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Abstract

A nanoscale icosahedral (I) phase was formed in the melt-spun Ti40Zr20Hf20(LTM)20 (LTM = Ni, Pd, or Pt) alloys. However, in

Pd-bearing alloy it is presumed to be a distorted I-phase or a high-order approximation. I phase, Hf2Pt and b-(Ti,Zr,Hf,Ni) solid

solution phases are formed in the arc-melted Ti40Zr20Hf20Pt20 ingot.

Keywords: Quasicrystals; Rapid solidification; Microstructure
1. Introduction

Since the icosahedral (I) phase was discovered in a

rapidly solidified Al–Mn alloy by Shechtman et al. [1],
nanoscale I phase has been found in various alloy sys-

tems including Zr [2–4], Hf [5,6] and Cu [7,8] based al-

loys. Thermodynamically stable I alloys have also been

formed in Ag–In–Ca, Cd–Ca, Cu–Ga–Mg–Sc and Ti–

Zr–Ni systems, etc. [9–12]. Extensive studies on I phase

formed in Ti–Zr–Ni system have been carried out be-

cause of its large capacity for hydrogen storage [13,14].

It was reported that Ti40Zr40Ni20 is nearly the optimal
quasicrystal forming composition, which lies at the

crossing point of the two specific lines, termed as e/a-

constant and e/a-variant lines [15]. As I phase can be

formed in Zr–Pt, Zr–Pd [16–18] and Ti–Zr–Ni [12], it

has been suggested and shown that Zr and Hf being part

of the IVA group elements can be substituted in I phase
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of Ti–Zr–Hf–Ni alloy because of their chemical similar-

ity [19].

In the present work we study the formation of the

quasicrystalline phase in the Ti40Zr20Hf20LTM20 alloys
(LTM indicates a late transition metal, Ni, Pd or Pt

which belong to the same VIIIA group) containing Hf

which partially (by 50%) substitutes Zr.
2. Experimental procedure

Ingots of Ti40Zr20Hf20(Ni, Pd, Pt)20 alloys were pre-
pared by arc-melting the mixtures of pure Ti, Zr, Hf,

Ni, Pd and Pt metals in a Ti-gettered argon atmosphere.

The purity of the early transition metals was over 99.8

mass% while the late transition metals were of 99.9

mass% purity. From these alloy ingots, ribbon samples

of 0.6–1.5 mm in width and 23–32 lm in thickness were

prepared by rapid solidification of the melt on a single

copper roller at a surface velocity of 40 m/s in an argon
atmosphere. The structure of the samples was examined

by X-ray diffractometry (XRD) with monochromatic
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CuKa radiation. The phase transformations were stud-

ied by differential scanning calorimetry at a heating rate

of 0.67 K/s. The microstructure was examined by trans-

mission electron microscopy (TEM) using a JEM 2010

(JEOL) microscope operating at 200 kV. The samples

for TEM were prepared by the ion polishing technique.
Fig. 2. TEM of the melt-spun Ti40Zr20Hf20Ni20 alloy: (a) bright-field

image, (b), (c) and (d) nanobeam diffraction patterns of five-, three-

and two-fold symmetries; and (e) selected-area electron diffraction

pattern.

Fig. 3. TEM of the melt-spun Ti40Zr20Hf20Pd20 alloy: (a) bright-field

image, (b), (c) and (d) nanobeam diffraction patterns of five-, three-

and two-fold symmetries and (e) selected-area electron diffraction

pattern.
3. Results and discussion

The XRD patterns of the melt-spun Ti40Zr20Hf20 (Ni,

Pd or Pt)20 and arc-melted Ti40Zr20Hf20Pt20 alloys are

shown in Fig. 1. A single I phase was obtained in the

melt-spun Ti40Zr20Hf20Ni20 alloy while amorphous and
I phases were formed in the melt-spun Ti40Zr20Hf20Pd20
and Ti40Zr20Hf20Pt20 alloys. Indexing of I phase was

carried out according to Ref. [20]. Here one should note

that the (110000) peak position for Ti40Zr20Hf20Pd20 al-

loy does not correspond precisely to that of the I-phase.

The average size of the quasicrystalline particles in the

melt-spun Ti40Zr20Hf20Ni20 alloy is 30 nm (Fig. 2(a)),

which has been reported in one of our previous papers
[19], while the average sizes of quasicrystalline particles

in the melt-spun Ti40Zr20Hf20Pd20 and Ti40Zr20Hf20Pt20
alloys are 10 nm and 15 nm, respectively (Fig. 3(a) and

Fig. 4(a)). The icosahedral particles have an equiaxed

morphology.

Although the SAED patterns of the melt-spun

Ti40Zr20Hf20Pd20 alloy (Fig. 3) indicate icosahedral sym-

metry, one can suggest these clusters are either distorted
or belong to a high-order approximant phase.

A mixed structure consisting of I phase, big cubic

face-centered cubic (fcc) cF96 Hf2 Pt and body-centered

cubic (bcc) cI2 b-(Ti,Zr,Hf,Pt) solid solution phases

was observed in the Ti40Zr20Hf20Pt20 ingot (Fig. 1(d)

and Fig. 5). The indexing of an even-parity sequence

a,b,c,d and an odd-parity sequence A,B for the two-fold
Fig. 1. XRD patterns of the melt-spun (a) Ti40Zr20Hf20Ni20, (b)

Ti40Zr20Hf20pd20 and (c) Ti40Zr20Hf20Pt20 alloys and (d) the

Ti40Zr20Hf20Pt20 ingot.
pattern of the I phase (Fig. 5(b)) according to Ref. [21]

is shown in Table 1. By using the diffraction peak

of (332002) labeled as 6, the lattice parameter of I

phase was calculated to be 0.5398 nm, which is slightly

larger than the I phase formed in the melt-spun Ti40Zr20-

Hf20Pt20 alloy of aq = 0.5346 nm.

A comparison of the structure of the melt-spun and

the arc-melted Ti40Zr20Hf20Pt20 alloys was carried out.
From the XRD pattern of the Ti40Zr20Hf20Pt20 ingot,

the diffraction peaks of fcc Hf2Pt phase partially

coincide with the peaks of the I phase. From Fig. 1(d)

Hf2Pt phase has the largest volume fraction in the

Ti40Zr20Hf20Pt20 ingot.

Fig. 6(b) and (c) shows that short-range distorted ico-

sahedral clusters exist in the cF96 Hf2Pt phase. Certainly

the clusters do not have perfect icosahedral symmetry
(Fig. 6(a)).



Fig. 4. TEM result of the melt-spun Ti40Zr20Hf20Pt20 alloy: (a) bright-

field image, (b), (c) and (d) nanobeam diffraction patterns of five-,

three- and two-fold symmetries; and (e) selected-area electron diffrac-

tion pattern.

Fig. 6. (a) Icosahedral cluster (b) and (c) polyhedral clusters in cF96

Hf2Pt phase.

Table 1

Indexing of an even-parity sequence a,b,c,d and an odd-parity

sequence A,B for the two-fold pattern of the I phase with the

icosahedral quasicrystal lattice parameter aq = 0.5398 nm

Index Label Q experimental (nm�1) Q calculated (nm�1)

B 100000 22 5.67 5.82

d 110000 21 9.87 9.90

c 111100 19 16.04 16.02

A 211111 16 24.67 24.65

b 221001 15 25.90 25.92

a 332002 6 41.94 41.94
One can suggest that formation of the I-phase upon

solidification triggers nucleation and growth of the fcc

cF96 Hf2Pt+bcc cI2 b-(Ti,Zr,Hf,Pt) solid solution

eutectic in the Ti40Zr20Hf20Pt20 ingot.

The results obtained provide one more piece of proof

to support the suggestion that an icosahedral short-
range order exists in the melt of Ti40Zr20Hf20Pt20 alloy

just like in the Zr–Pt binary alloy [16–18]. During the

rapid solidification (melt-spinning) the process of long-

range diffusional rearrangement of atoms forming a sta-

ble crystalline phase has been suppressed. However, the

lower cooling rate obtained for the ingot enables a long-

range diffusion of atoms to form the equilibrium crystal-

line phases in addition to I phase.
The reason why the lattice parameter of I phase in the

ingot is slightly larger than that in the melt-spun ribbon
Fig. 5. Selected-area electron diffraction patterns from the phases observed in

I phase (c) and (d) bcc b-(Ti,Zr,Hf,Pt) solid solution (e) and (f) fcc Hf2Pt p
samples can also be explained based on the necessity of

long-range rearrangement of atoms for precipitation

and growth of the crystalline phases upon cooling. Thus,

the chemical composition of the I-phase in the ingot is

different from that in the melt-spun ribbon samples. In

the ingot, the I-phase composition is much closer to
equilibrium.
the Ti40Zr20Hf20Pt20 ingot: (a) three-fold and (b) two-fold symmetry of

hase.



It is important to note that the icosahedral phase in

Zr-based alloys is often formed in cooperation with

cI2 b-Zr solid solution phase and these two phases have

well defined orientation relationships [22]. Moreover,

transformation from glassy+b-Zr to glassy+I structure

was observed in Zr65Ni10Al7.5Cu7.5Ti5Nb5 alloy on heat-
ing by a single-stage transformation [23].

Although I phase-forming ability is greatest in the

melt-spun Ti40Zr20Hf20Ni20 alloy, the addition of Pd

and Pt can improve the glass-forming ability because

of the larger heat of mixing with early transition metal

elements [24–26].
4. Conclusions

Nanoscale I phase was found to form in the melt-spun

Ti40Zr20Hf20LTM20 alloys. Ni is the most effective ele-

ment for the formation of I phase while Pd and Pt slightly

improve the glass forming ability of the Ti–Zr–Hf–LTM

alloys. However, in Pd-bearing alloy it is presumed to be

a distorted I-phase or a high-order approximant. I phase,
cF96 fcc Hf2Pt and b-(Ti,Zr,Hf,Pt) solid solution phases

are formed in the arc-melted ingot of the Ti40Zr20-

Hf20Pt20 alloy.
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