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Viscous flow behaviour of hlixZrl0o_x metallic 
glasses from hli3oZr7o to Ni64Zr36 
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The compositional dependence of viscous flow in the NixZq00_x amorphous system was 
investigated under non-isothermal conditions at a heating rate of 10 Kmin -1 in the 
compositional range from x =  30 to x = 64 at% with the aid of a Hereaus TMA 500 
dilatometer. The crystallization behaviour of the same glassy alloys under the same non- 
isothermal conditions was studied with a Perkin Elmer DSC 7 differential scanning 
calorimeter. The characteristic crystallization and viscous flow parameters (the onset 
temperature, Tx, of crystallization; the temperature, Tin, of maximum heat evolution of the first 
crystallization step; the enthalpy, AHx, of crystallization; the activation energy, Qx, of 
crystallization; the glass transition temperature, Tg; the viscosity values 11 (Tg) and qm~n; and 
the activation energy for viscous flow Qq (T>  Tg), were shown to be dependent on 
composition. This dependence was examined on the basis of the equilibrium phase diagram of 
the Ni Zr-system, and it is shown that glassy alloys possessing eutectic compositions manifest 
the greatest thermal stability because of the long-range atomic diffusion needed for 
crystallization to occur. Glassy alloys with nearly peritectoid compositions show low thermal 
stability, as no long-range diffusion is needed for the formation of the stable crystallization 
end-products NiZr 2 and NiZr. In all cases, the crystallization process is governed by viscosity 
flow of these glassy alloys. 

1. I n t r o d u c t i o n  
Metallic glasses fall conventionally into two categor- 
ies, metal-metalloid systems such as Fe B, Co P, 
Pd-Si, etc., and purely metallic systems such as Ni-Zr, 
Fe-Zr, Cu-Ti, Cu-Zr etc. Of these two types of 
amorphous alloy, the former have received more at- 
tention because of their potential technical appli- 
cations. However, the latter type is more attractive for 
study of the fundamental properties of glassy metals, 
as the purely metallic amorphous alloys can usually be 
prepared over a wide range of compositions, making it 
possible to study systematic changes of properties as a 
function of composition within one alloy system. In 
the case of the Ni-Zr amorphous system, such sys- 
tematic studies have been carried out with respect to 
glass formation, stability and crystallization [1-3], 
hydrogen absorption [4], superconducting transition 
temperature and magnetic susceptibility [5], short- 
range order of mechanically alloyed amorphous 
Ni-Zr [61, diffusion [7-9], and extended X-ray 
absorption fine-structure (EXAFS) measurements, in 
order to understand the local structure against com- 
position [101, comparisons between the thermal prop- 
erties of Ni-Zr amorphous alloys obtained by mech- 
anical alloying and melt spinning [l 1], etc. No sys- 
tematic studies of the viscous flow behaviour as a 
function of composition for Ni Zr metallic glasses 

have been carried out to our knowledge, the only 
exception being the study of viscous flow of Ni3oZrvo 
metallic glass [12]. 

Here we describe a study of the viscous flow behavi- 
our of NixZrloo_x (x = 30, 40, 50, 64 at %) melt-spun 
amorphous alloys with the aid of nonisothermal di- 
latometry. 

2. E x p e r i m e n t a l  p r o c e d u r e  
The glassy alloys used in this study were melt-spun 
Ni3oZrTo, NigoZr6o, Nis0Zrso and Ni64Zr36 ribbons 
with the dimensions (with x thickness) 1 x 0.0285, 1.0 
x 0.028, 2 x 0.038 and 1.5 x 0.028 mm, respectively. 

Viscosity measurements were carried out using a 
Heraeus TMA 500 silica glass dilatometer with an 
assembly for creep measurements, shown schemati- 
cally in Fig. 1. The upper stationary grip is connected, 
via a specially designed silica glass rod with a hook at 
the end, to the core of a linear variable differential 
transformer (LVDT). The LVDT is used to measure 
the displacement due to the thermal elongation and/or 
viscous flow of the specimen. The core is in turn 
connected to the loading platform on which weights 
up to 0.1 kg can be applied. The dilatometer furnace 
possesses a 10-cm hot zone over which the temper- 
ature profile is constant with _+ 1 K. 
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Figure 1 Schematic diagram of the silica glass assembly for creep 
measurements of the Heraeus TMA 500 dilatometer. 1, supporting 
silica glass tube; 2, silica glass hook; 3, silica glass rod with hook at 
end for applying load and connecting moving grip to LVDT-core; 4, 
protecting silica glass tube; 5, stationary grip of the Invar alloy; 6, 
thermocouple; 7, specimen; 8, moving grip of Invar alloy. Measure- 
ments are carried out in inert atmosphere with Ar as purging gas. 

In order to study viscous flow in the NixZrl0o_ x 
amorphous system, 20-mm-long pieces of ribbon of 
each alloy composition were used. For each creep test 
the average result for three samples was used. The 
elongation-temperature (time) curves of these speci- 
mens under applied loads of 0.05 and 0.1 kg, respect- 
ively, under a constant heating rate of 10 K min-1, 
were monitored up to temperatures higher than the 
temperature of fully completed crystallization. In a 
previous paper [13] we showed that by subtracting 
the overall strain, ~1, caused by an applied stress, 131, 
under continuous heating conditions from the overall 
strain, ~2, caused by an applied stress, 13z, 13z > 13~ 
under the same continuous heating conditions the 
contributions of thermal expansion, relaxation and 
elastic and anelastic strains to the overall strain could 
be eliminated or neglected, and the difference A~I, z 
considered as a pure viscous flow contribution to the 
overall strain. This contribution is caused by an effec- 
tive stress A131, 2 = 133"2  - -  131" This is why, under the 
same constant heating rate conditions, the overall 
strains %.1 and %.o5 caused by loads of 0.1 and 
0.05 kg, respectively, were experimentally determined 
from the elongation-temperature (time) curves, and 
also why the difference A%.o5 as a function of temper- 
ature (time) was used in order to calculate the strain 
rate A%.o5 and viscosity of the ribbons tested. For this 
purpose, the strain-temperature (time) curves were 

fitted piecewise by second to fifth degree polynomials, 
and the values of the strain rate were obtained from 
the derivatives of the fitted functions. The apparent 
viscosity, q, was calculated at different temperatures 
using Newton's equation 

q = 13o.o5/3A~o.o5 (1) 

Due to the different dimensions of the ribbons, the 
normal stresses A13o.o5 causing the viscous flow were 
also different, being equal to 89.4, 89.4, 59.5 and 
l l 9 M P a  for Ni30ZrTo , Ni4oZr6o, NisoZr5o and 
N i 6 4 Z r 3 6  , respectively. The apparent activation en- 
ergy for viscous flow Qn was calculated from the slope 
of an Arrhenius plot of log viscosity against reciprocal 
temperature. 

A Perkin-Elmer DSC 7 differential scanning calori- 
meter was used to study the crystallization behaviour 
of Ni-Zr amorphous alloys at heating rates of 5, 10 
and 30 K min- 1 respectively. In order to demonstrate 
the extent to which the crystallization process in the 
alloys studied is governed by viscous flow, the activa- 
tion energies for crystallization Qx and viscous flow 
Qn, respectively, were compared. For this purpose the 
temperatures, Tm, at which maximum heat evolution 
due to the first crystallization step at the different 
scanning rates is observed were determined, and the 
activation energy for crystallization, Qx, was calcu- 
lated using the method proposed by Kissinger [14]. 

3. Resul ts  and discussion 
The temperature (time) dependence of viscous strains 
A%.o5 obtained from the elongation-temperature 
(time) curves of the Ni~Zrloo-x samples, under appli- 
ed loads of 0.1 and 0.5 kg, are shown in Fig. 2. The 
amount of strain depends on both the applied stress 
and the alloy composition, but the compositional 
dependence is strongest. For the case of Ni40Zr6o and 
Ni64Zr36 amorphous alloys, the strains are up to an 
order of magnitude higher than those observed for 
Ni3oZrTo and NisoZrso amorphous alloys. This can be 
explained with the aid of the Ni-Zr equilibrium phase 
diagram given by Altounian et al. [2], and with a 
knowledge of the nature and number of crystallization 
products of glassy Ni-Zr. The Ni40Zr40 and Ni6, Zr36 
amorphous alloys possess nearly eutectic composi- 
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Figure 2 Temperature dependence of the viscous strain contribu- 
tions Aao.05 for the Ni~Zrloo_ x glassy alloys: �9 Ni3oZrTo , A%.o5 
= 89.4MPa; II, Ni4oZr6o , Ac%.05 = 89.4MPa; 0 ,  NisoZrso, 

A~o.o5 = 59.5 MPa; [5, Ni64Zr36 , A~o.o5 = 119 MPa.  
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tions, which correlates with better glass-forming abil- 
ity and thermal stability. Our DSC results, which are 
in good agreement with the results of Altounian et al. 

[2], show that Ni40Zr6o and Ni64Zr36 exhibit com- 
plex DSC exotherms with three and two crystalliza- 
tion stages, respectively. The final crystallization pro- 
ducts according to [2] are NiZr 2 + NiZr and Ni~oZr 7 
+ NizZr, respectively. The complex structures and 

the number of crystallization products of the above 
mentioned glassy alloys require long-range atomic 
rearrangements, which are possible only when suffi- 
ciently high temperatures are reached (high thermal 
stability). The higher the temperature, the lower the 
viscosity of the glassy structure. As a consequence of 
the low viscosity values reached before the onset of 
crystallization, high strain levels are also reached be- 
fore the crystallization starts. In the case of Ni3oZrTo 
and NisoZrso glassy alloys, however, whose composi- 
tions are very near to or practically coincide with the 
compositions of the peritectoid phases (NiZr 2 and 
NiZr [2], respectively) no long-range atomic diffusion 
of the large Zr atoms is needed for the formation of 
these crystalline compounds. As a result, crystalliza- 
tion becomes possible at lower temperatures (low 
thermal stability) and at higher viscosity values. The 
amount of strain reached before the onset of crystal- 
lization is consequently much smaller than that 
reached before the onset of crystallization of nearly 
eutectic Ni4oZr60 and Ni64Zr36 glassy alloys. 

Fig. 3 shows the temperature dependence of the 
flow rates A%.o5 for the Ni-Zr glassy alloys studied. 
All strain rate-temperature curves show an initial 
weak increase with temperature up to a specific tem- 
perature, which generally increases with increasing Ni 
content, after which a rapid increase in the strain rate 
is observed with an inflection point corresponding 
approximately t:o the onset temperature of crystalliza- 
tion. At temperatures which correspond approxim- 
ately to the temperatures, Tin, of maximum heat 
evolution due to the first crystallization stage, the 
strain rates reach a maximum after which shrinkage 
due to crystallization prevails. The compositional de- 
pendence of strain rates is very well defined. The strain 
rate of NigoZr6o is almost l0 2 times higher than the 

strain rate of NisoZrs0 glassy alloy. An explanation 
for this phenomenon is given above when considering 
the compositional dependence of strain (Fig. 2). 

The temperature dependence of the apparent vis- 
cosity, q, of the glassy Ni-Zr alloys studied is shown in 
Fig. 4 in a plot of In q against 1000 T-1. A common 
feature of all viscosity temperature dependences is the 
existence of two linear parts with different slopes. The 
cross-over temperature is considered as the glass 
transition temperature Tg. At temperatures higher 
than the onset temperature of crystallization Tx, the 
values of q are influenced by the increasing volume 
fraction ~ of crystalline regions along with increasing 
temperature. As a result, viscosity values go through a 
minimum and then increase rapidly. For the calcu- 
lation of the true viscosity in this case, the Einstein 
equation for the flow of mixtures should be used 
[15, 16] 

neff = q(1 + 2.5{) (2) 

Here qeff is the viscosity of a mixture consisting of a 
small volume fraction, ~, of spherical particles sus- 
pended in a medium of viscosity r 1. No corrections of 
the apparent viscosity values with Equation 2 were 
made in this study, as the second linear parts of the 
viscosity-temperature dependences (with the excep- 
tion of NisoZrso glassy alloy) were considered as well 
defined enough to calculate the activation energy for 
viscous flow from their slopes at temperatures higher 
than Tg, e.g. in the temperature range where the glassy 
alloys studied reach the quasi-equilibrium state of 
undercooled liquids [13]. 

The most characteristic parameters of crystalliza- 
tion and viscous flow processes in the Ni-Zr glassy 
alloys studied are the onset temperature of crystalliza- 
tion Tx; the temperature Tm at which maximum heat 
evolution due to the first crystallization stage is ob- 
served; the enthalpy AH X of crystallization; the activa- 
tion energy for crystallization Qx; the glass-transition 
temperature Tg; the viscosity values q (Tg) at the glass 
transition temperature; the minimum viscosity values 
reached during the course of crystallization; and the 
activation energies Qn (T < Tg) and Qn (T > Tg) of 
viscous flOW at temperatures lower and higher than 
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Figure 3 Temperature dependence of the flow rate A~o.05 for the 
NixZr~oo-x glassy alloys: �9 Ni30Zrvo; I~, Ni40Zr60; 0 ,  NisoZrso; 
[2], Ni6,Zr36. 
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Figure 4 Temperature dependence of the viscosity r I in coordinates 
In(q) against (1000 T 1) for the NixZr~o o x glassy alloys: C), 
Ni3oZrvo; II, Ni4oZr6o; 0 ,  NisoZrso; 7 ,  Nio,,Zr36. 
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T A B L E  I Compositional dependence of the main characteristic parameters of crystallization and viscous flow in the glassy NixZrloo-~ 
system 

Parameter  x (at %) 

30 40 50 64 

Number  of 
DSC-peaks 1 3 1 
T x (~ 339 411 387 
T m of 1st peak (~ 344 421 401 
AH x (kJmol 1) - 4.45 - 3.47 - 6.75 
Qx in (kJ mo l -  1) 202 371 170 
Tg (~ 315 395 410 
r I (Tg) (Pa s) 7.3 x 1012 1.8 x 1012 1.2x 1013 
rlmln (Pa s) 2.3 x 1012 2.1 x 1011 1 x 1013 

Qn (T < Tg) (kJ mo l -  1) 54 62 32 
Qn (T > Tg) (kJ mo l -  1) 190 398 66 

2 
572 
578 
- 6.48 

478 
535 

2.1 x 1012 
3 x 1011 

141 
508 

the glass transition temperature, respectively. These 
characteristic parameters are given in Table I as func- 
tions of composition. Our calorimetric results are in 
fairly good agreement with the results of Altounian 
et al. [2]. The activation energy for crystallization Qx 
(202 kJmol-a)  and the activation energy for viscous 
flow Qn (190 kJ tool- 1) for the case of the Ni3oZrT0 
glassy alloy as obtained by us are in very good 
agreement with the activation energy for crystalliza- 
tion, as determined by Kolb-Telieps and Shu-Song 
[17] (Qx = 180 + 254kJmo1-1) and by Scott et al. 

[18] (Qx = 200 kJ tool-1) for the same alloy composi- 
tion. This is not the case for the activation energies Qx 
(Qx = 342/394 kJmol-1) obtained by Fu-Qian [12], 
who has studied the viscous flow and DSC measure- 
ments of the Ni3oZrTo glassy alloy. There are also 
great discrepancies in the onset temperature of crystal- 
lization T x and in the minimum viscosity values rlmi,, 
which in our case are two orders of magnitude higher 
than the values reported in [11]. The reason for these 
discrepancies remains unclear. 

From a comparison of the activation energy for 
crystallization Qx with the activation energy for vis- 
cous flow Qn, we can conclude that, with the exception 
of the NisoZrso glassy alloy, these activation energies 
are practically equal, i.e. the rate-controlling process 
of crystallization is viscous flow. A possible explana- 
tion for the discrepancy between Qx and Qn in the case 
of the NisoZrso glassy alloy could be that the glass 
transition temperature of this alloy (410 ~ is much 
higher than the onset temperature of crystallization Tx 
(378 ~ As a result, glass transition is observed only 
after more than 50% of the amorphous matrix is 
crystallized, and Equation 2 is no longer valid for 
making corrections to the apparent viscosity values 
[14,15]. Taking this into account, the value of 
66 kJmol -~ obtained for the activation energy for 
viscous flow at temperatures higher than Tg could not 
be considered as realistic. The fact that the crystalliza- 
tion of the NisoZrso glassy alloy takes place in a 
frozen amorphous structural state, and not after the 
structural state of undercooled liquid is reached, sup- 
ports the assumption that no long-range atomic re- 
arrangements are needed in the process of crystalliza- 
tion of this glassy alloy. 
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4. Conclusions 
1. The viscous flow behaviour of Ni~-Zrloo_ x 

glassy alloys over a range of compositions from 30 to 
64 at % Ni shows very well defined compositional 
dependence, which could be explained with the aid of 
the equilibrium-phase diagram of this alloy system. 

2. The thermal stability of the glassy phase is grea- 
test for the range of eutectic compositions (x = 40 and 
x = 64 at %, respectively). This is due to the long- 
range atomic diffusion needed for the crystallization of 
at least two crystallization products. 

3. Glassy NixZrloo_ x alloys with compositions 
which correspond to the peritectoid phases, NiZr 2 and 
NiZr (x = 30 and 50 at %, respectively), show low 
thermal stability. This is due to the fact that no long- 
range diffusion of the large Zr atoms is needed for the 
formation of the stable crystallization end products, 
NiZrz and NiZr. 

4. In all cases, the crystallization process is gover- 
ned by viscous flow in the glassy alloys. 

5. Viscous flow measurements can be used as a 
sensitive tool for study of property changes against 
composition in amorphous metallic alloys. 
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