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Abstract Ti (CuNi)gg_,Aljo (x = 50, 55, 60) amorphous
powder alloys were synthesized by mechanical alloying
technique. The evolution of amorphization during mill-
ing and subsequent heat treatment was investigated by
scanning electron microscopy, X-ray diffraction, differential
scanning calorimetry and transmission electron microscopy.
The fully amorphous powders were obtained in the TisoCuyq.
Niz()Al](), Ti55CUI7‘5Ni1745A110 and TiﬁoculsNilsAll() alloys
after milling for 30, 20 and 15 h, respectively. Differential
scanning calorimetry revealed that thermal stability increased
with the increasing (CuNi) content: TigyCuysNijsAly,
Ti55CU17_5Ni17.5A110 and Ti50CU.20N120A110. Heating of the
three amorphous alloys at 800 K for 10 min results in the
formation of the NiTi, NiTi, and CuTi, intermetallic phases.

Introduction

Ti-based bulk metallic glasses (BMG) are regarded as
highly promising engineered materials for expanding the
possible applications of bulk amorphous materials due to
their light-weight, outstanding mechanical properties, and
excellent corrosion resistance [1]. Amorphization of alloys
is thought to cause a remarkable increase in mechanical
strength and corrosion resistance; consequently, a number
of studies on the amorphization of Ti-based alloys have
been carried out. It has been reported that amorphous
materials containing Ti as the main constituent element
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have been produced by melt spinning [2-5] in various
systems such as Ti-Ni—Cu, Ti-Nb-Si-B, Ti-Ni—Cu-Al,
Ti—Zr-Ni—Cu—-Al and Cu-Ti—Zr—Al. However, it has been
difficult to prepare the Ti—Cu-based BMGs of a large size.
The maximum size of samples produced by rapid
quenching techniques is only of the order of few milli-
meters for as-cast Ti-based systems [6]. To overcome the
size and shape limitations of BMGs, there have been some
attempts carried out to produce bulk amorphous alloys by
powder metallurgy processing [7, 8]. Mechanical alloying
(MA) has proven to be an effective and relatively simple
method of producing amorphous powder materials [9-13].
The as-milled powder alloys are suitable for further pro-
cessing; for example, bulk amorphous TisoCu,5NiygSns
[14] and Al-La—Ni—Fe [15] alloys were consolidated by
spark-plasma sintering of mechanically alloyed TisoCuss
NiyoSns and Alg,LaoNisFe, powders, respectively.

This paper focuses on the mechanically alloyed systems
of Ti(CuNi)gg_,Aljg (x = 50, 55, 60) compositions. The
amorphous powder alloys were synthesized by MA. Phase
transformation, thermal stability and crystallization behav-
ior of the mechanically alloyed amorphous powders were
investigated.

Experimental

The elemental powders of Ti, Cu, Ni and Al with purity
greater than 99% were mixed in proportions corresponding
to the compositions of Ti (CuNi)gg_,Al;p, x = 50, 55, 60.
MA was performed using an AGO-2 planetary ball mill
with a speed of 300 rpm. Hardened steel vials and balls
were used, and the ball-to-powder weight ratio was 20:1.
The vials were evacuated and filled with 5 x 10* Pa Ar gas
to avoid oxidation of the powder particles. During milling,
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the vials were cooled by water in order to prevent an
increase in temperature. The MA process was carried out
using selected time durations from 1 to 30 h. Each MA
process was performed without interruptions. X-ray dif-
fraction (XRD) using Cu-K, radiation of 1.54178 A was
used for analysis of the phase formation in the milled
powder samples. Morphology of the mechanically alloyed
powder samples was observed by a JEOL JMS-6500F field
emission scanning electron microscope (FE-SEM). Trans-
mission electron microscopy (TEM) observation was
carried out in a TEM/STEM/EDS Tecnai 20-EDS Phoenix
microscope. Thermal properties of the as-milled amor-
phous powders were evaluated by differential scanning
calorimetry (DSC) with a heating rate of 10 K/min under a
continuous flow of Ar gas.

Results and discussion

Although amorphous alloys could be synthesized for all
compositions investigated in the present work, TisoCuyg
NiypAlyo composition was chosen as a model and investi-
gated in detail. The FE-SEM images of the cross-sections
of the powder of the TisoCuyoNiypAly( alloy as a function
of milling time are shown in Fig. 1. The composite powder
particle with many intimately contacting layers of the
elemental metals can be seen in the micrograph in Fig. la
and b. The lamellar thickness decreased gradually with

Fig. 1 Back-scattering electron
SEM images of cross-sections
of Ti50Cll20Ni20A110 pOWdCl‘S
milled fora2h,b5h,¢c10h
andd 30 h

increasing milling time. The lamellar layers became
undistinguishable after milling for 10 and 30 h. In addition,
the microstructure changed significantly and a fine struc-
ture was evident (Fig. 1c—d). The result indicates enhanced
diffusion of the elemental metals and the onset of the solid-
state amorphization reaction.

The evolution of amorphization during milling process
was monitored by means of XRD. The XRD patterns of
TisoCusoNiAl;o powders after milling times ranging from
1 to 30 h are shown Fig. 2. The bottom curve shows the
XRD pattern of the powder mixture after 1 h of milling.
The most intense peaks corresponding to crystalline Ti, Cu,
Ni and Al elements are indexed in the pattern. A contin-
uous decrease in intensity and broadening of the metal
peaks are evident with increasing milling time as seen from
Fig. 2a—c. After milling for 2 and 5 h, the intensity of the
crystalline Ti, Cu, Ni and Al peaks decreased and a broad
peak corresponding to the amorphous phase appeared.
After 10 and 20 h of milling, traces of the crystalline Cu,
Ni and Al peaks vanished simultaneously. When the
milling time was extended, the broadening of the diffuse
diffraction maximum was not observed anymore. Within
10-30 h of milling, the position of the diffuse diffraction
saturated at around 26 = 41.7°. It indicates that the milling
process leads to enhancement of the chemical homogeneity
in the alloyed amorphous phase until a steady state of the
structural evolution is achieved [16]. After 30 h of milling,
the elemental powder mixture was transformed completely
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Fig. 2 XRD patterns of TisgCu,oNiypAl;o powder alloy milled for (a)
1h,(b)2h,(c)5h,(d) 10 h, (¢) 20 h and (f) 30 h

into a fully amorphous TisoCuzgNiypAly alloy. No dif-
fraction peaks of any crystalline metallic phases or oxides
were observed.

The high-resolution transmission electron micrograph
(HR-TEM) and the corresponding electron diffraction
pattern of the TisoCuyNiygAl g powder alloy after milling
for 30 h is given in Fig. 3. A selected area diffraction
pattern (SADP) taken from this region shows a diffuse halo
ring indicating the formation of the amorphous phase.

Figure 4a—f shows the XRD patterns of the TissCu;7s
Niy;5Al; alloy powder after different milling durations.
At the early stage of milling (1 h), the crystalline Ti, Cu, Ni
and Al peaks were detected. The peak intensity of the
crystalline Ti, Cu, Ni and Al decreased significantly after

Fig. 3 HR-TEM micrograph (inset: selected area diffraction pattern)
of the TisoCu,oNizAljo powder alloy milled for 30 h

@ Springer

2 h of milling. A broad halo corresponding to the amor-
phous phase was superimposed on the Ti major diffraction
peak at around 20 = 40.2° after 5 h of milling. The traces
of crystalline Ti are still detected along with the amorphous
phase after milling for 15 h (Fig. 4e). The fully amorphous
TissCuy75Nij75Al o alloy was obtained after milling of
20 h.

Similarly, the XRD patterns of the TigoCu;5NijsAl;galloy
powders are shown in Fig. 5. After 5 h of milling, XRD
pattern shows a halo corresponding to the amorphous phase
and only the peaks of elemental Ti were observed. The fully
amorphous alloy can be obtained in the TiggCu;sNijsAljg
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Fig. 4 XRD patterns of the TissCuy7.5Nij75Alp powder milled for
(@) 1 h,(b)2h,(c)Sh,(d) 10 h, (e) 15 h and (f) 20 h

Intensity (a.u)

Fig. 5 XRD patterns of TigoCu;sNijsAlyo powder milled for (a) 1 h,
(b)2h,(c)5h,(d) 10 hand (e) 15 h
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system after milling for 15 h. The amorphous halos of the
TisoCusoNizoAlyg, TissCuy7sNij7s5Al and TiggCuysNiss
Al alloys have their maxima located at a wave number of
k= ‘“”Ti“o of 29.0, 28.5 and 28.2 nm™ !, respectively. The
shift of the maximum of the amorphous halo with the (CuNi)
content is in agreement with the observation made for Ti—
Ni—Cu system by Murty et al. [17]. The shift of the maximum
of the amorphous halo to a higher value of the wave number
with increasing (CuNi) content indicates a decrease in the
nearest neighbor distance due to the formation of a greater
number of the Cu-pairs and Ni-pairs [17].

The milling time required for amorphization in the TisoCusyg
NiZOAIIO’ Ti55Cu17_5Ni17_5A110 and Ti60CUI5Ni15A110 alloys is
30,20 and 15 h, respectively, i.e., it decreases with decreasing
(CuNi) content and increasing Ti content. Ti has a high solu-
bility of Al without formation of an intermetallic compound;
however, Ni and Cu have a limited solubility of Al[18, 19]. The
limited solubility of Al in both Ni and Cu promotes the for-
mation of intermetallic compounds and hence hinders the
formation of the amorphous phase. Similar observations
regarding the glass-forming ability of melt-spun equiatomic
(Ti, Zr, Hf, Nb)-(Ni, Cu, Ag)-Al alloys were made by Kim
et al. [20].

Figure 6 shows the DSC traces of the Ti,(CuNi)go_,Al;g
(x = 50, 55 and 60) after milling for 30 h. The DSC curves
exhibit an endothermic event characteristic of the glass tran-
sition, followed by a supercooled liquid region (SLR)
AT, = Ty — T, and crystallization. The crystallization in the
TisoCuyNiygAl;g alloy proceeded in one stage while in the
Ti6OCu15Ni15A110 and Ti55Cu17_5Ni17_5A110 alloys it occurred
in three stages. The DSC curves of the TissCuy7.5Nij75Al
and TigoCu;sNi;5Al; o amorphous alloys are similar to those of
the melt-spun samples of (TiZrHf),(CuNiCo)y,_,Al;o. Then,
the large exothermic event corresponds to the crystallization
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Fig. 6 DSC traces of the Ti,(CuNi)go_,Al;o amorphous powders after
milling for 30 h (heating rate of 10 K min~")
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Fig. 7 Glass transition temperature, T,, onset temperature of crys-
tallization, Ty, and supercooled liquid region, ATy, obtained from the
DSC scans for the alloy Ti,(CuNi)gg_,Al;o as function of Ti content

of the amorphous phase leading to the mixture of interme-
tallics AICuHf and Ti,Cus after heating above the temperature
of the second crystallization peak [21].

The glass transition temperatures, onset temperatures of
the crystallization and the width of the supercooled liquid
region of the alloys are plotted in Fig. 7. As the Ti content
increases and the (NiCu) content decreases, both the 7, and
T, gradually shift to lower temperatures. T, and T, move
from 691 and 771 K for x = 50 to 678 and 757 K for
x = 60, respectively. A similar trend of 7, and Ty was
observed by Zhang as the Ti content increased from 50 to 60
at.% in the mechanically alloyed (TiZrNb),(CuNiCo)gq_,
Al powders [22].

To identify the structural changes related to the crys-
tallization event, the powders were heated in the DSC to
800 K with a heating rate of 20 K/min, held for 10 min and
then cooled down to room temperature for the subsequent
XRD measurements. Heating of the three amorphous alloys
results in the formation of NiTi, NiTi, and CuTi, inter-
metallic phases as seen in Fig. 8. For the amorphous
powder of the TisoCusoNiygAljg system, a small volume
fraction of CuTi, phase was found along with the NiTi, and
NiTi phases. The volume fractions of the NiTi, and CuTi,
phases increase with increasing Ti content from 50 to 60
at.%, while the volume fraction of the NiTi phase decreases
significantly.

Conclusions
Ti (CuNi)gg_,Aljg (x = 50, 55, 60) amorphous powder
alloys have been successfully synthesized by mechanical

alloying. The fully amorphous structure could be obtained
in Ti(CuNi)gg_,Al;o alloys with the Ti content of 50, 55

@ Springer
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Fig. 8 Crystalline phases of the Ti,(CuNi)gy_,Al;o amorphous pow-
ders after heat treatment at 800 K for 10 min

and 60 at.% after 30, 20 and 15 h, respectively. The
TisoCuyoNiyAl; alloy exhibited the highest thermal sta-
bility and the largest supercooled liquid region of 80 K
among the three alloys. The results of this study are
promising for the development of the Ti—Cu-Ni-Al
amorphous alloys by powder metallurgy processing and the
amorphous powder alloys with large SLR AT, values
(>74 K), which is beneficial for the consolidation of
mechanically alloyed powders.
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