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Metal-metal type amorphous wires with a good ductility were produced in the M - Z r  
(M = Cu, Cu-Nb and Cu-Ta) alloy systems by a technique using melt spinning into 
rotating water. The formation of the amorphous wires is limited to a narrow range of 35 
to 40 at % zirconium where the critical sample thickness for the formation of an 
amorphous phase is above about 100#m and the amount of copper replaced by niobium 
or tantalum is less than about 7 and 5 at %, respectively. The wires have a circular cross- 
section and a rather smooth peripheral surface. Their diameters are in the range of 0.07 
to 0.15 mm. The Vickers hardness, Hv, and tensile strength, of, are of the order of 425 to 
440 DPN and 1670 to 1810 MPa. The elongation to fracture, el, is about 2.4 to 2.7%. 
Cold drawing to about 30% reduction in area results in increases in of and 6f by about 
10% and 35%, respectively. Furthermore, the addition of 5at % niobium results in 
decreases in of and Hv by about 14% and 4%, respectively, without detriment to the good 
bending ductility. Owing to the faster quench rates of the wire samples, caused by the 
inherent differences in the solidification process of the ejected melt as well as in the 
manner of cooling after solidification, the amorphous wires have been found to exhibit a 
considerably higher relaxation enthalpy value, AH, and a lower temperature for the onset 
of structural relaxation as compared with the amorphous ribbon having the same 
thickness as the diameter of the wire, demonstrating that the amorphous wires possess a 
higher degree of structural disorder. 

1. Introduction 
Continuous amorphous wires with diameters rang- 
ing from about 70 to 250~tm have recently been 
reported to be fabricated in technologically 
important iron- [1, 2], cobalt- [3] and nickel- [4] 
based alloys as well as in noble metal- (palladium- 
[5] and platinum- [6]) based alloys by a newly 
developed technique using melt spinning into 
rotating water [5, 7, 8]. The maximum length of 
the iron-based amorphous wire fabricated in one 
ejecting operation is at present as long as several 
kilometres. The finding explodes the previous 

conception for the melt-quenched amorphous 
materials, in which the maximum sample thickness 
is limited to less than about 50/lm, and leads to a 
marked enhancement of the engineering value of 
the amorphous metallic materials. The amorphous 
wires in various alloy systems produced to date 
have been reported to exhibit high mechanical 
strengths, good ductility and high corrosion 
resistance, which are the same level as those for 
the ribbon materials with a thickness less than 
about 50#m [1-6]. Additionally, the iron- and 
cobalt-based amorphous wires have been found to 
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possess unique magnetic characteristics, which are 
different from those for the ribbon materials, 
owing to a different magnetic domain structure 
caused by the different solidification process [9]. 
Owing to the many advantages, the practical use of 
the amorphous wires as soft ferromagnetic, high- 
strength and/or high corrosion resistance materials 
appears to be highly promising [10]. 

However, all the amorphous wires produced to 
date [ 1-6] are limited to the metal-metalloid sys- 
tem containing metalloid elements of boron, phos- 
phorus, carbon and silicon and there is no informa- 
tion available on the formation and characteristics 
of metal-metal  type amorphous wires, in spite of 
the expectation that they might exhibit useful 
electrical properties such as superconductivity. We 
examined systematically the maximum sample 
thickness for the formation of an amorphous 
single phase in Cu-Zr ,  N i -Zr  and Co-Zr  binary 
alloys which are expected to possess a high 
amorphous-forming ability in metal-metal  alloy 
systems and found that an amorphous wire is 
formed in Cu-Zr  alloys which exhibit a critical 
sample thickness larger than about 100/Jm. The 
purpose of this paper is to present the composition 
dependence of the critical sample thickness for the 
formation of an amorphous single phase in Cu-Zr ,  
Ni -Zr  and Co-Zr  alloys, the composition range 
and the spinning condition in which an amorphous 
wire is formed, and the peripheral structure, 
mechanical strengths and thermal stability of the 
wires. 

2. Experimental methods 
2.1. Alloys 
The specimens used in the present work were 
CUl00_xZr x (x = 25 to 70 at%), Nil00_xZr x (x = 
25 to 60at%) and Colo0_xZr = (x = 30 to 60at%) 
binary and (Cu-Zr)t00_xNb x (x ~< 15 at %) and 
(Cu-Zr)10o_xTa x (x ~< 15at%) ternary alloys. 
Their alloy ingots were prepared under a purified 
and gettered argon atmosphere in an arc furnace 
on a water-cooled copper mould from zirconium 
(99.6wt%), electrolytic pure metals of copper 
(99.9wt%), nickel (99.97wt%) and cobalt 
(99.5 wt %) and pure refractory metals of niobium 
(99.5 at %) and tantalum (99.5 wt %). The weight 
of the mixture melted in one run was about 30g. 
The ingots were repeatedly turned over and 
remelted to ensure homogeneity. The compositions 
of alloys reported are the nominal ones since the 
losses during melting were negligible. 

2.2. The critical sample thickness for the 
formation of an amorphous phase 

From the master ingots prepared by the above- 
described method, long ribbons with a continuous 
variation in thickness in the range 20 to 200pm 
were produced using the modified melt-quenching 
apparatus which enables the copper roller (20 cm 
diameter) revolving at high speeds (3000 to 
5000rpm) to stop in a short time (1 to 2 sec). The 
short time required for the roller to stop was 
chosen so as to eject the molten alloy through a 
small orifice by argon pressure. Such a rapid stop 
was achieved by a simultaneous operation of 
dynamic brake and disc brake attached to the 
shaft of the copper roller. A detailed description 
of the apparatus used is given by Hagiwara et al. 

[11]. With decreasing rotation speed of the roller, 
the thickness of the as-quenched samples increases 
continuously in the range 20 to 200pm, but the 
width is almost constant (--~ 1.5 mm). The critical 
thickness was taken as that thickness where a 
crystalline particle on the ribbon surface could be 
just observed by the optical microscope at the 
magnification of x 100. The critical thickness 
identified by optical microscopy was confirmed to 
agree well with those from X-ray and differential 
scanning calorimetry (DSC) analyses. The subse- 
quent detailed procedures for determining the 
critical thickness are the same as those described 
by Hagiwara et al. [11, 12]. 

2.3. Amorphous wires 
Amorphous wires of about 0.07 to 0.15 mm dia- 
meter were prepared from the master ingots by a 
melt-spinning apparatus in which the melt is 
ejected through an orifice into rotating water in a 
drum. The details of the apparatus have been 
described previously [5, 8]. Typically, the amount 
of alloy melted in one run was about 1 g, the 
rotation speed of the drum (50 cm diameter) was 
about 300 rev min -1 and the depth of the cooling 
water was about 25 mm. 

Structure of the as-quenched wires was examined 
using an X-ray diffractometer using CuKc~ radi- 
ation in combination with an X-ray monochro- 
meter. The wires were classified as amorphous 
when the X-ray intensity as a function of diffrac- 
tion angle showed a typical liquid-like structure. 
The hardness and tensile strength of the wires 
were measured using a Vickers microhardness 
tester with a 100 g load and an Instron-type tensile- 
testing machine at a strain rate of 4.2 x 10 -4 see -1, 
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respectively. The glass transition temperature (Tg), 
the heat of structural relaxation (AH) and crystal- 
lization temperature (Tx) ' were examined with a 
differential scanning calorimeter (DSC) at a heat- 
ing rate of 40 K min -1. The ductility was evaluated 
by measuring the radius of curvature at fracture in 
a simple bending test. The peripheral structure 
before and after cold drawing and the fracture 
surface were observed with a scanning electron 
microscope. 

3. Results and discussion 
3.1. The tendency to form the amorphous 

phase in Z r - M  (M = Cu, Ni or Co) 
In order to obtain information for a given alloy on 
its tendency to form the amorphous phase (this is 
essential for the production of an amorphous wire), 
we examined the critical sample thickness for the 
formation of amorphous Zr-M (M = Cu, Ni or 
Co) binary alloys. The critical sample thickness for 
the formation of amorphous Cu-Zr and Ni-Zr  
alloys as a function of zirconium concentration is 
plotted in Figs. 1 and 2. The critical thickness is 
the greatest (above 180gm) for Cu60_65Zr3s_40 
and (~-90~m) for Ni6sZr3s, decreases with 
increasing or decreasing zirconium content and is 
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Figure 1 Composi t ion range and the  critical r ibbon thick- 
ness for the format ion  o f  an amorphous  single phase in 
C u - Z r  binary alloys. 
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Figure 2 Composi t ion range and the  critical r ibbon thick- 
ness for the  format ion o f  an  amorphous  single phase in 
N i - Z r  binary alloys. 

about 15 to 20~m near the boundary between the 
amorphous and crystalline phases, indicating that 
the tendency to form the amorphous phase has a 
marked compositional dependence. In addition, no 
amorphous single phase was found in the ribbons 
having thicknesses larger than about 50#m over 
the whole composition range of Co-Zr system. 
Thus, the amorphous phase-forming ability is the 
greatest for Cu-Zr alloys, followed for Ni-Zr  and 
then Co-Zr. 

As described above, it was demonstrated that 
the amorphous phase-forming ability exhibits an 
extremely large compositional dependence even in 
the same alloy system, in addition to the marked 
difference among each alloy system (Cu-Zr,  
Ni-Zr and Co-Zr). Here we shall briefly investi- 
gate the reason for the significant change in the 
amorphous phase-forming ability with varying 
zirconium content for Cu-Zr alloys. An amor- 
phous single phase is formed only in the case 
where liquid is supercooled below Tg without 
crystallization at Tin. Therefore, the amorphous 
phase-forming ability of metallic alloys is enhanced 
by increasing the reduced glass transition tempera- 
ture (Tg/Tm), i.e. upon lowering the equilibrium 
freezing temperature and on increasing the rate at 
which the viscosity of the liquid increases with 
decreasing temperature [13-17]. Fig. 3 shows the 
measured values of Tg/Tm of Cu-Zr alloys as a 
function of zirconium content. The value of 
Tg/T m shows a maximum value (~--0.64) at about 
40 at % zirconium and decreases significantly with 
increasing or decreasing zirconium content. Such a 
marked composition dependence of Tg/Tm is very 
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Figure 3 Composition dependence of the reduced glass 
transition temperature Tg/T m of Cu-Zr alloys. 

analogous to that of the critical sample thickness 
for the formation of an amorphous single phase 
shown in Fig. 1. Furthermore, Fig. 4 shows the 
relationship between Tg/Tm and the critical sample 
thickness for Cu-Zr  binary alloys. There exists a 
strong correlation that the larger the Tg/Tm the 
larger is the critical sample thickness. From these 
data, it may be concluded that the large difference 
in the amorphous-forming ability can be interpreted 
in terms of Tg/Tm; the large amorphous-forming 
ability of Cu6o_65Zr35_4o alloys is due to the low 
T m and the rapid increase in the viscosity of the 
liquid with decreasing temperature (which are con- 
sidered to be caused by the formation of short- 
range ordering due to the strong attractive inter- 
action between copper and zirconium). It is well 
known [18, 19] that the short-range ordering by 
the attractive interaction among constituent ele- 
ments results in an increase in Tg and the reduc- 
tions in the free energy of the liquid and the melt- 
ing point of the alloys. 
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Figure 4 Correlation between the critical ribbon thickness 
for the formation of an amorphous single phase for 
Cu-Zr and Ni-Zr alloys and their reduced glass transition 
temperature Tg/T m. 

3.2. Product ion of C u - Z r  amorphous wires 
The production of an amorphous wire was tried 
for the Cu6sZr3s and Cu~oZr4o alloys exhibiting an 
amorphous-forming critical thickness much larger 
than 100~m. Fig. 5 shows typical scanning elec- 
tron micrographs of the peripheral surface of 
Cu65Zr35 and Cu60Zr40 amorphous wires. It should 
be noted that metal-metal  type amorphous wires 
with an almost completely circular cross-section 
can be produced in one operation by the present 
apparatus. The scatter in the diameters is less than 
about 12% for the wires of about 90gin diameter 
and tends to increase with increasing wire diameter. 

The main quenching parameters for the produc- 
tion of Cu-Zr  amorphous wires with a good shape 
and uniformity were adjusted as follows: 

1. the distance between the surface of water 
and the end of a quartz tube was less than about 
3 mm and the ejecting angle against the surface of 
the water was about 80 ~ , 

2. the hole size of the quartz nozzle was 0,10 to 
0.15 mm i.d., 

3. the temperature of the cooling water was 
approximately 278 K, and 

4. the melt was ejected by an argon pressure of 
about 0.4MPa from a temperature about 50K 
above the liquidus temperature and the melt jet 
speed was estimated to be about 400 m rain -1. 

Furthermore, it is very important to control 
precisely the ratio of the jet velocity to the water 
velocity in the drum because of the inherent 
instability of a cylindrical melt jet caused by a 
high surface tension and a low viscosity. Under the 
condition when the water velocity in the drum 
exceeds the jet velocity by about 15 to 20%, con- 
tinuous Cu-Zr  amorphous wires with a rather 
smooth surface are wound on the inner side of the 
drum. 

In conclusion, the difference in the spinning 
conditions of the Cu-Zr  wires and the meta l -  
metalloid alloy wires such as Fe -S i -B ,  F e - P - C  
and C o - S i - B  systems may be summarized as 
follows: 

1. the shorter distance between the end of a 
quartz tube and the surface of water; 

2. the larger ejecting pressure; 
3. the larger ejecting angle against the surface 

of water; and 
4. the slightly lower rotation speed of the drum. 
One can notice that these modifications of the 

spinning conditions result from the following dif- 
ferences in the liquid between Cu-Zr  and the 
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Figure 5 Scanning electron micrographs showing the peripheral surface of undrawn (a) Cu6~ Zr3s and (b) Cu60Zr40 
amorphous wires. 

me ta l -me ta l lo id  alloys; the mol ten  je t  of  the 
C u - Z r  alloys is more reactive with oxygen in air 
and possesses a considerably lower viscosity as 
compared with those o f  the me ta l -me ta l lo id  
alloys. 

Within the present work, the formation of  the 
amorphous wires in the C u - Z r  system is l imited 
to a narrow range of  35 to 4 0 a t %  zirconium and 
no amorphous wire with no crystall inity is formed 
in N i - Z r  and C o - Z r  alloys because of  their con- 
siderably lower amorphous forming ability. In 
addit ion,  the addit ion of  niobium or tantalum was 
not  detrimental  to the formation of  the C u - Z r  
amorphous wires in the range less than about 

7 at % for niobium and about 5 at % for tantalum. 
Further increase in niobium or tantalum content  

results in the formation of  extremely brittle 
duplex-phase wires consisting of  amorphous and 
crystalline phase owing to a marked decrease in 
the amorphous-forming ability. 

3.3. Mechanical properties 
Tensile fracture strength (at) ,  elongation to 
fracture including elastic elongation (el) ,  and 
Vickers hardness (Hv), of  undrawn and drawn 

Cu65Zr35 , Cu6oZr4o , (Cu0.65Zr0.3s)gsNbs and 
(Cuo.6oZr0.4o)95Nb5 amorphous wires are sum- 
marized in Table I, where Tg, T=, the wire dia- 

T A B L E I Tensile fracture strength (of), fracture elongation (el) including elastic elongation, Vickers hardness (Hv), 
glass transition temperature (Tg), crystallization temperature (Tx), and wire diameter (D) for undrawn and drawn 
Cu-Zr amorphous wires. R is the reduction in cross-sectional area b3( drawing 

Alloy composition of ef H v Tg T x 
(MPa) (%) (DPN) (K) (K) 

Cu6sZr3s 
D = 135 #m 1670 2.4 425 
R = 28% 1850 3.3 - 

Cu~oZr4o 
D = l l 0 ~ m  1810 2.7 440 
R = 26% 1950 3.6 - 

(Cuo. 6s Zro. 35) 9s Nb s 
D = 105/~m 1865 2.2 440 

(Cu0.60Zr0.40)gsNb5 
D = 95 #m 2100 2.4 460 

Beryllium bronze 1274-1372 1-2 380-445 
25 alloy 

758 770 

740 754 

m 

m 
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meter before drawing and the reduction in wire 
cross-section area by drawing, are also given. Here 
the strength values are the average of seven speci- 
mens and T x is the temperature of onset of 
crystallization determined from the DSC curve. As 
seen in the table, of, ef and H v of the undrawn 
wires are 1670MPa, 2.4% and 425DPN, respect- 
ively, for Cu6sZr3s, and 1810MPa, 2.7% and 
440 DPN for Cu6oZr40 , indicating that the strength 
and elongation are slightly higher for Cu6oZr4o 
than for Cu6sZr35. Furthermore, one can see in the 
table that the addition of niobium results in an 
increase in of and Hv and a decrease in e~, and the 
highest of value attained for the metal-metal  
type undrawn amorphous wires is 2100MPa for 
(Cu0.6Zr0.4)9sNbs . Although the highest value is 
considerably lower than those for the me ta l -  
metalloid type amorphous wires of Fe -S i -B ,  
F e - P - C  and C o - S i - B  systems, the of value is 
much higher than the highest value [20] of opti- 
mally age-hardened Cu-Be alloys. 

There is no appreciable sample diameter effect 
on the value of a~ in the diameter range 70 to 
150~m, but ef tends to increase by about 10% 
with increasing wire diameter. Such a sample size 
effect on strength and elongation is very similar to 
that for F e - S i - B  amorphous wires [1]. 

3.4. Effect of drawing on strength and 
elongation 

The effect of cold drawing on the mechanical 
properties of the Cu-Zr  amorphous wires was 
investigated to check for an improvement in wire 
strength and elongation. The Cu6sZr3s and 
Cu60Zr4o wires could be cold drawn from an initial 
diameter of 135/~m to a final diameter of 40/~m 
after multiple passes through several diamond dies 
without annealing treatments. Soapy water was 
used as a lubricant in the cold-drawing procedures. 
The Cu-Zr  amorphous wires posses a good bend- 
ing ductility, even after a cold-drawing as severe 
as about 91% reduction in cross-sectional area. As 
an example, the deformation structure of the cold- 
drawn Cu6sZr35 amorphous wire bent by pressing 
around the edge of a thin razor blade is shown in 
Fig. 6. Two families of deformation markings and 
rather large deformation steps appear near the 
bent edge. One makes an angle of about 45 ~ to 
50 ~ to the longitudinal direction of the wire, while 
the other lies nearly perpendicular to it. It can also 
be seen that a large number of the deformation 
markings intersect each other and some are 

Figure 6 Scanning electron micrograph showing the 
deformation markings at the tip of Cu65Zr3s wire bent 
through 180 ~ 

terminated by others. Furthermore, Fig. 6 shows 
that microcracks initiate at the point (marked with 
an arrow) where three slip markings intersected, 
suggesting that a high stress concentrated at the 
triple point. 

As is shown in Table I, of and ef increase signi- 
ficantly after cold drawing. As an example, the 
stress-elongation curves for Cu65Zras amorphous 
wire (original diameter ~ 135 ~m) before and after 
drawing are shown in Fig. 7. of and ef as a func- 
tion of the reduction in cross-sectional area are 

2O00 
CussZr35 Wire 

1500 r /  
Und 

~n~lO00~ 50( / ~ D r o w n  (/7=28%) 

// Room temp. 
/ f. =1.67x1() ~' sec -1 

q i ~ ~ Z 
EI.ongation (o/.) 

Figure 7 Stress-elongation curves of undrawn and drawn 
Cu6sZr35 amorphous wires. 
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Figure 8 Changes in the tensile strength (af) and elongation 
to fracture (el) of Cu65Zr3s amorphous wire with reduc- 
tion in area. 

plotted in Fig. 8. (re is about 1670MPa for the 
undrawn state and increases gradually with increas- 
ing reduction in area. The highest value of 
1850MPa is obtained for 25% to 35% reduction 
and tends to decrease again with further reduction. 
Similarly, ef increases from about 2.4% to 3.3% by 
light drawing until about 30% reduction. This 
result indicates that there is an optimum reduction 
in wire cross-section which results in high strength 
and large elongation. The strength and elongation 
of the cold-drawn Cu-Zr  amorphous wires shown 
in Table I are the values after optimized drawing. 
Additionally, one can see in Fig. 7 that the cold- 
drawing to 28% reduction in area results in a 
decrease in Young's modulus (E) by about 7.3%. 
Such changes in the mechanical properties (af, ee 
and E) before and after drawing are similar to 
those for a number of  metal-metalloid type amor- 
phous wires such as F e - S i - B  [1], F e - P - C  [2], 
C o - S i - B  [31, Pd -Ni -S i  [4], Pd-Cu--Si [5], 
P d - N i - P  [41 and P t - N i - P  [4]. The significant 
increases in oe and ei by cold drawing are not 
caused by a structural change in the amorphous 
phase but seem to result from the following two 
factors: 

1. the inhibition of the progress of slip displace- 
ment by the interaction between the numerous 
deformation bands introduced by drawing; and 

2. the increase in the uniformity of shape due 
to cold drawing. 

In addition, the decreases in o~ and ef due to 
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heavy drawing are considered to be caused mainly 
by the occurrence of cracks or voids at the inter- 
secting points of deformation bands. 

3.5. Fracture morphology 
rhe tensile fracture appearance of the undrawn 
Cu6sZr3s amorphous wire is shown in Fig. 9. Ten- 
sile fracture occurs on a shear plane at 45 ~ to 50 ~ 
to the transverse direction of the wire and the 
morphology of the fracture surface is composed 
of two distinguishable zones. One is a relatively 
featureless zone (A) produced by shear slip, and 
the other (B) is a vein pattern produced by the 
rupture of the cross-section remaining after the 
initial shear displacement. This indicates that the 
fracture of the nonferrous amorphous wire exhibit- 
ing high strength proceeds by highly localized shear 
deformation which contrasts with the brittle frac- 
ture without distinct plastic elongation commonly 
observed in optimumly age-hardened high-strength 
Cu-Be alloys. These features of  the fracture 
appearance for the Cu-Zr  amorphous wire are 
independent of whether or not a wire has been 
drawn, being similar to those for Cu-Zr  amorphous 
ribbons [21] and many metal-metalloid type 
amorphous wires. 

3 . 6 .  S t r u c t u r a l  r e l a x a t i o n  behav iou r  
With the aim of assessing the difference in the 
quenched-in structure due to different quenching 
conditions between the wires produced by the in- 

Figure 9 Scanning electron micrograph showing the ten- 
sile fracture appearance of undrawn Cu~sZr3s amorphous 
wire. 
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rotating-water spinning method and the ribbons 
produced by the conventional single roller melt 
spinning method, the temperature dependence of  
the specific heat (Cp) of  Cu6sZr3s amorphous 
alloys in the shapes of wire aM ribbon was 
examined with a DSC. As an example, Fig. 10 
shows the thermograms of  an amorphous Cu6sZr3s 
wire together with the data of  an amorphous 
Cu6sZr3s ribbon. The diameter of  the wire is about 
150#m and the thickness of  the ribbon is about 
120/am. As shown in Fig. 10, C v of the as-quenched 
samples began to decrease at about 400 K, indicat- 
ing that appreciable relaxation occurs even at such 
a low temperature, i.e. --~ 150 K below Tg = 747 K. 
As the temperature rises further, Cp decreases only 
slightly in the range below 730 K, then rapidly in 
the region of  glass transition and reaches an 
equilibrium liquid value of  about 38 .5 Jmol  -t 

K -1 above 784 K. In the temperature range 420 to 
700K, the apparent specific heat of  the as- 
quenched samples is considerably lower for the 
wire than for the ribbon. 

Fig. 11 shows the temperature dependence of  
the difference in Cp between the as-quenched and 
the annealed states [ACp(T)] for the amorphous 
Cu6sZr3s alloy samples of  various shapes; wires 80 
or 150pro in diameter and ribbon 120/am thick. 
The value of  ACp begins to increase at 355 K for 
the 80/1m wire, at 365 K for the 150/1m wire and 
at 367K for the 120/lm ribbon. It increases signi- 
ficantly with rising temperature and reaches a 
maximum value of 5.0 J mo1-1K -1 at about 710 to 
740K which is almost the same in all three 
samples. This figure may be summarized as follows: 

1. the temperature at which the structural 
relaxation begins (AC v > 0 )  is lower for the wire 

Cu65Zras 
Wire (D=80 and 150,urn) 
Ribbon (T=120)Jm) 
4oK min-' / / / /  

-~ D 80;u//;"m.~//,/t '/ 
/// r 

/ < / 2  . . . .  Jr: ,20 .m 

3so 4;0 4;0 560 ~o 6;o 6;0 7~o 7~o 
Temperature (K) 

800 

Figure l l  Difference in the specific heat 
between the as-quenched and annealed 
state (~Cp) for an amorphous Cu~sZ%5 
alloy. - - ,  wire of _~ 80 #m diameter; 

, wire of _~ 150 #m diameter;- -- --, 
ribbon ~_ 120 ~tm thick. 
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ribbon thickness. 

of 80/am diameter (--~ 355K) than for the other 
samples (~-- 367 K); 

2. ACp in the low temperature region, before 
merging with each other at about 650 K, is greatest 
for the wire of 80/zm diameter, followed by the 
wire having 150 gm diameter and then the ribbon; 

3. the integrated" heats of relaxation, AH, are 
1040, 930 and 820 J mo1-1, respectively, for wires 
of 80 and 150#m diameter and the ribbon. 
Fig. 12 shows the relaxation enthalpy of an amor- 
phous Cu6sZr3s alloy in the shapes of wire and 
ribbon as a function of wire diameter or ribbon 
thickness. When the values of AH between the 
wire and the ribbon are compared at the same 
values of diameter and thickness, they are seen to 

be larger for the wires than for the ribbons. Similar 
differences in Cp(T), ACp(T) and AH have been 
recognized for F e - S i - B  [22], F e - P - C  [23], 
C o - S i - B  [22], P d - N i - P  [22] and P d - C u - S i  
[24] amorphous alloys in the shapes of wire and 
ribbon, and they are interpreted as originating 
from the inherent differences in the solidification 
process and the manner of cooling after solidifi- 
cation in the production methods of the wire or 
ribbon sample, even though the average quench 
rate which is achieved by each method is considered 
to be nearly equal in the temperature region near 
Tg because from the data the values of ACp near 
Tg are the same for both the wire and ribbon 
samples. That is, in the case of the in-rotating- 
water spinning method, cooling of the melt is 
achieved continuously from the circumferential 
side by rapidly circulating water. On the other 

hand, in the single-roller spinning method, solidifi- 
cation of the melt is achieved only through con- 
tact with the roller with contacting times and 
lengths as Mort as about 0.01 sec and 100mm 
[25]. The solidified ribbon detaches itself from the 
roller above Tg and is air-cooled to room tempera- 
ture. Consequently,J the quench rate from Tg to 
room temperature is much slower for the ribbon 
than for the wire. Partial relaxation occurs in the 
ribbon during air cooling. It manifests itself in the 
smaller ACp values for the ribbon sample in the 
low temperature region. Despite the fact that the 
diameter of the wire is larger than the thickness of 
the ribbon, the resultant wire possesses higher 
degrees of structural disorder. This is considered 
to be the main reason why the present Cu-Zr  
amorphous wires produced by the in-rotating- 
water spinning method exhibit a good bending 
ductility in spite of a diameter as large as about 
150/~m. 

4 .  C o n c l u s i o n  
Amorphous wires exhibiting relatively high strength 
and good bending ductility were produced for the 
Cu6sZras and Cu60Zr4o alloys having a high amor- 
phous phase-forming ability in the Cu-Zr  binary 
alloy system. The production was carried out 
using a modified melt-spinning apparatus in which 
the melt was ejected through the orifice of  a 
quartz nozzle into the rotating water. The amor- 
phous wire diameters obtained are in the range 70 
to 150/1m. The wires have a circular cross-section 
and a rather smooth peripheral surface. Tensile 
strength (of) and Vickers hardness (Hv) for the 
undrawn wires tend to increase from 1670 to 
1810 MPa and from 425 to 440 DPN, respectively, 
with decreasing zirconium content. Also, the frac- 
ture elongation (el) including elastic elongation 
decreases from 2.7% to 2.4% with decreasing 
zirconium content. The addition of 5 at % niobium 
to the Cu6sZr3s and Cu60Zr4o alloys does not 
cause a significant detriment to the high amor- 
phous phase-forming ability and the high stability 
of the ejected jet stream which are essential for the 
formation of an amorphous wire, and results in 
increases of as and Hv of about 14% and 4%, 
respectively, and a decrease in ef of about 10%. 
By cold drawing to an appropriate reduction 
(2  25 to 30%), as and ef of the Cu65Zr35 and 
Cu6oZr4o amorphous wires increase by about 10% 
and 40%, respectively. Such increases are con- 
sidered to result from interaction between the 
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deformation bands introduced by cold drawing, in 
addition to the increase in the uniformity of 
shape by drawing. The undrawn amorphous wires 
are so ductile that no cracks were observed even 
after a closely contacted bending test. In addition, 
the good ductility remains unchanged even after 
heavy cold drawing. The relaxation enthalpy was 
considerably larger for the wires ("~ 80 to 150/~m 
diameter) than for the ribbons (~--60 to 150/~m 
thick) mainly due to the larger heat evolution at 
lower temperatures for the former. Furthermore, 
the temperature of the onset of structural relax- 
ation is lower for the amorphous wires. These 
results indicate that the structure of the amor- 
phous wires is of a higher degree of frozen-in dis- 
order. The difference was interpreted as originat- 
ing from the inherent differences in the solidifi- 
cation process of the ejected melt as well as the 
manner of cooling after solidification. 
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