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Abstract - The thermodynamic functions of the phases in the Ni-Zr and the CO-Zr system 
are calculated from the experimental data by applying the CALPHAD method. In the case 
of the undercooled liquid its excess specific heat is taken into account resulting of 
a pronounced stabilization of the liquid state at lower temperatures. Below T the g amorphous phase is considered which exhibits a free energy comparable to the one of 
the intermetallic compounds. From the calculated free energy functions the concentra- 
tion ranges of amorphous phase formation can be determined and compared to the experi- 
ments. Results obtained by mechanical alloying and ion-mixing of the components will 
be discussed with respect to the assumption of a metastable equilibrium between the 
phases involved, whereas T lines of the terminal solid solutions are used for the 
interpretation of amorphous pxase formation by melt-spinning. 

1 - INTRODUCTION 

Due to their metastable state amorphous alloys can be prepared by an interdiffusion of 
crystalline phases as first being demonstrated by Schwarz and Johnson /l/. For the quanti- 
tative description of the occuring phase reactions and phase transformations the thermody- 
namic and kinetic properties of the involved phase must be taken into account. In particu- 
lar, this requires the determination of the Gibbs free energies of the stable and meta- 
stable phases of the investigated system which can be done most favorably by the CALPHAD 
method /2/. The advantage of the method is based on the utilization of the specific ther- 
modynamic data of the system with regard to the calculation of the thermodynamic functions. 
In this paper we report on the results of the Ni-Zr and CO-Zr system, which will be 
discussed with respect to the concentration ranges of amorphous phases by several pre- 
paration techniques such as interdiffusion, mechanical alloying and ion mixing of the 
components as well as quenching of the melt. 

2 - ANALYTICAL DESCRIPTION OF THE THERMODYNAMIC FUNCTIONS 

For the calculations a slightly modified least-square-fitting program developed by Lukas 
et al. /3/ was used. In principle, the free energy G' of a binary solution phase in depen- 
dence of the temperature T and the mole fractions xA and xg of A and B atoms can be 
described as 
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where G: and G: represent the phase stability values of the pure components. Smix is the 
ideal entropy of mixing and A G ~ ~  is the excess free energy of mixing, which is expressed in 
our calculation by 

The first line is related to the enthalpy of mixing taking into account deviations from the 
parabolic concentration dependence. The second line describes a non-ideal behavior of the 
entropy of mixing. The contribution of an excess specific heat to the free energy given in 
the third line is only considered in the casel 05 the undercooled liquid 121. The 'IT 
dependence of the free energy corresponds to an / T  dependence of the specific heat. This 
representation was chosen with respect to the hole model describing the influence of 
defects in the short-range order of liquid alloys on the specific heat with rising tempera- 
ture. In most systems suitable for amorphous phase formation the excess specific heat 
causes a pronounced temperature dependence of the enthalpy and the entropy of mixing stabi- 
lizing the undercooled liquid with respect to the crystalline phases at lower temperatures. 
In addition, the entropy of the undercooled liquid at the glass transition temperature T 

g becomes comparable to the entropy of the stable crystalline phases, demonstrating the 
pronounced short-range order in the undercooled liquid close to T /2/. At T its specific 
heat decreases to a value comparable of the crystalline In our chculation the 
glass transition is formally treated as a second order phase transformation and neglects 
the difference between the specific heat of the amorphous and the crystalline phases. 

The free energy of stoichiometric corn ounds G' is composed of the phase stability values B and a temperature independent enthalpy H and entropy S' of formation 

G' = XA G: + Xg G: + H' - T S' 

The coefficients Ai, B. and Ci (i=l-3) as well as H@ and S' of each phase are calculated 
from the thermodynamic data of the system. The required input data consist in the case of 
the Ni-Zr and CO-Zr system of the %-phase and 3-phase equilibria as well as of the heats of 
formation of the intermetallic compounds. The thermodynamic characterization of the 
amorphous phase is based on crystallization enthalpies into the equillibrium phases and on 
the heats of formation. Details of the calculation and the derived coefficients will be 
published in a separate paper. 

3 - RESULTS IN THE NI-ZR SYSTEM 

With the used input data a self consistent description of the thermodynamics in the Ni-Zr 
system could be obtained. In Fig. 1 the free energies of the stable and the metastable 
phases are represented at a temperature of 430°C (being close to the glass transition tem- 
perature for equiatomic compositions). It demonstrates the relatively high stability of the 
intermetallic compounds as well as of the amorphous phase. The small differences between 
the free energies of the glassy and the equilibrium states result in similar chemical 
driving forces for the nucleation of the respective phases. However, it is reasonable for 
most cases to assume a much lower interface energy for the amorphous phase with respect to 
the intermetallic compounds /4/.  This would favor the formation of an amorphous phase 
during nucleation. In addition, a growth selection of the different phases can further 
stabilize the amorphous phase as described by Gosele and Tu /5/ for example. 

If the amorphous phase is formed by an interdiffusion process of the crystalline components 
the interfaces are considered to be close to a metastable equilibrium, where the chemical 
potentials of each component 'on both sides of the interface are equal. Under this 
assumption the concentration range of amorphous phase formation can be anticipated from the 
free energy curves by applying the common-tangent rule. The results for different 
temperatures can be summerized in a metastable phase diagram (Fig. 21, exhibiting the 
enhanced solid solutions and the homogeniety range of the amorphous phase. The later 
extends for temperatures close to Tg from 32 to 83 at.% Ni. 
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Fig. 1: Diagram of the free energies vs. Fig. 2: The calculated equilibrium (thin 
concentration for the Zr-Ni system. lines) and metastable (bold lines) 
"represent the free energy of the phase diagram of the Ni-Zr system. 
intermetallic line compounds. The In addition, the calculated TQ lines 
free energy of h.c.p. Zr and f.c.c. for the b.c.c. and h.c.p. Zr-rich and 
Ni are chosen as reference states. the f.c.c. Ni-rich alloys are shown. 

The hatched concentration ranges in- 
dicate the compositions of amorphous 
phase formation by melt-spinning 
(m.s.)/8/, ion-beam mixing (i.m.)/6/ 
and mechanical alloying (m.a. ) /7 /  of 
the elemental components. 

Amorphous phases prepared by a melt-quench process are unlikely to achieve an equilibrium 
with respect to other phases formed during the quench. This results from the difficulty of 
long-range diffusion usually required in order to equal the chemical potentials in the 
involved phases. However, polymorphous transformations might occur, in particular by 
forming the terminal solid solutions. The concentration ranges favorable for such reactions 
can also be devired from the free energy curves and are limited by the so-called To-values 
given by the intersection of the free energy curves of the undercooled liquid and the 
terminal solid solution. For compositions between the To-values no thermodynamic driving 
force exists for a polymorphous transformation of the undercooled liquid into a terminal 
solid solution. The corresponding To lines for the b.c.c. and h.c.p. Zr-rich and the f.c.c. 
Ni-rich alloys are also given in Fig. 2. For temperatures close to Tg the composition range 
of the amorphous phase is limited by the To-values between 14 and 93 at.% Ni. 

The comparison with the results obtained by different preparation processes such as 
ion-mixing (at T = 300°C) /6/ and mechanical alloying /7/ demonstrates (Fig. 21, that the 
ranges of amorphous phase formation can be described under the assumption of a metastable 
equilibrium between the amorphous and solid solution phases, if a reaction temperature of 
about 300-350°C is presupposed. On the other hand the composition for which metallic 
glasses are obtained by melt spinning /8/ are in good agreement with the regions predicted 
by the calculated To lines. However, for concentrations of about 80 at.% Ni the nucleation 
of the intermetallic compounds can not be avoided for the used quenching rates of about 
106 K/sec. 
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4 - RESULTS IN THE CO-ZR SYSTEM 

In addition to the Ni-Zr system the thermodynamic functions of the CO-Zr system could be 
determined from the experimental data self-consistently. Fig. 3 represents the calculated 
free energies at a temperature of 450°C. Because of its extended homogeniety range the 
Co2Zr phase is treated as a solid solution, whereas the remaining intermetallic alloys are 
described as line compounds. Like Ni-Zr, the CO-Zr system is distinguished by a relatively 
high stability of the equilibrium phases as well as of the amorphous alloy. Fig. 4 exhibits 
the metastable phase diagram and the corresponding To lines. The assumption of a metastable 
equilibrium between the amorphous phase and the terminal solid solutions predicts a compo- 
sition range of amorphous formation between 31 and 81 at.% CO in good agreement with the 
results obtained by ion mixing at higher temperatures /6/. For alloys prepared by mechani- 
cal alloying /7/ and by CO-condensation /9/ of the components the assumption of a meta- 
stable equilibrium seems only applicable for Zr-rich alloys. The deviations on the CO-rich 
side are yet not understood and will be further investigated. 

The To lines limit the amorphization range at 15 and 91 at.% CO if a polymorphous transfor- 
mation into the terminal solid solutions are taken into account. Like in the Ni-Zr system 
this concentration range agrees well with the results obtained by a melt-spinning process 
/ 8 / .  However, the precipitation of Zr-poor intermetallic compounds can not be suppressed 
completely for the used quenching rates, similar as in other Zr-based transition metal 
systems. 

( C.C. i ' / / / / / / / / / / / / / I  I 

Zr CO- Concentration CO 

0 0.25 0.50 0.75 1.00 

Zr CO- Concentration CO 

Fig. 3: Diagram of the free energies vs. Fig. 4: The calculated equilibrium (thin 
concentration for the CO-Zr system. lines) and metastable (bold lines) 
*represent the free energy of the phase diagram of the CO-Zr system. 
intermetallic line compounds. The The To lines are calculated for the 
free energy of the f.c.c. CO and f.c.c. and h.c.p. CO as well as for 
h.c.p. Zr are chosen as reference the b.c.c. and the h.c.p. Zr-rich 
states. alloys. The hatched concentration 

ranges indicate the compositions of 
amorphous phase formation by melt 
spinning (m.s.)/8/, ion mixing fi.rn.1 
/6/, CO-condensation (c.c.)/9/, and 
mechanical alloying (m.a.)/7/ of the 
components. 



5 - CONCLUSIONS 

The thermodynamics of the Ni-Zr and the CO-Zr system can be calculated by the CALPWAD 
method from the experimental data reported in the literature. Both systems exhibits a high 
stability of the amorphous phase and the intermetallic compounds. This originates from the 
strong attractive interactions of the components and the pronounced short-range order in 
the amorphous phase which developes during the undercooling of the melt. The higher 
stability of the amorphous phase with respect to the terminal solid solutions favors the 
formation of an amorphous phase during the interdiffusion reaction of the pure components. 
Under the assumption of a metastable equilibrium the concentration ranges of amorphous 
phase formation obtained by ion mixing (at higher' temperatures1 and by mechanical alloying 
of Ni and Zr can be described. However, this result which also holds for the Nb-A1 system 
/10/ can not be generalized, as experiments in the Nb-Ni /4/ and the Zr-CO system demon- 
strate. The concentration ranges of amorphous phases prepared by a melt-spinning process 
extend up to the To lines supporting the assumption that a polymorphous phase transforma- 
tion into the terminal solutions limits formation range of metallic glasses attainable by 
conventional quench techniques. 
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