significantly faster than the slow-heating rate, the 
reheated glass first reduces its volume and then becomes another type of glass, glass, 
say (which can be produced from the binary Alo.86Vo.14 liquid quenched with a 
slow cooling rate). On further increasing T, the glass, becomes a supercooled liquid 
(characterized by the curve bc in figure l), because the atoms involved are being 
reheated too rapidly to attain equilibrium. Finally a phase transition to a solid (solid, 
say), as indicated by the curve cd, occurs. This is consistent with the temperature 
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dependence of the corresponding E(") (figure 2). In addition, in order to End the 
structures of the abovenoted solids and solid,, the pair-analysis technique (see, for 
details, [SI) is applied to the atomic conliprations resulting from the present h?D 
simulation to determine the microstructure of the glass, at 400 K and those of the 
currently obtained solid, and solid,. The important results obtained are summarized 
in table 1. In this table, N,,,, denotes the relative number of 1551 atomic bonded 
pairs [8,9] in the system under consideration. These pairs are characteristic of the 
icosahedral structure, which may appear in a non-crystalline system. N,,,, and 
stand, respectively, for the relative numbers of 1421 and 1422 atomic bonded pairs, 
being, respectively, characteristics of F a  and HCP structures [9]. N,,,, denotes 
the relative number of 1441 atomic bonded pairs, which is characteristic of the ECC 
crystalline structure. N,,,, and N,,,, stand, respectively, for the relative numbers 
of 1541 and 1431 atomic bonded pairs, which are present in some noncrystalline 
systems. Also summarized in this table are the number N+ of atoms involved in the 
formed icosahedra, the number Ni, of icosahedra formed and the number NFcc of 
Fcc-type polyhedra. It now appears from this table that the above-noted solid, is an 
Fcc-like crystal, this being consistent with the corresponding PDF (figure 7, obtained 
using its partial PDFs shown in figure S), which is similar to that of an FCC crystal at 
an intermediate T. 

C F Liu and S Wang 

Table 1. Relative numben of the =entia1 atomic bonded pairs at present obtained and 
the values of N+,j<, Ni, and NFCC determined for Ihe defined g l a q  at 4w K, solid. 
at 410 K and solid, at 470 K, each consisting of 430 AI atoms and 70 V atoms. 

G l a q  a m  ami a004 aoos 0.082 0.073 98 9 0 

Solid1 0.344 0.168 a017 a034 0.175 a055 186 17 0 
Solid. 0.001 0.014 a661 a086 0.023 0.001 0 0 216 

6 

r ( i 1  
Figure S. Ihe panial PDF ~ A I V  (r) between AI and 
V atoms for tinary Alo.ssVo,lr glass at 400 K 
(wrve A) and for solid1 at 470 K (curve B). 
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4 1  
Figure 6. The PDF of tinary Alo.saVo.14 glass 
at 4w K (curve A) together with that of solid, at 
470 K (cuwe E). The vertical lines denote the peak 
positions of the experimental PDF for Ihe mor- 
phized quasicrystal of Alo . s4Vo .~s  alloy [I]. 

We now try to clarify the solid, mentioned above. For this, we fust note that 
the PDF of this solid is similar to that of the present liquid-quenched metallic glass 
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(denoted glass, in figure 1) as shown in figure 6 rather than to that of a quasicrystal 
[lo]. Also, the theoretical bond-angle correlation function of the Same solid is found 
to be not significantly different from that of the glass,. Nevertheless, the solid, is 
clearly not a conventional metallic glass, as indicated by the significant differences 
obtained here (table 1 and figures 3-5) between the structures of the solid, and 
glass,. At this point, there are two points to be emphasized. 

(i) The number of icosahedra (which are responsible for the main characteristics 
of the m m  of non-crystalline systems 1111) is so much greater in the solid, than in a 
glass (table 1) that the former look$ like a perturbed icosahedral quasicrystal. 

(ii) The peak positions of the PDF of the solid, are all in excellent agreement with 
those of the previously noted amorphized icosahedral quasicrystal [l-31. 

Accordingly, the solid, appears to be similar in structure to an amorphized quasi- 
crystal rather than to a conventional metallic glass. - - 

r l i l  

Figure 7. The PDF of solid, at 410 K, obtained from 
the slowly reheated Alo.asVo,lr glass (for which 
the heating rate is 2 x IOLo K s-’). 

C A  

Fipre 8. The partial PDF g A l A l ( 7 )  between Al 
a lOm and the partial PDF gvv ( 7 )  b e w e n  V atoms 
for d i d ,  at 410 K. ?he wrrerpondiog gALv(r) 
is not shown here but tis between gAIAl(+) and 
gvv(r) .  

We are thus left with the suggestion that the solid, produced as described above 
and the experimentally reported amorphized quasicrystals [l-31 my be considered 
as highly perturbed icosahedral quasicrystals, in which the orientationa1 order is lost 
through the random orientation of icosahedra. 

Finally, it is worth noting that we have also reheated the currently produced glass, 
at heating rates of 1.5 x 10” and 2.8 x 10” K s-’, which lie between the two heating 
rates in figure 1. However, the solids obtained are ail FCC-like. This Seems to imply 
that the above-noted solid, and the quasicrystalline state of the binary Alo,86Vo,14 
system are thermodynamically unstable with respect to its Fcc-like phase, at least in 
the model at present used. 



~ 

6734 

Acknowledgments 

The authors are grateful to Dr D W Qi for his kind help in the numerical calcula- 
tions. Financial support from the National Science Council of the Republic of China 
(NSC 81-0208-M-110-31) is gratefully acknowledged. 

C F Liu and S Wang 

References 

[I]  Mayer J, Urban S Harle J and Steeb S 1986 Z Nuturf a 42 113 
121 Urban K, Bauer M, Csanady A and Mayer J 1981 Maex Sci Fonun 22-4 517 
[3] Robertson J L, Moss S C and Kreider K G 1988 Phys Rer: Left 60 M62 
[4] Q i  D W and M n g  S 1991 Phys. Rev. Lm B 44 884 
[5] Wdng S and bi S K 1980 1. fiys E. Mer Phys 10 2717 

Li D q Li X R and W n g  S 19861. ptry. R M e t  Phys. 18 307 
Li D H, Moore R A and M n g  S 1986 Cmr. I Phys 64 75 

[h] Q i  D W, Lu J and M n g  S 1992 1. Chan phys. 96 513 
[7l Evans D J 1983 L Chon Phys. 78 3297 

Bmwn D and Clarke J H R 1984 Chon f i y s  Lcn 98 579 
181 Honeycull J D and Andenen H C 1987 1. Chan P&. 91 4950 
191 Jonsson H and Andersen H C 1988 phys Re* Left 60 2295 
[IO] Kofalf D D, Nanao S, Egami T Wong K M and Poon S J 1986 Phys Rex Lm 57 114 
[I I ]  Liu R S, Qi D W and Wdng S 1992 fiys. h. B 45 451 


