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bstract

Alloys of composition Cu55Hf45−xTix with 5 ≤ x ≤ 45 at.% and Cu65Hf35−xTix with 5 ≤ x ≤ 35 at.% have been investigated. Samples were chill
lock melt spun to ribbon and produced as cylindrical rods by suction casting into a stepped copper die. All alloys investigated in both series were

ully vitrified when melt spun to ribbon of thickness ∼25 �m. The compositions x = 20 and 25 within the Cu55Hf45−xTix series and x = 15 and 20
ithin the Cu65Hf35−xTix series were found to be the best glass formers, with no crystalline phases detected by XRD for 3 and 4 mm diameter

ections, 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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. Introduction

It was demonstrated in 1989 that some alloys based on
etals other than Pd could be vitrified in section thicknesses

f several mm [1]. Since then, a still increasing number
f ternary, quaternary, and higher-order bulk glass-forming
lloys have been reported by Inoue et al. [1–3]. In 1993, a
amily of Zr–Ti–Cu–Ni–Be glasses, with significantly lower
ritical cooling rates, down to 1 K/s, and supercooled liq-
id regions up to 135 K were reported [4]. Of these alloys,
r41.2Ti13.8Cu12.5Ni10Be22.5 and Zr46.7Ti8.3Cu7.5Ni10Be27.5
ad the highest glass forming ability (GFA). Recently, high
trength Cu-based bulk glassy alloys were formed in the
u–Hf–Ti system by the copper mould casting and melt clamp

orging methods [5], the substitution of Hf by Ti in the
u100−xHfx system was shown to increase the GFA, so that bulk
etallic glasses could be produced in diameters up to 5 mm.
owever, there is less information available for glassy phases

ontaining more than 50 at.% Cu. This paper presents and dis-
usses the results of a study of glass formation for two series of
ompositions, Cu55Hf45−xTix and Cu65Hf35−xTix.
. Experimental

Alloy ingots of nominal compositions Cu55Hf45−xTix (x = 5, 10, 15, 20, 25,
0, 35 and 40 at.%) and Cu65Hf35−xTix (x = 5, 10, 15, 20, 25 and 30 at.%) were
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repared by arc melting mixtures of Hf (crystal bar), Cu (sheet) and Ti (rod)
aving purities of 99.5, 99.99 and 99.8 at.%, respectively. The arc melting was
erformed in a Ti-gettered high purity argon atmosphere. Each ingot was re-
elted at least four times in the arc melter in order to obtain good chemical

omogeneity. Ribbon samples of mean thicknesses ∼25 �m and width ∼2 mm
ere prepared by melt spinning in a controlled Ar atmosphere. Copper die

uction casting was employed to produce rods with a stepped profile having
iameters decreasing from 4 to 3 to 2 mm, each with a total length of 50 mm.
he phase constitutions of the rods were studied by X-ray diffraction (XRD).
he thermal stability, defined by the glass transition temperature (Tg) and the
rystallization temperature (Tx), was studied by differential scanning calorimetry
DSC) at a heating rate of 20 K/min. The solidus temperature (Tm) and liquidus
emperatures (Tl) were determined by differential thermal analysis (DTA) at a
eating rate of 20 K/min. Thermal characterization was performed using melt
pun ribbons.

. Results

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

.1. Cu55Hf45−xTix

Table 1 summarises the results obtained by XRD for all melt-

pun ribbon and cast rod samples for this alloys series. While
he melt-spun ribbons showed a fully amorphous structure in this
omposition range, for the bulk samples, the maximum diameter
howing a nominally fully amorphous structure was 3 mm for
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Fig. 2. XRD patterns of cast Cu65Hf35−xTix (x = 15 and 20) and Cu55Hf45−xTix
(x = 20 and 25) alloy rods with diameters of 4 and 3 mm, respectively.

b
a

Fig. 1. Suction cast 2, 3 and 4 stepped rod of the Cu65Hf15Ti20 alloy.

= 20 and 25, while the 4 mm diameter sections showed signifi-
ant crystallinity for these compositions. The compositions with
= 15 and 30 showed a fully amorphous structure up to 2 mm
iameter. Fig. 2 shows the XRD patterns for transverse cross
ections of the 3 mm diameter cast rods of the Cu55Hf25Ti20
nd Cu55Hf20Ti25 alloys. Fig. 3 shows that Tg and Tx both
ecrease progressively with increasing Ti content while Tm and
l decrease to minimum values at x ≈ 25 and then increase up

o x = 45. The quotient Tg/Tl, defined as the reduced glass tem-
erature Trg, increases from 0.56 at x = 5 to a maximum of 0.62
t x ∼ 20, then decreases down to 0.55 for x = 40 (Fig. 4a).

.2. Cu65Hf35−xTix
A fully amorphous phase was observed for all the melt-spun
ibbons in the composition range studied (5 ≤ x ≤ 30). Bulk rod
amples showed a fully glassy structure up to 4 mm diameter for

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

omposition Structure at

Ribbon 2 mm 3 mm 4 mm

u55Hf45−x Tix
Cu55Hf40Ti5 Am Cr Cr Cr
Cu55Hf35Ti10 Am Cr Cr Cr
Cu55Hf30Ti15 Am Am Cr Cr
Cu55Hf25Ti20 Am Am Am Cr
Cu55Hf20Ti25 Am Am Am Cr
Cu55Hf15Ti30 Am Am Cr Cr
Cu55Hf10Ti35 Am Cr Cr Cr
Cu55Hf5Ti40 Am Cr Cr Cr

u65Hf35−x Tix
Cu65Hf30Ti5 Am Am Cr Cr
Cu65Hf25Ti10 Am Cr Cr Cr
Cu65Hf20Ti15 Am Am Am Am
Cu65Hf15Ti20 Am Am Am Am
Cu65Hf10Ti25 Am Cr Cr Cr
Cu65Hf5Ti30 Am Cr Cr Cr
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Fig. 3. Plot of Tg, Tx, Tm and Tl for the Cu55Hf45−xTix alloy series.

oth x = 15 and 20. Interestingly the x = 5 alloy showed a fully
morphous structure for the 2 mm diameter section, while the
ods for all the remaining composition were partly or fully crys-

alline (Table 1). Fig. 2 shows the XRD patterns for the transverse
ross section of the 4 mm thick cast rods of the Cu65Hf20Ti15 and
u65Hf15Ti20 alloys. Fig. 5 shows that both Tg and Tx decreased
rogressively with increasing Ti content up to x = 25 and then

ig. 4. Plot of Trg for: (a) Cu55Hf45−xTix and (b) Cu65Hf35−xTix alloy series.
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Fig. 5. Plot of Tg, Tx, Tm and Tl for Cu65Hf35−xTix alloy series.

ppeared to increase for higher Ti. This corresponded to a change
n the crystallisation mode from a single peak to two or three
tages; this change in crystallisation behaviour was also seen
n the Cu55Hf45−xTix alloy series. Tm and Tl appear to decrease
ith increasing Ti to minimum values at Ti contents correspond-

ng to x = 15–20. The values of Trg are consistently higher than
hose for the 55 at.% Cu series, with a maximum of ∼0.64 for
he x = 15 alloy (Fig. 4b).

. Discussion

Increasing the Ti content generally decreased Tg and Tx for
oth compositional series, consistent with the lower melting
emperature and cohesive energy for Ti, in comparison with Hf,
lthough there is evidence for a slight reversal of the trend for the
u65Hf5Ti25 alloy. On the other hand, the higher Cu series had
onsistently higher Tg and Tx, which is the opposite of expecta-
ion on the basis of simple cohesive energy considerations. The
arger maximum Trg for the Cu65Hf35−xTix series than for the
u55Hf45−xTix series is reflected in its higher experimentally
bserved GFA for the rod samples [6]. There does not appear to
e a clear correlation between the experimental GFA, measured
y the critical diameter of fully glassy rod, and the parameter
Tx (=Tx − Tg), as the Ti content is varied, in either series,
nd this has also been concluded for other alloy series in this
ystem [5]. Clearly, it is possible to increase Trg by decreas-
ng Tl. This can be achieved by adding further solute atoms of
arious diameters to the Cu–Hf–Ti alloys. This makes use of

[
[
[
[
[
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he “confusion principle” that can frustrate the tendency of the
iquid phase to crystallise by stabilizing it thermodynamically
elative to the crystalline phases [7]. The effects of fourth ele-
ent additions on the GFA of the Cu–Hf–Ti system is highly

ertinent.
Inoue et al. [5] have reported DSC and DTA data for

u–Ti–Hf alloys that were acquired at 40 and 10 K/min, respec-
ively. They reported that the maximum fully glassy rod diam-
ter was 4 mm for the two compositions, Cu60Hf20Ti20 and
u60Hf25Ti15. Although, Trg reported here for the alloys of high-
st GFA are smaller than those reported by Inoue et al. [5], it
as still possible to produce fully amorphous rods of diameter
mm. This apparent inconsistency can be accounted for on the
asis of the different heating rates analysed and different criteria
or defining Tg in the two studies.

. Conclusions

Fully glassy rods with diameters up to 4 mm have been pro-
uced for the x = 15 and 20 alloys in the 65 at.% Cu series and
p to 3 mm for the x = 20 and 25 alloys in the 55 at.% Cu series.
he composition dependence of the GFA’s is consistent with the

rends in Trg. The results reported here are in general accord
ith those obtained by Inoue et al. [5] and by Stewart et al.

8] for Cu60Hf40−xTix, for which the GFA also decreased with
ncreasing Ti substitution for Hf.
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