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Abstract
In this work, microstructural and thermal properties of the mechanically alloyed complex Al60 Cu20 Ni15 Ti5 alloy have been investigated by a combination of diﬀerential thermal
analysis (DTA), X-ray diﬀraction (XRD), and scanning electron microscope with energy dispersive X-ray detection (SEM/EDX). The results showed that the new Al60 Cu20 Ni15 Ti5 alloy
in metastable multiphase formation was produced by milling for 50 h. As the milling time
increased from 50 h to 100 h, more homogeneous structure and intermetallic phases such as
Al3 Ni and Al2 Cu were observed, and also grain size decreased. Besides, the maximum microhardness value in pressed and sintered alloy samples was found to be 560 HV.
K e y w o r d s : Al-based alloys, thermal properties, microstructure, mechanical alloying

1. Introduction
In a large number of commercial alloys, Albased alloys have attracted considerable attention due
to their signiﬁcant mechanical behavior, signiﬁcant
chemical properties, and useful physical properties,
which can lead to application in some diﬀerent ﬁelds
[1–4]. Al-alloys have a high strength/weight ratio,
which is an important parameter for material selection
and design [5]. In addition to some superior properties of Al-alloys, titanium (Ti) also has good corrosion
resistance, low density, and high strength/weight ratio. It, therefore, is used in many applications such as
automotive, aerospace, and submarine [6–8]. It is well
known that the behavior of Al-alloys, such as maximum tensile stress and corrosion resistance, is limited.
For this reason, it is possible to produce superior
complex Al-based alloy materials. In recent years, new
studies have been performed to deliver higher performance materials such as Al-alloy-based metal matrix
composites or nanocrystal dispersed amorphous alloys [9–11]. Al-alloy-based composites to satisfy the
increasing demand for developing technology continue
to attract researchers, although there are many parallel research areas. The other materials, like amor-

phous or nanocrystalline intermetallics [12, 13], chose
for themselves diﬀerent areas of application. It is very
important to better understand the precipitation phenomena in multiphase alloys [14] and make them applicable in engineering. Therefore, complex Al-based
alloys remain the most potential candidates to be investigated. From this point of view, this study aims
to produce and characterize the complex Al-Cu-Ni-Ti
alloy.
Al-based alloys can be produced by diﬀerent techniques such as mechanical alloying [15, 16], arc melting [17], melt spinning [18], laser cladding [19], ﬂuxed
water quenching [20]. In mechanical alloying (MA),
materials are prepared in powder forms, which can
be easily pressed in desired dimensions and shapes
for practical applications [21]. Therefore, many studies have been made on designing nanocrystalline, quasicrystalline, and amorphous materials by using the
MA method. Al-Cu-based alloys such as Al-Cu-Ti [22],
Al-Cu-Fe [23, 24] have been studied in detail; however, a few works have been done on intermetallic
phase formation in Al-Cu-based alloys. Among metallic materials, Ti and its alloys are shown to be the
most suitable candidates for the production of less
weighted composition for automotive and aerospace
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Fig. 1. XRD patterns of mechanically milled Al60 Cu20 Ni15
Ti5 powders as a function of milling time.

Fig. 2. XRD patterns of sintered Al60 Cu20 Ni15 Ti5 powders
as a function of milling time.

applications. By adding Ti material to NiAl alloys,
the creep resistance properties of these alloys are increased as well as other properties [25]. Hence, the
mechanically milled Al-Cu-Ni-Ti powder, which has
never been studied, is a better choice for technological applications as materials with excellent wear resistance, high strength, high hardness, high thermal
stability, low density, and good electromagnetic properties. According to the reported literature [26–30],
the high entropy alloys have provided these properties.
Furthermore, it has been reported that Al65 Cu20
Ti15 alloy [31] prepared by the MA technique exhibits
a relatively high compressive strength of 1745 MPa
among Al-based alloys, and the Al65 Cu20 Ti15 composite [32] consisting of intermetallic phases is also
stable after 50 hours of ball milling. The complex Al-Cu-Ni-Ti alloys can also provide some of the properties mentioned above. So, in this study, the complex Al60 Cu20 Ni15 Ti5 alloys were fabricated by the
MA method and characterized.

nace and afterward were polished. Surface analyses
of polished samples were examined by using a Leica
180 DM LP polarized light microscopy. Microhardness measurements were conducted on a Shimadzu
HMV-2 Vickers Hardness Tester under a load of 500 gf
(∼ 4.903 N). The obtained hardness value for each sintered alloy is an average of 10 measurements from different regions. Thermal properties of alloyed powders
were analyzed by using an SII 6300 EXSTAR differential thermal analyzer (DTA), where the sample
was heated at 30 ◦C min−1 in a pure nitrogen atmosphere. Microstructural analyses were performed by
using a Zeiss EVO LS10 scanning electron microscope
equipped with an energy-dispersive X-ray spectrometer (SEM-EDX). The phase analyses were performed
by an X-ray diﬀractometer, XRD (Philips X’Pert Pro
diﬀractometer with CuKα radiation).

2. Experimental
Al-Cu-Ni-Ti elemental powders in the nominal stoichiometry of Al60 Cu20 Ni15 Ti5 (at.%) were weighed
and subjected to mechanical alloying under argon (Ar)
atmosphere to avoid oxidation in an XQM-2 high-energy planetary ball mill operated at 350 rpm with
10 : 1 ball to powder weight ratio. Then, the mechanically alloyed powders were put into a steel cylinder can
and were pressed under 250 MPa in a high-pressure
device to consolidate the powders. The pressed powders were sintered at a temperature of 700 ◦C for
1 h in the air atmosphere in a high-temperature fur-

3. Results and discussion
The formation of intermetallic phases in a complex
alloy produced by the mechanical alloying method
is strongly dependent on the processing parameters such as milling time and sintering temperature.
In the present study, we have changed the milling
time while keeping other parameters nominally constant. Figure 1 shows XRD results of the alloyed
Al60 Cu20 Ni15 Ti5 complexes produced using a highenergy planetary ball mill at diﬀerent milling times in
the range 0–100 h. The diﬀraction peaks which belong
to pure crystalline, Al, Cu, Ni, and Ti elements are
shown in the milling powders (0–10 h). As the milling
time increases to 15 h, NiTi and AlNi intermetallic
phases are observed simultaneously with the disappearance of pure Ti reﬂection peaks. This indicated
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Fig. 3. SEM images of mechanically milled Al60 Cu20 Ni15 Ti5 powders as a function of milling time: (a) 0 h, (b) 5 h, (c)
10 h, (d) 15 h, (e) 20 h, (f) 30 h, (g) 50 h, and (h) 100 h.
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that in the ﬁrst stage of milling, Ni reacted with Al
and Ti to form the NiTi and AlNi intermetallic phases.
However, the disappearance of the Ti reﬂection peaks
occurs due to its small weight fraction in the powders
mixture compared to other and also caused by signiﬁcant particle and crystal reﬁnement together with
high lattice strain [33, 34].
In Fig. 1 on the XRD pattern after 50 h compared
with XRD patterns from 15 to 30 h, there is a noticeable increase in the intensity of Cu and Ni peaks, in
addition to the rise in the intensity of intermetallic
AlNi and NiTi peaks. The reason for the increase in
Cu and Ni peak intensities is the increase of the ratio
of Cu and Ni in the powders mixture by the formation
of AlNi- and NiTi-phases. When the milling time was
increased to 100 h, the AlNi-phase was not observed.
However, new phases indicating Al3 Ni and Al2 Cu intermetallic phases in the produced intermetallic complex alloys were observed. These results are in good
agreement with reported similar studies [34, 35].
To investigate the structural change that occurs
during heat treatment of alloyed Al60 Cu20 Ni15 Ti5 alloys, the samples were annealed for 1 h at 700 ◦C and
then examined by XRD. The XRD graphs for the samples are given in Fig. 2. As seen in Fig. 2, as a result
of the pressing of the powder particles and welding
of the short-distance particles by heat treatment, the
intermetallic phases such as AlNi and NiTi have been
observed in the most of sintered samples. When Fig. 2
is compared to Fig. 1, it can be seen that the NiTi-phase is observed in non-sintered samples milled for
15–100 h, but not in sintered sample milled for 100 h.
Besides, the AlNi-phase was observed in the sintered
samples while it was not observed in the sample, which
was milled for 100 h and not sintered. However, it was
determined that the peak numbers indicating the concentration of Al2 Cu-phase increased. The MA process
applied to the powders before sintering was eﬀective
in reducing the concentrations of phases such as Al,
Ni, Ti, Cu, and formation of NiTi- and AlNi-phases.
While the Ti-phase was not observed in the sintered
samples, the NiTi-phase was formed in all except the
100 h milled sample. In addition, the AlNi-, Al2 Cu-,
and Al3 Ni-phases were formed by decreasing the Aland Cu-phase concentration in the samples. Moreover,
as can be seen in Fig. 2, the Al2 O3 -phase, which was
not observed in the non-sintered samples, formed in
all sintered samples due to the oxidation during sintering. These results are consistent with the similar
studies reported in the literature [36–38].
The alloyed powders were subjected to morphological examination with scanning electron microscopy
(SEM) to determine homogeneity, particle size, and
microstructural evolutions after MA. Various SEM images of the alloyed powders are presented in Fig. 3.
As seen in Fig. 3a, the shapes of non-ground powders
are diﬀerent, and they can be precisely identiﬁed by

Fig. 4. The crystallite size and lattice strain of the mechanically milled Al60 Cu20 Ni15 Ti5 powders as a function
of milling time.

individual particles of Al, Cu, Ni, and Ti. After 5 h
of milling, as the particles were fractured and welded,
the structure of the powder had changed. At the stage
of 10 h, the powders were more homogeneous, and the
particle size decreased. At this stage, the collision force
between all elemental powders and balls was mostly
used in the deformation process. After 15 h of milling,
Ni powder fused with the Al and Ti metals to form
the AlNi- and NiTi-phases, and there was, therefore,
an increase in aggregations and particle size. As seen
in Fig. 3g, the microstructure of the Al60 Cu20 Ni15 Ti5
alloy powder has become more homogeneous, and particle size decreases again. When the milling time is
100 h, the homogeneity increases, and the particles
reach a more spherical structure. Also, larger-sized
particles formed as a result of agglomerations are
found in the structure. This reveals Cu, Ni, and Ti
powders dissolve into the Al. Similar observations are
reported for Mg-Cu-Ni powders [34]. These results are
also in good agreement with the obtained XRD patterns of Al60 Cu20 Ni15 Ti5 powder, as seen in Fig. 1.
The average lattice strain (ε) and crystallite size
(D) evolution during ball milling of Al60 Cu20 Ni15 Ti5
alloy powder is calculated from the broadening of
XRD peaks using well-known equations [33, 39]. These
equations are given as follows:
D=

0.9λ
,
β cos θ

(1)

ε=

β
,
4 tan θ

(2)

where λ is the CuKα radiation wavelength (0.154 nm),
β is the full width at half maximum intensity
(FWHM), and θ is the Bragg diﬀraction angle. Generally, the XRD peak broadening is due to the instrumental broadening, broadening due to the lattice
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Fig. 5. EDX images of mechanically milled Al60 Cu20 Ni15 Ti5 powders as a function of milling time: (a) 0 h, (b) 5 h, (c)
10 h, (d) 15 h, (e) 20 h, and (f) 30 h.

strain and the crystallite size present in the materials.
The contributions of each of these eﬀects are convoluted, causing an overall broadening of the XRD
peaks. Therefore, estimating the crystallite size and
the lattice strain, it is necessary to correct the instrumental eﬀect. To estimate the instrumental corrected
broadening β, one can see the equations [40–42] used
in the separation methodology of the lattice strain (ε)
and crystallite size (D) components in the broadening
of XRD peaks.

Figure 4 exhibits the changing of crystallite size
and lattice strain of the alloyed Al60 Cu20 Ni15 Ti5 powders as a function of milling time. As shown in Fig. 4,
while the crystallite size of alloyed powder decreases
sharply and reaches 15.8 nm after 10 h milling, the lattice strain increases sharply and reaches 0.59 %. The
sharp increase in the lattice strain and the decrease in
the crystallite size of the powders indicate that as the
milling time increases, severe plastic deformation and
dislocations occur in the powder particles. However,
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for 15–20 h of grinding, the crystallite size increases
again rapidly, and the lattice strain decreases. This result indicates that the powders are recovered by heat
treatment induced by high temperatures, there is a dynamic recovery by the rearrangement of dislocations
[43], and new intermetallic phases are formed as a result of fusion. For 30 h, the crystallite size decreases to
about 15.4 nm. With further milling time, it remains
roughly constant because the reﬁned powders tend to
become balanceable. The crystallite size reaches the
lowest value with 10.5 nm after 100 h of milling time.
The lattice strain also reaches the maximum value
with 0.87 %. As a result, since the Al60 Cu20 Ni15 Ti5
powders were subjected to heavy mechanical deformation from the high-energy collisions during the MA
process, the crystallite sizes decrease and the lattice
strains increase as the milling time increased, which
are in good agreement with reported similar results
[8, 43]. Also, these results are inconsistent with present
SEM observations.
To show the distribution of elemental powders in
the complex alloy produced by MA, the EDX experiments were done. The EDX maps of the alloyed
Al60 Cu20 Ni15 Ti5 powders are presented in Fig. 5. As
seen in Fig. 5a, the elemental powders Al, Cu, Ni, and
Ti are randomly distributed before milling, and they
are seen red, green, blue, and cyan colors, respectively.
Figures 5b,c show that Al powder is still not homogeneous, but that Cu and Ti powders are homogeneous
between each other and that Ni powders clustered in
some regions. Although the color darkening shown in
Fig. 5d cannot be deﬁned by EDX, it is thought to indicate AlNi and NiTi intermetallic phases by considering the XRD and SEM results. Moreover, it is clear
that the particle size increases due to the AlNi- and
NiTi-phases. Figures 5e,f show that the particle size
decreases again, and a more homogeneous structure is
formed. In the case of 50 and 100 h grinders, a more
homogeneous structure and smaller grained particles
were observed in a manner similar to Fig. 4f and in
accordance with the SEM results. Similar results are
reported for Al-Si [44] and Cu-Al-Mn powder [45].
The thermal analysis used to deﬁne metastable
structures is very important for technological applications [34, 46, 47]. So, thermal analyses are performed to determine the thermal behavior of the intermetallic phases of the alloyed Al60 Cu20 Ni15 Ti5 powders. Thermal properties like phase transition temperatures of the alloyed powders are deﬁned using the
DTA, and the corresponding DTA thermograms are
presented in Fig. 6. As shown in Fig. 6, the thermal
behaviors of the alloys produced by grinding for 10–
30 h are similar. They exhibit two obvious exothermic peaks indicating phase transition reactions. The
ﬁrst exothermic reaction of the 10–30 h milled powders appears at 350–400 ◦C temperature range. It can
be attributed to the AlNi-phase formation. The second

Fig. 6. DTA thermograms of mechanically milled Al60 Cu20
Ni15 Ti5 powder as a function of milling time.

Fig. 7. Microhardness values of mechanically milled
Al60 Cu20 Ni15 Ti5 powders as a function of milling time after sintering at 700 ◦C.

exothermic reaction indicating Al2 Cu-phase formation
appears at 550–700 ◦C temperature range. These results were also seen in the XRD analysis for sintered
samples. The broad peaks seen in the alloys produced
by grinding at 50–100 h refer to the release of internal stress resulting from structural deformation and
lattice strain. No peak expressing phase transformation was observed in these samples, because the NiTi-,
Al3 Ni-, and AlNi-phases in the alloy are aﬀected by
more high temperatures. It is concluded that the novel
complex Al60 Cu20 Ni15 Ti5 alloy, which is a metastable
formation, was produced by milling for 50 and 100 h.
Figure 7 shows the microhardness values obtained
from the sintered Al60 Cu20 Ni15 Ti5 alloy. As shown in
Fig. 7, the average hardness of the samples increases
in parallel with the milling time. This increase continues until the milling time of 50 h and reaches 560 HV,
and the hardness values have decreased in the sample

M. Okumuş et al. / Kovove Mater. 58 2020 331–339

337

Fig. 8. POM images of mechanically milled Al60 Cu20 Ni15 Ti5 powders as a function of milling time: (a) 5 h, (b)15 h,
(c) 30 h, and (d) 100 h.

with a milling time of 100 h. After 100 h, it is possible
to reduce the compressibility of the powder obtained
and to aﬀect the sintering process negatively. Since
the samples produced with 100 h of grinding time cannot be appropriately pressed, the gaps between the
particles increase, and dislocation is easier. This result is thought to have an impact on the decrease in
the hardness values taken from the sintered sample.
It is estimated that the reduction incompressibility of
the powders obtained after 100 h of grinding is due
to the increase in the viscosity of the powders and
the fragile Al2 Cu-phase. It has been reported [48–51]
that Al2 Cu-phase formation signiﬁcantly reduces the
hardness. Also, the surface images of the sintered samples taken by POM are shown in Fig. 8. As shown in
Figs. 8a–d, as the milling time increases, the pore size
and surface roughness of the material decrease.

4. Conclusions
In summary, the complex Al60 Cu20 Ni15 Ti5 alloy
was fabricated by mechanical alloying and sintering,
and thermal and microstructural properties were in-

vestigated. The XRD results showed that intermetallic
phases AlNi, NiTi, Al2 Cu, and Al3 Ni in the novel complex Al60 Cu20 Ni15 Ti5 alloy were formed; also, Al2 O3 -phase was observed due to the oxidation during sintering. The maximum microhardness value was found
to be 560 HV as a result of the sintering of the
alloy produced by grinding for 50 h. The DTA results showed that the AlNi-phase and Al2 Cu-phase
formation occurred at a temperature range of 350–
400 ◦C and 550–700 ◦C, respectively, for 10–30 h milled
powders and also indicated that the alloyed samples
for 50–100 h were metastable formation. According to
SEM/EDX results, a more homogeneous and spherical structure was observed as the milling time increased, and also, the crystallite size decreased. The
crystallite size and the lattice strain of 100 h alloyed
Al60 Cu20 Ni15 Ti5 powders were found to be 10.5 nm
and 0.87 %, respectively.
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