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.&siract. An amorphous alloy was rynthesked far the Grst time by mechanical 
alloying of pure elemental pavders of Zn and Zr using a planetary highenergy tull mill. 
The structure and thermal behaviour were analysed by x-ray diffraction and differential 
thermal analysis The mult indicates that the large negative enlhalpy of formation d 
Zn-Zr provides the n e " y  driving foroe for solid-state amorphization. In addition, 
the realization of the amorphization of shows that Zn is a fast-moving s p i e s  in 
host Zr although the ratio of Vmp(Zn)/V(Zx) 6 larger than the aitical value of the 
a-n.4 (M) system, 058. The activation energy of crystallization of the glass is about 
3.068 eV 

Since Koch realized the amorphization of Ni-Nb by mechanical alloying (MA) 
f" crystalline elemental nickel and niobium powders [l], this process has been 
successfully used to amorphize a variety of different alloy systems [U]. As a very 
important group of altoys, "4-TM (TM I transition metal) has attracted considerable 
interest, and been investigated extensively. These investigations indicated that the 
glass formation by MA is not restricted to the vicinity of eutectic compositions, but 
wide amorphization ranges exist in the central part of the phase diagram. From the 
development of a finelayered microshucture within the powder particles, it can be 
found that the transformation is closely related to the solid-state amorphization in 
binary diffusion couples [SI. In this rase, the amorphmtion would require a layered 
micrmtnrcture to provide a large interface area between the two components, an 
anomalous lastdiffusion behaviour of one of the elements and, especially, a large 
negative heat of mixing as the chemical driving force for the diffusion reaction [q. 
Based on the literature [A, the occurrence of solid-state amorphization with zirconium 
as the large atom must satisfy the following: (i) the system must exhibit a negative 
heat of mixing; (ii) the metal-to-zirconium wlume ratio must be less than 0.58. Cu- 
ZS [6,S], Ni-Zr [6,114], Co-Zr [6,8], FeZr [6,8,15,16] and Mn-Zr [6] have been 
amorphized since they all satisfy the criteria. 

Although the 3d transition metals with zirconium have been extensively 
investigated, the last last-transition element zinc with zirconium has not been 
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investigated yet, even as a binary system; zinc-based alloy is rarely used to prepare 
amorphous alloy in addition to an Mg-Zn alloy [lq. The purpose of the present 
work is to investigate the possibility of realizing the amorphization of Zn-Zr by MA. 
The factors related to the amorphization and thermal behaviour of the alloy were 

Tb evaluate the possibility of amorphizing Zn-Zr by MA, we first analyse the 
chemical driving force which governs a diffusion reaction. The difference in bee 
energy for the solid-state amorphization reaction (SSAR) can be expressed as 

also investigated. 

AG = Go - G, (1) 

where Go is the Gibbs free energy of the high-energy state of an initial crystalline 
phase after milling; G, the free energy of the amorphous state, which can be 
expressed as 

G, = xiq + A H ;  - TAS; 
i 

where CiXiG; is a linear mmbination of the amorphous bee energy of pure 
elements; AS; the entropy of formation of the amorphous phase; TAS; is expected 
to be small because of the lower temperature of ssm during MA, AH; represents 
the enthalpy formation of the amorphous phase, which can be calculated following 
the Miedema model [l8,19] since no thermodynamic data exist for amorphous alloys: 

A H ,  = X,X,(~;AH:,'' + ~AAH:,'" *) (3) 

where A H21i" 
f$ the degree an atom A is surrounded by B atoms, which is given by 

is the solution enthalpy of A in B per mole, I the atomic fraction, 

ft = Ci[l+ K(C2Cf;)2] (4) 

where K is an order parameter, which is taken to be 1 or 5 in the case of the 
absence or presence of short-range chemical order, respectively, and Ci is the surface 
concentration of B atoms. 

with a similar expression and meaning for the parameters Ci, j i  and AH:,'" *. 
From equations (1)-(3), it is reasonable that a large negative enthalpy can provide 

the necessary chemical driving force of SSAR. The enthalpy of formation of Zn,-,Zr, 
as a function of alloy composition obtained for the amorphous case is shown in 
figure 1. The AH, for Zn,Zr, is about -37.5 !d mol-'. This mlue is not as 
negative as that of N i Z r  and CO-Zr, but more negative than that of Cu-Zr, Fe- 
Zr and Mn-Zr [7,8]. So the amorphization of Zn-Zr by MA is possible from a 
thermodynamic viewpoint. 

On the other hand, S S A R  requires that the system be an asymmetric diffusion 
couple. The smaller atom in the diffusion couple is the moving species [Urzz], which 
gives a characteristic reaction time for nucleation and growth of the amorphous phase 
which is shorter than that of the crystalline phase [4,5, U]. However, in many cases 
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Figore t Enthalpy of formation Cor Zn-Zr alloys Figure 2 XRD pttems for different milling time of 
m a function d atomic mncentralion. m60a40. 

where the interdiffusion coefficient is not known, the metal-to-host volume ratio, 
which must be less than a certain value, can be used to estimate the diffusivity 
roughly. In this ratio, the mlume of impurity must be corrected according to the 
Miedema model 1241 because of the effect of alloying: 

where V' is the molar volume of pure A, qS and nw represent the electronegativity 
and electron density at the boundary of the WignerSeitz cell, and Po is a constanr 

Using the volume ratio as the dynamic criterion of SSAR is reasonable because 
in many cases the diffusion coefficient is inversely proportional to the ratio, 
V, (A)/V(B) [q. The ratio V,,(Zn)/V(Zr) calculated according m the model 
is 8.65, which is slightly larger than the critical value of Zr-TM (M), 0.58 17. 
Nevertheless, since the system Zn-Zr presents a large negative enthalpy of formation, 
and the ratio of Vm,(Zn)/V(Zr) is near 0.58, it is expected that the amorphization 
of Zn-Zr can be realized. 

Pure elemental powders of Zr (-203 mesh, 99.8%) and Zn (-250 mesh, 99.7%) 
were mixed to give the desired average composition Zn&ra (at%), and placed 
in a cylindrical steel vial (40 x M) mm). The MA was carried out in a planetary 
high-energy ball-milling machine with a ball-to-pawder weight ratio of 101 to 151. 
Hardened steel balls 15 mm in diameter were used. At various stages during the 
milling process samples were analysed by x-ray diffraction (XRD) using a Siemens 
D-5ooO diffractonneter with Cu Kcr radiation. The thermal behaviour was measured 
by differential thermal analysis (DTA) using a Rigaku DSC-1OA differential scanning 
calorimeter (DSC) at heating rates of 5, IO, 20, 40 and 80 K min-' under flowing 
argon. 

Tho distinct stages were observed during the MA of the Zn and Zr powders. The 
powders adhered strongly to the surface of the balls and to the walls of the vial 
forming a hard coating with a rough orange-peel texture during the first couple of 
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hours. As the milling progressed, this mating fractured off. Further MA caused the 
alloyed powder to form an agglomerate at one end of the vial. But, this product 
had the consistency of chalk and could be removed easily. A similar process was 
also observed during the MA of the Ni-Ti alloy 1261 and Ni-based superalloys 127,281. 
The formation of a coating on the ball is advantageous since it presents excessive 
wear of the balls. But this mating should be kept to a minimum in order to avoid 
a heterogeneous final product For the present amorphization process the formation 
of mating on the ball surface appears to be a desirable feature since it promotes the 
formation of a multilayer system of alternating Zn and Zr bonds, simidar to the thin 
films obtained by SSAR. 

Figure 2 shows a series of XRD patterns taken after 5, 10, 18 and 26 h milling of 
the Zn,Zrw After five hours of milling, all crystalline Brag  peaks visibly broaden 
and their intensities decrease. After ten hours of milling, a broad maximum of the 
amorphous phase appears near 28 = 38.41. The crystalline peaks have vanished 
completely after 18 h of milling. Apparently, the powders milled for 26 h have 
transformed to a single amorphous phase mmpletely. The wave number of the broad 
maximum (K = 4AsinB/A) is 268 A-1, which is smaller than that of amorphous 
Zr"f, (?U = Mn, Cu, Fe) alloys [6,8], which are 271, 276 and 278 A-', 
respectively. The metallic radii of Zn, Mn, Cu and Fe are 1.33, 1.290, 1.275 and 
1.241 A [29], respectively. Therefore, the smaller wave number of Zn,Zrm is 
attributed to the larger nearest-neighbour distance of Zn-Zr than that of Zr-"I 

Figure 2 indicates the fact that the amorphization takes place mainly between five 
and eighteen hours of milling and after 18 h, the system is entirely in the amorphous 
phase. In contrast with the work on CkTi, and Zn,Tim using the same ball mill 
[30,31], we find that the rate of SSAR is nearly as fast as Cu-Ti, but faster than Zn-Ti. 
From the above analyses of theory and experiment we can mnclude that Zn is also an 
anomalously fast diffuser in the host Zr, although the ratio Vhc,,(Zn)/V(Zr) is larger 
than 0.58. With the realization of amorphization of Zn-Zr, the dynamic criterion 
seems to be corrected or extended. 

The thermal behaviour and stabdity of the amorphous powder were measured 
by tm.4. A typical DW trace for the alloy milled for 26 h at a heating rate of 
80 K min-' is shown in figure 3. The MA trace shows a strong exothermic peak 
from 700 to 900 K and a weak broad exothermic peak from 900 to 1200 IC The 
crystaUization-onset temperature is about 710 K, and the peak temperature is 893 K 
The activation energy for crystallization for the first crystallization peak temperature 
T, was determined from the DTA measurement at a different rate by the Kissinger 
method [32]. Analysis of the data in figure 4 gives A E = 3.068 eV: 

Cu, Fe, Zr) which were prepared by MA with the 
same heating rate, 10 K min-', and which had crystallization temperatures, Tc, 842, 
994, and 1001 K, the crystallization temperature T, of Zn,Zr,, 766 K, is very low. 
If we observe the number of outer electrons (s, d), we may find that the numbers of 
outer electrons are 7, 8, 11 and 12 for Ma, Fe, Cu and Zn, respectively. 

Figure 5 shows that there is a relationship between the crystallization temperature 
T, and the average outerelectron concentration ( e / a ) ;  T, is inversely proportional 
to e / u  ( e / a  is given by the weighted means according to the atomic percentage 
of electrons in the elements). It can be seen that the average valence of the outer 
electron has a significant effect on T,: the higher the concentration, the lower T,. This 
phenomenon may result from the weakening of bonding with the increase of electron 

(TM I Mn, cu, Fe). 

In mntrast to Zrmllb%, (TM 
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concentration, whereas the chemical bonding plays a major role in determining the 
properties of amorphous alloys [33]. The weakening of bonding decreases the attrition 
of dissimilar atoms and leads to a less stable configuration with decreasing T, [33]. 
Iherefore, that the highest elearon concentration results in the lowest crystallization 
temperatures for Zn,Zrw is not difficult to understand. 

On the other hand, the stability is also related to the parameters EV113 [34], 
where E is the elastic modulus, V the atomic volume. In the absence of experimental 
data, we can estimate the values of EV113 for the glass using the following expression: 

E%''/' = X,E,VA13 + X,&V$. (7) 

Introducing the atomic fraction, E, the atomic volume and the elastic modulus of 
elements from the literature 119,351 into equation U), the crystallization temperature 
T, versus EV113 is shown in figure 5(6). It shows that T' is proportional to EV113, 
and decreases with following the order Fe, Mn, [36,37] 0, Zn. Similar 
phenomena were also observed for Fe-P-C and Cu-NAn-P systems 137. The 
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smallest elastic modulus of Zn and the parameter EV1/3 for Zn,Zr,, means that 
the attractive force between dissimilar atoms of the system is not as strong as the 
other m-Zr systems. Thus the structure becomes less stable and the stability of the 
Zn-Zr system is lower than that of the other Zr-TM glasses. 
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