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Abstract

Metal matrix nanocomposites represent a relatively new class of material, which is still being extensively investigated.
Most of the studies, however, are devoted to aluminium- or magnesium-based nanocomposites. A limited number of
studies focus on zinc alloy base nanocomposites, with fewer still concentrating on zinc alloy base micro-nanocomposites.
In addition, most of the tribological studies investigate adhesive or abrasive wear resistance, whereas studies of erosive
wear resistance lag well behind. It was previously shown that the presence of nanoparticles in ZA-27 alloy-based
nanocomposites led to a slight increase in erosive wear resistance. Upon discovering that, the aim became to produce
micro-nanocomposites that would retain the positive effect of nanoparticles, while further elevating performance, by
combining microparticles with nanoparticles. The ZA-27 alloy-based micro-nanocomposites were reinforced with 3 wt.
% Al,O3 microparticles (particle size approx. 36 um) and with four different amounts (0.3, 0.5, 0.7 and | wt. %) of Al,O5
nanoparticles (particle size 20-30 nm). Tested materials were produced by the compocasting process, with mechanical
alloying pre-processing. Solid particle erosive wear testing, with particle impact angle of 90°, showed that all micro-
nanocomposites had significantly increased wear resistance in comparison to the reference material.
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Introduction : .
strength to weight ratio.'® It has been frequently used

in the production of sliding bearings and bushings
because of its relatively high adhesive wear resis-
tance.'” Wide solidification interval, between liquidus
and solidus temperature, allows processing of ZA-27
alloy in the semi-solid state,'® i.e. production of
the composites with ZA-27 alloy base by the

In recent years, extensive research efforts have been
made to develop nanocomposite materials by using dif-
ferent ingot metallurgy (casting) processes. Most of
these studies were related to the development of nano-
composites with an aluminium'~> or magnesium®’
alloy base, and the addition of ceramic nanoreinforce-
ments. There are significantly fewer studies focused on
nanocomposites with a zinc alloys base,® ® even though
there are numerous research activities related to
development of such microcomposites.'®'? The most
frequently wused zinc alloy base is ZA-27, a
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zinc-aluminium alloy, that contains a relatively high
aluminium content,'® while during the production of
microcomposites different secondary phases were
used, e.g. SiC, Al,O3 and other ceramic particles,“Hz
graphite particles'® as well as short glass fibres.'?

The ZA-27 alloy is a commercial casting alloy,
which can be found in a wide range of applications,
particularly in the automotive industry due to its high
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compocasting process.'” The compocasting process
permits the production of economical and quality
metal matrix composites (MMCs) with a non-
dendritic matrix structure. This process is carried
out at substantially lower temperatures compared to
the e.g. high-pressure die casting, thereby generating
energy savings, lowering emissions, and extending
tool life. In addition, it is possible to obtain near
net shape castings that can be later processed by stir
casting, squeeze casting”® or by extrusion.?!

Nowadays, the compocasting process is also used
to produce metal matrix nanocomposites (MMnCs).
The addition of nanoparticles in MMnCs lead to the
beneficial increase of both strength and ductility com-
pared to the metal matrix. This is unlike MMCs,
where the strength increase is accompanied by a
decrease in ductility (compared to the matrix alloy).
In order to further improve the properties of MMCs
and/or MMnCs, research activities have also been
focused on the production of composite materials that
contain both micro- and nanoparticles.*>** Despite con-
siderable progress in this area, little attention has been
paid to the production and characterization of zinc
alloys-based micro-nanocomposites. Hence, the aim of
this paper was to investigate the production possibility
of various ZA-27 alloy-based micro-nanocomposites
through the compocasting process, as well as to analyse
structural, mechanical and erosive wear properties of
the obtained composites.

Experimental details

Materials

Matrix material was zinc-aluminium alloy ZA-27,
with the chemical composition according to the
ASTM standard.'® Type, size and amount of rein-
forcement particles used for obtaining of the micro-
composite and micro-nanocomposites are shown in
Table 1. The investigated microcomposite (composite
with the addition of Al,Oz microparticles only) was
produced by the compocasting process on the appa-
ratus, which is described elsewhere.”* Micro-
nanocomposites (composites with the addition of
Al,O5; microparticles and Al,O3; nanoparticles) were
produced using the same process and apparatus,

Table I. Designation of the produced composites and speci-
fication of used reinforcements.

Reinforcement amount, wt. %

Composite Al,O3; microparticles Al,O3 nanoparticles
designation (approx. 36 um) (20-30 nm)

Micro 3 -

MN-0.3 0.3

MN-0.5 0.5

MN-0.7 0.7

MN-1.0 1.0

whereas the mechanical alloying of ceramic nanopar-
ticles with ZA-27 alloy metal chips were applied
beforehand. It was applied in order to reduce the for-
mation of the Al,O5; nanoparticle cluster agglomera-
tions in the matrix. Before this pre-processing, the
ZA-27 alloy metal chips were thoroughly washed in
trichloroethylene and then in ethanol for degreasing,
while the Al,O3 nanoparticles were washed in ethanol
before and heated to 400°C in order to remove the
moisture and contaminations. The mechanical alloy-
ing parameters were similar as in our previous
study.” The only difference is in metal chips-to-
nanoparticles weight ratio (2:1 vs. 3:1). After mechan-
ical alloying, the mixture of ZA-27 alloy metal chips
and Al,O3; nanoparticles was mixed with Al,O;
microparticles. The resulting mixture was homoge-
nized for 60 min in a mixer without alumina balls.

The compocasting process started with the matrix
alloy overheating at 550°C and cleaning of the slag.
Afterwards, the temperature of the melt was reduced
to 500°C, followed by mixing the melt with a stirrer at
250 r/min. Infiltration of the mixture, obtained in
mechanical alloying process, started at this tempera-
ture and lasted for 3 min. After the infiltration,
mixing of the melt at increased rate of 500 r/min
lasted for 5min. With continued mixing, the temper-
ature of the melt was reduced further to 465°C (cool-
ing rate of 5°C/min). Additional mixing at this
temperature was continued for 8§ min, after which
the melt was poured into a preheated steel mould
(at 480°C). Reference material was ZA-27 alloy, pro-
duced by thixocasting (designated as ZA-TX). For
the purpose of comparison, the parameters of the
thixocasting and compocasting process were kept
similar. The matrix alloy was first overheated at
550°C, and the slag was cleaned. After that, the tem-
perature of the melt was reduced to 500°C, followed
by mixing of the melt with a stirrer at 500 r/min, for 5
min. Then, with continued mixing, the temperature of
the melt was reduced further to 465°C (cooling rate of
5°C/min). Additional mixing at this temperature was
continued for 8 min, after which the melt was poured
into a preheated steel mould (at 480°C). At the end of
the producing process, all samples (ZA-TX, as well as
composites samples) were hot-pressed (350°C and 250
MPa).

Methods of characterization

Plate-like samples (15 x 15 x 6 mm) were postulated for
microstructural examinations on the scanning electron
microscopy (SEM). Prior to SEM observations, the
sample surfaces were successively grinded with the
P80, P360 and P600 grit SiC abrasive papers and after-
wards polished with paste containing Al,O; micropar-
ticles (particle size 1-5um). Hardness measurements
(Vickers macro- and microhardness) were performed
on plate-like samples (30 x 15 x 6 mm) that were used
for erosive wear tests. Macrohardness (HV 5) was
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determined for the purpose of comparison with our
previous studies,”**” while the microhardness (HV
0.5) was determined in order to diminish the influence
of porosity and other defects. For each material, meas-
urements of both hardness were repeated at least five
times and an average value with a standard deviation
was calculated to obtain reproducibility of the results.

Erosive wear tests were carried out on plate-like
samples (30 x 15 x 6 mm), using the jet nozzle type
solid particle erosion equipment, and exposed to air,
at room conditions. Detailed description of the appa-
ratus and the test procedure are presented else-
where.”>?® Parameters used in the erosive wear
testing were the same for all tested samples (Table 2),
and, for the purpose of comparison, the same as in our
previous study.?® Used solid particles had sharp edges
and irregular morphology, and they were dried in an
oven before the tests to remove any remaining mois-
ture. Wear was calculated as a difference between the
initial mass of the sample and its mass at the end of the
test. For this purpose, electronic balance with accuracy
of 0.1 mg was used. Calculation of the wear rate was
done by dividing mass loss of the sample material by
the mass of applied solid particles material during the
test, which was 500 g. Cleaning and degreasing of the

Table 2. Parameters used in the erosive wear testing.

Test parameter Value

Solid particles material Black corundum

(A03)
Maximum size of the particles 630 um
Air stream pressure 0.2 MPa
Particles flow 167 g/min
Particles impact angle 90°
Distance between the 10 mm

sample and the nozzle

Duration of the test 3 minutes

samples were done before and after the testing. At least
three replicate tests were performed for each material.
Worn surfaces of samples were analysed with SEM,
after the testing.

Results and discussion

Microstructure

The microstructure of the thixocasted ZA-27 alloy is
non-dendritic, and regions of o phase (dark gray
areas), oo+ 1 phase mixture (middle gray areas) and
1 phase (light gray areas) can be noticed (Figure 1).
The regions of o phase and o+ n phase mixture form
elliptical microconstituents. Transformation of den-
dritic to non-dendritic structure occurred under the
influence of shear forces during mixing of the ZA-
27 alloy semi-solid melt. According to the Al-Zn
phase diagram,'¢ solidification of conventional cast
ZA-27 alloy begins with the formation of o phase
nuclei. The growth of the nuclei in the melt during
solidification results in formation of o phase particles.
At peritectic temperature, the o phase particles (den-
drites) react with the melt, and high temperature 3
phase is formed at edges of the o phase particles.
The B phase is unstable at lower temperatures.”’
During further cooling, the  phase transforms into
the o+ m phase mixture so that the o phase and
the o+ mn phase mixture form a dendritic shape
microconstituents.

In the conventionally casted structure, when the
process of solidification takes place without the influ-
ence of external forces, the o phase formats the den-
drite cores, while the oo + 1 phase mixture is present in
the proximity of dendrites. The n phase is the inter-
dendritic phase. Due to the influence of shear forces
during mixing (thixocasting process), the o phase
(dendrites) are transformed into a non-dendritic

Figure |. Microstructure of thixocasted ZA-27 alloy, SEM: (a) general view and (b) o phase formed by deagglomeration of large o

phase region.
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shape (deformed ellipses). During the thixocasting
process, the cooling time of the semi-solid melt in
the preheated mould was longer, which resulted in a
prolonged peritectic reaction and expanded regions of
o+ M phase mixtures (Figure 1). Agglomeration and
deagglomeration of primary particles of the solid phase
occur under the influence of shear forces during mixing
of semi-solid melts.** Large regions of o phase that are
formed by agglomeration of smaller elliptic o phase
regions can be seen in Figure 1(a), while regions of o
phase formed by deagglomeration of large o phase
region are clearly visible in Figure 1(b).

Microstructures of all micro-nanocomposites were
very similar (Figures 2 and 3). General view of the
microstructure (Figure 2(a)) confirms that the AlLOj
microparticles are placed in the regions of o+ m phase
mixture, and that the structure of micro-nanocomposites
matrix is the same as the structure of thixocasted ZA-27
alloy. The distribution of Al,O; microparticles (particle
size approx. 36 um) is analysed on higher magnification
image (Figure 2(b)). A good mechanical bonding
between the incorporated Al,O; microparticles and the
metal matrix, with low content of porosity and without
contact between the particles, was obtained. This is very
significant for achieving good mechanical properties, as
well as high erosive wear resistance. Groups of Al,O3
nanoparticle clusters (denoted with white arrows) can
also be noticed on Figure 2(b).

The distribution of Al,O3; nanoparticles (particle
size 20-30 nm) is analysed on higher magnification
images (Figure 3). The Al,O3 nanoparticles are present
in the form of agglomerated (Figures 3(a) and (b)) or
mostly uniform distribution of clusters (Figure 3(c)).
The presence of significant microporosity in the struc-
ture of micro-nanocomposites is not visible, although
micropores can be noticed near some Al,O; micropar-
ticles. There is no strict relationship between the
amount of Al,O3 nanoparticles and microstructure of
the produced micro-nanocomposites, i.e. the structure

mainly depends on the production parameters and
their control.

Example of Al,O; nanoparticles agglomeration,
composed of several small and large clusters, is clearly
visible on Figure 3(a) (denoted with white arrow).
These agglomerations and Al,O3 nanoparticle clus-
ters are mainly randomly distributed within the
microstructure. Sometimes, they are placed between
ceramic microparticles (Figure 3(b)), which may pre-
vent appropriate bonding between the microparticles
and the matrix. In some cases, the presence of cracks in
ceramic microparticles is also evident (denoted with
rectangle on Figure 3(b)). These microcracks probably
appeared due to thermal stresses, which occurred during
the cooling of the composite mixture. Their presence
adversely affects the mechanical and erosive wear prop-
erties of the produced micro-nanocomposites. On the
other hand, uniform distribution of the Al,O3 nanopar-
ticle clusters and their favourable shape and size should
have a positive effect. Such example can clearly be
observed in Figure 3(c) (denoted with white arrow),
where Al,O3 nanoparticles clusters are circular, with
size up to 2pum, and uniformly distributed within the
o+ n phase mixture.

Hardness

The macro- and microhardness results presented in
Figures 4 and 5 confirm good repeatability of the
results, when calculated standard deviations were
below 8%. The presented hardness values are lower
than that obtained in our previous studies.”®*” Also,
the prescribed values of hardness for sand/die cast
ZA-27 alloy are 113/119 HB.'? Relatively lower hard-
ness was probably obtained due to the increase in the
preheating temperature of the steel mould (from 400
to 480°C), and associated longer cooling time and
smaller cooling rate of the samples. A change in the
composting process in the mixing part could lead to
loss of magnesium, which also could have a diminish-
ing effect on the hardness. As expected and as showed

Figure 2. Microstructure of micro-nanocomposite MN-0.3, SEM: (a) general view, (b) microparticles distribution.
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Figure 3. Microstructure of micro-nanocomposites (nanoparticle clusters distribution), SEM: (a) micro-nanocomposite MN-0.3,
(b) micro-nanocomposite MN-0.5 and (c) micro-nanocomposite MN-1.0.
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Figure 4. Macrohardness values and corresponding standard
deviations (SD) of tested materials.

in some previous studies,>"*? microhardness values,

which were measured with lower load, were slightly
higher than macrohardness values.

All micro-nanocomposites achieved more-or-less
similar hardness values, which were expected due to
their similar microstructures. Although a higher
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Figure 5. Microhardness values and corresponding standard
deviations (SD) of tested materials.

amount of nanoparticles should result in higher hard-
ness of the nanocomposites,'! it should be noted that
the hardness of composites also strongly depends on
the interface between reinforcements and matrix as
well as on distribution of the reinforcements.*® The
positive effect of a higher amount of nanoparticles on
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hardness diminishes with higher content of porosity.
Microstructural ~ examinations have confirmed
favourable distribution of micro- and nanoparticles
in the micro-nanocomposite with the lowest amount
of the nanoparticles. The agglomerations of nanopar-
ticle clusters are placed in the regions between the
microparticles and contact between the nanoparticles
and microparticles were not detected (Figure 3(a)).
Hence, lower porosity was achieved. On the other
hand, a higher amount of nanoparticles caused
increased agglomeration of nanoparticle clusters,
which were in contact with microparticles (Figure 3
(b)). Contact between the nanoparticles and micropar-
ticles led to the discontinuity of the microparticle/
matrix interface, which adversely affected the load
transfer from the matrix to the reinforcements, thereby
decreasing the hardness. In addition, microcracks
within the microparticles were also noticed.
Regardless of the nanoparticle amount, all micro-
nanocomposites achieved higher hardness than thixo-
casted ZA-27 alloy. The average percentage increase of
macrohardness was around 30%, which is much
higher than when only nanoparticles were incorporat-
ed in the matrix alloy (around 9%).2%?” This is prob-
ably due to the combination of different reinforcement
mechanisms, i.e. difference in coefficients of thermal
expansion (microparticles) and Orowan dislocation
strengthening mechanism (nanoparticles).

Erosive wear properties

The wear rate results of the tested materials obtained
by erosive wear testing are shown in Figure 6. The
standard deviation values of the erosive wear rates
indicate that the repeatability of the results was
acceptable, i.e. around 10%. The wear rate of thixo-
casted ZA-27 alloy (ZA-TX) is like the one obtained
in our previous study,” although the hardness of the
same material in that study was higher. This can be
explained by the fact that the hardness is directly
related to the erosive wear rate, but only to be applied
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Figure 6. Erosive wear rate values and corresponding stan-
dard deviations (SD) of tested materials.

for annealed pure metals, when small impact angles
are applied.** Indeed, erosion is a complex phenom-
enon. For ductile metals, it is impossible to use a
single mechanical property or a simple combination
of a few mechanical properties to predict its erosive
wear resistance.>’

Results in Figure 6 clearly depict that the highest
wear rate was obtained with the microcomposite
material (composite with the addition of 3 wt.%
Al,O5; microparticles only). Although this composite
had similar hardness as the thixocasted ZA-27 alloy,
its wear rate was slightly higher and could be
increased with a higher amount of Al,O3; micropar-
ticles, especially because a harder MMCs can show
higher erosion wear than a softer material *®
Although MMCs mostly experience higher abrasive
and adhesive wear resistance than the matrix materi-
al,’”-3 their erosive wear behaviour is less predictable.
Moreover, it has been shown that the erosive wear
resistance of the aluminium alloy-based composites,
carbide-metal composites, cermets, nickel-chromium
superalloy composites and steel-based composites is
often lower than that of the matrix material.’>¥ *!
Reduced erosive wear resistance of the MMCs rein-
forced with higher amount of micro-sized ceramic
particles is usually connected with significant lower-
ing of the ductility. Hence, lower ductility results in
reduced plastic deformation ability, which enhances
the possibility of microfracture upon impact of the
erosive particles.*?

All micro-nanocomposites (composites with the
addition of Al,O3 microparticles and Al,O3 nanopar-
ticles) showed a lower wear rate than the thixocasted
ZA-27 alloy. The average reduction of the wear rate
compared to the reference material was in this case
relatively high, i.e. 53%. This suggests that the simul-
taneous addition of micro- and nanoparticles had a
major, beneficial effect on the erosive wear rate. This
is most likely associated with the collateral effect of
the dual, i.e. micro- and nanoparticles reinforcement
of the matrix material. Introducing additional micro-
or nanoparticles separately does not show a strong
influence on erosive wear rate reduction. For exam-
ple, the addition of Al,O3 nanoparticles reduces wear
rate only by approximately 6%, while the addition
of Al,O; microparticles increases the erosive wear
rate even more (Figure 6). In our previous study,?®
it was shown that the adding of Al,O3 nanoparticles
somehow increases hardness and compressive yield
strength through the enhanced dislocation density
strengthening mechanism. It is highly likely that the
addition of nanoparticles also increase the ductility of
micro-nanocomposites, which seems to be reflected
during the erosive wear testing with particles at an
impact angle of 90°. This property combined with
the increased strength (due to the presence of ceramic
microparticles) resulted in a lower wear rate of micro-
nanocomposites. The results of this study confirm
similar wear rates for all micro-nanocomposites,
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which are reflected in the obtained microstructures
and overall hardness. Theory suggests that the wear
rate should be lower in micro-nanocomposites with a
higher number of nanoparticles; however, this is
not the case. This is mainly due to the structural
imperfections that were noticed in all micro-
nanocomposites (Figures 2 and 3). The poor distribu-
tion of nanoparticles (agglomerations of clusters) and
positioning around microparticles, as well as the pres-
ence of cracked microparticles had a detrimental
effect on the erosive wear rate/resistance.

The SEM analyses of worn surfaces (depicted in
Figure 7), which were performed after testing,
showed typical erosive wear appearance in all worn
surfaces.* This generally includes several erosive
wear mechanisms that usually occur simultaneously,
i.e. microcutting and microploughing; surface crack-
ing; extrusion of material at the exit of impact crater;
surface or subsurface fatigue cracks due to the repeat-
ed impact; formation of thin platelets due to the
extrusion and forging by repeated impact and forma-
tion of platelets by a backward extrusion process.**
The plastic deformation in the surface of the extruded
material around the large indents and its smearing by
subsequent impacts of particles, presence of scratches

and grooves caused by the ploughing action of par-
ticles which additionally caused progressive degrada-
tion of the surface with small and large wear debris,
can be observed in all samples. However, a greater
presence of surface cracks and the presence of embed-
ded erosive particles were not noticed. The relatively
large size of the erosive particles (<630 um) and other
test parameters prevented the embedment of the ero-
sive particles.

The differences in the appearance of the worn sur-
face between tested materials are, first of all, in the
severity of plastic deformation. This severity was
more intensive in thixocasted ZA-27 alloy and micro-
composite. Furthermore, the presence of relatively
large wear debris and surface microcracks is also
observed on the worn surface of thixocasted ZA-27
alloy (Figure 7(a)). The formation of plastically
deformed and extruded material is noticeable
around the large indents (craters). There are also
some small indents and scratches, which most likely
occurred during the impact of small and sharp erosive
particles or its fragments (microcutting). In micro-
composites, in comparison to thixocasted ZA-27
alloy, the indents on the worn surface are more mas-
sive in size (Figure 7(b)). Also, the presence of large

Extiogedmeter al
' end gt
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Figure 7. Worn surfaces of tested materials, SEM: (a) thixocasted ZA-27 alloy, (b) microcomposite, (c) micro-nanocomposite MN-
0.3 and (d) micro-nanocomposite MN-1; all images are taken with the same magnification (1000x).
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wear debris in the form of plates and even brittle
fractures is only noticeable on the worn surface of
the microcomposite.

The worn surfaces of all micro-nanocomposites
were very similar (Figure 7(c) and (d)). This is consis-
tent with the wear rates of these composites (Figure 6),
where similar values were recorded. In contrast to thix-
ocasted ZA-27 alloy and microcomposite, no large
wear debris was observed on their worn surfaces. On
the other hand, the presence of thin plates and grooves
caused by the ploughing action of erosive particles and
ductile fracture (microploughing) was noticed only on
the worn surfaces of micro-nanocomposites. The for-
mation of thin plates can be identified as one of the
previously mentioned erosive wear mechanism,** i.e. as
“formation of thin platelets due to the extrusion and
forging by repeated impact.” Furthermore, since the
particles impact angle was 90°, it can be concluded
that plastic deformation and work hardening of the
thin surface layer, with induced compressive residual
stresses, occurred.*> All of this provides a possible
explanation for the significantly higher erosive wear
resistance of all micro-nanocomposites, compared to
the thixocasted ZA-27 alloy and microcomposite.

Conclusions

In order to reduce the undesired formation of nano-
particle clusters in the matrix alloy, mechanical alloy-
ing of ceramic nanoparticles with a scrap of the
matrix alloy was applied before the compocasting
process. Through this process, complex micropar-
ticles, more suitable for infiltration in the semi-solid
matrix alloy during the compocasting process, were
formed.

Microstructures of all micro-nanocomposites were
similar, i.e. there was no obvious relationship between
the amount of Al,O; nanoparticles and the micro-
structure of the produced micro-nanocomposites.
The Al,O3 nanoparticles appeared in the form of rel-
atively uniformly distributed clusters. In most cases,
these clusters were not in direct contact with Al,O5
microparticles, which would prevent the appropriate
bonding between the microparticles and the matrix.
This is an important feature for obtaining good
mechanical properties and higher erosive wear resis-
tance. All micro-nanocomposites achieved similar
hardness values. Regardless the number of nanopar-
ticles, the hardness of micro-nanocomposites was
higher than that of the thixocasted ZA-27 alloy.
The average percentage increase of macrohardness
was around 30%.

All micro-nanocomposites achieved similar erosive
wear resistance, which was much higher than that of
thixocasted ZA-27 alloy. The average reduction of
wear rate was 53%. Higher erosive wear rates were
obtained due to the dual effect of simultaneously
added micro- and nanoparticles. It is likely that micro-
particles led to increased strength, while nanoparticles

prevented the lowering of ductility of the matrix mate-
rial, potential even causing an increase. In addition,
SEM analyses showed that micro-nanocomposites
had a specific worn surface appearance, suggesting
that forging by repeated impact and work hardening
of the surface most likely had occurred.
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