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Abstract

The devitrification behavior and phase formation in Zr65–55Ni10Al7.5Cu7.5Ti5–10(Nb,Ta)5–10 metallic glass have

been studied by X-ray diffraction, transmission electron microscopy and differential scanning calorimetry. It has

been found that mutual addition of Ti and Ta/Nb benefits the formation of nanoscale icosahedral phase in the

glassy phase on heating and the oxygen content in the alloy makes significant influence on the devitrification

behavior of these alloys. At the same time in Nb-bearing alloys and alloys containing 5 at.% Ta icosahedral phase

was found to coexist with crystalline one.
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1. Introduction

Since the discovery of an icosahedral phase in an Al–Mn alloy, extensive studies on quasicrystals
have been carried out in the last years. Quasicrystalline phase has been found in a number of alloys,
such as Al-, Mg-, Ga-, Zn-, Ti-, Zr- and Hf-based [1–5].

Quasicrystalline single phase is known to have high hardness [1,6], high corrosion resistance, low
coefficient of friction, low adhesion, unique electrical and thermal transport properties, etc. [7–10].
However, it is also known that the quasicrystalline phase is usually extremely brittle [1]. On the other
hand, the mixed amorphous alloys containing quasicrystalline particles exhibit good ductility [11,12].
So it is important to search for new alloys with mixed structure containing both amorphous and
quasicrystalline phase.

It has been reported that the devitrification behavior of Zr–Al–Ni–Cu glass alloy changes to double-
stage from the single-stage one when it contains a certain amount of oxygen (above 1700 mass ppm),
and the quasicrystalline phase precipitates as a primary phase [13]. On the other hand, it has also been
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reported recently that the quasicrystalline phase precipitates as a primary phase in ZrNiAlCuM
(M ¼ Ti, Ag, Au, Pd, Pt, Nb, Ta) [14–19] metallic glasses even at relatively low oxygen content. In the
present work, we investigated the devitrification behavior of the Zr65–55Ni10Al7.5Cu7.5Ti5–10(Nb,Ta)5–10

glass-forming alloys containing relatively large amount of Ti þ Nb or Ti þ Ta.

2. Experimental procedure

Ingots of Zr65–55Ni10Al7.5Cu7.5Ti5–10(Nb,Ta)5–10 alloys were prepared by arc melting the mixture of
pure metals in an argon atmosphere. The oxygen content in the alloys was modified by controlling the
vacuum in the chamber during preliminary arc-melting of Zr. Zr actively absorbs O on heating.
Amorphous ribbons with a cross-section of about 0:02 mm � 1 mm were prepared by melt spinning
technique in an argon atmosphere. The formation of amorphous phase was verified by X-ray diffraction
with CuKa radiation. The thermal stability was examined by differential scanning calorimetry at a
heating rate of 0.67 K/s. The structure was examined by transmission electron microscopy (TEM)
linked with a nanobeam electron diffraction by using a JEM 2010 microscope operating at 200 kV. The
sample for TEM observation was prepared by ion-polishing technique. Oxygen content in the studied
alloys is examined by infrared absorption method.

3. Results and discussions

The glassy single phase is formed in all of the melt-spun Zr65–55Ni10Al7.5Cu7.5Ti5–10(Nb,Ta)5–10

alloys (see e.g., Fig. 1). The melt spun ribbons showed good bend ductility (i.e., showed ability to be
bent through 1808 without fracture). The oxygen content in the studied alloys is shown in Table 1. The
oxygen content in the alloys was modified by controlling the vacuum of the chamber during
preliminary arc-melting of Zr.

Fig. 2 shows DSC curves of the Zr65–55Ni10Al7.5Cu7.5Ti5–10(Nb,Ta)5–10 alloys. The DSC curves
exhibit glass transition at Tg and two exothermic peaks indicating that the devitrification reaction occurs
through two stages.

As shown in Fig. 3, the X-ray diffraction patterns of the Zr65–55Ni10Al7.5Cu7.5Ti5–10(Nb,Ta)5–10

alloys annealed for 300 s at the temperature of the first exothermic peak consisted of the broad peaks
produced by the residual amorphous phase and a few sharp peaks with higher intensities caused by the
particles precipitated from the amorphous phase. Due to the small particles size, diffraction peaks

Fig. 1. X-ray diffraction pattern of as-solidified Zr65Ni10Al7.5Cu7.5Ti5Nb5 ribbon sample.
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Table 1

Compositions and oxygen contents in Zr-based glassy alloys used in the present study

Composition (at.%) O content (mass%)

I II III

Zr65Ni10Al7.5Cu7.5Ti5Nb5 0.0575 0.0404 0.0291

Zr55Ni10Al7.5Cu7.5Ti10Nb10 0.0557 0.0401 0.0242

Zr65Ni10Al7.5Cu7.5Ti5Ta5 0.0572 0.0441 0.0206

Zr55Ni10Al7.5Cu7.5Ti10Ta10 0.0563 0.0412 0.0245

Fig. 2. DSC curves of Zr-based glassy alloys prepared by melt spinning.

Fig. 3. X-ray diffraction patterns of Zr-based glassy alloys annealed for 300 s at the temperature of the first exothermic peak

(O content about 0.056 mass%).
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produced by this phase are also quite broad and only four strongest peaks can be identified. Indexing of
this icosahedral phase has been done according to Ref. [20].

The structure of the Zr55Ni10Al7.5Cu7.5Ti10Ta10 alloy sample annealed for 300 s at 690 K is shown in
Fig. 4a and b. The size of the icosahedral particles ranged from 3 to 20 nm. Three sharp rings in the
selected-area electron diffraction pattern (Fig. 4c) correspond to the X-ray diffraction peaks. The inserts
in Fig. 4 show the nanobeam electron diffraction patterns of the precipitates in Zr55Ni10Al7.5Cu7.5-

Ti10Ta10 alloy. The three kinds of nanobeam electron diffraction patterns reveal five-, three-, and
twofold symmetries of the icosahedral quasicrystal. On the other hand, as shown in Fig. 5, relatively

Fig. 4. (a) Bright-field and (b) dark-field TEM images as well as (c) selected-area electron diffraction pattern of

Zr55Ni10Al7.5Cu7.5Ti10Ta10 glassy alloy annealed for 300 s at 690 K (O content: 0.0563 mass%). The inserts—nanobeam

diffraction patterns.

Fig. 5. (a) Bright-field and (b) dark-field TEM images as well as (c) selected-area electron diffraction pattern of

Zr65Ni10Al7.5Cu7.5Ti5Nb5 glassy alloy annealed for 300 s at 678 K (O content 0.0575 mass%). The inserts—nanobeam

diffraction patterns.
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large precipitates of 10–20 nm in size are identified as nanocrystals in the structure of the
Zr65Ni10Al7.5Cu7.5Ti5Nb5 alloy annealed for 300 s at 678 K while small particles of 3–10 nm in size
have an icosahedral symmetry as in the case of Zr55Ni10Al7.5Cu7.5Ti10Ta10. The same behavior was
observed for Zr55Ni10Al7.5Cu7.5Ti10Nb10 and Zr65Ni10Al7.5Cu7.5Ti5Ta5 alloys. Thus, two kinds of
particles precipitated in these alloys, namely, quasicrystalline icosahedral nanoparticles the same as
those in the Zr55Ni10Al7.5Cu7.5Ti10Ta10 alloy, and larger (10–20 nm in size) cubic nanocrystals.
Formation of the icosahedral phase is easily observed by X-ray diffraction due to its large volume
fraction. The cubic nanocrystals observed by TEM, however, do not produce peaks in the X-ray
diffraction curve (Fig. 3) because of their small volume fraction estimated to be less than 10%. It has
also been reported that, in Zr65Al7.5Ni10Cu12.5Mo5 glassy alloy, fcc Zr2Ni and icosahedral phase can
precipitate simultaneously on annealing of the glassy phase [21]. One can suggest that devitrification of
the Zr65–55Ni10Al7.5Cu7.5Ti5–10(Nb,Ta)5–10 alloys starts from the formation of the icosahedral clustered
phase but when it reaches the size of about 10 nm it transforms to a cubic crystalline phase.

We noticed that the oxygen content in Zr55Ni10Al7.5Cu7.5Ti10Ta10 alloy is slightly higher than that
in the other alloys (see Table 1). In order to study whether oxygen effects the devitrification behavior
of these alloys, we prepared two additional groups of Zr65–55Ni10Al7.5Cu7.5Ti5–10(Nb,Ta)5–10 alloys
with different oxygen content and studied the devitrification behavior of these alloys. In the case of
X-ray diffraction and DSC experiments we obtained similar results. The primary precipitating phase
examined by TEM in these alloys is reported in Fig. 6. ‘‘Large’’ nanocrystals of 10–20 nm in size
together with nanoicosahedral particles were observed in Zr55Ni10Al7.5Cu7.5Ti10Nb10 alloy and
Zr65Ni10Al7.5Cu7.5Ti5Nb5 alloy at any oxygen content used and in Zr65Ni10Al7.5Cu7.5Ti5Ta5 alloy,
when the oxygen content is low whereas in the Zr55Ni10Al7.5Cu7.5Ti10Ta10 alloy the icosahedral
phase only is formed at oxygen content as low as 0.0412 mass%. These results indicate that oxygen
stabilizes icosahedral phase particles which can have lager size and inhibits the formation of
nanocrystals.

We further examined the thermal stability of the precipitated phase by heating the alloys to the
temperature of the second exothermic DSC peak. In order to study further structure changes, the
Zr65–55Ni10Al7.5Cu7.5Ti5–10(Nb,Ta)5–10 alloys were annealed for 300 s at the temperature corresponding
to the second exothermic peak (see Fig. 2). The structure of the annealed samples consist of cubic

Fig. 6. Phase composition of the studied alloys annealed for 300 s at the temperature of the first exothermic peak as a function

of oxygen content.

L.J. Ouyang et al. / Materials Research Bulletin 39 (2004) 1347–1352 1351



Zr2Ni, tetragonal Zr2Cu and unidentified phases, while no existence of the residual icosahedral phase is
observed. Thus, the second exothermic DSC peak in the Zr65–55Ni10Al7.5Cu7.5Ti5–10(Nb,Ta)5–10 alloys
results from the complicated peritectic-like phase transition from icosahedral þ amorphous/
icosahedral þ nanocrystal þ amorphous to cubic Zr2Ni þ tetragonal Zr2Cu þ unidentified phases.

4. Conclusions

The formation of the nanoscale icosahedral and crystalline phases has been observed in the Zr65–

55Ni10Al7.5Cu7.5Ti5–10(Nb,Ta)5–10 alloys. These alloys showed a double-stage devitrification behavior
exhibiting the formation of the icosahedral single phase or icosahedral phase together with
nanocrystalline one in the first devitrification stage. The icosahedral single phase embedded in the
glassy matrix was formed in the Zr65–55Ni10Al7.5Cu7.5Ti10Ta10 alloy at high enough oxygen content. At
the same time in Nb-bearing alloys and alloys containing 5 at.% Ta the icosahedral phase was found to
coexist with the crystalline one at any oxygen content. With an increase in oxygen content there is a
higher tendency for precipitation of the icosahedral single phase within the glassy matrix on annealing
at the temperature of the first exothermic DSC peak.
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