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In recent years, advances have been made in synthe-
sizing amorphous alloys with superior properties via
solid-state reactions as opposed to traditional rapid so-
lidification techniques [1, 2] because of improved prop-
erties of the alloys produced by the former techniques.
Of the many solid-state reaction techniques, mechani-
cal alloying (MA) has proven to be a simple yet very
effective technique for producing amorphous alloys.
Ever since the amorphization in mechanically alloyed
Ni60Nb40 powder mixture was achieved by Koch [3],
the technique has been widely applied for various bi-
nary systems. However, amorphization in ternary al-
loys have hardly been studied [4–7]. The reason being,
a lack of proper understanding of the process and vari-
ation of the products with subtle changes in the process
parameters.

Mechanical alloying of both Ni-Ti and Ni-Ta sys-
tems has been studied extensively [2, 8–11], but no
attempt has been made on mechanical alloying of the
ternary Ni-Ti-Ta system. Ta, added as a ternary el-
ement in the NiTi-alloys has been proven to impart
radiopassity, thermal stability, etc. [12, 13]. Hence in
this research, an attempt has been made to study the
amorphous phase formation in the (Ni51Ti49)1−xTax

system in the range of 0–20 at.% Ta through mechanical
alloying.

Pure powders (99.9%) of Ni, Ti and Ta with par-
ticle sizes less than 45 µm (-320 mesh) were mixed
under inert argon atmosphere according to the formula
(Ni51Ti49)1−xTax (x = 0, 2, 4, 10, 15, 20). All powder
mixtures were subjected to high-energy ball milling
(HEBM) in a SPEX 8000 mill. A ball to powder ra-
tio (BPR) of 10:1 was maintained with stainless steel
balls of two diameters (0.5 in. and 0.25 in.) as grinding
medium. All powder mixtures were initially milled for
0.5 hr and then powders with Ta at 4 and 20 at.% were
subjected to 24 hrs of milling to study the process of
amorphization in the system.

Microstructural analysis to assess the overall phys-
ical particle size variation and interlayer thickness of
the alloyed particles with milling time was performed
using a scanning electron microscope (SEM). Phase
transformation during the process of amorphization
was performed using a Bruker Axis transmission pow-
der diffractometer with Mo-Kα radiation (0.71073Å).
In order to conduct both microstructure and phase
analyses, a small amount of powdered mixture was
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withdrawn from the vial at intermittent milling time
intervals.

The average physical particle size variation with
milling time is illustrated in Fig. 1. It was observed that
the average particle size increased to about 1200 µm
(about 25 times the starting size of the individual el-
emental particles) with milling up to about one hr.
This drastic increase in size during the initial stages
of milling is attributed to agglomeration or welding
of particles, which is prevalent in the initial stages
due to high surface energy of the fine particles. Sub-
sequent to 1 h of milling, the particle size gradually
decreased to about 20 µm (about half the initial start-
ing size of the individual elemental particle) due to
fracture and strain hardening until about 16 hrs, af-
ter which the particle size is expected to remain the
same due to the equilibrium between cold welding and
fracturing.

Figs 2a and b illustrate the variation of interlayer
thickness for 4 at.% Ta powder mixture milled for 0.5 hr
and 2 hrs. It can be observed that the layer thickness
almost reduced to nanometer range with just 2 hrs of
milling. Also, the clarity with which the layers were
observed in Fig. 2a was not observed in Fig. 2b. No
significant image was obtained for powders milled at
times greater than 2 hrs.

The process of amorphization was studied by sub-
jecting the milled powders to XRD at regular milling
times. The XRD patterns for the powder mixtures
(with Ta at 0, 2, 4, 10, 15, 20 at.%) milled for
0.5 hr (see Fig. 3a) indicated a predictable format
in the sense that the peaks corresponding to Ta in-
creased with the increase in the percentage of Ta in
the powder mixture while the corresponding peaks for
Ni and Ti decreased proportionately. Therefore, only
two compositions of 4 and 20 at.% Ta, both in the ex-
tremes of the range considered (0–20 at.%) were cho-
sen for studying the process of amorphization in the
system.

During MA, destabilization of the crystalline phase
is thought to occur by the accumulation of structural
defects such as vacancies, dislocations, grain bound-
aries, and anti-phase boundaries. The continuous de-
crease in grain size (and consequent increase in grain
boundary area) and a lattice expansion contribute to
an increase in free energy of the system [14] to a
level greater than that of the crystalline phase. This
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Figure 1 Variation of average particle size with milling time for powder mixture containing 4 at.% Ta.

Figure 2 Interlamellar distance with varying milling time for powder mixture containing 4 at.% Ta. (a) 0.5 hr. (b) 2 hrs.

facilitates the formation of an amorphous phase.
Figs 3b and c illustrate the process of amorphization in
the Ni-Ti-Ta system at the two chosen compositions of
4 and 20 at.% Ta.

A very peculiar phenomenon of recrystallization (af-
ter amorphization) was observed in powder mixture
containing 20 at.% Ta after 16 hrs of milling (see
Fig. 3c). The peaks corresponding to the recrystalliza-
tion were observed on the left side of both primary and
secondary amorphous peaks, which can be clearly seen
in the XRD pattern of the powder milled for 24 hrs (see
Fig. 3d). The recrystallzied phase was tentatively iden-
tified as binary NiTa2. However, more research, which
is in progress, is required to further establish this phase.

The crystallite size of the individual elements
was determined from the peak broadening of the
X-ray diffraction peaks using the Scherrer for-
mula [15]. In order to precisely measure the full
width at half maximum (FWHM), the curve fit-
ting software, DatLab was used to fit a pseu-
dovoigts function to the major peak of each individual
element.

Fig. 4 depicts the crystallite size variation of the in-
dividual elements as a function of tantalum content
for the powder mixtures milled for 0.5 hr. The crystal-
lite size variation format was identical for all three
elements. It was observed that the crystallite sizes
of both Ni and Ti were almost similar at any given
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Figure 3 X-Ray diffraction spectra of powdered mixtures. (a) 0.5 hr milled powder mixtures with Ta varying from 0-20 at.%. (b) 4 at.% Ta powder
mixture as a function of milling time. (c) 20 at.% Ta powder mixture as a function of milling time. (d) 20 at.% Ta powder mixture indicating a new
crystalline phase formation.

Figure 4 Elemental crystallite size variations with Ta content in powders
milled for half hour.

percentage of Ta (Ta being the element with the lowest
concentration).

Fig. 5a and b illustrate the variation of crystal-
lite size of Ta with milling time for powder mix-

tures containing 4 and 20 at.% Ta, respectively. The
crystallite size varied logarithmically with milling
time. For both compositions, the crystallite size re-
duced from 12 nm to about 6 nm with just 4 hr of
milling.

In conclusion, amorphization in (Ni51Ti49)1−xTax

system for compositions of 4 and 20 at.% Ta was
achieved through mechanical alloying after 16 hrs
of milling. However, since Ni51Ti49 has been proven
in the literature to exhibit amorphization [2], and
the results of this investigation indicated that various
compositions milled for a shorter time (see Fig. 3a)
showed a predictable format, it is anticipated that amor-
phization would occur through out the range from
0–20 at.% Ta. Also, a unique phenomenon of re-
crystallization after amorphization started to appear
in alloy mixture with 20 at.% Ta after 16 hrs of
milling.
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Figure 5 Crystallite size variation of Ta with milling time. (a) 4 at.% Ta powder mixture. (b) 20 at.% Ta powder mixture.
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