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Abstract

In this investigation, two distinct composites were pro-
duced using the liquid metallurgy vortex-route method with
an aluminum AA6013 matrix and 0.5% and 1% nano-Al,O3
reinforcement by weight. The effects of nano-Al,Oj; cera-
mic particles added into the AA6013 alloy to increase the
hardness and strength of the composite were investigated.
Samples for welding were prepared from cast composite
materials with dimensions of 250 x 110 x 60 mm. The
obtained specimens were joined via butt welding at 110-A
and 120-A current intensities, and at a constant speed of
400 mm/min by cold metal transfer (CMT) and pulse multi-
control (PMC) welding methods. Using the use of micro-
and macrostructural evaluations, hardness measurements,
and tensile testing, the impacts of each welding parameter

on the mechanical characteristics and weld structure of the
cast composites were examined. The composite material
with 0.5% nano-Al,O3 reinforcement that was joined at
120 A utilizing the CMT process achieved the highest
tensile strength value at 96.6 MPa. At 110-A and 120-A
welding current values, 0.5% reinforced composite
demonstrated the maximum strength in both welding
techniques.

Keywords: nanocomposite, Al,O3, cold metal transfer
(CMT) welding, pulse multi-control welding (PMC),
aluminum matrix composite, mechanical properties

Introduction

Modern materials technology enables the creation of
components and systems that are significantly faster,
lighter, more flexible, and more robust. With traditional
materials, it is often difficult and even expensive to create
parts that combine strength and lightness in a single
material. This issue can be effectively addressed with
composite materials, designed to overcome these chal-
lenges. Since reinforcement ratios and sizes, as well as the
matrix material and reinforcement material types, can be
altered, there is no limit to the variety of materials that can
be produced by adding ceramic, polymer, and metal rein-
forcements to polymer, ceramic, and metal matrices.
Within this broad material family, metal matrix composites
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in mechanical load-bearing applications and aluminum as a
metal matrix composite (MMC) material come to the
forefront. The 6xxx series aluminum alloys offer superior
corrosion resistance compared to the traditionally widely
used 2xxx and 7xxx alloys, and they are cost-effective. In
addition to these properties, aluminum is an excellent
matrix material for metal matrix composites due to its high
formability and weldability. The most popular reinforce-
ment materials used in MMC materials are Al,O3 and SiC.
Aluminum matrix composite (AMC) reinforced with Al,O3
and SiC particles has advantages such as higher creep and
wear resistance, as well as a higher strength-to-weight ratio
compared to unreinforced aluminum alloy.'

Nanocomposites are created using reinforcement materials
that are nanoscale in size. Studies show that nano-sized
reinforcement reduces the grain size of the composite due
to its high surface area/volume ratio, and thus, higher
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mechanical properties can be achieved by adding less
reinforcement material. As an example, the mechanical
properties of AMCs reinforced with 10% Al,O; and 10%
SiC by volume of microscale reinforcements were inferior
to those of AMC reinforced with only 3% by vol. Al,O3
nanoparticles.>*

Both liquid-state/fusion and solid-state welding methods
can be used to join AMCs. During the fusion welding
process, some problems that could result in low weldabil-
ity, solidification cracking, or breakdown of ceramic par-
ticles could happen.’ This is why solid-state welding
techniques like friction stir welding (FSW) have been
preferred and used for MMCs. By inserting various rein-
forcement materials, such as Al,O5;, TiC, B4C, and SiC
onto various aluminum alloy matrices, such as AA 7005,
7075, and 6063, the weldability and mechanical properties
of composites were investigated."® Nanoparticles are
generally not put into the composite and are transported to
the welding area, that is, to the weld seam, during the
welding process. The process is called nano-doped alu-
minum FSW joints. Using the FSW method, Bahrami
et al.® joined an AA7075/SiC nanocomposite. They
obtained improved interfacial properties between the
matrix material and the reinforcing material as well as a
76.1% improvement in tensile strength. In the study of
Bodaghi and Dehghani,’ it was found that the addition of
SiC nanoparticles causes a considerable grain refinement of
the welds in the AA5052/nano-SiC FSW application. In
contrast with TiO, nanoparticles, Al,O3; nanoparticles
demonstrated a fine recrystallized grain structure in the
welding area in the work by Singh et al.'” In comparison
with the unreinforced welded material, the inclusion of
nanoparticles boosted the material’s microhardness, tensile
strength, and wear resistance.

Solid-state welding exhibits superior metallurgical quali-
ties. In contrast, it has drawbacks, including being unsuited
for mass production, facing application challenges, having
low efficiency, a lengthy welding process, and requiring a
high initial investment cost.'® Due to their advantages over
other joining techniques, such as suitability for mass pro-
duction, affordability, lack of part limitations during the
welding process, and a quick welding process, liquid-state
welding techniques such as tungsten inert gas (TIG), metal
inert gas (MIG), and laser techniques have been widely
used in the industrial sector. However, when welding of
AMCs reinforced with ceramic particles using these
methods, several unfavorable circumstances may arise due

to the high heat input creation in the weld pool and the
substantial thermal expansion of aluminum.'"'?

In fusion welding processes, welding voltage, current, and
pulse parameters impact on the heat input and droplet
transfer. Controllable heat input is provided by the pulsed
power supply, which has been in use for almost 60
years.”'? The pulse multi-control (PMC) welding method
is a gas metal arc welding technique, which is based on the
control of pulsed metal transfer and creates less heat input
in the weld area compared to methods such as MIG and
MIG-pulse methods.'*'* Also, with a digitally controlled
wire feeding system, the cold metal transfer (CMT)
method, which controls material deposition and generates
low heat input, can be used to weld aluminum without
these drawbacks. CMT may also be utilized to weld various
metals and thicker materials.'"> The PMC and CMT pro-
cesses offer alternatives for materials that are difficult to
weld due to needed high heat input, such as AMCs. In this
area, addressing the part shape and size limitations that are
considered disadvantages associated with FSW, researches
are ongoing on liquid-state welding methods for joining
AMC:s. These methods can be used to prevent the devel-
opment of undesirable microstructure and precipitates
caused by high heat input.

For this purpose, in this study, nano-Al,O; reinforced
AMC material was produced by vortex-route method and
welded via PMC and CMT welding methods using dif-
ferent welding currents. AA6013, which stands out in terms
of toughness and strength compared to other 6XXX series
alloys, was used as the matrix material. The microstruc-
tures, hardness, and mechanical properties of welded
composite samples were investigated.

Material and Methods

In this study, the vortex-route casting method was used to
create two distinct composites with an aluminum AA6013
matrix and 0.5% and 1% nano-Al,O; reinforcement by
weight.

AA6013 alloy exhibits good corrosion resistance and is
well-suited for welding, heat treating, and forming, making
it versatile for various applications. Table 1 provides
information about the chemical composition of the alloy.
The hardness value of the heat-treated and forged alloy is
149 HV, with tensile (Rm) and yield (Re) strengths of 379

Table 1. The Chemical Composition of the 6013 Alloy

Element Si Fe Cu Mn

Mg Cr Zn Ti Al

in wt. (%) 0.82 0.50 0.95 0.63

0.96 0.10 0.25 0.10 Bal.
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and 359 MPa, respectively. The alloy finds common usage
in rollerblade parts, hydraulic applications, valves, ABS
brake systems, and machine parts.'® In this study, the alloy
was produced by casting to investigate the effects of nano-
Al,O5 reinforcement on weldability.

Al,O3 is a ceramic material known for its high-temperature
resistance. Its high modulus of elasticity and hardness
make it a preferred reinforcing element in composite
materials designed to operate at elevated temperatures
where wear resistance is crucial.'” In this study, 15-nm
nano-Al,O; powder with 99.5% purity was utilized as a
reinforcement material.

To produce the AMCs, the AA6013 aluminum alloy was
heated in the casting furnace up to 750 °C in stainless steel
crucibles, each used separately for different mixing ratios,
followed by slag removal. The nano-Al,0; powder
underwent heating in an electric furnace at 200 °C for an
hour before being added to the molten AA6013 alloy in the
casting furnace. Initially, the weight of the aluminum alloy
was calculated and placed into the crucible. A 5.5-kg
amount of AA6013 alloy was added to the furnace. The
quantity of aluminum material to be melted was deter-
mined by adding the ingate volume to the model volume of
the wooden model (dimensions of 250 x 110 x 60 mm)
used in the sand mold, accounting for potential losses.
Subsequently, the amount of reinforcement material was
calculated and weighed as 27.5 g for a 0.5% reinforcement
and 55 g for a 1% reinforcement ratio, utilizing a precision
balance based on the weight ratio. A stainless steel stirrer
was used for an hour in the casting furnace to ensure a
homogenous mixture comprising the molten aluminum
alloy and the reinforcement material (Figure 1).

Figure 1. The furnace used in casting process.
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Green-sand molds were prepared for casting of the com-
posite materials. Preliminary casting experiments were
conducted on the design of the green-sand mold to observe
and address issues such as solidification, formation of
internal hollow structures, porosity, and mold filling chal-
lenges. Various model sizes, ingates, and risers were
employed in these experiments (Figure 2). As a result of
these studies, a mold design without riser was selected and
used in the production of composites (Figure 3).

To prepare the welding samples, the ingates of the
250 x 110 x 60-mm cast composites were initially cut,
and the rectangular prism-shaped ingots were mounted on a
milling machine. All surfaces were cleaned by removing
5-mm chips for each surface. Composite materials rein-
forced with 0.5% and 1% nano-Al,O5; were sliced into
dimensions of 3.5 x 100 x 50 mm, and samples were
prepared for the welding process (Figure 4).

All surfaces of specimens were cleaned from cutting oil
and chip dust, and then, the burrs from the cutting process
were removed with felt. The samples prepared at a thick-
ness of 3.5 mm and were butt-welded via CMT and PMC
welding methods at Fronius International Company in
Istanbul. A 1.2-mm diameter ER5183 (AIMg4.5Mn)
welding wire was used in the welding process. The selec-
tion of welding wires took into account the chemical
composition of AA6013. Argon gas was used as shielding
gas at a flow rate of 12 I/min. The chemical composition of
the wire used is provided in Table 2.

For each of the CMT and PMC welding methods, welded
joints were conducted at two different current intensities,
110 and 120 A. Welding operations were carried out at a
constant speed of 400 mm-min~'. The heat input (H.L.)
(J-mm™"), generated during the welding process, was cal-
culated according to Equation (1).'® Welding parameters
for all samples are given in Table 3, and welded specimens
are shown in Figure 3.

HI=(60-1-V)/(FR)-n(J -mm") Eqn. 1

where I: Current strength (Amps), V: Voltage (V), n: Arc
efficiency, FR: Feed rate (mm-min™"), and n (arc efficiency)
is considered to be 0.8 for both CMT and PMC methods.'®

The sections from the welded nanocomposites were cut and
subsequently polished with diamond paste for investiga-
tions regarding the macrostructure and microstructure
studies of the composite materials. Finally, Keller fluid was
used for the etching process. Microstructures were exam-
ined with a microscope in the Pamukkale University
Mechanical Engineering Metallography Laboratory.
A Schottky field emission scanning electron microscope
(FESEM) operating in high vacuum mode (HV) (<107
mbar) in ILTAM (Pamukkale University Advanced



Figure 4. Cutting of cast composite material.

Material Research Center) was employed to characterize
the welded and unwelded composites.

Phase analyses of the welded nano-Al,O; reinforced
composites were performed at Afyon Kocatepe University
Technology Application and Research Center (TUAM)
using a x-ray spectroscopy (XRD) Bruker D8 Advance
diffractometer.

Tensile test specimens were formed by cutting flat bar
specimens with dimensions of 3.5x20x140 mm from each
welded composite in accordance with the DIN EN ISO
6892-1 standard'®. Figure 5 illustrates the welded plates
(a) and the tensile test specimens (b) cut from them. Ten-
sile tests were conducted at a speed of 20 mm-min~" on a
30-ton tensile test device.

Sample hardness values were determined at 12 different
points, covering the middle of the weld zone, heat-af-
fected zone (HAZ), and base material. The measurements
were conducted under the conditions of a load application
time of 5 seconds and a load of 200 grams (HV 0.2)
(Figure 6).

Experimental Results

Tensile Test Results

The tensile test results of unwelded cast AA6013,
AA6013+ 0.5% nano-Al,O3, and AA6013+ 1% nano-

Al,O3 materials are presented in Table 4. The Rm value of
the AA6013 alloy in its as-cast form was determined as
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Table 2. The Chemical Composition of ER5183 Welding Wire

Element Al Si Mg Mn Fe Cr Cu Zn Ti

% in wt. Bal. <04 4.3-5.2 0.5-1.0 <04 <0.05 <0.1 <0.25 <0.15

Table 3. Welding Parameters

Material Current (A) Heat input Speed (mm-min™") Wire
(kJ-mm™)
CMT PMC
AA6013+ 0.5% nano-Al,O3 110 0.15 0.24 400 ER5183
AA6013+ 1% nano-Al,O3
AAB013+ 0.5% nano-Al,O3 120 0.17 0.26

AA6013+ 1% nano-Al,O3

Figure 5. Welded plates and obtained tensile test specimens.

Table 4. Tensile Test Results of Unwelded Specimens

Figure 6. Hardness measurement.

83.73 MPa, and the Re value was 67 MPa. As mentioned in
Section “Material and Methods,” these values are lower
than the values of the same alloy produced under forged
and heat-treated conditions. It is a known fact that heat
treatment and plastic deformation processes increase the
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Material Ultimate Yield stress, Elongation
stress, Rm Re (MPa) (%)
(MPa)
AAB013 83.73 67 0.95
AA6013+ 0.5% 95.48 76.58 117
nano-Al,O3
AAB013+ 1% 89.52 724 0.82
nano-Al,Os3

strength of materials, and it is natural that they exhibit
higher strength than cast materials.

The Rm and Re values obtained with nano-Al,Os rein-
forcement showed an increase of 14% for 0.5%, and
approximately 7% for 1% reinforcement ratios compared



Table 5. Tensile Test Results of Welded Specimens

Material Method Welding Heat input Ultimate stress, Yield stress, Elongation
current (A)  (kJ-mm™) Rm (MPa) Re (MPa) (%)
1 AAG013+ 0.5% nano-Al,O4 CMT 110 0.15 75.9 61.3 2.46
2 AAB013+ 0.5% nano-Al,O3 120 0.17 96.6 78 2.61
3 AAB013+ 1% nano-Al,O3 110 0.15 60.7 51.3 1.93
4 AAB013+ 1% nano-Al,O3 120 0.17 74.7 60 2.06
5 AA6013+ 0.5% nano-Al,O3 PMC 110 0.24 80.8 60.9 1.74
6 AAB013+ 0.5% nano-Al,03 120 0.26 71.8 63.3 1.86
7 AAB013+ 1% nano-Al,O3 110 0.24 65.7 46.7 1.88
8 AAB013+ 1% nano-Al,O3 120 0.26 7.7 59.2 3.56

to the cast alloy without reinforcement. According to Shuvho
etal.,”® A16063 MMCs reinforced with Al,O5, TiO», and SiC
have higher tensile strength, hardness, and yield strength
than pure A16063, and all these characteristics improve as the
ratio of reinforcing particles rises. In the study conducted by
Chandrasekar and Nagaraju,' the porosity was reduced by
15.45% in a composite reinforced with coated Al,Oj3 parti-
cles compared to the as-cast scrap Al alloy. Also, the hard-
ness, tensile strength, and impact strength were improved by
15.2, 23, and 31.25%, respectively.

Kumaresan ve Arul Kumar'” indicated that the nanoparti-
cles’ reinforcement in AMC significantly improved the
mechanical properties compared to the microparticles owing
to their high surface energy. It was determined that when the
reinforcement rate increased from 0.5 to 1%, the Rm value
decreased by 7%, and the Re value decreased by 6%. Shayan
et al.”? determined that the mechanical properties of the
AA2024-1vol%SiO,np sample decreased compared to the
AA2024-0.5 vol%SiO,np sample due to agglomeration of
nanoparticles and increased porosity. % elongation values
are around 1% for all three samples. The tensile test results
found in this study are consistent with the literature.

Tensile test results of welded composite materials are
detailed in Table 5.

In the CMT method, as the welding current value increased
from 110 to 120 A, the heat input value increased from
0.15 to 0.17 k- mm~"'. With the increase in heat input
value, the tensile strength value (Rm) of both composite
materials increased. While the value obtained at 110-A
current value in 0.5% nano-Al,O5 reinforced material was
75.9 MPa, the R,, value at 120 A increased by 27% to 96.6
MPa. Similarly, while the R, value obtained at 110-A
current value was 60.7 MPa in 1% nano-Al,Oj3 reinforced
material, the Rm value at 120 A was 74.7 MPa, indicating a
23% increase. The yield limit values (R.) also increased
similarly in parallel with increasing heat input values.
While the value obtained at 110-A current in 0.5% nano-

Al,Oj3 reinforced material was 61.3 MPa, the R, value at
120 A increased by 27% to 78 MPa. The R, value obtained
at 110-A current was 51.3 MPa in 1% reinforced material,
and the R, value at 120 A was 60 MPa, showing a 16%
increase. At a 0.15 kJ-mm ™! heat input condition, the 0.5%
reinforced composite showed 25% more strength at the R,
value and 19% higher at the R, value than the 1% rein-
forced composite. At a 0.17 kJ- mm ™" heat input condition,
the 0.5% reinforced composite showed 29% more strength
in R, value and 30% more in R. value compared to 1%
reinforced composite.

In the PMC method, as the welding current value increased
from 110 to 120 A, the heat input value increased from
0.24 to 0.26 kJ-mm~!. Unlike the CMT method, the R,
value of 1% nano-Al,O5 reinforced composite materials
increased, while the R, value of 0.5% of nano-Al,O3
reinforced materials decreased. R, values increased in both
composites with increasing heat input in the PMC method.
While the value obtained at 110-A current in 0.5% rein-
forced material was 80.8 MPa, the R, value at 120 A
decreased by 15% to 71.8 MPa. At 110-A current, the R,
value was 65.7 MPa in 1% reinforced material, and the Rm
at 120 A was 71.7 MPa, indicating a 9% increase. Con-
cerning R., while the value obtained at 110-A current in
0.5% reinforced material was 60.9 MPa, the R, at 120 A
increased by 5% to 63.3 MPa. The R. value obtained at
110-A current was 46.7 MPa in 1% reinforced material, the
Re value at 120 A was 59.2 MPa, showing a 26% increase.
At a 0.24 kJ-mm™" heat input condition, the 0.5% rein-
forced composite showed 23% more strength at the R,
value and 30% higher at the R, value than the 1% rein-
forced composite. At a 0.26 kJ-mm™' heat input condition,
the 0.5% nano-Al,O5 reinforced composite showed the
same strength in the R,,, value and 6% more in the R, value
compared to the 1% nano-Al,Oj3 reinforced composite.

Comparing the CMT and PMC methods, the highest R,

value of 96.6 MPa obtained in 0.5% nano-Al,Oj3 reinforced
composite material, which was joined at 120 A using the
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CMT method. The lowest R,, value in welding processes,
60.7 MPa, was obtained in 1% nano-Al,Os reinforced
composite material that was joined at 110 A by CMT
method. In terms of R, values, the highest R. value was
obtained as 78 MPa in 0.5% reinforced composite material
via CMT method at 0.17 kJ-mm~" heat input conditions.
The lowest R, value was obtained as 46.7 MPa in the PMC
method in 1% reinforced composite under the condition of
0.24 kJ-mm ™" heat input.

Upon examining the tensile test results in general, it is
observed that the 0.5% nano-Al,0O; reinforced composite
showed higher strength in both welding methods and both
current conditions. When the CMT method is used, the
values obtained for 0.5% reinforced material reached a
maximum level at 0.17 kJ-mm™' heat input. It can be
concluded that the increased heat input has a positive effect
on the R. and R,, strengths of composite materials in both
welding methods except for the 0.5% nano-Al,O5 rein-
forced material’s R, value, which was welded via PMC
method.

In the welding of AMCs, low heat input cannot provide the
desired weld quality because sufficient penetration cannot
be achieved in the weld. At high heat input values, on the
other hand, distortions and residual stress formation may
occur in the welded structure due to the high thermal
expansion coefficient of aluminum. Additionally, as a
result of the reactions between aluminum and ceramic
particles, the uneven distribution of ceramic particles, the
formation of oxide layers, undesirable microstructures, and
precipitates may occur in the HAZ. Consequently, the
microstructure, weld quality, and mechanical properties of
welded AMC:s are affected. It is stated in the literature that
the strength of welded constructions of composite materials
decreases with increasing heat input.”*** However, the
dimensions of the reinforcement ceramic materials used in
these studies were at the micron level. It is promising that
when nano-sized reinforcement material is used, lower heat
input value ranges and different welding methods can be
used without decreasing mechanical properties.

The tensile test results of the unwelded and welded samples
were remarkably close, especially at 120 A via CMT
method, which yielded the highest mechanical properties
for AA6013+ 0.5% nano-Al,Os. Moreover, the elongation
at break value increased from 1.17 to 2.61%. This repre-
sents an extraordinary and novel development. As known,
the strength of parts typically decreases, especially as a
result of fusion welding processes, since the fusion zones
typically exhibit coarse columnar grains due to the pre-
vailing thermal conditions during the solidification of the
weld metal. The tensile strength of welded samples can
decrease by up to 50% compared to unwelded samples.*>*°
Incorporating nanoscale reinforcing material into the AMC
can effectively address this issue.
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Microstructural Characterization

Figure 7 presents the FESEM micrograph of the cast
materials in order: Figure 7a: AA6013, Figure 7b:
AA6013+0.5% nano-Al,Os, and Figure 7c: AA6013+1%
nano-Al,O5. In the analysis, it was observed that Al,O3
nano-powders were dispersed without agglomeration in the
composites. Superficial casting pores, which occurred in all
composites, were not observed in the pure material.
Structures consisting of Fe, Zn, Cr, Si, Ni, and Mg were
formed as thin rod-like structures. A SEM-EDX analysis
can be seen in the field analysis in Figure 8.

The welded samples underwent examination by optical
microscope and FESEM to analyze the structure of the
weld seam, the heat-affected zone (HAZ), and the base
material, and the change of microstructure.

The microstructure image of CMT-welded 0.5% reinforced
composite material at 110 A is depicted in Figure 9. In the
welding process, a heat input of 0.15 kJ-mm™" was gener-
ated. Although weld penetration occurred, the weld seam
could not be obtained as desired. Large gas cavities were
formed in the weld zone and in the HAZ. In the welding of
AMC s, low heat input does not provide the desired weld
quality as sufficient penetration cannot be achieved.”

The microstructure image of CMT-welded 0.5% reinforced
composite material at 120-A welding current is shown in
Figure 10. In the welding process, a heat input of 0.17
kJ-mm~' was generated, and the weld penetration was well
achieved. Compared to the sample welded at 110 A, gas
gaps were observed less in the weld seam and HAZ.

For the 1% reinforced composite material welded with
CMT at 110 A, the heat input is 0.15 kJ -mm~". In the weld
seam and HAZ, large-scale gas cavities occurred, and the
desired weld penetration could not be achieved (Fig-
ure 11a). When examining the 1% reinforced composite
material welded via CMT at 120 A, which has a heat input
of 0.17 kJ-mm™" in the welding process, the weld pene-
tration was not fully achieved (Figure 11c). There were
small gas voids in the upper part of the weld zone, and
cracks and voids occurred in the lower part (Figure 11b).
Even though the 0.5% nano-reinforced welded materials
were produced under the same casting conditions as the 1%
nano-reinforced materials, fewer gaps and cracks appeared
after welding process in the transition zone and welding
area. This situation is also consistent with the mechanical
test results. Consequently, it can be said that in the CMT
welding method, the chemical composition has an effect on
the weld structure and strength.

A well-formed welding structure was achieved, and small
gas voids formed a porous structure in the 0.5% reinforced
composite material welded at 110 A via PMC method.
There was a heat input of 0.24 kJ-mm~' in the welding



Figure 7. FESEM micrographs of cast materials (a) AA6013, (b) AA6013+0.5%
nano-Al,0;, and (c) AA6013+1% nano-Al,O;.
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Figure 8. A point analysis of AA6013+1% nano-Al,O3
composite materials using SEM-EDX.

process. In contrast with other PMC-welded samples, there
were fewer voids and less grain orientation obtained to the
welding seam (Figure 12). A good weld penetration was
observed in the microstructure examination of PMC-wel-
ded 0.5% reinforced composite material, which was wel-
ded at 120 A. There was a heat input of 0.26 kJ-mm™
during the process. Besides gas voids in the weld area,
cracks were formed in the HAZ (Figure 13a). For the 1%
reinforced composite material joined at 110 A with PMC,
there was a heat input of 0.24 kJ-mm™" in the welding

Figure 9. The microstructure image of the CMT-welded
AA6013+0.5% nano-Al,0; material at 110 A.

process. In addition to the formation of gas voids in the
welding area, there was also a large void structure in the
transition zone (Figure 13b). Weld penetration and the
desired joining were not fully achieved for the 1% rein-
forced composite material welded at 120 A. There was a
heat input of 0.26 kJ-mm ™" in the welding process. Large
and small gas voids and cracks were intensively formed in
the HAZ and welding area (Figure 13c).

Upon increasing the reinforcing ratio from 0.5 to 1%, the
welded samples exhibited the formation of huge cavities.
The findings of the tensile test show that these voids
diminished the mechanical strength. Thus, it can be said
that 0.5% reinforced material has less void formation and
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more ideal microstructure characteristics. The study’s
findings demonstrate that various welding techniques can
be applied to AMCs with nano-sized reinforcing material
without lowering the mechanical properties or needing an
extensive heat input.

Mag= 100 X 100 ym WD= 97
PAUILTAM ws = Pumping (V) ¢

Figure 10. The FESEM image of the CMT-welded
AA6013+0.5% nano-Al,0; material at 120 A.

XRD Analyses of Welding Areas

In order to examine the phases formed in the welding area,
the samples with the highest tensile strengths (CMT-wel-
ded AA6013+41% nano-Al,O3 material at 120 A and PMC-
welded AA601340.5% nano-Al,O3; material at 110 A)
were analyzed. In addition, the weld zone of the
AA6013+1% nano-Al,0O; material at 110-A sample, wel-
ded via CMT, which has the lowest strength, was also
analyzed.

Considering  the lowest strength (CMT-welded
AA6013+1% nano-Al,O3 at 110 A), it was determined that
the Aly;(Fe;» Mngg)Si, phase was formed in the weld
seam (Figure 14a). It is known that this phase precipitates
at grain boundaries in aluminum alloys and reduces the
mechanical properties of the alloy.27 Al ogs Cugoos Mgo.o1»
(A126 Si)0‘148 A14.01 Mn Sio'74, and Alll Mn4‘6 were also
formed in the weld seam. Considering the chemical com-
position of both the main material and the welding wire, it
is normal for these structures to form.®

Examining the sample with the second highest strength
value (PMC-welded AA6013+0.5% nano-Al,O5 at 110 A),
it was determined that Al;s(Fe;, Mn,g)Si, phase was
formed in the weld seam (Figure 14b). (Aljg Zn)g,, (Algg
Si)g.04, and (Al 985 Cug gos Mgo.o1) were also formed in the

Figure 11. The microstructure image of the CMT-welded AA6013+1% nano-Al,O;

material at 110 A (a) and at 120 A (b).

Figure 12. An optical (a) and a SEM (b) microstructure image of the PMC-welded
AA6013+0.5% nano-Al,O3; material at 110 A.
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Figure 13. The microstructure images of the PMC-
welded AA6013+0.5% nano-Al,O3; material at 120 A (a),
AA6013+1% nano-Al,O3; material at 110 A (b), and
AA6013+1% nano-Al,O3; material at 120 A (c).

weld seam. Considering the chemical composition of both
the main material and the welding wire, it is normal for
these structures to form except (Algg Si)g o4 In the study by
Ebrahim et al.,”® a surface mechanical alloying (SMA) with
Si powder on Al at 600 °C was applied to achieve a surface
composite. It has been determined that the formation of the
Al-rich phase (AlgoSi)g.04 cubic structure normally requires
high temperatures and non-equilibrium conditions.

According to the phase investigations in the weld zone of
the specimen with the highest strength value (CMT-welded
AA6013+0.5% nano-Al,O3 at 120 A), Al,;CuFey, (Alyg
Si)o.148, and Al ogs Cug pos Mgo.o1 formations were deter-
mined in the microstructure (Figure 14c). Alj7(Fes,
Mngg)Si, phase was not formed in this sample. The
Aly;CuFe, intermetallic phase improves the mechanical
properties of the alloys by creating precipitates as a result
of heat treatments.*
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Figure 14. The XRD analyses of the CMT-welded
AA6013+1% nano-Al,O0; at 110 A (a), PMC-welded
AA6013+0.5% nano-Al,03 at 110 A (b), and CMT-welded
AA6013+0.5% nano-Al,03; material at 120 A (c) .

XRD results reveal a 17% increase in strength compared to
the closest welded sample as a result of the tensile test,
depending on the phases formed as a result of the welding
process. The formation of the Al;;(Fes, Mngg) phase
embrittles the weld seam and reduces its strength. As
shown in Figure 15a, it causes fracture at the weld seam.
On the contrary, in the sample where the Al,;CuFe,
intermetallic phase was formed, the fracture occurred in the
transition zone, not in the weld seam (Figure 15b). On the
contrary, the formation of Al,3;CuFe, intermetallic phase
reveals that the strength of the welded sample will increase
further with the aging process. This indicates that the for-
mation of the Al,3CuFe, intermetallic phase improves the
mechanical properties of the alloy and shifts the fracture
location from the weld seam to the transition zone.
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Microhardness Results

The hardness values of the 0.5% reinforced composite,
measured from the weld seam to the base metal, are pre-
sented in Figure 16. The composite that was welded by the
CMT method at 110 A exhibited a lower hardness rating
than the other samples. While the hardness value of the
composite joined via CMT method at 110 A was lower
than the other samples at 43.6 HV,, the maximum hard-
ness value in the weld seam was 58.8 HV,. In the PMC

Figure 15. Images of the broken surfaces obtained as a
result of the tensile test: (a) CMT-welded AA6013+1%
nano-Al,0; at 110 A and (b) CMT-welded AA6013+0.5%
nano-Al,O3; material at 120 A.

method at a welding current of 110 A, a similar value was
obtained. This value is almost the same as the weld seam
hardness obtained at 120 A via CMT method (56.2 HV,»)
and at 120 A via PMC method (58.4 HV),). The maximum
hardness value in the HAZ was obtained as 82.9 HV, for
a PMC-welded sample at 110. However, when considering
the overall hardness distribution of 0.5% reinforced com-
posite CMT welded at 120 A, high hardness values are
observed throughout the HAZ. It is known that there is a
parallelism between the hardness of materials and their
tensile strength. This can explain why the CMT-welded
sample at 120-A welding current exhibits higher Rm
strength compared to other samples.

Figure 17 illustrates the hardness values of 1% reinforced
composite welded via CMT and PMC methods. At 110 A,
hardness distribution does not show significant changes.
However, the hardness values of the CMT-welded 1%
reinforced composite at 120 A increased from the weld
zone to the HAZ. While the hardness value of the com-
posite in the weld seam via CMT method at 120 A was
lower than the other samples, the maximum hardness value
in the weld seam was obtained as 82 HV,, via PMC
method at 120 A. In the PMC method, the hardness values
at the center of the weld seam were higher than in other
zones. More heat input occurs in the PMC method at the
same welding current value compared to the CMT method,
and the hardness of the welding zone increases with the
increase in the reinforcement ratio from 0.5% to 1%.
Additionally, the hardness distribution obtained via CMT
method is much more uniform than that obtained via PMC
method. Therefore, based on these results, it can be con-
cluded that the more homogeneous hardness distribution
and the higher mechanical strength can be obtained
depending on the reinforcement ratio.

AA6013+ 0.5% Al,O,
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Figure 16. Hardness distribution of 0.5% nano-Al,O; reinforced composite.
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Figure 17. Hardness distribution of 1% nano-Al,0O3 reinforced composite.

Conclusions

In this study, two distinct composites with aluminum
AA6013 matrix and 0.5% and 1% nano-Al,O; reinforce-
ment by weight were produced using the vortex-route
method. The cast specimens were welded via CMT and
PMC techniques at constant speed of 400 mm/min and
current intensities of 110 and 120 A. The effects of each
welding parameter on mechanical characteristics and
welding structure were examined using tensile and hard-
ness tests. The microstructural characterization of these
cast composites was investigated as well. The results of the
studies carried out are summarized below:

(1)  Al,O3 nano-powders were observed to be uni-
formly distributed throughout all composites
without aggregating excessively.

(2) Cast samples welded via CMT and PMC weld-
ing methods, and the 0.5% nano-reinforced
composites at 120-A showed less welding errors.

(3) The highest tensile and yield strengths were
obtained as 96.6 MPa and 78 MPa, respectively,
in the CMT-welded 0.5% nano-reinforced com-
posite material at 120-A welding current.

(4) The obtained mechanical properties led to the
conclusion that 0.5% Al,O3 reinforcement, as
opposed to 1%, was ideal for welding of cast
composites using both CMT and PMC methods.

Considering all these findings, the following recommen-
dations for future research are provided:

(1) In this study, the mechanical properties of
unaged cast samples were examined. Research
can be conducted on how different aging
conditions and different welding procedures
affect the properties of cast composites.

(2) The mechanical properties of AA6013 used in
this study were improved with nano-Al,O;. By

creating various nano-reinforcement ratios
below 1%, the best reinforcement ratios for
casting and welding processes can be
determined.
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