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ABSTRACT

The aim of this work is to investigate the variations in microstructure, hardness, wear and
surface roughness between as-cast and heat treated trace elements added A356 alloy. Alloy
A was prepared by adding 1wt.% magnesium to A356 alloy which was used as the base
material for the preparation of alloys with zinc (Zn) and copper (Cu) particles as alloying ele-
ments. Other set of samples was fabricated where Cu-coated Zn and Cu were added as rein- Microstructure: surface
forcements to base matrix A. The microstructural analysis indicated that the addition of Zn characterizatioln; aluminum
to A356 as an alloying element had a limited effect on controlling the grain size during alloy
solidification compared to Cu. The addition of Cu as reinforcement resulted in a higher pro-
portion of pro eutectic a-Al phase, leading to finer grain boundaries. Micro-polishing test
was conducted on the alloys and composites by determining the surface roughness (Ra)
value using profilometer to study the changes in surface roughness under individual load
conditions of 20 and 40 N. In the as-cast condition, the addition of Cu increased the hard-
ness by 39% and 58% over the base alloy, respectively. Age-hardening treatment signifi-
cantly enhanced the wear resistance properties of unreinforced alloys and composites at
both aging temperatures, especially at 100°C. Composite samples exhibited excellent sur-
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face finish (lower surface roughness) compared to alloy samples, attributed to the presence Metals & Alloys; Materials

of hard reinforcement particles.

Introduction

The revolution of composites as an important class
of materials for humankind has shown remarkable
results in tracking the background and history of
composites, from the ancient natural category to the
development of modern synthetic materials such as
fiberglass. The components of composites have been
studied, highlighting the presence of reinforcement
phases embedded within matrix materials such as
metals or polymers (Hunt, 2000; Davis, 2001). By
focusing specifically on metal matrix composites
(MMCs) and emphasizing the use of metals such as
aluminum (Al) alloys as matrices, it is possible to bal-
ance the specific strength and surface characteristics
(Nithesh et al., 2023; Miyajima & Iwai, 2003; Kashimat
et al., 2023). Moreover, it is necessary to explore the

Processing; Manufacturing
Engineering

significance of alloying elements and reinforcement
materials, particularly copper (Cu) and zinc (Zn) pow-
ders, which contribute to the precipitation hardening
process that strengthens the alloy and composites.
Coatings play a vital role in enhancing the perform-
ance of composites, and in contrast, the aging
dynamics of composites at high temperatures are
accelerated compared to Al alloys used as matrices
(Zhang et al.,, 2015; Mandal et al. 2008; Bhav Singh
and Balasubramanian, 2009). The presence of high-
density dislocations in composites leads to the faster
development of new phases through thermal proc-
esses. Several researchers have attempted to study
the effects of Cu and Zn addition to AI-Si alloys.
Shabestari and Moemeni (2004) studied the micro-
structure and mechanical properties of A356 alloys
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with Cu contents varying between 0.2 and 2.5 wt.%.
They found that adding 1.5 wt.% Cu improved mech-
anical properties, with high cooling rate significantly
increasing the strength and hardness values. Cai
et al. (2016) found that an increase in Cu wt.% to Al-
Sip strengthened the composite, increasing hardness
and wear resistance. However, up to 2wt% Cu
increased mechanical properties, while further
increase decreased the properties. Yadav and Bauri
(2015) studied the friction stir casting method for
high-solubility Cu reinforcement in a pure Al matrix,
revealing an improved strength, ductility and ther-
mal stability above 300 °C. Saito et al. (2014) investi-
gated the effect of adding Zn to Al-Mg-Si alloys
and analyzed their microstructure and intergranular
corrosion behavior. The results showed minor
increases in hardness and increased needle-shaped
precipitates; however, no precipitates were found in
the Al-Zn-Mg alloy system. The Zn-rich layer
increased sensitivity to intergranular corrosion.
Alemdag and Beder (2014) found that the addition
of Zn to Al-7Si-(0-5) Zn alloys increased the size and
volume fraction of the primary Si particles, forming
an o-solid solution and increasing the tensile
strength, hardness and density. However, increasing
the Zn content in the Al-12Si-Cu alloy increased the
ductility, hardness and tensile properties but
decreased the friction and wear rate (Alemdag and
Beder, 2019). The aim of this study is to investigate
the variations in the surface roughness, hardness
and microstructure of as-cast and heat-treated A356
alloys and composites. The properties were studied
with trace additions of Cu and Zn as alloying ele-
ments, and Cu-coated Zn and Cu as reinforcements
to the A356 alloy. The novelty of this work is the
addition of a lower melting point reinforcement (Zn)
into the matrix and efforts to explore the dual role
(alloy and reinforcement) of Cu and Zn in property
enhancement.

Experimental details

This study used A356 alloy ingots purchased from
Laxmi Metal Exchange, Coimbatore and Mg, Zn and
Cu powders were procured from Siltech Corporation,
Bangalore. Chemical analysis on the procured mater-
ial was done according to ASTM E-1521-2011 stand-
ards and particle size analysis revealed average
particle sizes of Cu and Zn as 9.33 and 33 pum,
respectively. The experimental procedure involved
melting the A356 ingots at 750°C in an electric
resistance furnace, followed by the addition of
1wt.% Mg to increase age-hardening characteristics

and wettability. Molten metal was poured into pre-
heated molds to form as-cast alloy A bars, which
served as the foundation for the subsequent alloys
and composites, including Cu and Zn additions.
Alloy A1 was prepared using the mechanical stir-
casting method, by adding 0.5wt.% Zn and Cu par-
ticles each as alloying elements. After degassing, the
alloy was transferred into the prepared molds to
form as-cast A1 alloys. The same technique was used
for the preparation of the as-cast A2 alloy with
1wt.% Cu addition as alloying element without Zn.

The C1 composite was fabricated using alloy A as
the matrix and adding 0.5wt.% Cu-coated Zn and
Cu as reinforcements using a two-step liquid-stir-
casting technique. To maintain the distinct identity
of Zn in the composite, a Cu coating with a thick-
ness of 10-12 um was applied using electrolytic Cu
coating technique, ensuring that the Zn particles
remained intact despite the low melting point of Zn
(480°C). The process involved melting Alloy A in a
graphite crucible at a uniform temperature of 750°C.
The melt was then allowed to cool to 600°C to form
a semisolid state. At this stage, continuous stirring at
150-200RPM was used to introduce the preheated
Cu into the vortex. The molten metal and reinforce-
ments were stirred to uniformly disperse them, and
the temperature was raised to 750°C with continu-
ous stirring at 400 RPM. The molten alloy was poured
into preheated molds to obtain the as-cast C1 com-
posite. The same procedure was used for C2 compo-
sites with 1wt.% Cu addition as reinforcement
without Cu-coated Zn. Table 1 shows the designa-
tions of the alloys and composites along with
respective compositions used in this study. Figure 1
shows the stir casting setup used for the fabrication
of alloys and composites with trace amounts of Cu
and Zn.

The age-hardening treatment of the A356 alloy
and its composites involved solutionizing the mater-
ial at 550°C for 2h, followed by water quenching.
This process dissolved the harder Mg,Si intermetallic
phase, forming a homogenous single-phase matrix.
The material was then aged at 100°C and 200°C to
encourage the precipitation of the Mg,Si phase
along with the precipitation of other intermetallics,
resulting in material strengthening. This process
removes the continuous network of Mg,Si precipi-
tates along the grain boundary and spreads the
same as discrete particles in both the grain bound-
ary zone and within the grain (Sidney, 2004).
Hardness measurements were performed at hourly
intervals to determine the peak hardness value of
the sample.



Table 1. Designations used in this study.
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Material (wt%) Designation Type
A356 + 1% Mg alloy A Alloy
A+0.5% Zn + 0.5% Cu alloy (Zn and Cu as alloying element) Al

A+ 1% Cu alloy (Cu as alloying element) A2

A+ 0.5% Cu-coated Zn + 0.5% Cu composite (Cu-coated Zn and Cu as reinforcement) 1 Composite
A+ 1% Cu composite (Cu as reinforcement) (@)

Stir casting

Figure 1. Experimental setup used for the preparation of alloys and composites.

Cubic specimens from the as-cast alloys and com-
posites were polished, buffed and etched using
Keller's reagent to analyze the microstructural
changes. An inverted metallurgical optical micro-
scope and a scanning electron microscope (SEM)
equipped with Energy Dispersive X-ray microanalysis
(EDX) were used to examine the microstructure and
distribution of the reinforcing particles. A Matzusawa
Vickers microhardness tester was used to measure
the hardness of both the as-cast and age-hardened
A356 alloys and composites with a load of 200 gmf
and dwell time of 15s. An average value of five con-
current hardness values was used to determine the
hardness values, rejecting abnormal values.

A dry sliding wear test was conducted on a pin-
on-disc tribometer according to ASTM G99 standards
at an applied load of 60 N and sliding distance up
to 3000 m. A specimen diameter of 8 mm was con-
sidered for the wear test, and the cumulative weight
loss for each specimen was recorded at regular inter-
vals of 500 m sliding distance. The test conditions
are listed in Table 2. The wear rate W, (mm?3/m) was
obtained using Equation (1).

wr = Am M
Sxp
where Am - weight loss (mg) = Initial weight -

Final weight
S - sliding distance (m) and p - experimental
density.

Table 2. Test conditions for wear test.

Disc material EN-31 steel, 65 HRC
Disc size ®100mm x 6 mm thickness
Speed 200 RPM

Wear track diameter 60 mm

Testing environment Dry sliding

Load 60 N
Sliding distance 0-3000 m
Initial surface roughness of pin 0.9 um

A micro-polishing test was conducted on A1 and
A2 alloys and C1 and C2 composites, comparing them
with base alloy A. Test specimens were machined
using the wire-EDM process, loaded into an automatic
pneumatic mounting press, and Bakelite powder was
added to form a mold. The mold was loaded onto the
micropolishing holder using a metallographic grind-
ing and polishing machine. The test specimens were
polished on emery paper and finely polished using a
diamond suspension. Individual loads of 20 and 40 N
were applied to study the surface roughness changes.
The surface roughness (Ra) was measured using a
Surtronic 3+ profilometer with a sampling length
of 4mm.

Results and discussion
Microstructure

The optical microstructure images of alloy A (A356)
revealed several features, showing a-Al phase distrib-
uted throughout the base alloy, including a refined
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microstructure with a finer eutectic colony and a
well-dispersed pro-eutectic Al phase, particularly
along the grain boundaries. Figure 2 shows the
optical microstructure images representing the grain
size and distribution of the phases. The grain size of
the as-cast A1 alloy was larger than that of the A356
alloy without the addition of Zn and Cu, which could
be related to the lower melting temperature of Zn.
The presence of the pro-eutectic phase shows the
importance of these alloying components in the final
microstructural features of the A356 alloy, which
affect mechanical properties, such as strength, ductil-
ity and wear resistance. The distribution of both
eutectic and pro-eutectic phases in the A2 alloy is
remarkable, resulting in a homogeneous distribution,
which results in favorable material characteristics,
such as enhanced strength, ductility and overall
mechanical performance. The as-cast composite C1
showed moderate grain size structures; in contrast,
the C2 composites showed a very fine grain struc-
ture, as shown in Figure 2. As the number and quan-
tity of reinforcements increases, grains are becoming
finer to increase heterogenous nucleation sites for
the precipitation of stretching phases during con-
trolled heat treatment. Accordingly, Cilgrains are
finer than A1 and A2. C2 is still finer than the
remaining specimens as seen in Figure 2. These fine
grains resulted from a large temperature mismatch
between Cu and alloy A. Comparing the respective
composites and alloys, the alloy category showed a
larger grain size structure. Figures 3 and 4 show the

Al

distribution and confirmation of the reinforcements
in the C1 and C2 composites. The reinforcement dis-
tribution appeared homogeneous across the
specimens.

Hardness variation

This study investigated the Vickers microhardness
variation of alloy A with respect to the trace addi-
tions of Zn and Cu as alloying elements and rein-
forcements. Figure 5 depicts the increase in
hardness values for the A1, A2, C1 and C2 samples.
This increase in hardness was attributed to the dif-
ferences in the size and shape of the eutectic Si par-
ticles, as well as the formation of wvarious
intermetallic phases. Compared to base alloy A, the
hardness value increased by 16% and 39% in A1 and
A2 alloy. With composite samples C1 and C2 having
higher hardness values than the comparable alloys
A1 and A2, Zn incorporation had a minimal effect on
the improvement in hardness.

The hardness of the A356 composites was
enhanced by 28% when 0.5wt.% Cu coated Zn and
Cu was added to alloy A and 58% when 1wt.% Cu
reinforcement was added alone. But 0.5wt% Zn
addition did not contribute much as a solid-state
strengthening phase and there was not enough
wt.% of Mg and Zn available to create the necessary
MgZn, intermetallic phase. Overall, 1wt.% Cu-rein-
forced composite (C2) showed a significant increase
in hardness value.

Figure 2. Optical microstructure images of alloys and composites at 100X.
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Figure 3. Reinforcement confirmation in C1 composite using EDX.

Effect of aging (T6) condition

The peak hardness values of the alloys and compo-
sites at different temperatures are presented in
Figures 6 and 7, respectively. It was found that the
hardness value increased with increasing aging time
until the peak-aged condition. The addition of Cu
was found to be responsible for the increase in the
hardness value during the solutionizing and peak
aging states, hence improving the solid solution
strengthening of A356. By producing Mg,Si interme-
tallic phases, the intentional addition of 1 wt.% mag-
nesium increased the wettability in composites and
strengthened A356 during solid solution. Addition of
0.5wt.% Zn did not significantly affect the hardness
improvement at peak aged condition, however the
time required to attain peak aged condition
decreased with increasing Cu wt.%. A lower aging
temperature (100°C) resulted in higher peak hard-
ness values, although a longer time was required to
achieve peak hardness than at 200°C. Aging at
200°C produced two peaks for each sample, the first

of which had a lower hardness value than the
second peak. The decreasing trend of the hardness
value remained stable and did not increase after
peak aging (2nd peak). This was due to the metasta-
ble transition state of the unevenly sized growing
embryo into stable intermetallics, which resisted dis-
location movement (Sidney, 2004). The GP zones ini-
tially formed homogeneously within the matrix, but
the metastable phases resisted dislocation move-
ment, resulting in a transient slowdown in the
strengthening process at the first peak. The 0 phase
(Al,Cu) exhibited greater hardness before peak
aging. However, metastable phases may not have
grown or may have been too small for effective dis-
location interactions (Rajan et al., 2010).

Wear

Tribological applications require alloys and compo-
sites with low friction coefficients, high wear resist-
ance and the ability to sustain heavy loads without
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Figure 4. Reinforcement confirmation in C2 composite using EDX.
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Figure 5. Hardness values of the alloys and composites.

breakdown, distortion or fracture. A number of exter-
nal factors, such as alloying elements, mechanical
deformation and heat treatment, may influence the
specific strength and wear resistance of a material.
Wear resistance is also influenced by working condi-
tions such as temperature, sliding speed, sliding

distance and applied load. Figures 8 and 9 show the
variation in the wear rate (W,) against the sliding dis-
tance for the as-cast and heat-treated samples at a
load of 60N. The wear resistance of the A356 alloy
was improved by the addition of reinforcement or
alloying elements. The addition of Cu may have
resulted in greater wear resistance in the A2 alloy at
higher sliding distances. Under as-cast conditions, W,
in the A2 alloy was observed in the range of 2.3-
9.3*10™> mm>/m with increasing sliding distance.
However, after age hardening treatment, W, in the
A2 alloy was significantly reduced to 0.5-
4.4*107> mm?>/m. Similarly, the 100°C peak-aged C2
composites showed a W, of 0.4-4.3*10"> mm3/m.
Samples that were peak-aged at 100°C exhibited
reduced wear, with Cu addition being responsible
for the highest wear resistance in the respective
alloy and composite categories. At an applied load
of 60N, the wear of composites C1 and C2 increased
slightly owing to the increased plastic deformation,
which led to wear particles. The presence of hard
reinforcements in the C1 and C2 composites
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supports the contact stresses and prevents high
plastic deformation and abrasion between the con-
tact surfaces. The C2 composite showed better wear
resistance even at higher loads and sliding distances,
possibly owing to the addition of Twt% Cu

reinforcement to alloy A. Age hardening treatment
improved wear resistance properties in unreinforced
alloy A and its composites.

The measured friction and normal forces were
used to calculate the coefficient of friction. The test
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Wear rate vs Sliding distance of as-cast samples
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Figure 8. Wear rate graph of as-cast alloys and composite at applied load of 60 N.
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Figure 9. Wear rate graph of peak aged alloys and composite at applied load of 60 N.

results showed that there was an initial phase in
each case, during which the coefficient of friction
significantly dropped, followed by a stable state with
almost constant friction. At a load of 60N, Figures
10 and 11 show the coefficient of friction against
the sliding distance curves for the as-cast and peak-
aged alloys and composites. Under the as-cast

condition, the lowest average coefficient of friction
of roughly 0.74-0.78 was found in the respective
alloy category, whereas the average coefficient of
friction of the composites was 0.32-0.42. The com-
posite samples showed significantly lower coeffi-
cients of friction than the respective alloy categories.
The development of a mechanically mixed layer



(MML) lowered the friction between mating surfaces,
which could be the cause of the observed trend.
Wear debris may have resulted from MML disruption
as the load increased.

Comparison of surface roughness value

Micro-polishing is a finishing technique that employs
fine abrasive particles to smooth and refine the surface
of a material (Khomamizadeh & Ghasemi, 2004). This
can reduce the surface roughness of the A356 alloy by
removing imperfections and burrs, thereby improving
the surface finish and corrosion resistance. The surface
roughness (Ra) varies according to the applied stress,
with increasing load resulting in surface compression
and decreasing roughness (Bhattacharjee et al., 2014).
The Ra values of the prepared alloys and composites
were determined in the as-cast and heat-treated condi-
tions under load conditions of 20 and 40 N.

Figures 12 and 13 show the surface roughness (R,)
value of alloys and composites at 20 and 40 N. Under
the load condition of 20 N, as-cast alloy A exhibited the
highest Ra value of 0.82 um, whereas as-cast alloys A1
and A2 showed Ra values of 0.76 and 0.7 um, respect-
ively. The surface roughness of alloy A may have been
affected by the applied load, leading to the plastic
deformation and increased roughness. In contrast, the
addition of a small quantity of Cu (0.5wt.% in A1 and
1wt.% in A2) reduced the Ra value, resulting in better
surface roughness under both as-cast and lower load

C.O.F vs sliding distance of as-cast samples
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S =2 = = e = e @
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conditions. The Ra values of as-cast alloys A, A1, and A2
decreased to 0.8, 0.7 and 0.66 um, respectively, as the
applied load increased from 20 to 40 N. Increased plas-
tic deformation may be the cause of the decrease in
surface roughness under higher loads, which could
lead to an uneven and more irregular surface with a
lower Ra value. The alloy deformed and strengthened
with an increase in load, improving the surface quality.
Under a load of 40N, as-cast alloy A2 displayed the
lowest Ra value of 0.66 pm.

The Ra values were significantly lower for the
100°C peak-aged samples than for the as-cast sam-
ples under similar loading conditions. Peak aging
strengthens and hardens the alloy, reducing its sus-
ceptibility to plastic deformation and resulting in
smoother surfaces. Aging of the alloys and compo-
sites produced smoother surfaces by refining o-Al
and eutectic Si. Alloys A, A1 and A2 had Ra values of
0.4, 0.32 and 0.27 um respectively, at peak-aged con-
ditions at a load of 40 N.

Comparatively, composite samples C1 and C2
exhibited even lower Ra values under the studied
conditions. Under a 20N load, as-cast C1 and C2
composites showed Ra values of 0.5 and 0.39 um,
respectively, while under a 40N load, the Ra values
decreased to 0.43 and 0.39 pum, respectively. The
lower Ra values in composites C1 and C2 compared
to alloys A1 and A2 can be attributed to the com-
bination of hard reinforcement particles, which
deform more during micropolishing. The hard Cu

—a— A
—o— Al
—hA— A2
—v—C1
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R
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I d I ' I
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Figure 10. C.O.F graph of as-cast alloys and composites at applied load of 60 N.
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C.O.F vs sliding distance of 100°C peak aged samples —%—A
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Figure 12. Surface roughness R, value of alloys and composites at 20 N.

and Cu-coated Zn particles in the composites act as
abrasive agents, smoothing the surface and leading
to more deformation during micropolishing, further
reducing the surface roughness.

Conclusions

Age-hardening treatment at 100°C significantly
improved the peak hardness and wear resistance of

all alloys and composites, thereby reducing the
chances of plastic deformation and resulting in
smoother surfaces. The conclusions are summarized
as follows:

e The successful incorporation of Cu-coated Zn par-
ticles into the A356 alloy through a two-step stir
casting process demonstrated the feasibility of
using a lower melting point reinforcement (Zn) in
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Figure 13. Surface roughness R, value of alloys and composites at 40 N.

a higher melting point matrix to fabricate A356
composites.

Microstructural analysis indicated that although
the addition of Zn to A356 as an alloying element
had a limited effect on controlling the grain size
during solidification, the addition of 1wt. % Cu as
an alloying element resulted in a higher propor-
tion of pro eutectic a-Al phase, leading to finer
eutectic colony of Al-Si. As the number and
quantity of alloying elements/reinforcements
increases, grains are becoming finer to increase
heterogenous nucleation sites.

The addition of 1wt.% Cu as an alloying element
to A356 alloy resulted in a maximum hardness of
75 VHN, while in the as-cast composites, the max-
imum hardness of 85 VHN was achieved with the
addition of 1wt% Cu reinforcement to A356
alloy. Moreover, the hardness distribution along
the surface of the as-cast alloy and composite
was found to be uniform, with a difference of
+3 VHN.

The addition of 1wt.% Cu exhibited maximum
wear resistance in the corresponding alloy and
composite categories. The age-hardening treat-
ment significantly enhanced the wear resistance
properties of unreinforced alloy A and its
composites.

The addition of small quantities of Cu to alloys
A1 and A2 resulted in better surface roughness
under lower load conditions, highlighting the

importance of alloy composition in surface quality
improvement.

Peak aging at 100°C significantly improved the
surface roughness of all the alloys by increasing
their strength and hardness, thereby reducing the
chances of plastic deformation and resulting in
smoother surfaces.

Composite samples C1 and C2 exhibited excellent
surface finish (lower surface roughness) compared
to alloy samples A1 and A2, attributed to the
presence of hard reinforcement particles that act
as abrasive agents, smoothing the surface and
causing more deformation during micropolishing.
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