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Abstract

Alloys of composition CussHfys_, Ti, with 5 <x <45 at.% and CugsHf3s_,Ti, with 5 <x <35 at.% have been investigated. Samples were chill
block melt spun to ribbon and produced as cylindrical rods by suction casting into a stepped copper die. All alloys investigated in both series were
fully vitrified when melt spun to ribbon of thickness ~25 wm. The compositions x =20 and 25 within the CussHfys_, Ti, series and x=15 and 20
within the CugsHf3s_, Ti, series were found to be the best glass formers, with no crystalline phases detected by XRD for 3 and 4 mm diameter
sections, respectively. The composition ranges of highest GFA also had the highest reduced glass temperatures for each of the ranges studied.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

It was demonstrated in 1989 that some alloys based on
metals other than Pd could be vitrified in section thicknesses
of several mm [1]. Since then, a still increasing number
of ternary, quaternary, and higher-order bulk glass-forming
alloys have been reported by Inoue et al. [1-3]. In 1993, a
family of Zr-Ti—-Cu-Ni—-Be glasses, with significantly lower
critical cooling rates, down to 1K/s, and supercooled lig-
uid regions up to 135K were reported [4]. Of these alloys,
Zr41.2Ti138Cug25NijoBexzs and  Zrge7Tig3Cu7.5NijgBers s
had the highest glass forming ability (GFA). Recently, high
strength Cu-based bulk glassy alloys were formed in the
Cu-Hf-Ti system by the copper mould casting and melt clamp
forging methods [5], the substitution of Hf by Ti in the
Cujgo—xHfy system was shown to increase the GFA, so that bulk
metallic glasses could be produced in diameters up to S mm.
However, there is less information available for glassy phases
containing more than 50 at.% Cu. This paper presents and dis-
cusses the results of a study of glass formation for two series of
compositions, CussHf45_,Ti, and CugsHf35_,Tiy.

2. Experimental
Alloy ingots of nominal compositions CussHf4s5_, Tiy (x=5, 10, 15, 20, 25,
30, 35 and 40 at.%) and CugsHf35_, Ti, (x=35, 10, 15, 20, 25 and 30 at.%) were
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prepared by arc melting mixtures of Hf (crystal bar), Cu (sheet) and Ti (rod)
having purities of 99.5, 99.99 and 99.8 at.%, respectively. The arc melting was
performed in a Ti-gettered high purity argon atmosphere. Each ingot was re-
melted at least four times in the arc melter in order to obtain good chemical
homogeneity. Ribbon samples of mean thicknesses ~25 um and width ~2 mm
were prepared by melt spinning in a controlled Ar atmosphere. Copper die
suction casting was employed to produce rods with a stepped profile having
diameters decreasing from 4 to 3 to 2 mm, each with a total length of 50 mm.
The phase constitutions of the rods were studied by X-ray diffraction (XRD).
The thermal stability, defined by the glass transition temperature (7) and the
crystallization temperature (7 ), was studied by differential scanning calorimetry
(DSC) at a heating rate of 20 K/min. The solidus temperature (7},) and liquidus
temperatures (77) were determined by differential thermal analysis (DTA) at a
heating rate of 20 K/min. Thermal characterization was performed using melt
spun ribbons.

3. Results

Due to the small thickness and the good glass forming ability,
all ribbons had an amorphous structure, with high metallic lus-
tre and high bend ductility. The stepped rod samples had good
surface quality with few obvious casting defects; an example is
shown in Fig. 1.

3.1. CussHfys5—+Tiyx

Table 1 summarises the results obtained by XRD for all melt-
spun ribbon and cast rod samples for this alloys series. While
the melt-spun ribbons showed a fully amorphous structure in this
composition range, for the bulk samples, the maximum diameter
showing a nominally fully amorphous structure was 3 mm for
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Fig. 1. Suction cast 2, 3 and 4 stepped rod of the CugsHf5Tip alloy.

x=20 and 25, while the 4 mm diameter sections showed signifi-
cant crystallinity for these compositions. The compositions with
x=15 and 30 showed a fully amorphous structure up to 2 mm
diameter. Fig. 2 shows the XRD patterns for transverse cross
sections of the 3 mm diameter cast rods of the CussHf,5Tipg
and CussHfpoTips alloys. Fig. 3 shows that Ty and Tx both
decrease progressively with increasing Ti content while T, and
Ty decrease to minimum values at x~ 25 and then increase up
to x=45. The quotient T/7}, defined as the reduced glass tem-
perature Ty, increases from 0.56 at x=5 to a maximum of 0.62
at x ~ 20, then decreases down to 0.55 for x=40 (Fig. 4a).

3.2. CuesHf35—xTiyx

A fully amorphous phase was observed for all the melt-spun
ribbons in the composition range studied (5 < x < 30). Bulk rod
samples showed a fully glassy structure up to 4 mm diameter for

Table 1
XRD structural results for melt-spun ribbons and for 2, 3 and 4 mm diameter rods,
where Am and Cr indicate an amorphous and a crystalline structure, respectively

Composition Structure at

Ribbon 2 mm 3 mm 4 mm
CussHfgs—, Tiy
Cu5 5Hf40Ti5 Am Cr Cr Cr
CussHf35Tigg Am Cr Cr Cr
CU5 5Hf30Ti1 5 Am Am Cr Cr
CussHfp5Ting Am Am Am Cr
CU5 5Hf20Tiz5 Am Am Am Cr
CussHf5Tizg Am Am Cr Cr
CU55Hf10Ti35 Am Cr Cr Cr
CussHfsTigg Am Cr Cr Cr
CugsHf3s, Tiy
CugsHf30Tis Am Am Cr Cr
Cu65 Hf25 Ti 10 Am Cr Cr Cr
CugsHf20Tips Am Am Am Am
Cu65 Hf15Ti20 Am Am Am Am
CugsHf0Tias Am Cr Cr Cr
Cu65 Hf5 Ti3() Am Cr Cr Cr

Cu65Hf20Ti15 ¢ 4 mm

| Cu65Hf15Ti20 ¢ 4 mm

Cub5Hf25Ti20 ¢ 3mm

Intensity (A. U.)

Cu55Hf20Ti25 ¢ 3mm

25 35 45 55 65 75 85 95
2 theta (Degrees)

Fig. 2. XRD patterns of cast CugsHf35_,Ti, (x= 15 and 20) and CussHfs5_,Ti,
(x=20 and 25) alloy rods with diameters of 4 and 3 mm, respectively.
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Fig. 3. Plot of Ty, Tx, Try and T for the CussHf45_, Ti, alloy series.

both x =15 and 20. Interestingly the x=35 alloy showed a fully
amorphous structure for the 2 mm diameter section, while the
rods for all the remaining composition were partly or fully crys-
talline (Table 1). Fig. 2 shows the XRD patterns for the transverse
cross section of the 4 mm thick cast rods of the CugsHf>0Ti;5 and
CugsHf5Tiyg alloys. Fig. 5 shows that both 7 and Ty decreased
progressively with increasing Ti content up to x=25 and then
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Fig. 4. Plot of Ty for: (a) CussHfys_,Ti, and (b) CugsHf3s_,Ti, alloy series.
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Fig. 5. Plot of Ty, Tx, Ty and T for CugsHf35_,Ti, alloy series.

appeared to increase for higher Ti. This corresponded to a change
in the crystallisation mode from a single peak to two or three
stages; this change in crystallisation behaviour was also seen
in the Cus5Hfs5_, Ti, alloy series. Ty, and 7} appear to decrease
with increasing Ti to minimum values at Ti contents correspond-
ing to x=15-20. The values of Ty, are consistently higher than
those for the 55 at.% Cu series, with a maximum of ~0.64 for
the x=15 alloy (Fig. 4b).

4. Discussion

Increasing the Ti content generally decreased T, and T for
both compositional series, consistent with the lower melting
temperature and cohesive energy for Ti, in comparison with Hf,
although there is evidence for a slight reversal of the trend for the
Cugs5Hf5Tips alloy. On the other hand, the higher Cu series had
consistently higher T, and T, which is the opposite of expecta-
tion on the basis of simple cohesive energy considerations. The
larger maximum T, for the CugsHf35_,Tiy series than for the
CussHf4s_,Ti, series is reflected in its higher experimentally
observed GFA for the rod samples [6]. There does not appear to
be a clear correlation between the experimental GFA, measured
by the critical diameter of fully glassy rod, and the parameter
ATy (=Tx —Ty), as the Ti content is varied, in either series,
and this has also been concluded for other alloy series in this
system [5]. Clearly, it is possible to increase Ty; by decreas-
ing Ti. This can be achieved by adding further solute atoms of
various diameters to the Cu—-Hf-Ti alloys. This makes use of

the “confusion principle” that can frustrate the tendency of the
liquid phase to crystallise by stabilizing it thermodynamically
relative to the crystalline phases [7]. The effects of fourth ele-
ment additions on the GFA of the Cu—Hf-Ti system is highly
pertinent.

Inoue et al. [5] have reported DSC and DTA data for
Cu-Ti—Hf alloys that were acquired at 40 and 10 K/min, respec-
tively. They reported that the maximum fully glassy rod diam-
eter was 4mm for the two compositions, CugoHf20Tizo and
CugoHf25Ti;s. Although, Ti, reported here for the alloys of high-
est GFA are smaller than those reported by Inoue et al. [5], it
was still possible to produce fully amorphous rods of diameter
4 mm. This apparent inconsistency can be accounted for on the
basis of the different heating rates analysed and different criteria
for defining T in the two studies.

5. Conclusions

Fully glassy rods with diameters up to 4 mm have been pro-
duced for the x=15 and 20 alloys in the 65 at.% Cu series and
up to 3 mm for the x=20 and 25 alloys in the 55 at.% Cu series.
The composition dependence of the GFA’s is consistent with the
trends in Ty,. The results reported here are in general accord
with those obtained by Inoue et al. [5] and by Stewart et al.
[8] for CugoHf40_,Tiy, for which the GFA also decreased with
increasing Ti substitution for Hf.
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