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Abstract: The microstructure formation and strengthening of an Al-5wt.%TiO, composites with additions of 5 wt.%
Cu and 2 wt.% stearic acid (as a process control agent, PCA) during mechanical alloying and subsequent thermal
exposure were studied. The powder composites were prepared by high-energy ball milling for up to 10 h. Single line
tracks of the powders were laser melted. Optical and scanning electron microscopy, XRD analysis and differential
scanning calorimetry were used to study microstructural evolution. The results showed that the Cu addition promotes an
effective mechanical alloying of aluminum with TiO, from the start of milling, resulting in higher microhardness (up to
HV 290), while the PCA, on the contrary, postpones this process. In both cases, the composite granules with uniform
distribution of TiO, particles were formed. Subsequent heating of mechanically alloyed materials causes the activation
of an exothermic reaction of TiO, reduction with aluminum, the start temperature of which, in the case of Cu addition,
shifts to lower values, that is, the transformation begins in the solid state. Besides, the Cu-added material after laser
melting demonstrates a more dispersed and uniform structure which positively affects its microhardness.
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1 Introduction

Additive manufacturing is a modern and
rapidly growing industry, gaining popularity around
the world. This is due to the fact that this type of
production allows to produce parts without any
special tools and shortens the production cycle,
providing significant savings in time and
resources [1]. Technologies such as selective laser
melting (SLM) and direct laser deposition (DLD)
are increasingly used for the production of critical
parts of complex shape from aluminum alloys for
use in the automotive and aerospace industry. In a
SLM technique, a uniform “bed” of metal powder is
first deposited and then specific regions of the
“bed” are melted by the laser beam in order to build
a single layer of the part. Instead of forming a layer

of material and selective energy delivery process,
DLD combines the powder/energy delivery for
simultaneous deposition and part forming within a
similar region [2].

However, aluminum alloys used in additive
manufacturing are limited mainly by the AIl-Si
system [1,3—5]. In this regard, currently, studies are
underway to expand the range of alloys that are
suitable for this type of production, with improved
strength properties. Thus, increased focus is on
the Al-Cu system, which demonstrates good
results [6—8]. In order to significantly improve the
strength properties of aluminum alloys subjected to
laser melting, recently attempts have been made to
use the aluminum matrix composites (AMC)
strengthened by various ceramic particles as the
materials for the additive manufacturing [4,5,9,10].
At the same time, the creation of “in situ” composite
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materials in which hardening particles are formed
as a result of laser irradiation, for example, in the
Ti—Al-C system [11], looks promising. In such
composite materials, the interphase boundaries are
free from contamination, which provides a good
connection between the matrix and particles and, as
a result, a more efficient load transfer across the
interphase boundary, which results in higher
mechanical characteristics compared to composites
made using traditional methods [12,13].

Among systems in which hardening particles
can be synthesized in situ directly in a metal matrix,
the AI-Ti—O system is of particular interest. In this
system, the synthesis of refractory particles of
titanium aluminide and alumina occurs as a
result of an aluminothermic reaction initiated by
heating a mechanically alloyed Al-TiO, powder
mixture [14—26]. Mechanical alloying [27,28]
allows to achieve a homogeneous fine structure and
uniform distribution of particles of alloying
components. The features of the aluminothermic
reaction, as well as the final structure of materials
containing the maximum fraction of reaction
products (aluminum oxide and titanium aluminide),
are well studied. The previously obtained results
demonstrate good prospects for achieving high
strength properties due to the effect of dispersion
hardening by synthesized particles. However, the
structure formation of low-alloyed AMC containing
in the initial state less than 10 wt.% TiO, has not
been practically studied. In addition, the influence
of alloying elements, for example, copper, in the
process of forming the
strengthened materials is not known. As already
noted, the Al—Cu system is a suitable basis for
creating new materials with increased strength for
use in additive manufacturing.

Thus, the aim of this work is to study the effect
of copper addition on the structure formation and
strengthening of an Al-Ti—O composite with a low
TiO, content during mechanical alloying and
subsequent thermal exposure.

structure of in situ

2 Experimental

As the main starting materials, aluminum
powders with a purity of not less than 99.0% with a
particle size of about 450 um and titanium oxide of
technical purity (not less than 92.0%) with a

particle size of about 1 um were used. The content
of rutile titanium oxide in the initial powder
mixtures was 5 wt.%. In this work, materials of two
different compositions were investigated. In the
first case, copper was used as an alloying element
(purity not less than 99.5%) in the form of a
powder with a particle size of not more than
100 um in an amount of 5 wt.%. In the second case,
stearic acid was added as a process control agent
(PCA) in an amount of 2 wt.%. Such content is
effective to prevent excessive weldability of the
powder material in the process of high-energy
milling and to achieve a small particle size [29].
The powder mixtures were processed on a Retsch
PM400 planetary ball mill in an argon atmosphere.
The ball-to-powder mass ratio (BPR) and the
milling speed were 20:1 and 300 r/min,
respectively.

To study the morphology and microhardness of
the powders, special samples were prepared using
acrylic cold-mounting plastic in a ratio of 1:1. The
morphology of the powder particles was examined
with an Axiovert 200 MAT optical microscope. The
microhardness was measured by the Vickers
method on a Wolpert & Wilson 402MVD tester at a
load of 25—50 g. X-ray diffraction (XRD) analysis
was performed on a D8 Discover diffractometer
(Bruker-AXS) with Cu K, radiation. The initial
processing of X-ray lines and the calculation of the
integral width and center of gravity were carried
out using the OUTSET program [30]. The
microstructure was examined using a TESCAN
VEGA 3LMH scanning electron microscope (SEM)
equipped with an XMAX-80 energy dispersive
(EDS) analyzer, in the mode of backscattered
electrons. Differential scanning calorimetry (DSC)
was performed using a Setaram Labsys 1600
calorimeter with a heating rate of 20 K/min in an
argon atmosphere.

Laser melting of the powders was performed
on an aluminum substrate on a MUL—-1-M—-200
device equipped with a Nd:YAG laser with a
radiation wavelength of 1064 nm. The focal length
was 100 mm, the scanning speed was 1 mm/s, the
pulse duration was 14 ms, and the frequency was
5 Hz. The diameter of the laser spot varied from 0.5
to 1.5 mm. Argon of high purity was used as a
shielding gas, supplied to the treatment zone under
a pressure of 0.6 MPa using a cylindrical nozzle.
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3 Results and discussion

3.1 Microstructural evolution during mechanical

alloying

The formation of granules of metal-matrix
composites during mechanical alloying occurs as a
result of repeated alternations of the processes of
deformation, welding and fracture of metal particles
under the shock-abrasive effect of the grinding
balls [31]. In order to trace the process of
mechanical alloying of aluminum with titanium
oxide particles and the influence of copper and PCA
additives on it, we studied the morphology of the
material particles during high-energy processing in
a planetary mill. It should be noted that, as
preliminary studies have shown, the processing of
pure aluminum with 5 wt.% titanium oxide without
any additions according to the mode used is

e

impossible due to the excessive weldability of
aluminum particles. Since aluminum is very ductile,
particles, as a result of intense plastic deformation
accompanying the milling process, are welded
together and onto grinding balls until they are
completely covered with a uniform layer. At the
same time, the destruction of this aluminum shell
covering the steel balls does not occur with an
increase in the processing time, which makes the
mechanical alloying process impossible.

Images of powder particles of Al-5TiO, with
5wt.% Cu and 2 wt.% stearic acid obtained using
optical microscopy are presented in Fig. 1. Figure
1(a) shows that after 1 h of treatment, in the case of
using a PCA, the particle size of aluminum, in
comparison with the original, remains virtually
unchanged. As a result of the influence of the
grinding balls, the particles are deformed, acquiring
an irregular shape. A subsequent increase in the

Fig. 1 Optical microscopy images of powder particles of AI-5TiO, with 2 wt.% PCA after 1 h (a), 6 h (c) and 10 h (e)
of milling, and also with 5 wt.% Cu after 1 h (b), 6 h (d) and 10 h (f)
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processing time leads to even greater change. So, as
a result of intense plastic deformation after 3 h, the
shape of aluminum particles becomes more
elongated and flattened, continuing to remain so
even after 8 h of treatment. An example of such a
morphology observed in the range of 3—8 h is given
in Fig. 1(c), which was obtained for the particles
milled for 6 h. Thus, the presence of PCA in the
material leads to the suppression of particle
welding, and is necessary for the formation of
granules of the composite material. This is due to
the fact that surfactant is adsorbed on the surface of
aluminum particles, reducing surface tension, which
leads to the appearance of a lubricating effect [27].
However, after 10 h, the particles acquired a
relatively regular shape (Fig. 1(e)), while their
average size decreased to 63 um.

A completely different image is observed in
the case of a change in the morphology of AI-5TiO,
particles with the copper addition. So, after 1 h of
processing (Fig. 1(b)), we see rather large particles
with a size of about 1000 um, which have a
characteristic layered structure that occurs during
high-energy milling of two ductile metals,
aluminum and zirconium [32]. In this case, such
composite granules were formed as a result of
multiple processes of cold welding of aluminum
and copper particles, which were welded onto each
other. On the microstructure, areas of pure
aluminum and areas (inclusions) of copper are
visible. With an increase in the duration of
mechanical alloying, the degree of plastic
deformation and hardening of welded particles
increases, which causes their subsequent fracture.
The alternation of processes of plastic deformation
and cold welding is an indispensable condition for
the occurrence of mechanical alloying. So, in
Fig. 1(d), after 6 h of treatment, both large
undestroyed particles and smaller ones are visible.
Moreover, if the structure of large granules
continues to remain heterogeneous due to the
alternation of regions of different chemical
compositions, then the structure of the crushed
particles is homogeneous. A further increase in time
up to 10 h leads to the fact that the processed
material consists entirely of milled and
homogeneous particles of relatively regular shape,
and the average size is about 60 um (Fig. 1(f)).

Particles of titanium oxide in the granules
microstructure of the investigated materials are not

detectable by optical microscopy. To detect them,
scanning electron microscopy was used, and the
results are presented in Fig. 2. In the images of the
powder granules of both materials, after 10 h of
treatment, light particles of titanium oxide are
uniformly distributed in a dark aluminum matrix.
The identification of light particles was carried out
using energy dispersive analysis. So, Fig. 3 shows
the distribution of elements in AI-5TiO,—5Cu. A
comparison of images of various regions of the
granules obtained in backscattered electrons with
images obtained in the characteristic radiation of
Al, Ti, O, and Cu confirms that the visible particles
are titanium oxide. Thus, both materials at the end
of mechanical alloying consist of two phases: Al
and TiO,. The absence of traces of copper in the
Al-5TiO,—5Cu can be caused by its dissolution in
aluminum during mechanical alloying. The
formation of a supersaturated solid solution of
copper in aluminum as a result of mechanical
alloying was noted in Ref. [33]. The formation of
supersaturated solid solutions is the result of intense
plastic deformation accompanying the process of
mechanical alloying, which leads to a sharp
increase in the density of crystalline defects and, as
a consequence, acceleration of diffusion.

Fig. 2 SEM images of AI-5TiO, powder particles
with 2 wt.% PCA (a) and 5 wt.% Cu (b) after 10 h of
milling
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Fig. 3 SEM image and elemental maps acquired from
selected area for Al-5TiO,—5Cu composite milled for
10 h

The obtained results indicate the completion of
the mechanical alloying of aluminum with titanium
oxide and the successful formation of granules of
composite materials. Based on this, it can be
concluded that the material with the PCA addition,
due to its decomposition [34], in a short period of
810 h managed to go through the stages of
welding and fracture, without which mechanical
alloying would be impossible.

3.2 XRD analysis

The absence of reaction between aluminum
and titanium oxides, as well as the effect of the
dissolution of copper in aluminum is confirmed by
X-ray phase analysis. So, Fig. 4 shows the XRD
patterns of Al-5TiO, composite with the copper and
PCA additions after 1 and 10 h of mechanical
alloying. Figure 4(a) shows that the phase
composition of the material with the PCA does not
change during mechanical alloying: both after 1 h
and 10 h, Al and TiO, diffraction lines are present in
the XRD patterns. In the second material, after 1 h
(Fig. 4(b)), in addition to the diffraction lines of
these two phases, copper lines are present. However,
after 10 h, there are no copper peaks. This is

associated with its dissolution in aluminum and
confirms the data of SEM and EDS analysis (see
Fig. 3). Besides, in addition to the main phases of
Al and TiO,, a new phase line was detected in the
diffraction pattern, which, according to the ICDD
PDF-2 database, is likely to be a metastable phase
of Al4Cuy. Its formation is unusual, since according
to the data in Ref. [35], it is detected in the Al-Cu
system only at a significantly higher copper content.
This phase is formed in Cu-rich regions at short
processing time until equilibrium CuAl, is
precipitated, which is associated with low thermal
activation.
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Fig. 4 XRD patterns of Al-5TiO, powders with PCA (a)
and Cu (b) additions after 1 and 10 h of milling

The dissolution of copper in aluminum is
accompanied by a change in the lattice parameter of
the aluminum solid solution, which affects the shift
of Al diffraction peaks. Using the Nelson—Riley
extrapolation function 1/2(cos*6/sinf+cos*0/6) [36]
the lattice parameter of the aluminum solid solution
was determined in 1-10h of treatment. The
dependence of the calculated values on the duration
of mechanical alloying is shown in Fig. 5(a). It
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shows that with an increase in the processing time,
the lattice parameter continuously decreases to
0.4043 nm, which is due to the fact that the atomic
radius of copper is lower than that of aluminum.
Thus, the process of mechanical alloying of
aluminum with titanium oxide with 5 wt.% Cu is
accompanied by two processes: the formation of a
supersaturated solid solution of copper in aluminum
and the formation of the Al,Cuy phase.
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Fig. 5 Effect of milling time on lattice parameter (a) and
crystallite size (b) of aluminum solid solution for
material with Cu addition

In addition to the shift of the aluminum lines in
the diffraction patterns, their significant broadening
was also revealed (Fig. 6). The broadening of Al
diffraction lines was analyzed by the Williamson —
Hall method [37], in which a graph drawn between
4sin 0 and f,ycos 0 allows to determine the lattice
strain and crystallite size from the slope of the
straight line and the intersection with the vertical
ordinate, respectively. This analysis showed that
broadening is almost completely caused by a
decrease in crystallite size (D), which is calculated
as

KA
D_[j’cosﬁ 1

where K is a constant equal to 0.94 for spherical
shaped particles, A is the X-ray wavelength
(1.54056 A) of incident radiation and f is the
instrumental corrected integral breadth of peak
profile in radians.
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Fig. 6 Diffraction peaks of Al (111) for Al-5TiO,—5Cu
material after different milling time

So, Fig. 5(b) shows the dependence of the size
of aluminum crystallites calculated by this method
with the Cu addition on the processing time. As can
be seen from Fig. 5(b), the size of aluminum
crystallites after 1 h of treatment is 43 nm. With a
subsequent increase in processing to 10 h, the
crystallite size gradually decreases to 20 nm.

The cause of nanocrystalline
formation during mechanical alloying is as follows.
The main deformation mechanism at high strain
rates is formation of shear bands that consist of a

structure

dense network of dislocations. With continued
milling, the average atomic level strain increases
due to the increasing dislocation density, and at a
certain dislocation density within these heavily
strained regions, the crystal disintegrates into
subgrains that are separated by low-angle grain
boundaries [27]. This results in a decrease of the
lattice strain. On further processing, deformation
occurs in located in previously
unstrained parts of the material. The grain size
decreases steadily and the shear bands coalesce.
The low-grain angle boundaries are replaced
by the high-angle grain boundaries, implying
grain Consequently,
nanocrystalline grains are formed.

shear bands

rotation. dislocation-free
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3.3 Microhardness evolution

The formation of a supersaturated solid
solution and a decrease in grain size are some of the
main reasons for the increase in the hardness of
powder materials in the process of mechanical
alloying [38]. Figure 7 shows the change in the
microhardness of the powder particles of the
studied materials during high-energy milling. It can
be seen that with an increase in the processing time,
the microhardness of the material with the Cu
addition gradually increases to almost HV 290,
reaching saturation by 10 h. The decay of the curve
is associated with the complete dissolution of
copper and the achievement of the steady-state
stage of mechanical alloying [39]. In this stage,
equilibrium is established between the welding and
fracture of composite granules. At the same time,
the composition of each granule corresponds to the
composition of the initial powder mixture [27].

350

300

250

200 -

o— 5 wt.% Cu

1507 a— 2 wt.% PCA

100+
sof — t Y

Microhardness (HV)

Milling time/h
Fig. 7 Effect of milling time on microhardness of
Al-5TiO, with 5 wt.% Cu and 2 wt.% PCA additions

An increase in the microhardness of the
material as a result of a decrease in grain size
occurs by the mechanism of grain boundary
hardening. It is well known that grain boundaries
are effective barriers to migration of dislocations.
The hardening effect depends on the deformation
within one grain, locked at the grain boundary,
where there are accumulations of dislocations
depending on the grain size and stress
concentration, which sliding in the
neighboring grain. The smaller the grain size, the
greater the number of these barriers on the path of
sliding dislocations and the higher the stress
required to maintain plastic deformation in the early
stages [40]. The mechanism of solid solution

cause

hardening is that the dissolved atoms act as weak
obstacles to the movement of dislocations, affecting
their elastic energy [41]. In addition, during the
mechanical alloying process, the distribution of
harder titanium oxide particles in the metal matrix
is improved. The more uniform the distribution of
harder particles, the more efficient the load transfer
mechanism. The load transfer from the soft matrix
to the harder particles occurs through strain
mismatch between the particles and matrix during
straining due to the difference in their elastic
modulus [42].

The opposite situation is observed in the case
of the material with a PCA addition. Figure 7 shows
that the microhardness of this material after a weak
increase in the first 3 h of treatment practically does
not change up to 8 h, and amounts to about HV 60.
This behavior is consistent with the results of
studying the morphology of powder particles
(see Figs. 1(a, b)). During processing, aluminum
particles undergo exclusively plastic deformation,
and a small increase in hardness is mainly due to
deformation hardening. However, with a further
increase in milling time to 10 h, the microhardness
sharply increases to HV 162. Such a rise is caused
by the activation of mechanical alloying processes,
suppressed as a of the
decomposition of the stearic acid, and, finally, the
formation of granules of the Al-5TiO, composite
(see Figs. 1(c) and 2(a)). Thus, the addition of
copper contributes to the efficient mechanical
alloying of aluminum with titanium oxide from an
early milling time, and the addition of PCA, on the
contrary, postpones this process.

which was result

3.4 Thermal transformation

The behavior of the studied materials during
heating, up to melting and subsequent cooling, was
studied using DSC analysis. DSC curves for
powders milled for 10 h are shown in Fig. 8. In both
cases, in the temperature range of 600—650 °C, the
curves exhibit pronounced endothermic peak upon
heating and exothermic peak upon cooling, which
correspond to the melting and crystallization of
aluminum respectively.

Two exothermic peaks appear on the curve for
the material with a PCA addition (Fig. 8(a)) during
heating at 700—850 °C, which are associated with
the occurring of a reduction reaction between
titanium oxide and aluminum [14], the equation of
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which is as follows [17,25]:
13AI+3TiO,— 3ALTi+2Al1,05 )

The first peak corresponds to the onset of the
reaction, which is initiated at the Al/TiO, interface
upon heating immediately after the melting of Al
which leads to the formation of the reaction product
on the surface of TiO, particles. Further completion
of the reaction is possible only by diffusion of the
reagents through the product layer. Accordingly, the
second exothermic peak on the DSC curve at a
higher temperature indicates the completion of the
reaction.
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Fig. 8 DSC curves of Al-5TiO, powders with 2 wt.%

PCA (a) and 5 wt.% Cu (b) milled for 10 h

With a subsequent increase in temperature, an
endothermic peak appears with a minimum at
900 °C, which is absent on the DSC curve of
Al-5TiO, with copper addition (Fig. 8(b)). Its
appearance is associated with carbon contamination
of the powder resulting from the decomposition
of stearic acid during milling or subsequent
heating [43], which completely ends at about
550 °C for pure state [44]. Carbon is able to react

with aluminum to form aluminum carbide, which
was not detected by either XRD analysis in the
as-milled condition or DSC. However, the presence
of crystalline Al4C; can be detected by XRD
only after heating prior to the endothermic
reaction [43,45]. A consequence of the presence of
Al,C; phase in the material is this endothermic
peak, which corresponds to the chemical reaction of
aluminum carbide with titanium aluminide formed
earlier as a result of an exothermic reduction
Reaction (2). Thus, the reaction corresponding to
the endothermic peak is as follows:

3ALTi+ALC;— 3TiC+13Al 3)

According to thermodynamic calculations
performed in Ref. [45], the changes in enthalpy and
Gibbs energy (AG) are positive up to about 777 °C;
above this temperature, AG becomes negative,
which  permits the reaction to proceed
endothermically at higher temperatures. This is
consistent with our results of DSC analysis.
Besides, this endothermic effect may be attributed
to melting of Al obtained from the reaction [46].
With a further increase in temperature up to
1200 °C and in the process of subsequent cooling,
no thermal effects other than the corresponding
aluminum crystallization are observed. Thus, the
phase state of the material formed upon heating is
final, and the resulting phases exhibit stability upon
cooling. According to the intensity of X-ray lines in
the XRD pattern shown in Fig. 9(a), it can be
concluded that the material in the final state
consists of the following main phases: Al, Al,O3
and TiC. The presence of weak lines of aluminum
carbide and titanium aluminide on the X-ray
diffraction pattern indicates incomplete Reaction
(3). It should be noted that the formation of TiC as a
result of the reaction between Al;Ti and Al4Cs in the
Al-TiO,—C system is possible only with an excess
of Al and is not caused by a single reaction of TiO,
with carbon [47].

In the case of copper addition, the main feature
of the reduction reaction is that the first exothermic
peak corresponding to its onset is observed on the
DSC curve even before the aluminum melting
(Fig. 8(b)). The second exothermic peak of low
intensity, which is detected on the curve
immediately after melting, is, apparently, a
continuation of the first one. Thus, the chemical
transformation begins in the solid state. The cause
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Fig. 9 XRD patterns of Al-5TiO, powders with PCA (a)
and Cu (b) additions milled for 10 h after heating to
1200 °C and subsequent cooling

of the decrease in the temperature of the onset of
the exothermic reduction reaction is as follows.
When the PCA is used in mechanical alloying, it or
its decomposition products creates a thin film on
the surface of aluminum and titanium oxide powder
particles, which is a barrier that prevents direct
contact between them for a chemical reaction [22].
When aluminum melts, this film disappears, and
titanium oxide reacts with it. In the case of copper
addition, such a barrier between the clean surfaces
of aluminum and TiO, is absent; therefore, the
reduction reaction begins at a lower temperature,
even before the aluminum melts. The character of
the DSC of the A1-5TiO, curve with the addition of
copper is similar upon heating with the behavior of
the Al-16.67wt.%TiO, material without PCA [16].
After the first exothermic peak, with an increase in
temperature, two more peaks appear in the curve in
the range of 700—950 °C, which is associated with a
stepwise proceeding of the reduction reaction of
residual titanium oxide.

In general, the reduction reaction during
heating to 1200 °C is complete, as evidenced by the
data of X-ray phase analysis presented in Fig. 9(b).
So, as a result of all exothermic transformations, the
final composition of the material is represented by
the following main phases: Al, Al;Ti and Al,Os,
which corresponds to Reaction (2) taking into
account an excess of aluminum. The presence of the
Al,Cu phase in the composition is associated with
the appearance, on the DSC curve during cooling,
of two small exothermic peaks, after the maximum
exothermic peak corresponding to crystallization of
aluminum. Their appearance should be caused by
the precipitation of aluminum phase AlLCu of
eutectic origin.

3.5 Microstructure after laser melting

In order to evaluate the effect of laser melting
process on the microstructure of investigated
materials, single line tracks of mechanically alloyed
powders were melted onto an aluminum substrate.
The study results of the formed microstructure
obtained using SEM are presented in Figs. 10 and
11. From Fig. 10(a) it is seen that the microstructure
of the Al-5TiO, material with the PCA addition is
heterogeneous. It contains white particles with size
of about 1 um randomly distributed in a dark gray
aluminum matrix, which are the AIl;Ti phase,
according to EDS analysis (Fig. 10(b) and Table 1).
Irregularly shaped regions of intermediate contrast
should be Al,Oj; particles. At a larger magnification
in Al-rich areas, one can see darker dispersed
particles indicated by arrows in Fig. 10(c). These
particles are probably the Al;C; phase, since its
average atomic number is less than the atomic
number of aluminum and, therefore, it has lower
backscattered electron emission [48]. In the inset of
this figure, aluminum grains are visible, at the
boundaries of which there are a small number of
particles of titanium aluminide. It should be noted
that the determination of the true carbon content in
the material, necessary for the detection of carbides,
was hampered by the fact that the EDS analysis
showed inadequately its high values in all areas.
This is due to the fact that during electron
bombardment, carbon, which is a product of the
polymerization of hydrocarbons transmitted from
the oil-rotary pump to the vacuum column, is
deposited in the area under analysis [49]. However,
according to the results of the analysis, it can be
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AT

Fig. 10 SEM image of laser melted powder of AI-TiO,
with PCA addition (a), EDS analysis (b) of selected area
in (a) and indicated regions, and magnified image (c)

Table 1 Results of EDS elemental analysis results from
Fig. 10(b)

Spectrum Content/wt.%
label Al Ti 0] Total
1 7745 2255 - 100.00
2 8291  17.09 - 100.00
3 81.23 1.76 17.00  100.00
4 91.44 237 6.19 100.00
5 89.51 4.94 5.55 100.00
6 97.48 252 0.00 100.00

assumed that Reaction (3) does not have time to
proceed during laser melting.

Figure 11(a) shows the microstructure of the
copper-added material. As can be seen, the addition
of copper leads to the formation of a homogeneous
cellular structure after laser melting. According to
EDS analysis (Fig. 11(b) and Table 2), the dark gray
areas rich in aluminum are surrounded by a white
layer rich in titanium or copper. From this we can
conclude that the white structural component is a
mixture of intermetallic phases: Al;Ti and ALCu.
The regions of intermediate contrast, as in the

Fig. 11 SEM image of laser melted powder of Al-TiO,
material with Cu addition (a), EDS analysis of selected

area in (a) and indicated regions (b) and magnified
image (c)
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Table 2 EDS elemental analysis results from Fig. 11(b)

Spectrum Content/wt.%
label Al Ti Cu o Total
1 9033 194 7.09 0.64 100.00
2 92.55 257 414 0.74 100.00
3 9245 220 384 1.51 100.00
4 92.16 238 4.53 0.93 100.00
5 88.81 6.74 3.76 0.69 100.00
6 9250 2.15 421 1.14 100.00

previous case, are aluminum oxide particles. These
particles, clearly visible at a larger magnification
(Fig. 11(c)), are found in the center of aluminum
grains (shown by arrows). The size of both oxide
particles and Al grains is much smaller than that in
the material with the addition of PCA. It should be
noted that rounded black regions are clearly visible
in all the presented images. These are pores formed
as a result of gas capture during melting [50]. On
the inset of Fig. 11(c), disperse particles of
aluminides evenly distributed along grain
boundaries are also clearly distinguishable. Their
size is about 100 nm. Such a structure should
contribute to increased strength properties at
elevated temperatures due to the pinning of
aluminum grains by the particles. In addition, the
fine-dispersed homogeneous structure of the
material with the copper addition provides higher
hardness at room temperature. So, despite the
presence of porosity, the microhardness of
laser-melted particles of Al-TiO, with Cu addition
was higher than that of particles with PCA and
reached HV (139+13) versus HV (72+12).

4 Conclusions

(1) Using Al-5TiO, as an example, it was
shown that in the case when mechanical alloying of
an aluminum-based material without PCA cannot
be carried out, and its use is undesirable due to
carbon contamination of the powder and subsequent
formation of aluminum carbide, copper addition is a
good solution for the successful formation of
composite granules. So, the addition of 5 wt.% Cu
promotes an efficient mechanical alloying of
aluminum with titanium oxide from the beginning
of milling, while the addition of PCA, on the
contrary, postpones this process.

(2) After 10 h of milling, composite granules
with a size of about 60 pm are formed, in which
TiO, particles are uniformly distributed in the
aluminum matrix. Moreover, the microhardness of
the powder particles with the Cu addition amounts
to HV 290, which is associated with its dissolution
in aluminum.

(3) Subsequent heating of mechanically
alloyed materials causes the activation of an
exothermic reaction of titanium oxide reduction
with aluminum, the start temperature of which, in
the case of Cu addition, shifts to lower values, so
that the transformation begins in the solid state.

(4) The Cu-added material after laser melting
demonstrates a more dispersed and uniform
structure compared to the material with the PCA
addition, which positively affects its microhardness.
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