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Fig. 3. SEM images of mechanically milled Al60Cu20Ni15Ti5 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 sig-
nificant 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 notice-
able 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 Al3Ni and Al2Cu in-
termetallic phases in the produced intermetallic com-
plex 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 Al60Cu20Ni15Ti5 al-
loys, the samples were annealed for 1 h at 700◦C and
then examined by XRD. The XRD graphs for the sam-
ples 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 con-
centration of Al2Cu-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-, Al2Cu-,
and Al3Ni-phases were formed by decreasing the Al-
and Cu-phase concentration in the samples. Moreover,
as can be seen in Fig. 2, the Al2O3-phase, which was
not observed in the non-sintered samples, formed in
all sintered samples due to the oxidation during sin-
tering. These results are consistent with the similar
studies reported in the literature [36–38].
The alloyed powders were subjected to morpholog-

ical examination with scanning electron microscopy
(SEM) to determine homogeneity, particle size, and
microstructural evolutions after MA. Various SEM im-
ages 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 me-
chanically milled Al60Cu20Ni15Ti5 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 Al60Cu20Ni15Ti5
alloy powder has become more homogeneous, and par-
ticle 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 pat-
terns of Al60Cu20Ni15Ti5 powder, as seen in Fig. 1.
The average lattice strain (ε) and crystallite size

(D) evolution during ball milling of Al60Cu20Ni15Ti5
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. Gen-
erally, the XRD peak broadening is due to the in-
strumental broadening, broadening due to the lattice
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Fig. 5. EDX images of mechanically milled Al60Cu20Ni15Ti5 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 con-
voluted, causing an overall broadening of the XRD
peaks. Therefore, estimating the crystallite size and
the lattice strain, it is necessary to correct the instru-
mental 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 Al60Cu20Ni15Ti5 pow-
ders 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 lat-
tice 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 re-
sult indicates that the powders are recovered by heat
treatment induced by high temperatures, there is a dy-
namic recovery by the rearrangement of dislocations
[43], and new intermetallic phases are formed as a re-
sult 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 Al60Cu20Ni15Ti5
powders were subjected to heavy mechanical defor-
mation 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 ex-
periments were done. The EDX maps of the alloyed
Al60Cu20Ni15Ti5 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 homoge-
neous, 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 in-
dicate AlNi and NiTi intermetallic phases by consid-
ering 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 appli-
cations [34, 46, 47]. So, thermal analyses are per-
formed to determine the thermal behavior of the inter-
metallic phases of the alloyed Al60Cu20Ni15Ti5 pow-
ders. Thermal properties like phase transition tempe-
ratures 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 exother-
mic peaks indicating phase transition reactions. The
first exothermic reaction of the 10–30 h milled pow-
ders 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 Al60Cu20
Ni15Ti5 powder as a function of milling time.

Fig. 7. Microhardness values of mechanically milled
Al60Cu20Ni15Ti5 powders as a function of milling time af-

ter sintering at 700◦C.

exothermic reaction indicating Al2Cu-phase formation
appears at 550–700◦C temperature range. These re-
sults 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 inter-
nal stress resulting from structural deformation and
lattice strain. No peak expressing phase transforma-
tion was observed in these samples, because the NiTi-,
Al3Ni-, and AlNi-phases in the alloy are affected by
more high temperatures. It is concluded that the novel
complex Al60Cu20Ni15Ti5 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 Al60Cu20Ni15Ti5 alloy. As shown in
Fig. 7, the average hardness of the samples increases
in parallel with the milling time. This increase contin-
ues until the milling time of 50 h and reaches 560 HV,
and the hardness values have decreased in the sample
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Fig. 8. POM images of mechanically milled Al60Cu20Ni15Ti5 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 can-
not be appropriately pressed, the gaps between the
particles increase, and dislocation is easier. This re-
sult 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 Al2Cu-phase. It has been reported [48–51]
that Al2Cu-phase formation significantly reduces the
hardness. Also, the surface images of the sintered sam-
ples 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 Al60Cu20Ni15Ti5 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, Al2Cu, and Al3Ni in the novel com-
plex Al60Cu20Ni15Ti5 alloy were formed; also, Al2O3-
-phase was observed due to the oxidation during sin-
tering. 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 re-
sults showed that the AlNi-phase and Al2Cu-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 spher-
ical structure was observed as the milling time in-
creased, and also, the crystallite size decreased. The
crystallite size and the lattice strain of 100 h alloyed
Al60Cu20Ni15Ti5 powders were found to be 10.5 nm
and 0.87 %, respectively.
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