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Abstract: Friction stir welding (FSW) is a pivotal solid-state method revolutionizing metal joining
diverse manufacturing sectors. This study explored the transformative potential of FSW in welding
various metal types, both ferrous and nonferrous, by its ability to create a minimal heat-affected zone
(HAZ), thereby mitigating alterations to the microstructure. This research delved into the utilization
of filler materials during the FSW process. The investigation centers on scrutinizing the microstructure
within the weld nugget area of FSW, employing a 3.1 mm thick aluminum 6061-T6 sheet in a butt joint
configuration. Brass and zinc, each 0.2 mm thick, were selected as fillers. Microstructural analyses
conducted via scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS)
specifically targeted the weld nugget and HAZ regions. The EDS analysis revealed a higher presence
of zinc fillers within the weld nugget than brass, indicating more evenly dispersed grains. SEM
observations also highlighted larger grain sizes associated with brass, which could lead to welding
defects such as voids and cracks. As such, the study concluded that using zinc fillers manifests a
superior microstructure compared to brass during the FSW process involving aluminum 6061-T6.

Keywords: friction stir welding; microstructure analysis; AA6061-T6; CuZn; Zn; filler materials; weld
nugget; heat-affected zone

1. Introduction

The welding technique is one of the procedures in the manufacturing industry that
continually requires development. The need for new techniques continues to rise alongside
improvements in quality and quantity, driven by intense industrial competition. Welding
techniques find extensive application in joining processes due to their lightweight charac-
teristics and relatively simple procedures, resulting in comparatively lower costs [1,2].

A novel method in the welding process, friction stir welding (FSW), has been discov-
ered. Friction stir welding falls under the solid state welding (SSW) category, wherein
metals being joined do not melt (remaining in a solid state) during the joining process.
The principle of friction stir welding relies on the friction generated by a rotating tool
moving along the welding groove on the stationary work piece. The resulting friction
creates heat in the welding area under substantial axial pressure. This process operates
at relatively low temperatures. Material amalgamation (welded outcome) is achieved
through tool movement and mechanical deformation of the work piece material during
tool motion [3–5].

Qixian Zheng et al. investigated the results of FSW between 6061 Al and 316 stainless
steel using Zn as the filler metal [6]. This study achieved hardness in the Al-Zn-steel joints
by employing a “sandwich” layered structure. With a tool pin immersed in Zn foil, the
Zn was stirred into the aluminum structure, forming an Al-Zn mixing layer within the
aluminum part. Meanwhile, at the steel-Zn interface, a thin layer structure of steel-Zn
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mixing was observed without the presence of intermetallic compound interlayers. In lap
joint welding, using Zn foil as a filler metal demonstrated better strength than joints without
filler metal [7].

K. Tejonadha Babu et al. performed friction stir butt welding on AA6061 using pure
aluminum as a filler plate [8]. Macro and microphotography studies indicated that filler
plate deposition had occurred on the welded joint surface. The welded joint employing
the filler plate exhibited a 13% decrease in its hardness. This decrease in hardness was
attributed to a combined effect of smoothening resulting from deposition and pure alu-
minum within the stir zone. The tensile strength of the joint using the filler plate reached
60% of the base metal’s tensile strength. Results from the dynamic polarization potential
(DPP) test demonstrated an enhancement in corrosion resistance achieved by employing
pure aluminum as a filler material in the joint compared to joints without filler material.

Friction stir lap welding was conducted by several researchers using different materi-
als, Al1A99 and pure Cu, employing Zn as the filler metal with a “pinless” tool configura-
tion [5,9–11]. This study focused on comprehending the interlayer of FSW, distinct from
copper plates with a thickness of 2 mm and aluminum plates with a thickness of 2 mm.
They utilized a 0.2 mm-thick zinc foil as the filler metal with a pinless tool. Macro and
micro-observations were made concerning welding temperatures under different inter-
layer material parameters and weld properties. Experimental observations revealed that
interlayer thickness decreased with increased rotational speed and decreased transverse
speed. However, rotational speed played a more crucial role in this process, supported
by data from thermo-testing recorded via type-K thermocouples. Specific investigations
were conducted to study the evolution behavior of these interlayers. Mechanical properties
significantly correlate with the interlayer, microstructure, and diffusion-extrusion levels.
In this study, microhardness increased on the Cu side due to interdiffusion on the Al side
caused by interdiffusion and extrusion. Successful welding was achieved at a rotational
speed of 1600 rpm and a transverse speed of 20 mm/min, exhibiting the highest combined
strength without weld keyhole formation.

The researchers conducted a metallurgical and mechanical study on different FSW
combinations involving aluminum 1050 and brass (CuZn30) [9,12]. This research investi-
gated the influence of FSW parameters on the mechanical and metallurgical properties of
joints between aluminum 1050 and brass (70% Cu–30% Zn). Microstructure and chemi-
cal composition were examined using optical microscopy, SEM, X-ray, and EDS analysis.
Mechanical properties were evaluated through hardness testing and tensile strength mea-
surement of the welded joints. Key parameters investigated in this study included tool
rotation speed, offset, welding speed, and the depth of pin tool penetration.

This study’s maximum ultimate tensile strength was 80% of the base metal (aluminum).
Research findings indicated that optimum parameters resulted in defect-free joints originat-
ing from material flow and narrow multilayer intermetallic compounds at the interface in
addition to composite structures within the stir zone, leading to robust joint formation.

This study was conducted to ascertain the differential effects of incorporating brass
and zinc filler plates in friction stir welding on the strength of welded joints in 6061-T6 series
aluminum plates. SEM images and EDS were employed to analyze the microstructure,
aiming to assess the formability capability of the welding outcomes.

2. Research Method

The primary material used was aluminum 6061-T6, with a thickness of 3.1 mm. Weld-
ing was performed via the friction stir welding (FSW) method and a butt joint connection.
The filler material included a brass plate and zinc plate with a thickness of 0.2 mm each.
Full welding parameters can be seen in Table 1.

The instrument used to perform microstructure analysis of welded specimens was
a scanning electron microscope (SEM) equipped with an energy dispersive X-ray spec-
troscopy (EDS) system, with brand JEOL type JSM-6510.
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Table 1. Parameters of friction stir welding.

Parameters Specimen No 1 Specimen No 2

Material
Filler

Rotational Speed (n)
Welding Speed (v)

Tilt Angle (θ)
Depth Plunge (h)

6061-T6 × 6061-T6
CuZn

1250 rpm
10 mm/min

1◦

3 mm

6061-T6 × 6061-T6
Zn

1250 rpm
10 mm/min

1◦

3 mm

3. Results and Discussions

The welding process of the two specimens was stable, and the results of friction
stir welding showed that the two specimens had a smooth surface with a relatively high
welding temperature. The welding temperatures for both specimens were 245.81 ◦C (with
brass filler) and 255.9 ◦C (with zinc filler). The weld results showed a rough surface and
some cavities, as shown in Figure 1.
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Figure 1. The results of the FSW of aluminum 6061-T6 with CuZn and Zn fillers.

Specimen 1 was the result of welding aluminum 6061-T6 using the FSW method with
the application of brass filler. The welding parameters included a rotational speed of
1250 rpm and a feed rate of 10 mm/minute, producing welds of sufficient quality. Visually,
the joint surface on Specimen 2 appeared smooth. The brass filler inserted between the
6061-T6 aluminum layer was successfully stirred and mixed in the stir zone. Weld flash
appeared on the upper surface of the weld nugget due to the high welding temperature.
Excessive welding temperatures can cause the 6061-T6 aluminum material to become very
soft, causing some softened material to blow out of the stir zone as the shoulder and
pin stir the aluminum material and brass filler. The results of the welding temperature
measurement of Specimen 1 using a thermocouple showed an average welding temperature
of 245.811 ◦C.

Specimen 2 was the result of welding aluminum 6061-T6 via the FSW method using
zinc filler. Welding parameters included a rotational speed of 1250 rpm and feed rate of
10 mm/minute, producing welds with satisfactory quality. Visually, the joint surface on
Specimen 2 appeared smoother than on Specimen 1. The zinc filler applied between the
6061-T6 aluminum layer was successfully stirred and mixed in the stir zone. The presence
of weld flash, similar to Specimen 1, was due to the high welding temperatures. The
average welding temperature of Specimen 2 reached 255.9 ◦C, exceeding the temperature
of Specimen 1.

Figure 2 shows the results of the quantitative analysis of the chemical composition
of the FSW weld joint of aluminum 6061-T6 with brass filler. In EDS analysis, the colors
usually correlate to certain components found in the sample. The peaks in the spectrum
correspond to the distinct energies at which each element emits X-rays. EDS analysis soft-
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ware frequently colors these peaks differently to make it simpler for the user to determine
which elements are present in the sample. The quantitative analysis indicated that EDS
successfully detected the presence of five types of elements, with relative abundances of C
(carbon) (19.71%), O (oxygen) (3.06%), Al (aluminum) (73.14%), Cu (copper) (2.87%), and
Zn (zinc) (1.22%). The distribution of these elements is visualized in Figure 3, which was
produced via microphotography.

Eng. Proc. 2024, 63, 6 4 of 9 
 

 

of weld flash, similar to Specimen 1, was due to the high welding temperatures. The aver-
age welding temperature of Specimen 2 reached 255.9 °C, exceeding the temperature of 
Specimen 1. 

Figure 2 shows the results of the quantitative analysis of the chemical composition of 
the FSW weld joint of aluminum 6061-T6 with brass filler. In EDS analysis, the colors usu-
ally correlate to certain components found in the sample. The peaks in the spectrum cor-
respond to the distinct energies at which each element emits X-rays. EDS analysis software 
frequently colors these peaks differently to make it simpler for the user to determine 
which elements are present in the sample. The quantitative analysis indicated that EDS 
successfully detected the presence of five types of elements, with relative abundances of 
C (carbon) (19.71%), O (oxygen) (3.06%), Al (aluminum) (73.14%), Cu (copper) (2.87%), 
and Zn (zinc) (1.22%). The distribution of these elements is visualized in Figure 3, which 
was produced via microphotography. 

 
Figure 2. Quantitative analysis of FSW weld composition of aluminum 6061-T6 with brass filler. 

 
Figure 3. Elemental distribution map on FSW weld joint of aluminum 6061-T6 with brass filler. 

Line analysis using the mapping program showed that the atoms of Cu and Zn that 
made up the brass filler were distributed less smoothly and evenly. Line analysis involves 
generating a straight line (indicated in red), with the overlapping blue and magenta colors 
indicating the presence of copper (Cu) and zinc (Zn) elements. There was a large enough 
piece of brass crystal among the other fragments in the sample pieces analyzed. The brass 

Figure 2. Quantitative analysis of FSW weld composition of aluminum 6061-T6 with brass filler.

Eng. Proc. 2024, 63, 6 4 of 9 
 

 

of weld flash, similar to Specimen 1, was due to the high welding temperatures. The aver-
age welding temperature of Specimen 2 reached 255.9 °C, exceeding the temperature of 
Specimen 1. 

Figure 2 shows the results of the quantitative analysis of the chemical composition of 
the FSW weld joint of aluminum 6061-T6 with brass filler. In EDS analysis, the colors usu-
ally correlate to certain components found in the sample. The peaks in the spectrum cor-
respond to the distinct energies at which each element emits X-rays. EDS analysis software 
frequently colors these peaks differently to make it simpler for the user to determine 
which elements are present in the sample. The quantitative analysis indicated that EDS 
successfully detected the presence of five types of elements, with relative abundances of 
C (carbon) (19.71%), O (oxygen) (3.06%), Al (aluminum) (73.14%), Cu (copper) (2.87%), 
and Zn (zinc) (1.22%). The distribution of these elements is visualized in Figure 3, which 
was produced via microphotography. 

 
Figure 2. Quantitative analysis of FSW weld composition of aluminum 6061-T6 with brass filler. 

 
Figure 3. Elemental distribution map on FSW weld joint of aluminum 6061-T6 with brass filler. 

Line analysis using the mapping program showed that the atoms of Cu and Zn that 
made up the brass filler were distributed less smoothly and evenly. Line analysis involves 
generating a straight line (indicated in red), with the overlapping blue and magenta colors 
indicating the presence of copper (Cu) and zinc (Zn) elements. There was a large enough 
piece of brass crystal among the other fragments in the sample pieces analyzed. The brass 

Figure 3. Elemental distribution map on FSW weld joint of aluminum 6061-T6 with brass filler.

Line analysis using the mapping program showed that the atoms of Cu and Zn that
made up the brass filler were distributed less smoothly and evenly. Line analysis involves
generating a straight line (indicated in red), with the overlapping blue and magenta colors
indicating the presence of copper (Cu) and zinc (Zn) elements. There was a large enough
piece of brass crystal among the other fragments in the sample pieces analyzed. The
brass filler was less stirred and perfectly mixed in the nugget matrix. The result of the
line analysis of the FSW weld joint of aluminum 6061-T6 with brass filler can be seen in
Figure 4.
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the FSW weld joint of aluminum 6061-T6 with zinc filler. Color disparities analyzed 
through EDS signify differences in the detected chemical elements, simplifying the sam-
ple’s identification process. The quantitative analysis showed that EDS detected the pres-
ence of five types of elements with their respective relative abundance: C (carbon) 
(17.51%), O (oxygen) (3.06%), Mg (magnesium) (2.18%), Al (aluminum) (70.48%), and Fe 
(iron) (6.70%). The distribution of these elements can be seen visually in Figure 6. 

 
Figure 5. Quantitative analysis of FSW weld composition of aluminum 6061-T6 with zinc filler. 

Figure 4. Line analysis FSW weld connection aluminum 6061-T6 with brass filler.

Figure 5 shows the results of the quantitative analysis of the chemical composition
of the FSW weld joint of aluminum 6061-T6 with zinc filler. Color disparities analyzed
through EDS signify differences in the detected chemical elements, simplifying the sample’s
identification process. The quantitative analysis showed that EDS detected the presence
of five types of elements with their respective relative abundance: C (carbon) (17.51%), O
(oxygen) (3.06%), Mg (magnesium) (2.18%), Al (aluminum) (70.48%), and Fe (iron) (6.70%).
The distribution of these elements can be seen visually in Figure 6.
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Line analysis using the mapping program showed that the atoms of the elements Mg
and Fe (some metal elements that form alloys with zinc) that make up the zinc filler were
distributed relatively evenly. In the analyzed sample pieces, there were many zinc alloy
crystals with sizes varying from medium to small. The zinc filler was stirred and mixed
perfectly in the nugget matrix.

In this study, scanning with a scanning electron microscope (SEM) was mainly used to
detect the presence of weld defects in the weld joint area, especially in the nugget area near
the HAZ (heat-affected zone). The defect can be a void or a crack. The results of scanning
with SEM can also be used to know the size and distribution of metal crystal grains resulting
from welding both base metal and filler. Figure 7 shows the scanning results with SEM
of the FSW weld joint of aluminum 6061-T6 with brass filler at two magnification levels,
200 and 1000 X. At 200 X magnification (Figure 7a), no weld defects, such as voids or cracks
were visible. The scanning results only showed the dispersion of the brass filler crystal
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grains in the aluminum matrix. In addition to many small crystalline brass grains scattered
in the aluminum matrix, there were also some large grains with lengths of up to 100 µm or
0.1 mm. Many large crystal grains can be caused because the brass filler does not ideally
undergo deformation (destruction process) during welding.
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Figure 7. SEM photo for FSW aluminum 6061-T6 with brass filler at (a) 200 and (b) 1000 X magnification.

At 1000 X magnification (see Figure 7b), weld defects in the form of voids were visible
in some places. Specifically, at the scanning position, a void was found with a length of
up to 20 µm and a width of 4 µm. Several small spherical (dot-like) voids with a diameter
of less than 1 µm were also found. Most of these voids were found within the aluminum
matrix rather than at the edges of the brass filler granules. The defect was formed due to
the imperfect reformation of the aluminum base metal during the FSW process and was not
caused by the filler material. The presence of defects and large crystal grains can reduce
the mechanical properties of the weld.

Figure 8 shows the scanning results with SEM for the FSW weld joint of aluminum
6061-T6 with zinc filler. There were two levels of magnification, 400 and 1000 X. At a
magnification of 400 times (see Figure 8a), no weld defects, such as voids or cracks, were
visible. Scanning results showed the dispersion of zinc filler crystal grains in the aluminum
metal matrix. The size of zinc crystal grains appeared to vary from small to large. The
largest grain size reached a length of 50 µm or 0.05 mm. As in Specimen 1 (brass filler),
many large crystal grains existed. It can be caused because the zinc filler did not undergo
deformation (destruction process), ideally during the FSW process.
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At a magnification level of 1000 X (see Figure 8b), there were visible weld defects in the
form of voids in some places. Unlike Specimen 1 (brass filler), the void found was minimal in
size and round in shape (like a dot). The size of the void diameter was less than 1 µm and
was only detected in one or two places. All voids were in the aluminum matrix. The void was
not due to the addition of filler. Voids occurred due to the FSW process on aluminum material
caused by trapped air or dirt particles.

The results of FSW welding of aluminum 6061-T6 with CuZn and Zn filler showed good
macro structure visually. The surface of both specimens appeared smooth, and the welding
process was stable. The addition of Zn filler gave a higher average welding temperature when
compared with CuZn filler. This resulted in a more perfect deformation and metal integration
on welds with zinc filler.

In Specimen 1, the intermolecular voids in the aluminum base metal matrix were numer-
ous but relatively small, and there was a large void (filled with a brass filler). In Specimen 2,
the intermolecular voids in the aluminum base metal matrix were numerous, and there were
several large voids (which were filled with zinc filler). It showed that the proportion of zinc
filler mixed in the aluminum base metal matrix was more significant than that of brass filler.
This interpretation was consistent with the results of a quantitative analysis showing that
the relative abundance of aluminum in Specimen 2 was 70.48%. In Specimen 1, the amount
was more significant at 73.14%. The smaller relative abundance of the aluminum element
indicated that the relative abundance of the other elements (including the filler) was more
remarkable. It meant that the proportion of the filler mixed into the weld was more significant.
Microstructure analysis based on EDS concluded that zinc was more suitable for alloying with
aluminum base metal as a filler than brass.

SEM results also showed that Specimen 2 had a better arrangement and distribution of
filler crystals than Specimen 1. The grain size variation of zinc crystals was relatively smaller
than the grain size variation of brass crystals in an aluminum matrix; in other words, the grain
size of zinc as a filler was more homogeneous than brass. The size of the most prominent zinc
metal crystal grain was still smaller than that of the giant brass crystal grain. The microscopic
grains of zinc metal were finer than brass. Ultimately, this caused the mechanical properties
of FSW weld joints of aluminum 6061-T6 with zinc filler to be better than brass filler.

Welding defects on Specimen 1 (brass filler) were more severe than on Specimen 2 (zinc
filler). The metal matrix in welds with zinc filler was finer than in welds with brass filler.
There was almost no visible weld defect on Specimen 2. In Specimen 1, the presence of a
large void was visible. Once again, this confirmed that in addition to blending better with
aluminum 6061-T6, zinc filler can produce FSW weld joints with better microstructure than
brass filler.

4. Conclusions

The proportion of zinc filler in the FSW weld joint with aluminum 6061-T6 base metal
was more significant than that of brass filler. The zinc metal was more evenly distributed.



Eng. Proc. 2024, 63, 6 8 of 8

Zinc filler integrated better with the aluminum base metal than brass filler. The grain size of
zinc metal in the FSW weld joint with aluminum 6061-T6 base metal was smaller than that of
brass metal. More weld defects were found in welds with brass filler than in welds with zinc
filler. The addition of zinc filler on the FSW weld joint with aluminum 6061-T6 base metal
gave a suitable microstructure. The mechanical properties of the joint were better than with
the addition of brass filler.
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