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Abstract

This study examined the amorphization behavior and thermal stability of mechanically alloyed Nis;ZryTizoSn; powders synthesized by high-
energy ball milling. Complete amorphization is feasible after 5 h of milling. The thermal stability of the Nis;Zr,oTiyoSn; amorphous powders was
investigated by differential thermal analysis. As the results demonstrated, the temperature interval of the supercooled liquid region defined by the
difference between glass-transition temperature and crystallization temperature is 96 K for Nis;Zr, TizoSns. The glass-transition and crystallization
temperatures of mechanically alloyed samples are different from those reported in the literature for samples prepared by melt spinning techniques.
The different thermal stability is believed to be due to the introduction of impurities into the ball-milled samples during mechanical alloying
process. The glass transition behavior in the Nis;Zry(TioSn; is found to be a kinetically modified thermodynamic phase transformation process.

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

Recently, new metallic amorphous alloys with a wide
supercooled liquid region exceeding 20 K have been prepared
in a number of Ni-based alloy systems, such as Ni;sMsPq9g
(M=Ti, Zr, Hf or Nb), Ni75_,NbsM,P9_yB, (M=Cr, Mo),
and Ni-Ti—Zr—(Al,Sn) [1-3]. The supercooled liquid region
is defined by the temperature range, AT=Tx — Ty, between
the glass transition temperature (Ty) and crystallization tem-
perature (Tx). The increase in AT means that the stability of
the supercooled liquid state against crystallization increases
and, therefore, enables the formation of bulk amorphous alloys
by conventional casting techniques at a low cooling rates
ranging from 1.5 to 100K/s. Indeed, the bulk amorphous
Ni75_yNbsM,Po_,B, alloys with diameter up to 1 mm have
been produced by Wang et al. [2].

It is well known that both high reduced glass transition
temperature To/T, and large supercooled liquid region AT
are essential for the formation of bulk amorphous alloys by
rapid solidification. However, this also restricts bulk glass
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formation to near-eutectic compositions where supercooling
can be realized without nucleation of crystalline phases. An
alternative way to prepare amorphous alloy is via solid-state
amorphization reaction (SSAR processes) [4]. SSAR is a low
temperature process; therefore, it circumvents the limitations of
conventional alloying and allows forming amorphous samples
for compositions which cannot be amorphized by casting
techniques. The techniques to synthesize amorphous alloys
via SSAR include hydrogenation, multilayer interdiffusion,
and mechanical alloying (MA). As previous investigations
demonstrated, amorphization by mechanical alloying has been
observed for a variety of binary and ternary alloy systems [5-7].
The product material of mechanical alloying is in powder form
and is suitable for compaction and densification in many shapes.
It is therefore very interesting to investigate the feasibility of
preparing Ni-based amorphous alloys by mechanical alloying.
In this paper, we report on the formation and thermal stability
of mechanically alloyed Nis;Zrp0TizoSn3 powders prepared by
high-energy ball milling.

2. Experimental procedure

Elemental powders of Ni (99.9%, <300 mesh), Zr (99.9%, <100 mesh), Ti
(99.9%, <325 mesh), Sn (99.9%, <100 mesh), were weighed to yield the desired
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composition Nis7Zrp0TizpSn3, and then canned into an SKH 9 high speed steel
vial together with Cr steel balls in an argon-filled glove box, where a SPEX 8016
shaker ball mill was employed for MA. The overall mechanical alloying process
was persisted for 5 h and was interrupted every 15 min during the first hour and
every 30 min afterwards. At each interruption, a suitable quantity of the powders
was extracted to examine the progress of amorphization reaction. Techniques
used to examine the status of amorphization included X-ray diffraction analysis
and differential scanning calorimetry (DSC). The X-ray analysis was performed
using a SIEMENS D-5000 diffractometer with a monochromatic Cu Ko radi-
ation. The thermal stability of the as-milled powders was investigated using a
Dupont 2000 differential scanning calorimeter, where the sample was heated
from room temperature to 700 °C under a purified argon atmosphere at constant
heating rates of 10, 20, 30 and 40 K/min.

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the starting
and as-milled Nis;Zryo TizoSn3 powders as a function of milling
time. The top curve shows the X-ray diffraction pattern of a mix-
ture of pure crystalline Zr, Ni, Ti and Sn peaks. After 2 h of ball
milling, the peak intensities of Ti and Sn decreased rapidly, indi-
cating a preferential alloying of these two elements with either
Ni or Zr. With further ball milling up to 5h, all the crystalline
peaks have disappeared; only a broad diffraction peak is left,
indicating that amorphization is complete within the resolution
of X-ray diffraction.

The thermal stability of Nis7Zry0TiooSn3 amorphous pow-
ders was investigated by differential scanning calorimetry.
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Fig. 1. X-ray diffraction patterns of mechanically alloyed Nis;ZrooTipo-
Snzpowders as a function of milling time.
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Fig. 2. DSC trace of amorphous Nis;Zr20TizoSn3 powder obtained at a heating
rate of 40 K/min.

Fig. 2 shows the DSC curve of the amorphous ball-milled
Nis7Zr9TizpSn3 alloys. It can be seen that the amorphous
powders exhibit an endothermic heat event due to the glass
transition followed by a sharp exothermic peak indicating the
transformation from a supercooled liquid state to crystalline
phase. The glass transition and crystallization temperatures
were defined as the onset temperatures of the endothermic
and exothermic DSC events, respectively. The glass transition
temperature (7) and the crystallization temperature (Tx) are
771 and 867 K, respectively. The supercooled liquid region AT
is 96 K. For melt-spun Nis;Zry0Ti6Si2Sn3 amorphous alloys,
Lee et al. [6] have reported that Ty, Tx and AT measured at a
heating rate of 30 K/min are 815, 878 and 63 K, respectively.
MA is a high-energy ball milling process involving the collision
of fine powders with milling balls and vial. The oxygen and
iron contents in mechanically alloyed powders are always more
than 1at.% due to the large surface area of the fine particles
and iron contamination from the milling tools. Seidel et al. [8]
have investigated the effect of oxygen and iron on the thermal
properties of mechanically alloyed and rapidly quenched
Zr-Al-Cu-Ni and Zr-Ti—Cu-Ni alloys. The mechanically
alloyed ZresAl7 5Cuy75Nijg powders with different iron and
oxygen contents exhibited lower 7x and AT values than
those of quenched samples, while fluctuating glass transition
temperatures were noticed. Their results also indicated that the
influence of oxygen impurities is more significant than that of
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Fig. 3. Dependence of glass transition temperature (7g) with respect to heating
rate (@) for the amorphous Nis7Zrp0TizoSn3 powders.

iron contaminations. Very recently, Lin et al. [9] have studied
the thermal stability of Zr—Ti—Al-Cu-Ni amorphous alloys
prepared by mechanical alloying. The thermal stability of
some mechanically alloyed Zr—Ti—Al-Cu—Ni amorphous alloys
shows similar behavior as the results reported in Ref. [8] for
mechanically alloyed ZrgsAl; 5Cuy75Nijg amorphous alloys.
However, the Ty, Tx and AT of several mechanically alloyed
samples were higher than those of squeeze cast specimens
[10]. Though the effects of contamination were not investigated
in the current study, the impurity contents were presumably
responsible for the different thermal stability of mechanically
alloyed powders and melt-spun specimens.

Neither a glass transition nor a supercooled liquid region are
observed for the melt spun Ni77_,Zr,Tir3 (x=10, 20, 30, 40)
amorphous alloys [3]. In contrast to this, previous work [3] and
the present study all indicate that the addition of Sn could induce
the occurrence of a supercooled liquid region in melt-spun
Nis7Zr0Ti16SipSn3 and mechanically alloyed Nis7Zr20TizoSn3
amorphous alloys. Inoue et al. [11] suggested that large atomic
size ratios, attractive bonding nature between the main con-
stituent elements, together with the difficulty of the redistribu-
tion of these elements for crystallization are dominant factors
for the increase in glass-forming ability and the appearance of a
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Fig. 4. The linear relationship between T and In &.

wide supercooled liquid region. For the Nis;Zry9TizgSn3 com-
position, the differences in the atomic sizes of Ni and the other
elements exceed 11% (the atomic radii of Ni, Zr, Ti and Sn are
0.125, 0.160, 0.145 and 0.162 nm, respectively). It is believed
that these atomic size differences lead to the highly dense ran-
dom packed structure in the amorphous phase, which enables
the achievement of a large liquid/solid interfacial energy and
makes the redistribution of atoms on a large range scale dif-
ficult. In addition, the Ni—Zr, Ni-Ti and Ni—Sn atomic pairs
also have a highly attractive bonding nature as a result of their
large negative heat of mixing AHy, [12]. The above-mentioned
characteristics of the alloy suppress nucleation and growth of
crystalline phases in the supercooled liquid phase, and thus lead
to a large glass forming ability and a high thermal stability in
the Nis;Zr¢TizoSn3 alloy.

Finally, the glass transition behavior of the Nis;Zr9TizoSn3
was investigated by DSC scans using various heating rates. Fig. 3
shows the DSC scans obtained at the different heating rates of
10, 20, 30 and 40 K/min, respectively. Both T, and T are shifted
to higher temperature with increasing heating rate, revealing that
not only crystallization but also the glass transition temperature
of the amorphous powders depend on the heating rate during
continuous heating. This phenomenon implies that the glass
transition behaves in a marked kinetic manner. The dependence
of T, on the heating rate (@) follows the Lasocka’s relationship
[13]:T;=A+BIn®, where A and B are constants for a given
glass composition.
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Fig. 5. Kissinger’s plot of amorphous Nis7Zr0TizoSn3 powder.

Table 1

Ty, Tx, AT, Eg, A, and B for amorphous Nis7Zr20Ti2oSn3 powders
T, (K) 771

T« (K) 867
AT (K) 96
Eg (eV) 1.07
A 629.2
B 36.5

Tg, Tx, and AT are measured at a heating rate of 40 K/min. Ty =A +Bln .

Fig. 4 shows the linear relationship between T, and In @.
Furthermore, the effective activation energy (Eg) for the glass
transition can be determined by the Kissinger’s peak shift
method [14]. The linear relationship between In(®/ ng) and
1/T, for the Nis7Zr20TizoSn3 alloy is shown in Fig. 5, where E,
was deduced from the slope of the curve. Table 1 summarizes
the values of A, B, and E;. Based on our experimental results

shown above, the glass transition process of the amorphous
Nis7Zr9TizpSn3z powders can be regarded as a kinetically
modified thermodynamic phase transformation process.

4. Conclusions

We have studied the amorphization behavior of
Nis7Zr9TizpSn3 alloy powders synthesized by mechani-
cal alloying. Complete amorphization is feasible after ball
milling for 5h. The amorphous powders were found to exhibit
a wide supercooled liquid region of 96 K before crystallization.
This demonstrates the potential of mechanical alloying as a ver-
satile method for the formation of Nis;Zry¢TiooSn3 amorphous
alloys with wide supercooled liquid region. The glass transition
temperature 7T, and the crystallization temperature Tx of
mechanically alloyed samples are different from those of speci-
mens prepared by melt-spinning. It is suspected that the different
thermal properties arise from the introduction of impurities
during the mechanical alloying process. A kinetically modified
thermodynamic phase transformation process was observed for
the glass transition behavior in the Nis7Zr20Ti2oSn3 amorphous
powders.
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