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Abstract. This study explores the possibility of using coal as reinforcement
in dissimilar welded joints. The study involved joints of AAS5S083 and
AA6082 alloys, which underwent friction stir welding (FSW), friction stir
processing (FSP), and FSP with added coal powder (FSP+Coal).
Microstructure analysis, microhardness testing, tensile tests, and fracture
surface analysis were evaluated. The results indicated that FSP+Coal joints
exhibited promising mechanical properties, with failure initiation at 130
MPa and a tensile strain of 6%, and complete failure at an ultimate tensile
stress (UTS) of 144 MPa and a tensile strain of 9.5%. In comparison, FSP
joints showed failure initiation at 130 MPa and a strain of 8.5%, and
complete failure at 90 MPa and a strain of 14%. Additionally, FSP+Coal
joints demonstrated a higher average hardness (8.3% higher than FSW joints
and 4% higher than FSP joints), supported by fracture surface and
microstructural analyses indicating a finer grain size of 13.15 pm in
FSP+Coal joints, compared to 12.79 um in FSP joints and 39.74 um in FSW
joints.

Keywords: Microstructure, dissimilar aluminium alloys, tensile strength, reinforced
particles, microhardness.

1 Introduction

Friction Stir Processing (FSP) is a solid-state technique inspired by friction stir welding
(FSW). It employs a rotating tool, comprising a pin and a shoulder, which applies pressure
on the workpiece’s outer surface while rotating at a specific speed [1-2]. FSP offers
significant potential for improving material mechanical properties by eliminating various
defects and refining microstructures. The rotational speed of the tool plays a crucial role in
FSP, directly impacting heat generation during the process [3]. Furthermore, FSP has been
adapted for the modification of microstructural arrangement of metals, where various base
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metals such as copper, iron, aluminium, and nickel, are used. By harnessing friction and heat,
FSP effectively enhances material properties, providing a versatile means to enhance the
characteristics of metals.

The manufacturing sector dedicated to producing aluminium-based products plays a crucial
role in making various components like pistons, cylindrical blocks, brake drums, and other
parts that endure high levels of wear, friction, and corrosion. Improved aluminium-based
metals find applications in diverse industries such as aerospace, aviation, transportation,
construction, marine, automotive, packaging, sports, and nuclear sectors. The improvement
of aluminium-based metals involves the inclusion of foreign elements that can be introduced
through casting or other methods. The improved aluminium-based metals make them suitable
for various industrial applications like electrochemical, mechanical, structural, metallurgical,
and isotopic applications [4-5].

In the typical manufacturing process, reinforcements are introduced into grooves or holes on
the surface of a metal plate, followed by the application of FSP to amalgamate the two
components. During FSP, a stirring tool is traversed through the material, effectively
dispersing the reinforcement particles within the material. There are few works where FSP
was employed to enhance the welded joint. This includes the work by Mabuwa and Msomi
[6] where the dissimilar friction stir welded joints were subjected to the normal and
submerged friction stir processing procedure. It was discovered that the FSP procedure
impacted the microstructural arrangement significantly. It was further discovered that the
environmental conditions also had an influence on the mechanical properties of the welded
joint. The influence of FSP procedure on the mechanical properties of the tungsten inert gas
(TIG) welded AA6061 and AA7075 was studied by Mehdi and Mishra [7]. The
microstructural analysis showed a refined grain size post-FSP procedure. The defects that
were observed in the TIG welded joint were completely eliminated by the FSP procedure.
The mechanical properties of the friction stir processed joint were higher compared to the
TIG welded joint.

Jesus et al. [8] investigated the impact of the FSP procedure on the fatigue strength of GMAW
T-welded joints. The microscopic analysis showed a significant reduction of defects coupled
with refined grains post-FSP procedure. It was further discovered that the fatigue life of the
friction stir processed joint was significantly improved and this was attributed to the
significant change that was brought by FSP procedure. A similar study was also conducted
by Costa et al. [9]. However, these researchers employed FSP procedure on the metal inert
gas (MIG) welded joints. It was discovered that the microstructural defects observed in MIG
welded joints were eliminated post-FSP procedure. There was also a notable grain size
refinement that were brought by the FSP procedure. There was also a significant
improvement to the fatigue life of the joint post-FSP procedure and the improved fatigue life
was attributed to the elimination of defects and the grain refinement.

Yang et al. [10] have investigated the impact of friction stir spot processing on the TA15TIG
welded joints. The TIG welded joints were subjected to the single pass of friction stir spot
processing and the resulting specimens were macrostructural and microstructurally analysed
using scanning electron microscopy. It was discovered that the friction stir spot processed
specimens possessed refined grains and this contributed to the enhanced mechanical
properties when compared to the TIG welded joints. Liyakat and Veeman [11] have studied
the impact of subjecting AAS052-H32 TIG welded joints to the FSP procedure. The
microstructural analysis revealed that the microstructural arrangement was critically changed
post-FSP procedure. The microstructural change resulted in improved mechanical properties.



E3S Web of Conferences 552, 01014 (2024) https://doi.org/10.1051/e3sconf/202455201014
ICMPC 2024

It is very important to note that the employment of the FSP procedure to the welded joint has
started to gain attention. However, there is not much that has been done in this aspect of
material improvement hence the limited literature. It is further important to note that the
employment of the FSP procedure is purely employed without incorporating any
reinforcement. The current work is taking a step further studying the feasibility of
incorporating coal (non-biodegradable material) during the application of the FSP procedure.
The reinforced joints are studied comparatively with the normal processed joints with the
purpose of recycling. This aspect of material improvement has never been explored.

2 Materials and Methods

For this study, AA5083-H111 and AA6082-T651 aluminium alloy plates, 6 mm thick, were
utilized. Table 1 presents the chemical compositions of the plates that was measured using
Belec Spectroscopy, while Table 2 provides the corresponding mechanical properties. No
specific chemical or mechanical preparations were performed before cutting the plates. The
dissimilar aluminium alloy plates were cut into dimensions of 70 x 530 x 6 mm, based on
the dimensions of the FSW fixture. Friction stir welding (FSW) was initially conducted to
join the two plates, resulting in three sets of FSW samples. Subsequently, the three sets of
friction stir welded joints underwent friction stir processing with and without coal inclusion.
The friction stir welding and friction stir processing were performed using the converted
Lagun FU.1-LA: A versatile universal milling machine. During the FSW, the AA5083-H321
plate was positioned on the advancing side, while the AA6082-T651 plate was positioned on
the retreating side of the tool. This configuration was maintained for FSP and FSP+Coal.
Table 3 outlines the friction stir welding and friction stir processing parameters employed to
join and process the dissimilar aluminium joints. Table 4 presents the chemical compositions
of the coal powder.

Table 1. Nominal chemical composition base material alloy 5083 and alloy 6082 [5].

Material | Mn Fe Cu Mg Si Zn Cr Ti Al
AAS5083 | 0.616 | 0.173 | 0.016 | 4.238 | 0.131 | 0.017 | 0.039 | 0.010 | Balance
AA6082 | 0.83 | 049 |0.14 1.04 1.03 | 0.186 | 0.237 | 0.06 | Balance

Table 2. Mechanical properties of aluminium alloy 5083 H111 and 6082 T651.

Property Value

AA5083 H111 | AA6082 T651
Ultimate Tensile Strength (UTS) | 300 MPa 340 MPa
FElongation 23 % 11%
Hardness Vickers 75 HV 100 HV

Figure 1 depicts the dimensions of the tool utilized in both FSW and FSP procedures. Figure
2 showcases the arrangement of AA5083-H111 and AA6082-T651 plates for FSW, FSP, and
FSP+Coal. Specifically, Figure 2(a) exhibits the FSW configuration, while Figure 2(b)
illustrates the FSP setup without reinforcement. Figures 2(c) to 2(f) elaborate on the
FSP+Coal setup. In this process, finely crushed organic braai coal acted as reinforcement
particles. Holes, measuring 2 mm in diameter and 5.8 mm deep, were drilled at 5 mm
intervals across the 530 mm FSW plate. Equal amounts of coal powder were inserted into
these holes (Figure 2(c)). After inserting manually crushed coal (Figure 2(d)) into the joint,
a pin-less FSP tool was employed to cover the holes to prevent splashing (Figure 2(e)).
Subsequently, the tool with a pin was utilized for a single-pass FSP process along with pre-
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drilled blind holes on the same joint, depicted in Figure 2(f). The resulting dissimilar joints
for FSW, FSP, and FSP+Coal are displayed in Figures 3(a) to 3(c), respectively.

Table 3. FSW/FSP parameters.

Rotational speed
1200 rpm

Traverse speed
40 mm/min

Tilt angle
20

Table 4: Chemical composition of coal

Coal Powder
% Present
Carbon Oxygen | Total
Chemical Element
Measurement 1 93 .85 6.15 100
Measurement 2 78.42 21.58 100
Measurement 3 89.78 10.22 100
Measurement 4 84.1 15.9 100
Measurement 5 76.46 23.54 100
Measurement 6 73.21 26.79 100
Mean 82.64 17.36 100
Std. deviation 8.05 8.05
W
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Fig. 1. (a) FSW/FSP tool, and (b) FSP pinless.
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Fig. 2: Setup, (a) FSW, (b) FSP, (c) FSP with blinds holes for coal powder. (d) Crushed coal (e)
Enclosing coal using a pin-less tool, (f) FSP using a tool with a pin.

The tests performed encompassed macrostructure analysis, microstructure analysis, tensile
testing, fracture surface analysis, and microhardness testing. For microstructural analysis
(depicted in Figure 4(a)), specimens were embedded in thermosetting plastic after cutting to
facilitate handling. These embedded samples underwent grinding, polishing, and etching
using Weck’s reagent, comprising 95 ml distilled water, 1.5 ml HCI, 1.0 ml HF, and 2.5 ml
HNOs. Microstructural images of FSW joints were captured using the Motic AE2000
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metallurgical light optical microscope, assisted by Motic Images Plus 3.0 software. The
analysis of the base material employed a 20x objective lens, and the captured images were
analyzed using the line intercept method via ImagelJ software.

FSP end
point

Fig. 3: Produced dissimilar aluminium joints (a) FSW, (b) FSP, and (c) FSP+Coal

Tensile testing was carried out using the Hounsfield 50K testing machine, which was
equipped with Horizon software, following the specimen geometry and testing protocols
specified in the ASTM E8M-04 standard. Figure 4(b) presents the dimensions of the tensile
specimen in millimeters. Microhardness tests were conducted using the Falcon 5000
Innovatest hardness testing machine with IMPRESSIONS software, following the guidelines
outlined in the ASTM E384-11 standard. The test parameters included a 0.3 kg load, a 1 mm
spacing between indents, and a total of 25 measurement indents. Figure 4(c) demonstrates
three sets of readings obtained per specimen, employing the 10x and 20% objectives for
precise specimen focusing and accurate measurements.
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Fig. 4: (a) Microstructure/ microhardness specimen, (b)Tensile specimen, and (c) Sample —
microhardness indentation.

3 Results and Discussion

3.1 Macrostructure and Microstructure

Figure 5 illustrates the FSW, FSP, and FSP+Coal welded joints. In the first set of
macrographs (Figure 5(a)), the FSW joints exhibit small visible defects, notably a tunnel
defect highlighted by a yellow circle. Similarly, the FSP samples display tunnel defects due
to insufficient heat and material flow during initial joint formation [12-13]. The use of
dissimilar alloys with distinct melting points causes AAS5083 to soften before AA6082,
resulting in inadequate material mixing and microstructural defects, as seen in Figure 5(b)
[14-15]. Additionally, Figure 5(c) depicts friction stir processing with coal reinforcement
(FSP+Coal), where a sample marked with a yellow circle also displays a tunnel defect in the
nugget zone, akin to the one observed in the FSP sample.
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Fig. 5. Macrographs, (a) FSW, (b) NFSP, and (c) FSP + Coal.

Microstructural analysis of the welded samples involved metallographic tests on transverse
cross-sections. Figures 6(a-c) show micrographs captured specifically from the stir zones of
the FSW, FSP, and FSP+Coal welded joints at their midpoint positions. Table 4 summarizes
the grain sizes depicted in Figure 6: in Figure 6(a), the FSW welded joints display a fully
recrystallized grain structure with distinct boundary layers, resulting in significantly smaller
grain size compared to the AA6082 parent material (PM). Figure 6(b) reveals the processed
FSP grain structure with finer grains than FSW, credited to intense plastic deformation caused
by the rotating tool in the stir zone, leading to micro-constituent breakdown and partial
recrystallization. In Figure 6(c), the FSP+Coal sample displays the smallest grain sizes at
12.789 pm, almost comparable to FSP. These observations shed light on the varied
microstructural features resulting from different processing techniques, emphasizing the
impact of plastic deformation and recrystallization on the grain structure of welded joints
[16-17].
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(a)

Fig. 6. Stir zone micrographs, (a) FSW, (b) NFSP, and (c) FSP+Coal.

Table 4: Grain sizes of the stir zones.

Joint Mean grain size (um) | Standard deviation (um)

FSW 39.743 16.814

FSP 13.145 5.119
FSP+Coal 12.789 4.211

3.2. Tensile properties

Figure 7 displays the processed specimens of FSWed, FSPed, and FSP+Coal joints post-
tensile testing. In both FSWed and FSPed specimens, failure occurred outside the welded
area in the Heat-Affected Zone (HAZ) of the AA6082 side, evident in the reduced area due
to necking (Figure 7(a-b)). This outer joint failure, specifically in the HAZ, signifies a
seamless joint and indicates the joint's strength surpasses that of AA6082 [18]. The consistent
occurrence of failure outside the joint in both FSW and FSP specimens highlights the joint's
strength relative to the AA6082 side, with the HAZ exhibiting the lowest strength, a typical
phenomenon in dissimilar material joining [19-22].
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In the case of FSP+Coal, failure occurred within the welding zone, close to the AA5083 side,
exhibiting a brittle nature. Specifically, the failure took place at the thermomechanically
affected zone (TMAZ) without any signs of elongation or ductility, indicating a brittle failure
[23]. This type of failure suggests a significant influence of the coal powder material, leading
to failure within the welded area, as depicted in Figure 7(c). Notably, the failure did not occur
at the center of the specimen but rather in the vicinity of the coal powder presence.

Figure 7(d) illustrates the tensile stress-strain curves for the FSWed, FSPed joints, and
FSP+Coal reinforcement particles. The corresponding tensile properties are provided in
Table 5, which is also depicted in Figure 7. The FSWed joints showed a maximum Ultimate
Tensile Stress (UTS) of 166.6 MPa, accompanied by a corresponding tensile strain rate of
9.28%. The FSPed joints displayed a maximum UTS of 126.66 MPa at a corresponding
tensile strain rate of 9.14%. Conversely, the FSP+Coal joints exhibited a maximum UTS of
142 MPa, paired with a corresponding tensile strain rate of 9.28%.
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Fig. 7. Post tensile specimens (a) FSW, (b) FSP, (c¢) FSP+Coal specimen, and (d) Tensile stress-strain
curves.
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Table 5. Tensile properties joints results.
Sample Ultimate Tensile strain | Tensile strain at Position of
Tensile Stress at UTS(%) breakpoint (%) fracture
(MPa)
FSW 166.6 9.28 13.9 HAZ/AAS5083
FSP 126.66 9.14 13.9 HAZ/AAS5083
FSP+Coal | 142 9.28 10.09 TMAZ/AA6082

3.3 Fractographic analysis

Figure 8 displays the fracture surface morphology of the FSW, FSP, and FSP+Coal welding
joints, revealing numerous circular dimples of varying sizes, indicative of a pronounced
ductile failure mechanism. Tensile specimen analysis confirmed the predominantly ductile
nature of the joint fracture mode. In FSW and FSP, the failure occurred at the AAS083 side,
while FSP+Coal led to failure on the AA6082 side. The joints' ductility was evident from
characteristic features such as diverse-sized dimples, as supported by previous studies [20,24-
26]. The figure highlights specific elements of ductile characteristics, including inclusion
particles (green arrow), intergranular fractures (yellow), trans-granular cleavage facets and
micro dimples (red arrow), and micro-voids (blue arrow).

11
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Fig. 8. Fractography, (a) FSW, (b) FSP, and (c) FSP-Coal.

3.4 Hardness analysis

Figure 9 presents the Vickers hardness profiles for FSW-welded, FSP, and FSP+Coal joints
at various positions. Additionally, Figure 9(d) shows the NZ hardness bar charts for these
joints. The results indicated that AA5083 H111 consistently exhibited higher hardness values
than AA6082 T51 in all conducted tests. Notably, FSW, FSP, and FSP+Coal joints displayed
higher hardness values than AA6082 T651 at the nugget zone, averaging between 55-75
HVO0.3 throughout the weld positions in FSW (Figure 9(a)). Hardness values decreased across
all welded joints towards AA6082-T651. Moreover, minimal differences were observed
between the tool shoulder and tool pin positions on the AA5083-H111 edges compared to
the nugget zones, especially at the initial and middle weld positions. At the end of the weld,
the tool shoulder edges exhibited higher values than the nugget zone.

Positions near the tool pin and tool shoulder areas on the AA6082-T651 side exhibited
relatively lower hardness values compared to other regions. However, the nugget zone
displayed a significant increase in hardness values across the entire length of the welded joint,
surpassing the hardness of the AA6082-T651 Heat-Affected Zone (HAZ) side. This hardness
increase is attributed to the fine grain size generated by the FSW process and the work-
hardening effect induced during the process, as documented in [27]. The AA6082 alloy, being
a precipitate-hardened alloy, is significantly affected by temperatures above 200°C,
impacting its properties [28-29]. The data below indicates that the temperature has notably
influenced the AA6082 alloy, especially on the HAZ side, in comparison to the AA6082
T651 base material.

The results depicted in Figure 9(b) reveal that FSP achieved a maximum hardness of 95 HV
at the nugget zone with a single pass, while the maximum hardness at TMAZ was 85 HV,
decreasing to 54 HV at the beginning of the AA6082 base metal. This indicates that the
processed joints exhibit enhanced resistance to deformation. The hardness behaviour
observed in FSP aligns with that of wrought 5XXX series aluminium alloys, displaying
minimal hardness variation between the nugget zone and the base material [30-35]. This
finding is consistent with the tensile strength results of FSW and FSP presented in section

12
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3.2, suggesting grain size refinement in the processed joint. However, it's noteworthy that the
tensile failure and bending occurred on the AA6082 side.

In this section, the hardness tests performed on FSP+Coal welded joints are presented, as
shown in Figure 9(c). The hardness values of AA5S083 H111 at the tool shoulder on the
AAS5083-H111 edges showed minimal variation compared to the nugget zones, with a
maximum hardness value of 84 HV. Additionally, all three welded depth lines were closely
clustered together as they extended from AAS083-H111 through the nugget zone to the
AA6082-T651 side, which contrasts with the depth lines observed in FSW and FSP.

100
BM HAZ TMAZ NZ TMAZ HAZ BM
90 4 —m—FSW depth line 1
ol — @ FSW depth line 2
/'\_ a/m —A—FSW depth line 3
80 )
= 701
*C—r: ) /‘ - \ . . /-
§ 60 A/ ¢ m '
= o /
E 50 -
T \ Y
40 4 ¢
307 AA5083 AABOS2
T T T T T T T T T T T T T T T T T T
(a) -12 -9 -6 -3 0 3 6 9 12
Distance from the centre (mm)
110 r g —
] BM HAZ TMAZ 4 NZ T™MAZ Azl BMm
100 - = FSP depth lins 1
] —@—FSP depth line 2
20 —4&—FSP depth line 3
= l
o 804
= ]
= ’\
—~ 70 |
4 - NN
S o0 :
= )
T 50
40 -
309 AA5083 AAG082

-6

-3 0 3 <] 9

Distance from the centre (mm)

13



E3S Web of Conferences 552, 01014 (2024) https://doi.org/10.1051/e3sconf/202455201014
ICMPC 2024

110 — . : —
LoBM s w2z N w2 w2 B
v | —B—FSP+COAL depth line 1
1 | —®—FSP+COAL depth line 2
90 | ; —A—FSP+COAL depth line 3
P 1 2»1_4- | P
(q ) 0 I ]
o %07 \ | |
% 1 i i
= 70 ’ |
5] I
Y g i
© : N
5 60 | [
| 1
. |
L 50 !
40 i
301 AABD83 ! !
T T T T T T T T U T U T
( ) -12 9 -6 -3 0 3 6 9 12
c .
Distance from the centre (mm)
100
] FSW
90 - FSP
1 [_JFSP+C
80
& 07 57 705
S 60- 64.6 :
5 J
@ 50+
8 4
D 404
® E
T 30-
20
10 -
0 T
(d) FSwW FSP FSP+C

Fig. 9. Microhardness profiles: (a) FSW, (b) FSP, (c) FSP+Coal; (d) Average SZ microhardness
charts.

4 Conclusions

This study comprehensively analyzed the FSW, FSP, and FSP+Coal joints under general
conditions, exploring the potential enhancement of mechanical properties in FSP welded
joints by incorporating coal powder. The resulting conclusions stem from the study's
findings.

The findings demonstrate that the mechanical properties of the processed FSP+Coal welded
joints are superior to those of the parent material and FSP joints. This improvement is evident

14
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in the tensile stress-strain curves, revealing that FSP+Coal joints exhibit a more favourable
curve. Specifically, these joints begin to fail at 130 MPa with a strain of 6% and completely
fail at an Ultimate Tensile Stress of 144 MPa with a strain of 9.5%. In contrast, FSP joints
start failing at 130 MPa with a strain of 8.5% and completely fail at 90 MPa with a strain of
14%. Additionally, the hardness of FSP+Coal was on average 8.3% higher than FSW and
4% higher than FSP. The results suggest that FSP+Coal joints can be further optimized by
adjusting welding parameters such as welding speed, rotation speed, and tilting angle to
achieve better results. These findings offer valuable insights for the development and
optimization of FSP joints reinforced with coal powder.
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