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In this study, using AA 2014 aluminum alloy, AA2014/wollastanite,
AA2014/wood ash, and AA2014/wollastanite/wood ash composite hybrid
materials were produced by powder metallurgy method. The powders, whose
mixing ratios were determined by weight, were mixed in a 3-dimensional
mixer for 30 min. The prepared mixture powders were pressed uniformly
under a pressure of 700 MPa, and cylindrical materials with a diameter of
10 mm were obtained. Then, the materials were sintered for 1 h under argon
gas flow at a temperature of 600°C. The density, microstructure, hardness,
and wear behavior of the materials were examined. It was observed that the
density of the composite materials increased relatively compared to AA 2014
alloy. As the particle reinforcement ratios increased, porosity amounts also
increased in the composite and especially in the hybrid materials. In the wood
ash-reinforced composite materials, the particles were distributed more
homogeneously in the microstructure. The highest hardness value obtained
was 70.65 HV in AA2014/15% wollastanite composite material. The weight
loss increased in the materials created by particle reinforcement, and the

lowest weight loss (170 mg) was determined in this material.

INTRODUCTION

The need for composite materials has become a
necessity for modern technology due to advanced
physical and mechanical properties. Metal matrix
composites (MMCs) have been developed in recent
years, and aluminum matrix composites (AMCs),
which are among them, have started to be used in
many areas of industry. The main reason for this is
that their densities are low, while their toughness
and corrosion resistance are high.'™® The powder
metallurgy (PM) method mean we can obtain supe-
rior properties that cannot be obtained from single-
material-produced composite materials by combin-
ing two materials, one of which is of ceramic origin
and the other is metal, which cannot be combined
with any other production method. Different
matrix-reinforcement combinations can be used in
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MMC systems. Among matrix materials, pure alu-
minum and aluminum alloys, especially AA 2014
aluminum alloy, constitute the most preferred
material group with their low density, high
strength, toughness, corrosion resistance, and easy
machinability.* The most common types of ceramic
particles added to the aluminum matrix to form
composite materials include Al,O3, SiC, and B4C,
and these ceramic particles added to the matrix
structure (AA 2014) and aluminum have played an
important role in the development of MMCs.”
Hybrid metal matrix composites are advanced tech-
nological engineering materials created by using
two or more reinforcement elements together.® The
main reason why hybrid composite materials are
included in the class of materials mainly used in the
aerospace industry is that they have superior
mechanical and physical properties.” However, the
use of industrial materials, such as Al;03, SiC, and
B4C, as reinforcement materials has pushed scien-
tists to research different sources, because they
increase  production costs and are not
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environmentally friendly. In other respects, the
disposal of agricultural wastes by burning causes
great environmental pollution. Considering all the
factors, scientists have turned to agricultural waste-
based supplements due to their cost, applicability,
and abundance, and they have investigated the
usabﬂitg of these wastes in MMCs and their
results.®” Many of these researches are related to
the investigation and reporting of MMCs obtained
by using agricultural waste (naturally reinforced
particles). When the literature is examined, it is
seen that there are many studies where agricultural
waste is used as a reinforcing material in AMC
materials. The development of environmental
awareness, the conversion of waste into products
with higher added value, and the availability of
agricultural waste and its cheap cost have played an
important role in the use of these wastes as
reinforcement materials in AMCs.'® In many stud-
ies, it has been reported that agricultural-reinforced
composites are softer and more ductile than cera-
mic-reinforced composites and do not have a brittle
structure.!! Based on all these data, it is possible to
say that, instead of costly and environmentally
harmful ceramic-reinforced AMCs used in various
automotive and aerospace applications, it would be
preferable to use AMCs which are reinforced with
lower-cost agricultural waste and have a high
strength-to-weight ratio. Scientists have shown that
many agricultural wastes, such as rice husk
(paddy), peanut husk, corn cob ash, palm leaf,
bamboo leaf ash, and aloe vera powder, can be used
as reinforcement materials for aluminum metal
matrix composites.'>™16 In their study, Abdulrazaq
et al. examined the morphological and solid phase
properties of AMC samples produced by adding
agricultural waste (palm kernel ash) at a rate of
2.5 wt.%, 5 wt.%, 7.5 wt.%, and 10 wt.% in addition
to the aluminum matrix. In their experimental
study, they reported that there was an increase in
the hardness and compressive strength of palm
kernel-added AMCs, and a decrease in their den-
sity.!” In other studies, scientists have emphasized
that rice husk ash reinforced in AMCs improves
mechanical properties.’®?° In another study,
Satheesh and colleagues added 10 wt.% silicon
carbide to an aluminum alloy, as well as coconut
shell ash in proportions ranging from 2 wt.% to
10 wt.%. They investigated the optimum tensile
strength and hardness of the AMC material they
produced and revealed that the hardness and
strength were obtained from a composite material
in which coconut shell ash particles were used at a
rate of 8 wt.%. They reported that the fact that
coconut shell ash was more than 8 wt.% caused a
decrease in tensile strength and hardness.?! In
other studies where coconut shell ash has been used
as a reinforcing material in AMCs, it has been
stated that it improves the combustion temperature
and mechanical properties.??2*

In this study, wood ash and wollastonite, which
are considered agricultural waste, were used as
reinforcement materials in different proportions
instead of the traditional ceramic materials in
AA2014 matrix materials. When the production
methods in which agricultural waste is used as
reinforcement are examined, it is seen that many of
them are produced by the casting method. In this
study, for the first time, AMCs were produced by the
powder metallurgy method by using wood ash as a
reinforcement element. Thus, this study will be an
indication that AMCs can be produced using agri-
cultural wastes not only by the casting method but
also by the powder metallurgy method.

MATERIALS AND METHODS

AA2014 pre-alloyed aluminum powders (Nanog-
raphy Nano Technology, Turkey) were used as the
main matrix in this study. The matrix material and
the chemical compositions of CaSiO3 (Izoref Indus-
trial Products, Turkey) and wood ash (Kafkas
Etliekmek, Turkey) used as particle reinforcement
in the production of metal matrix ceramic-rein-
forced composite materials are given in Table I. The
density and particle sizes of the matrix and rein-
forcement particles used in the experimental stud-
ies were AA 2014 alloy (2.80 g/cm?® < 100 um),
wollastanite (2.90 g/em® < 10 ym), and wood ash
(2.50 g/em®, < 5 um).

AA2014 aluminum powders were used as the
metal matrix, and CaSiO3; and wood ash were used
as additional ceramic phase particle reinforcement.
The mixing rates were first determined in the
production of the composite and hybrid materials,
then, the AA 2014 alloy powder without reinforce-
ment was prepared. Following this, the composite
and hybrid experimental sample powder mixtures
were prepared by adding CaSiOj3, wood ash, and
CaSiO3-wood ash in the proportions of 5%, 10%,
and 15% to the AA2014 aluminum matrix alloy
powder, respectively. The powder mixtures,
weighed with Precisa precision scales, were trans-
ferred to a plastic container and mixed for 30 min
with a 3-dimensional Turbula mixer (Turbulo-Wab,
USA). After the mixing process, the powders were
put into a mold and pressed uniformly under 700-
MPa pressure in a 60-ton hydraulic press (Hidro-
liksan, Turkey). They were then sintered at a
temperature of 600°C for 1 h. Using argon gas in
the medium during sintering, swept out the oxygen
from the medium and prevented the oxidation of the
experimental samples. The experimental samples
produced were coded into three different groups (as
WO5, WO10, and WO15, W5, W10, and W15, and,
for hybrid composite material, H5, H10, and H15)
based on the non-reinforced AA 2014 alloy and the
increased wollastonite and wood ash contents. In
order to prevent the samples from oxidation, they
were kept in a vacuum desiccator atmosphere. The
density results were calculated by making three
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Table I. Chemical compositions of matrix and reinforcement powders (%)

Element Al Cu Si Mn Mg Fe ZIn Cr Ti
AA 2014

Rate (wt.%) Balance 1.2-1 0.4 0.3 2.1-2.9 0.5 5.1-5.6 0.18-0.28 0.2
Element CaO SiO, Al,O5 Fe,03
Wollastonite

Rate (wt.%) 48.48 48.52 0.24 0.26

Element Ca K Mg S P Mn In Fe Al Na
Wood ash

Rate (wt.%) 31.35 10.25 7.57 1.21 0.56 0.14 0.08 0.09 0.03 0.06

repetitive measurements for each sample and tak-
ing the arithmetic average. The density measure-
ments for each of the experimental samples were
calculated on a Precisa precision scale by applying
the Archimedes principle. The formula used in the
calculations was:

m
V, -V,

d= (1)
where d = density (g/cm®), m = weight (g), V, = wet
weight (g), and V, = weight in water (g).

In order to characterize the microstructures of
composite materials, the surfaces of the samples
were sanded with 400, 600, 800, 1000, and 1200
mesh sandpaper, respectively. Finally, they were
etched using a Keller etcher. The microstructural
characterization of the experimental samples was
carried out after metallographic examinations. For
this purpose, following the cold embedding process,
the surfaces of the samples taken into bakelite were
sanded with 400, 600, 800, 1000, and 1200 mesh
sandpapers, respectively. After the sanding process,
the surfaces of the experimental samples were
polished with 3-ym and 1-um seals. At the last
stage of metallographic studies, after the sanding
and polishing operations, the experimental samples
were etched using a 5% HF solution. Optical
microstructure examinations of the experimental
samples were performed at different magnification
rates by using a Hardway metallurgical optical
microscope (Hardway Hardness Testing Equip-
ments, China), an SU 1510 scanning electron
microscope (SEM; Hitachi High-Tech, Japan) was
used for the determination of reinforcement element
particles that exhibit distribution within the non-
reinforcement AA 2014 alloy and the matrix struc-
ture, and energy dispersive spectrometry (EDS)
analyses were performed with SEM device. For the
microhardness measurements of the experimental
samples, a Hardway microhardness device (Hard-
way Hardness Testing Equipments) was used, and

the measurements were performed under a load of
HV 0.1. For comparative hardness results, the
average hardness values were calculated by taking
at least three measurements from each sample. The
hardness measurements were carried out at 25°C
room temperature.

The surfaces of the non-reinforced AA 2014
aluminum alloy, composite, and hybrid composite
materials were polished with a 1-um diamond
solution and cleaned with alcohol. In the block-on-
disc wear tests (TurkYus Makina R&D Production
Technologies, Turkey), a 10-N load, four different
sliding distances (100 m, 200 m, and 400 m), and
0.5-m s ! sliding speed were used. The counter
abrasive used in the wear tester was 50 mm in
diameter, of 65 HRC hardness, and made of AISI
4140 steel material. After the wear tests, SEM
examinations were performed for microstructure
analyses of the experimental samples.

RESULTS AND DISCUSSION

In this study, a non-reinforced AA 2014 alloy was
used, and composite/hybrid experimental samples
were prepared by adding CaSiOz; and wood ash
particle reinforcements in different ratios to the
alloy’s main matrix structure. Grain sizes and
shapes of the matrix and reinforcement particles
are important parameters in terms of pressing and
sintering attitudes, especially in terms of porosity
formation.?® The initial SEM images of the matrix
and reinforcement materials used in the study are
shown in Fig. 1.

It can be seen from the SEM images of the matrix
and reinforcement particles in Fig. 1 that the
AA2014 matrix material produced by the gas
atomization method is in the form of spherical
powder (Fig. 1a), while the reinforcement particle
CaSiOj3 has a large-small needle-edged and sharp-
edged shape and morphology (Fig. 1b), and the wood
ash particles have an irregular shape and morphol-
ogy. After the sintering, the density changes of the
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Fig. 1. SEM images of matrix and reinforcement powders: (a) AA2014, (b) CaSiO3, (c) wood ash.
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Fig. 2. Density changes for each sample.

non-reinforced AA 2014 aluminum alloy, which is
the main matrix structure, and the composite/
hybrid experimental samples produced with CaSiO;
and wood ash solid phase particle reinforcements
are shown in Fig. 2.

The Archimedes density value obtained after the
sintering process of the AA 2014 aluminum alloy
was 2.707 g/cm?®. It was determined that the density
values of the composite materials produced by
reinforcing CaSiO3 and wood ash (5%, 10%, and
15%) in different proportions into the AA 2014
matrix material increased by a certain amount
(Fig. 2). When the produced composite materials

were compared, it was found that, with an Archi-
medes density value of 2.720 g/cm?®, the composite
material reinforced with 10% wollastonite was the
material that had the highest density. Due to the
fact that the particle sizes, density values, and
pressability attitudes of the used powders were
different, the final densities of each material dif-
fered from each other, even if the reinforcement
ratios were the same in the composite. It was found
that, in the hybrid composite materials, the density
value showed an increase of up to a 5% reinforce-
ment rate, while in materials with the 10% and 15%
reinforcement rates, the density value decreased. It
was observed that, with an Archimedes density
value of 2680 g/cm?®, the hybrid composite material
containing a 15% reinforcement ratio had the lowest
density value. In general, it can be stated that the
decrease occurring in the density values of the
hybrid composite materials compared to the com-
posite materials is due to the gaps observed on the
bonding/interface surfaces of the AA 2014 alu-
minum alloy matrix material and the ceramic
particles. It can be said that the amount of gaps
observed on the interface increases due to an
increase in the amount of particles and the density
decrease in parallel with this situation.?® Optical
and SEM images obtained after sintering of the non-
reinforced AA 2014 aluminum powder metal alloy
used as a matrix for the production of composite/
hybrid experimental samples are given in Fig. 3a
and b. When both optical and SEM microstructure
images are examined, it can be stated that the
sintering temperature and time (600°C and 1 h) are
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Fig. 3. Optical (a) and SEM images (b) of AA 2014.
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Fig. 4. Optical microscope images of samples: (a) WO5, (b) WO10, (c) WO15, (d) WA5, (e) WA10, (f) WA15, (g) H5, (h) H10, (i) H15.

appropriate in terms of material grain structure and
pore formation. In terms of sintering temperature
and duration, it can be said that the pores are
almost closed and are formed close to a closed and
spherical shape, especially at the grain bound-
aries.?” This situation can be considered as the
completion of sintering, especially in terms of grain
structure and pore formation. The pore shapes
which are mainly spherical or polygonal shapes at
the triple-grain junction points (Fig. 3a, 1, 2), which
are especially sought after in the sintering pro-
cess,?® can be interpreted as completing the sinter-
ing mechanism for this material.

The optical and SEM microstructures of the
composite materials produced in the AA 2014
aluminum metal matrix structure with wollastonite
and wood ash powder particle reinforcement after
sintering are shown in Figs. 4 and 5, respectively.
When the optical microscope images are examined,
it can be seen that, after sintering, the pores of the
AA2014 aluminum alloy are at the grain boundaries
and junction points. It is known that pores remain
in the structure after pressing in parts produced by
the powder metallurgy method, and some of these
pores move into the grain during sintering in terms
of a high-temperature resistance mechanism and
sintering attitude.?® It can be seen that, with the
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Fig. 5. SEM images of samples: (a) WO5, (b

) WO10, (c) WO15, (d) WAS, (e) WA10, (f) WA1S5.
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increase of both wollastonite and wood ash particle
reinforcement phases added to the aluminum
matrix material, the pores are concentrated at the
grain boundary and near the grain boundary
(Fig. 4).

The microstructural distribution of the particle
reinforcements was revealed more clearly, espe-
cially from the SEM images (Fig. 5). When this
situation was evaluated in terms of density values
in the composite materials, it was observed that
there was an increase in the density values of the
wollastonite- and wood ash-reinforced composite
materials containing 10% reinforcement, as opposed
to the formation of pores in the material microstruc-
tures, compared to AA 2014 aluminum alloy without
reinforcement.

When the SEM images of composite/hybrid mate-
rials with the aluminum metal matrix and with
wollastonite and wood ash particle reinforcement
were examined (Figs. 5 and 6), it was determined
that the particle reinforcement geometries and

shapes were mostly distributed at grain boundaries
and more clearly compared to the optical
microstructure images. Compared to the wollas-
tonite-reinforced composite materials, it can be seen
that wood ash exhibits a more suitable distribution
in microstructural terms in the wood ash-reinforced
composites (Fig. 5).

Considering the sintering process in the powder
metal materials and especially the liquid phase
sintering mechanism,*® it was determined that
wood ash mostly exhibited a homogeneous distribu-
tion at the grain boundaries, and a microstructural
formation such as the liquid phase sintering mech-
anism occurred. It can be seen that in both the
composite and the hybrid composite materials the
particle phases exhibit intense clustering or clump-
ing at the grain boundaries due to the increasing
particle reinforcement amounts. When elemental
mapping and microstructure images applied to the
hybrid composite material produced by these two
particle reinforcements were examined (Fig. 7), it
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Fig. 6.. SEM images of samples: (a) H5, (b) H10, (c) H15.
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was found that the chemical compositions repre-
senting the contents of wollastonite and wood ash
(Ca, O, K, and Si) were distributed at the grain
boundaries.

When the hybrid composite SEM images were
examined (Fig. 6), it was determined that the
material grain structure and pore relationship were
negatively affected, especially in the combination of
wollastonite and wood ash. Especially in the hybrid
composite materials produced after the application
of double reinforcement, it was observed that both
wettability and a good interface bond were not
shown (Fig. 6¢), and in parallel with this situation,
the density values also decreased under the increas-
ing particle reinforcement amount.

In order to determine the elemental distribution
definitions in the composite and hybrid composite
materials, the results of SEM and EDS analysis of
the 15%-reinforced hybrid composite material are
shown in Fig. 8. The aim of the EDS analysis is to
determine the elemental percentages in a hybrid
composite material containing a reinforcing ele-
ment. EDS analyses were carried out in this mate-
rial in the form of point and regional analyses from
two different regions. In the EDS analysis, which is
shown as the number 1 region, it was determined
that especially the reinforcement particles settle at
the grain boundaries and there were elemental
distributions such as Fe, Ca, K, Si, and O in
accordance with the material’s chemical composi-
tions. In addition, when the EDS analysis of point
number 2 taken from the material grain structure

was examined, the elemental percentages of Al and
Cu chemicals, which define the AA 2014 matrix
material, were obtained.

The hardness results of the AA 2014 aluminum
alloy and the AA 2014 aluminum matrix composite—
hybrid composite materials are shown in Fig. 9.
When the hardness results given in he figure were
examined, it was seen that, when the AA 2014
aluminum alloy, composite, and hybrid composite
materials were compared, an increase in hardness
values occurred with an increase in reinforcement
particles. Due to the differences in hardness values
exhibited by the wollastonite and wood ash rein-
forcement particles, average hardness values were
obtained in the hybrid composite materials. In the
composite materials produced with two different
reinforcement contents, the wollastonite reinforce-
ment provided a higher hardness increase compared
to the wood ash reinforcement. In particular, the
fact that the hardness increase is high in the
wollastanite-reinforced composite material can be
explained by it including hard reinforcement phases
such as CaO, SiO,, Al,O5, and Fe;03.%! In terms of
all the materials, the highest obtained hardness
value (70.65 HV) was determined in the composite
material with a wollastonite content of 15%. In
addition, the highest hardness increase was also
calculated as 38.52% in this material. Moreover,
this situation can be explained by the fact that hard
particles restrict grain boundary and dislocation
movements, and that these yarticles resist plastic
deformation under pressure.*? 34
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Fig. 7. SEM images and elemental mapping of hybrid (15%) sample.

The weight loss results of the non-reinforced AA
2014 aluminum alloy and composite—hybrid mate-
rials with different amounts of reinforcement con-
tents under a 10-N load are shown in Fig. 10. As a
result of the applied wear tests, it was observed that
particle-reinforced composite materials exhibited
wear rates at lower values. The increased content
of reinforcement particles led to an increase in
hardness, effectiveness at grain boundaries, a
decrease in the contact area between the matrix
and the opposite surface, and an improvement in
wear resistance.®® Thus, it was found that weight
losses are reduced in the composite and hybrid
composite materials produced with increased rein-
forcement ratios compared to the matrix aluminum
alloy. It is known that the wear behavior and weight
losses in materials are affected by factors such as

material grain size, the amount of porosity in the
microstructure, and the strength and hardness
values.?®

During the wear test of the AA 2014 aluminum
alloy and the AA 2014 aluminum matrix composite—
hybrid composite materials, the wear mechanisms
and especially the effects of reinforcement particles
on wear behavior were examined. SEM images of
the non-reinforced AA 2014 aluminum, the compos-
ite containing 15% particle reinforcements, and
hybrid composite materials after wear testing under
the 10-N load are given in Fig. 11. When the wear
surface images are examined, it can be seen that
there are debris and groove formations occurring
parallel to the sliding direction.?”®® It was found
that there were debris, crater, and plastic deforma-
tion zones on the worn surface of the AA 2014
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Fig. 8. SEM image (a) and EDS analysis (b, c) of the hybrid (15%) sample.

aluminum alloy which did not contain a reinforce-
ment. Considering this situation, it can be stated
that the abrasive wear mechanism is exhibited.?%*°
It is known that AA 2014 aluminum material, which
does not have a waste ceramic particle

reinforcement, is subjected to more deformation
than ceramic particle-reinforced materials as a
result of wear testing.*’*?* When the composite
and hybrid composite materials with 15% reinforce-
ment rates are examined in Fig. 11, it can be stated
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Fig. 9. Micro-hardness test results of samples.
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Fig. 10. Wear test results of samples.

that the wollastonite-containing material has low
volume losses (Fig. 10) as well as deep grooves and
exhibits a better wear behavior compared to the
other materials. It can be said that the oxide layers
together with the friction heat generated during
wear, as well as the oxidized phases contained in
the wollastonite content, are effective in the forma-
tion of these grooves.

The wood ash used as reinforcement material in
the study has no commercial value. Since wood ash
is supplied free of charge from factories and ovens
that bake bread on wood fires, some costs such as
transportation of this material have been ignored.
Wollastonite has a unit price just like traditional
reinforcements and this is reflected in the price
analysis. When Fig. 12 is examined, the production
costs of high-cost conventional reinforcement mate-
rials (SiC and B4C) and alternative reinforcement

materials used in this study are compared. For a
clear understanding of the unit price analysis, the
costs of the highest (15%) reinforced composites
were calculated. In the unit price analysis, it can be
seen that the highest price belongs to the B,C-
reinforced composites (358 $/kg). Although the unit
price of SiC-reinforced composites (337 $/kg) is
lower than the B4C-reinforced composites, it is
higher than wood ash (328.1 $/kg) and wollastonite
(328.8 $/kg)-reinforced composite materials.

In addition to the fact that wood ash has no
commercial value, it can be used as a supplement in
materials that allow mixing in the solid phase, such
as AMCs. It also allows a reduction in the raw
material cost, which is important for sustainable
environmental policies, due to the harmless disposal
of this waste generated in bread ovens. Wood ash
and wollastonite reinforcing the AA2014 aluminum
matrix can improve the mechanical properties of the
material such as hardness as well as reducing the
production cost. In this context, similar results were
obtained in terms of hardness value in our previous
study*® with AA2014 matrix reinforced with B,C
and SiC. As a result, this can make waste rein-
forcement materials attractive and can significantly
increase the added value loaded on the waste.

CONCLUSION

AA2014 aluminum alloy, AA2014/wollastonite,
AA2014/wood ash, and AA2014/wollastonite/wood
ash composite-hybrid materials (5 wt.%, 10 wt.%,
and 15 wt.%) were produced using the powder
metallurgy method, and the effects of solid waste
particles on the microstructure, hardness, and wear
behavior were examined. The results obtained can
be summarized as follows:

e Low-cost AA2014/solid particle-reinforced com-
posite—hybrid material combinations can be pro-
duced by the powder metallurgy method.

e In the production of hybrid composites with high
reinforcement amounts of solid particles, accept-
able porosity formations and low density can be
observed.

e Whereas the lowest amount of porosity was
determined in AA 2014 alloy, the highest poros-
ity ratio was determined in the AA2014/wollas-
tonite/wood ash hybrid material with 15%
particle reinforcement.

e The addition of solid waste particles increased
the hardness and wear resistance. The best
hardness and wear behavior were determined
in AA2014/15% wollastonite composite material.

e The addition of solid waste particles with
ceramic content to the aluminum matrix mini-
mized volume losses while improving the wear
resistance of the material.

e It can be recommended that, in addition to
traditional ceramic particles, AA2014/solid par-
ticle-reinforced composites can be used in appli-
cations where wear resistance is desired.
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Fig. 11. SEM images of sample worn surfaces: (a) AA 2014 alloy, (b) WA15, (c) H15, (d) WO15.
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