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mechanical alloying (MA) [2–5], plasma spraying [6], sput-
tering [7], or melt spinning [8] have been shown to produce 
this type of materials.

Unlike traditional crystalline alloys, amorphous metals 
have a homogeneous composition and a short-to-medium 
range order. That is why they have excellent mechanical 
[9–11], optical [12], and chemical [13, 14] properties. Due 
to their unique properties, amorphous metals have been 
investigated as promising candidates in multiple applica-
tions such as sporting goods [15], jewellery and watchmak-
ing industries [16], optical components [17], magnetic cores 
for transformers [18], high-speed motor parts [19], pressure 
sensors [20], surface coating materials [21], knives for oph-
thalmology [22], nerve tissue regeneration application [23] 
and many others. Especially in the last 20 years, amorphous 
alloys have attracted wide attention from the scientific com-
munity and international industry, being one of the most 
active research areas in the materials field.

In the last ten years, Ti-Cu-based crystalline alloys have 
been intensively studied for their high specific strength [24], 
good mechanical properties [25, 26], good tribological prop-
erties [27], good plasticity [29], good biocompatibility [25] 
and good bio-corrosion [26] and antibacterial properties 
[26–28] for biomedical applications.

An additional possibility to improve the properties of the 
Ti-Cu crystalline alloys is to produce amorphous/nanocrys-
talline Ti-Cu alloys. Until now, several authors have man-
ufactured different Ti-Cu amorphous alloys in powder or 
ribbon form by different methods (Table 1). Only one study 
is similar to ours. Politis and Johnson [35] synthesized 
amorphous alloys over a titanium content range of 13–90 
at.% by mechanical alloying. However, the conditions of the 
mechanical alloying are different and the results have not 
been verified by TEM. Only XRD and DSC technique have 
been used to verify the presence of the amorphous phase and 

Abstract The present work aims to produce  TixCu100-x 
(x = 90, 80, 70, and 60) amorphous alloys by using high 
energy ball mill. The microstructure and possible formation 
of amorphous phases were characterized employing laser 
granulometry, scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and X-ray diffraction 
(XRD). The amorphous-crystalline transformation at high 
temperatures was studied according to differential scanning 
calorimetry (DSC) and XRD. The  Ti80Cu20 alloys were 
obtained in an amorphous state after 30 h of mechanical 
alloying, and the amorphous phase is stable up to 340 °C. 
At higher temperatures, this alloy crystallizes, forming the 
intermetallic compound  Ti2Cu, and a substitutional solid 
solution Ti(Cu).
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1 Introduction

Amorphous metals and alloys (also known as metal-
lic glasses) have represented a new advance in metallic 
materials. In 1960, at the California Institute of Technol-
ogy (Caltech) in the USA, the first metallic glass,  Au75Si25 
[1] alloy, produced by rapid solidification process (RSP), 
was manufactured. Subsequently, other techniques such as 
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these techniques cannot distinguish between an amorphous 
and a nanocrystalline phase. In addition, there is no mention 
about the evolution of amorphous powder during heating 
and what phases are formed.

The most important problem of amorphous powders is 
how they can be sintered without losing the amorphous 
phase. We have carried out additional studies of consolida-
tion by electrical resistance sintering [10]. Results will be 
reported in a future publication.

2  Material and Methods

Pure titanium powder Se-Jong 4 and pure copper powder 
CH-L10 were mixed to achieve  Ti90Cu10,  Ti80Cu20,  Ti70Cu30, 
and  Ti60Cu40. The mixed powder was put into a high-energy 
attritor ball mill (Fig. 1) and then mechanically alloyed 
through high speed collisions using stainless steel vial (3 l) 
and balls (0.5 mm diameter). To avoid the oxidation of the 
powder during ball milling, the process was carried out in an 
Ar atmosphere. The ball to powder mass ratio was 20:1 (72 g 
of powder), and the rotational speed was 500 rpm. Milling 
was interrupted after 1, 5, 10, 15, 20, 30, 40, 50, and 60 h to 
take a sample of milled powder.

The as-mixed powders and powders milled for differ-
ent times have been characterized by laser granulometry, 
scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), and differential scanning calorimetry 
(DSC).

3  Results and Discussion

3.1  Characterization of Particles Morphology

The granulometric results obtained for the  Ti80Cu20 alloy 
are shown in Fig. 2. Each of the curves corresponds to the 
granulometric analysis of the as-received Cu and Ti powder 
particles and the samples taken for different hours of milling. 
Under normal conditions, during the mechanical alloying, 
two different effects can occur: welding or fragmentation of 
the particles. The particles that are usually welded are the 
ductile ones, and those that are fragmented are the brittle 
ones.

The as-mixed curve corresponds to the mixture of tita-
nium and copper powder in the received state. The value of 
the volume median diameter, D(0.5), is 28.19 μm. The 10% 
of the volume distribution, D(0.1), is below 12.21 μm, and 
10% of the volume distribution, D(0.9), is above 58.43 μm. 
The curve corresponding to 1 h milling is slightly displaced 
to right as compared with that of the as-mixed powders. It is 
due to the predominance of welding over particle fragmen-
tation during the first stages of milling. The welding of the 
powders continues to be the predominant factor up to 5 h of 
milling, as it appears in Fig. 2. After this period, the curves 
start shifting to the left, which indicates that the fracturing of 
the particles predominates over the welding. The particles, 
mainly copper, have been strain-hardened to such a degree 
that fracturing is more likely than welding. Between 15 and 
30 h of milling, the curves become sharper. The welding 
domain is declining, and the larger particles are fragmented. 
The size of the particles becomes smaller, and the range of 
sizes is more homogeneous.

Table 1  Different methods of preparation and compositions of amor-
phous  TixCu100-x alloys

* Present investigation

Ref Preparation Amorphous range

* Mechanical alloying x = 80
[30] Melt spinning 0.25 ≤ x ≤ 0.72
[31] Mechanical alloying x = 20,35,40
[32] Mechanical alloying x = 36
[33] Mechanical alloying x = 45,50,55
[34] Mechanical alloying x = 50
[35] Mechanical alloying x = 13–90

Fig. 1  Scheme of the amorphization procedure by mechanical alloy-
ing

Fig. 2  Granulometric curves of as-mixed and mechanically alloyed 
 Ti80Cu20 powders for different milling times
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For the curves at 20 and 30 h, respectively, there is 
already a clear domain of fragmentation since they are 
shifting markedly to the left, maintaining a relatively small 
range of sizes. After 40 h of milling, the curve’s width 
increases considerably, and the size of the particles con-
tinue to decrease. In addition, some smaller particles with 
higher surface energy suffer agglomeration, forming larger 
particles. Finally, the smallest particles are formed after 60 h 
of milling with the volume median diameter D(0.5) equal 
to 5.81 μm.

Regarding the rest of the alloys, before milling, the D(0.5) 
of the different mixtures are very similar (Fig. 3) since pure 
copper and titanium have very similar particle sizes with 
values of 30.28 μm and 22.24 μm, respectively. In all cases, 
in the first hours of milling, when the welding process is 
predominant, more significant differences in particle size are 
observed between different alloys. These differences reach 
a maximum around 5 h of milling. In the alloys with more 
copper content, the particle size increases faster, and with 
5 h of milling, the values of D(0.5) for  Ti90Cu10 and  Ti60Cu40 
are 43.51 μm and 75.13 μm, respectively. After 5 h, due to 
the intense fragmentation of the particles, the particle size 
decreases considerably until the end of the milling. After 
60 h, the particles in all alloys have a very homogeneous size 
D(0.5) that ranges from 5.32 μm to 8.36 μm.

Scanning electron microscopy (SEM), using SE, BSE 
and EDX detectors, was employed to observe powders par-
ticles’ morphology and composition. Pure titanium and cop-
per powders can be seen in Fig. 4a. Their different atomic 
weight (63.55 and 47.87 g/mol for Cu and Ti, respectively) 
enable their differentiation using the BSE detector. Titanium 
particles appear darker due to their lower atomic weight. It 
can be seen that the copper particles have their character-
istic dendritic shape due to the manufacturing process to 
obtain this powder. Titanium particles, on the other hand, 
are irregular and angular in shape.

After milling the  Ti80Cu20 mixture for 1 h (Fig. 4b), 
the particles have a much flatter structure. It is due to the 
effect of plastic deformation caused by the impacts of the 

milling balls. In addition to this, copper and titanium have 
entirely lost their dendritic and angular shape, respectively. 
After milling the mixture for 5 h (Fig. 4c), the particles are 
rounded and have a more homogeneous shape, being practi-
cally impossible to distinguish titanium from copper. Due to 
the effect of welding, the particles’ D(0.5) size increases to a 
value of 58.64 μm. 80% of the particles have sizes between 
24.61 and 108.34 μm. After 5 h of milling, the effect of the 
fragmentation of the particles begins to predominate due to 
their higher hardness. Finally, after 60 h of milling (Fig. 4d), 
the particles have a spherical shape with a size of approxi-
mately 5 μm. The high surface energy of these tiny particles 
causes them to form agglomerates with sizes up to tens and 
hundreds of microns.

EDX detector was employed to determine powder parti-
cles’ composition of  Ti80Cu20 alloy milled for 30 h (Fig. 4e). 
At both EDS spots and in the selected area, the composition 
is very similar to the composition of the alloy. The composi-
tion of the particles is very homogeneous and practically all 
the particles have an almost spherical shape. The Pt peaks 
belong to the platinum coating during the preparation of the 
samples for SEM.

In alloys with a higher quantity of copper, up to 5 h of 
milling, the particle size increases with greater intensity in 
the welding stage. After milling the  Ti60Cu40 alloy for 5 h 
(Fig. 4f), the particles reach D(0.5) of 75.13 μm. 80% of the 
particles have sizes between 46.62 and 215.33 μm.

All alloys milled for 60 h have particles with a very simi-
lar spheroidal shape (Fig. 4d and g) and with D(0.5) sizes 
between 5.32 and 8.36 μm, as previously mentioned.

3.2  Microstructure of Milled Powders

The XRD analysis has been used to determine if the milled 
powders present any crystalline, nanocrystalline, or amor-
phous phase. In all the diffractograms of the  Ti90Cu10 
(Fig. 5a),  Ti80Cu20 (Fig. 5b),  Ti70Cu30 (Fig. 5c), and  Ti60Cu40 
alloys (Fig. 5d), it is observed that during the first 15 h of 
milling, as the milling time increases, the intensity of the 
peaks corresponding to Ti (JCPDS Number: 00–044-1291) 
and Cu (JCPDS Number: 00–004-0836) decreases. At the 
same time, the width of the peaks increases considerably 
due to the decrease in crystallite size. After 15 h of milling, 
in the alloys with 90, 70, and 60 at% Ti, only a broad peak 
with little intensity at 40° remains present, indicating the 
presence of some crystalline phase. Furthermore, in alloys 
with 90 and 70 at% Ti, a small peak, located at about 63º, 
can be observed, which belongs to pure titanium or the solid 
solution Ti(Cu).

In the  Ti80Cu20 alloy (Fig. 5b), after 5 h of milling, the 
amorphous phase begins by atomic diffusion between the 
Ti and Cu. Thus, after 15 h, independent peaks of Ti and 
Cu cannot be observed, but a broad peak characteristic of 

Fig. 3  D(0.5) values of the different Ti-Cu alloys milled for different 
times
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Fig. 4  SEM images of  Ti80Cu20 (a) as-mixed powders (BSE detector), and milled for (b) 1, c 5, and d 60 h (SE detector). e SEM–EDX analysis 
of  Ti80Cu20 powders milled for 30 h in the spot 1, SEM images (SE detector) of  Ti60Cu40 powders milled for (f) 5 h and g 60 h
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Fig. 5  XRD patterns of (a)  Ti90Cu10, b  Ti80Cu20, c  Ti70Cu30 and d  Ti60Cu40 alloys milled for periods between 1 and 60 h
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the amorphous phases appears with a maximum around 
2Θ = 40°. The percentage of the amorphous phase increases 
with milling time, as evidenced by the broadening of the 
halo.

In Fig. 6 it can be seen that in all the alloys milled for 
30 h, the details in the diffractograms around 40° belong to 
the maximum point of the amorphous phase peak. A clear 
difference can be distinguished between the amorphized 
 Ti80Cu20 alloy with a vast low-intensity peak that begins 
at about 32° and ends at about 48° and the other alloys in 
which a broad peak appears but with a much greater inten-
sity that denotes the presence of a nanocrystalline or crystal-
line phase.

In order to corroborate the presence of amorphous phases, 
transmission electron microscopy (TEM) has been used to 
study the  Ti80Cu20 alloy milled for 10 and 30 h (Fig. 7). 

In the case of powders milled for ten h, a nanocrystalline 
microstructure with remains of the amorphous phase is 
observed. On the contrary, after 30 h, the crystalline and 
nanocrystalline phases have entirely disappeared, and only 
the presence of the amorphous phase can be observed.

3.3  Stability of the Amorphous State

To evaluate the behavior at high temperatures of the alloy 
that has been completely amorphized  (Ti80Cu20), a study 
has been carried out using DSC (Fig. 8). The alloy milled 
for one h shows a behavior without the presence of endo or 
exothermic reactions. On the contrary, after ten h of milling, 
an exothermic peak, possibly related to cold crystallization 
from the small amounts of amorphous phase formed during 
mechanical alloying, appears. This exothermic peak has a 
higher intensity for the powder milled during 15 h. After 
20 and 30 h of milling, in addition to the exothermic peak, 
an endothermic peak that corresponds to the glass transi-
tion region appears. In long-term milling (60 h), the glass 
transition temperature (Tg) is observed at 350 °C and the 
cold crystallization temperature (Tx) at 395 °C. According to 
these results, these powders can have a suitable temperature 
for their consolidation, using conventional techniques, of 
around 350 °C.

This DSC study has been complemented with analysis by 
XRD (Fig. 9) at different temperatures (340, 390, 420, and 
500 °C) of the  Ti80Cu20 alloy milled for 30 h.

Up to the temperature of 340 °C, the sample does not 
show any structural change compared to powder at room 
temperature, without heating: The powder maintains its 
amorphous structure without signs of crystallization. From 
390 °C, the amorphous phase begins to crystallize, showing 
some crystalline peaks. The intensity of the peaks increases 
with increasing temperature. Finally, for the temperature of 
500 °C, main peaks (2Θ = 39.7° and 43.5°) and secondary 
peaks of the intermetallic compound  Ti2Cu (JCPDS Num-
ber: 01-072-0441) and some peaks, with lower intensity, in 

Fig. 6  Detail of XRD patterns of  Ti90Cu10,  Ti80Cu20,  Ti70Cu30, and 
 Ti60Cu40 alloys milled for 30 h

Fig. 7  TEM micrographs 
and corresponding diffraction 
patterns of the  Ti80Cu20 alloy 
milled for (a) 10 and (b) 30 h, 
showing (a) nanocrystalline and 
(b) amorphous phase
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the positions corresponding to Ti (JCPDS Number: 00-044-
1291) can be distinguished. It is expected since both phases 
appear under equilibrium conditions for the  Ti80Cu20 alloy 
at temperatures below 790 °C.

4  Conclusions

In this work, the effect of the mechanical alloying process 
on the microstructure and the possibility of amorphiza-
tion of the  TixCu100-x (x = 90, 80, 70, and 60) alloys have 

been studied. A  Ti80Cu20 alloy was produced in amorphous 
form after 30 h of high-energy milling. The pure Ti and 
Cu particles have been mixed, homogenized and hardened 
throughout the manufacturing process and the particles’ 
D(0.5) size has decreased from 28.19 μm to 5.81 μm. The 
amorphous phase is stable up to 340 °C, appearing in the 
glass transition region at 395 °C. At higher temperatures, 
the crystallization of the amorphous phase produces an 
intermetallic compound,  Ti2Cu, and pure titanium.
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