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INTRODUCTION 

Friction Stir Welding is a solid-state welding 
technique invented in 1991 by Wayne Thomas 
(Thomas et al., 1991) at The Welding Institute in 
the United Kingdom used to join two or more met-
als without using any filler material or melting the 
metals. Unlike traditional welding methods, FSW 
(Figure 1) does not involve the melting of the 
metals being joined. Instead, a rotating cylindri-
cal tool with a pin and a shoulder is inserted into 
the work pieces that are clamped together (Prabhu 
et al., 2018). The tool is rotated at high speeds and 
moved along the joint line, generating heat and 
pressure that softens the metal to a plastic state, 
allowing the tool to stir the metals together and 

create a homogeneous joint. The tool’s shoulder 
helps to distribute the heat generated during the 
process, preventing excessive localized heating 
and minimizing distortion. The pin, which is po-
sitioned at the centre of the shoulder, penetrates 
the work pieces and stirs the softened material, 
creating a mechanically sound joint without any 
voids or defects. The advantages of FSW include 
high welding speed, low distortion, reduced heat 
input, and improved mechanical properties of the 
joint (Mishra, 2018). Because the metals are not 
melted, there is no need for any filler material, re-
ducing the cost and time required for the welding 
process. The low heat input also reduces the risk 
of distortion and prevents the formation of brittle 
intermetallic compounds, resulting in improved 
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mechanical properties of the joint. FSW can be used 
to join a wide range of materials, including alumi-
num alloys, magnesium alloys, copper alloys, tita-
nium alloys, and even some plastics. In this study, 
aluminum alloys AA2024 and AA6351 are selected 
as the base materials for welding. However, alumi-
num alloys, particularly those containing copper and 
magnesium, can pose challenges during welding due 
to the formation of brittle intermetallic compounds 
and potential susceptibility to corrosion. By incor-
porating scandium-enriched powder into the FSW 
process, this research aims to mitigate some of these 
challenges and enhance the mechanical and corro-
sion properties of the welded joints. The addition 
of scandium offers the potential to refine the micro-
structure, improve material flow, and increase the 
overall performance of the welded joints, addressing 
some of the inherent issues associated with weld-
ing aluminum alloys. It has proven to be a reliable 
and efficient method for joining aluminum alloys, 
including aerospace, automotive, marine, and struc-
tural applications (Kluz et al., 2019). 

Several studies have investigated the micro-
structural, mechanical, and corrosion properties 
of aluminum alloys welded with the addition of 
scandium. Arunkumar, D., and KS Vijay Sekar. 
(2024) explored the influence of scandium in-
terlayer on the mechanical and metallurgical 
properties of friction stir welded joints between 
dissimilar AA1200-H14 and AA6061-T6 alloys. 
Results show that optimal settings yield maxi-
mum tensile strength and improved frictional 
heat observations. SEM analysis reveals fine and 
equiaxed grains, indicating enhanced mechani-
cal properties and microstructural refinement 

with the inclusion of scandium interlayer. Sen-
thamaraikannan et al. (2023) investigated the use 
of FSW with a scandium (Sc) interlayer to join 
AA5052-H32 and AA6061-T6 alloys, commonly 
used in military-grade applications like ship hull 
constructions and armoured helicopters. FSW 
parameters including tool rotation speed, weld-
ing speed, and tool pin depth are optimized to 
improve material flow and reduce brittleness. A 2 
mm Sc interlayer is added to enhance weld joint 
strength. Shine and Subbaiah (2020) found that 
the inclusion of scandium led to microstructure 
refinement and improved mechanical properties 
such as hardness and tensile strength. Jiang et 
al. (2014) observed that scandium and zirconium 
additions significantly influenced the alloy’s mi-
crostructure and mechanical properties, resulting 
in increased hardness and strength. Kumar et al. 
(2022) examined the influence of FSW param-
eters on dissimilar joints and found that corro-
sion resistance decreased with increased traverse 
speed but improved with higher rotational speed. 
Sudhakar and Srinivas (2019) investigated the 
corrosion behavior of FSW butt welds and ob-
served accelerated corrosion in the weld joint 
compared to the base alloys, with the presence 
of precipitates contributing to corrosion pit for-
mation. D’Urso et al. (2017) noted that process 
parameters significantly affected tensile strength, 
hardness, and corrosion resistance, with higher 
rotational speed and lower traverse speed leading 
to improved properties. Additionally, Fahimpour 
et al. (2012) found that FSW joints exhibited su-
perior corrosion resistance compared to gas tung-
sten arc welding joints, attributed to the unique 

Figure 1. FSW schematic diagram [Prabhu et al., 2018]
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microstructure induced by FSW. These studies 
collectively underscore the importance of scan-
dium addition and FSW parameters in enhanc-
ing the microstructural, mechanical, and corro-
sion properties of aluminum alloys. In this work, 
scandium-enriched powder is incorporated into 
the stir zone of the samples, followed by FSW, 
resulting in improved performance.

MATERIALS

The materials used in the study are dissimi-
lar aluminum alloys, specifically AA6351-T6 and 
AA2024-T6 plates. These alloys were selected 
due to their distinct compositions and mechanical 
properties, offering a platform for investigating 
the effects of Scandium-enriched alloy powder 
incorporation on friction stir welded joints. Each 
plate measured 100 × 75 × 6.3 mm in dimensions. 
A rotating tool applied a consistent normal load 
during the welding process. Parameters included 
three rotational speeds (800 rpm, 1200 rpm, and 
1600 rpm) while maintaining a constant welding 
speed of 35 mm/min and a vertical normal load of 
3 kN. These parameters were selected based on a 
combination of literature review, preliminary tri-
als, and the specific requirements of the materials 
used (AA2024 and AA6351). These parameters 
are known to effectively balance the heat genera-
tion and material flow necessary for producing 

sound welds in aluminum alloys. The tool, made 
from H13 tool steel, featured an 18 mm diameter 
shoulder, a 6 mm diameter pin, and a tip height 
of 6 mm. These parameters and geometries were 
selected to ensure consistency and accuracy in 
the FSW process simulation, facilitating the 
evaluation of material behavior and weld qual-
ity. The chemical compositions were determined 
using spectroscopy, and the mechanical proper-
ties of the base materials were measured. The 
description of the materials utilized in the study 
comprises four key tables: Table 1 presents the 
chemical composition of AA6351-T6, detailing 
the elemental composition crucial for understand-
ing its properties and behavior. Similarly, Table 2 
provides the chemical composition of AA2024-
T6, offering insight into its elemental makeup. 
Table 3 outlines the mechanical properties of the 
base metals, providing essential data on their ten-
sile strength, yield strength, and other mechani-
cal characteristics. Lastly, Table 4 presents the 
chemical composition of H13 steel, the material 
used in constructing the tool for the friction stir 
welding process.

METHODOLOGY

The methodology for this study involves 
several key steps to investigate the effects of in-
corporating scandium-enriched powder into the 

Table 1. Chemical composition of the material AA6351-T6; material chemical composition by weight%
Component Si Fe Cu Mn Mg Al

% 0.6–1.3 0.6 0.1 0.4–1.0 0.4–1.2 Bal.

Table 2. Chemical composition of the material AA2024-T6
Component Si Fe Cu Mn Mg Zn Al

% 0.046 0.17 4.7 0.65 1.56 0.11 Bal.

Table 3. Base metal mechanical properties
Base metal UTS (MPa) YS (MPa) Elongation (%) Vicker’s hardness (VHN) (0.1kgf)

AA6351-T6 329 272 11.7 100.46

AA2024-T351 421 307 19.6 119

Table 4. Chemical composition of H13 steel
Component C Mn Si P S Cr Mo Ni V Fe

% 0.331 0.321 1.0183 0.014 0.011 5.127 1.0176 0.049 0.989 Bal.
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EXPERIMENTATION

Al-1Sc-0.3Zr master alloy ingot

Al-1Sc-0.3Zr master alloy is a specialized ma-
terial that plays a crucial role in improving the 
properties of aluminum alloys. This master alloy 
is composed of aluminum (Al) as the base metal, 
with added scandium (Sc) and zirconium (Zr) ele-
ments. The unique combination of these elements 
imparts remarkable enhancements to the mechani-
cal, microstructural, and corrosion properties of 
aluminum alloys, making it an essential component 
in various industries, including aerospace, automo-
tive, and marine engineering. The powder used in 
this study was prepared through a filing process. In 
this method, bulk Al-1Sc-0.3Zr alloy material (Fig-
ure 2) was carefully filed down into fine particles, 
resulting in the production of the powder (Figure 3a). 
The filing process ensured the creation of uniform 

FSW process of aluminum alloys AA2024 and 
AA6351. Firstly, the base materials, AA2024 
and AA6351, are prepared in the form of 
rectangular plates sized 100 × 75 × 6.3 mm. 
The scandium-enriched powder is then added 
to the surface of the plates prior to welding. 
The FSW process is conducted using a FSW 
machine with specific parameters: rotational 
speeds of 800, 1200, and 1600 rpm, a constant 
welding speed of 35 mm/min, and an axial load 
of 3 kN. During welding, a rotating cylindrical 
tool with a pin and shoulder is inserted into 
the workpieces, generating heat and pressure 
to soften the metals and create a homogeneous 
joint. The resulting welds are characterized us-
ing various techniques, including optical mi-
croscopy, scanning electron microscopy, hard-
ness testing, and tensile testing, to evaluate 
the microstructural, mechanical, and corrosion 
properties of the welded joints.

Figure 2. Al-1Sc-0.3Zr Ingot

Figures 3. (a) Scandium enriched powder, (b) SEM analysis of the powder

a) b)
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and small-sized particles, which were essential for 
effective dispersion and incorporation into the weld 
material during the friction stir welding process. This 
method was chosen for its simplicity and ability to 
produce a high-quality powder suitable for the ex-
perimental procedures. The manual powder addition 
technique was chosen for its simplicity, allowing for 
precise control over the amount of powder added 
and its placement within the stir zone. The hands-
on approach facilitated a practical and effective 
method of incorporating the Al-1Sc-0.3Zr powder, 
enabling a detailed evaluation of its impact on the 
resulting weld properties. The Scandium enriched 
powder was subjected to scanning electron micros-
copy (SEM) analysis (Figure 3b) to investigate its 
morphology and microstructure. The SEM analysis 
revealed a fine and uniform distribution of Scandium 
particles within the powder matrix. The surface of 
the powder exhibited a homogeneous distribution of 
particles with irregular shapes and sizes, indicating 
good dispersion and mixing of the Scandium alloy 
within the powder matrix. Table 5 provides the com-
position of the Al-1Sc-0.3Zr master alloy.

Figures 4 and 5 show the dissimilar aluminum 
alloys AA6351-T6 and AA2024-T6 before weld-
ing, where Figure 4 depicts the plates with holes 
and Figure 5 illustrates these holes filled with 

scandium-enriched alloy powder. Figure 6, on the 
other hand, displays the samples without any holes, 
prepared for the friction stir welding process.  

FSW setup

The FSW setup employed for joining dis-
similar aluminum alloys AA2024 and AA6351 
involves a robust and precisely controlled appa-
ratus. The FSW machine is equipped with spe-
cialized tooling designed to accommodate the 
dissimilar nature of the alloys. Clamping mecha-
nisms ensure secure fixation of the AA2024 and 
AA6351 plates of size 100 × 75 × 6.3 mm, fa-
cilitating consistent material flow during weld-
ing. The tool, featuring a threaded shoulder and 
a tapered pin with a wear-resistant material, is 
configured to provide the necessary rotational 
and axial forces. Real-time monitoring and feed-
back systems ensure accurate control of welding 
parameters, including rotation speed, welding 
speed, and axial force. This setup ensures the gen-
eration of defect-minimized, high-quality joints 
between dissimilar aluminum alloys, enabling 
comprehensive investigations into joint proper-
ties and microstructural characteristics. Figure 7a 
shows the welding machine, a critical component in 

Table 5. Composition of Al-1Sc-0.3Zr
Element Sc Zr Fe Si Al

Composition 1.08 0.32 0.19 0.01 Balance

Figure 4. Samples with holes along stir zone for powder addition
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Figure 5. Powder added in the holes

Figure 6. Samples without holes

Figures 7. FSW setup: (a) machine, (b) plates fixed

a) b)
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the FSW process, equipped to apply the necessary 
rotational speed, welding speed, and normal load for 
the experiment. Figure 7b depicts the aluminum al-
loy plates, AA6351-T6 and AA2024-T6, securely 
fixed in position on the machine bed, ready for the 
welding process. Figure 8 illustrates the FSW tool 
made of H13 tool steel, featuring a pin with a diam-
eter of 6mm and a depth of 6mm.  Figure 9 shows 
the fabricated FSW welds at three different speeds 
800, 1200 and 1600 rpm at 35 mm/min welding 
speed and 3 kN axial force without (above three 
figures) and with Scandium enriched alloy powder 

(below three figures) and Table 6 shows the differ-
ent weld appearances. Table 6 illustrates the visual 
appearances of friction stir welded (FSWed) samples 
at different rotational speeds, both with and without 
powder. It showcases the weld appearances at 800, 
1200, and 1600 rpm without powder, as well as at 
800 and 1200 rpm with powder. 

RESULTS

Tensile testing

Figures 11a and 11b display the tensile speci-
mens of friction stir welded samples prepared for 
mechanical testing. Figure 11a shows the tensile 
specimens of an FSWed sample without the addi-
tion of scandium-enriched alloy powder. Figure 
11b presents the tensile specimens of an FSWed 
sample with the incorporation of scandium-en-
riched alloy powder which underwent cutting us-
ing CNC Milling in accordance with the ASTM 
E8 standards (shown below Figure 10) before 
and after testing respectively. The tensile test is 
performed on tensile testing machine (INSTRON 
Make-Figure 12).

Tensile test results

The investigation focused on the effects of tool 
rotational speed (800, 1200, and 1600 rpm) on the 
tensile strength, yield strength, and elongation of Figure 8. Cylindrical FSW tool

Figure 9. Fabricated joints
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Table 6. Weld appearances

Figure 10. Tensile specimen drawing

welded samples, conducted at a constant speed of 
35 mm/min and an axial force of 3000 N (Table 7). 
Three samples were made for each test at the same 

parameters. The addition of scandium-enriched 
powder to the FSW process significantly im-
proved the mechanical properties of the aluminum 

Figures 11. Tensile specimens of FSWed samples: (a) without powder, (b) with powder
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alloy joints across all tested rotational speeds. At 
a rotational speed of 800 rpm, the ultimate tensile 
strength (UTS) increased from 200.7 MPa to 241.8 
MPa, while the yield strength (YS) improved from 
167.25 MPa to 201.5 MPa. Similarly, at 1200 rpm, 
the UTS increased from 244.5 MPa to 275.5 MPa 
and the YS from 202.84 MPa to 229.58 MPa. At 
1600 rpm, the UTS rose from 232.5 MPa to 256.5 
MPa, and the YS from 193.75 MPa to 213.75 

MPa. However, this improvement in strength was 
accompanied by a reduction in ductility. The per-
centage elongation decreased from 5.3% to 4.56% 
at 800 rpm, from 6.5% to 5.65% at 1200 rpm, and 
from 4.8% to 4.27% at 1600 rpm. The observed 
increase in both tensile and yield strengths with 
scandium addition is attributed to microstructure 
refinement, resulting in grain size reduction and 
enhanced dispersion of strengthening precipitates. 

Table 7. Tensile test results with and without Scandium enriched powder

Rotational 
speed (rpm)

Without scandium enriched powder With scandium enriched powder

UTS (MPa) YS (MPa) % Elongation UTS (MPa) YS (MPa) % Elongation

800 200.7 167.25 5.3 241.8 201.5 4.56

1200 244.5 202.84 6.5 275.5 229.58 5.65

1600 232.5 193.75 4.8 256.5 213.75 4.27

Figure 13. Tensile strength comparison

Figure 12. Tensile test set up
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Figures 14. Fracture analysis of FSWed samples: (a) without powder, (b) with powder

a) b)

While scandium contributes to increased strength, 
it might also influence ductility, leading to slightly 
reduced elongation percentages. These findings 
are consistent with the trends reported in the lit-
erature, such as those by Zhu et al. (2023) and Rao 
and Ramanaiah (2018), who observed similar en-
hancements in mechanical properties with scandi-
um and zirconium micro-alloying in aluminum al-
loys. These comparisons highlight that scandium 
significantly enhances the mechanical properties 
of aluminum alloys, reinforcing the results of the 
current study. Figure 13 shows the tensile strength 
comparison. 

Fracture analysis

Fracture analysis was performed on FSWed 
samples produced at a rotational speed of 1200 
rpm, comparing those with and without Scan-
dium enriched powder. Samples without powder 
(Figure 14a) exhibited a higher number of dim-
ples on the fracture surface, indicating a ductile 
fracture mode due to significant plastic deforma-
tion before failure. This aligns with the lower 
tensile strength and hardness values recorded for 
these samples, suggesting reduced overall mate-
rial strength. In contrast, samples with Scandium 
enriched powder (Figure 14b) showed no dimples 
on the fracture surface. This demonstrates that the 
addition of scandium-enriched powder signifi-
cantly reduces the ductility of the welded sam-
ples. Despite this, these samples exhibited higher 
tensile strength and hardness values, indicating 

improved mechanical properties facilitated by the 
reinforcement effect of the powder.

Hardness

The Vickers hardness test was conducted us-
ing a load of 1 kilogram-force applied for a du-
ration of 10 seconds in accordance with ASTM 
E384 standard. The Vickers hardness numbers 
(HV) were measured at the stir zone of FSW sam-
ples, both with and without Scandium-enriched 
powder, at rotational speeds of 800 rpm, 1200 
rpm, and 1600 rpm. For samples without pow-
der, the hardness values exhibited variation with 
rotational speed, ranging from 55.93 HV at 800 
rpm to 98.3 HV at 1200 rpm, and then slightly de-
creasing to 91.9 HV at 1600 rpm. Conversely, in-
corporating powder into the FSW process result-
ed in consistently higher hardness values across 
all speeds, ranging from 67.2 HV at 800 rpm to 
115.33 HV at 1200 rpm, and then decreasing 
slightly to 105.5 HV at 1600 rpm. These findings 
suggest that the addition of Scandium-enriched 
powder enhances the hardness of the FSWed 
samples, indicating potential improvements in 
mechanical properties such as strength and wear 
resistance. The observed trend of increasing hard-
ness with the addition of powder highlights the 
effectiveness of Scandium in refining the micro-
structure and promoting the formation of stronger 
intermetallic phases within the weld matrix. This 
enhancement in hardness underscores the poten-
tial for utilizing Scandium-enriched powder to 
enhance the mechanical performance of friction 
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Table 8. Hardness test results
Sample Vicker’s hardness number (980 mN for 10s)

FSWed sample without powder at 800 rpm 55.93

FSWed sample without powder at 1200 rpm 98.3

FSWed sample without powder at 1600 rpm 91.9

FSWed sample with powder at 800 rpm 67.2

FSWed sample with powder at 1200 rpm 115.33

FSWed sample with powder at 1600 rpm 105.5

stir welded joints, particularly in aluminum alloys 
like AA6351 and AA2024. The observed varia-
tion in hardness values with changes in the tool’s 
rotational speed underscores the significant in-
fluence of process parameters on the mechanical 
properties of friction stir welded joints. In this 
study, an increase in rotational speed led to a cor-
responding increase in hardness values for sam-
ples without powder, peaking at 1200 rpm before 
slightly decreasing at 1600 rpm. Conversely, 
incorporating Scandium-enriched powder con-
sistently yielded higher hardness values across 
all rotational speeds. The relationship between 
rotational speed and hardness can be attributed 
to several factors. Firstly, at lower rotational 
speeds, there is insufficient heat generation and 
material flow, resulting in incomplete grain re-
finement and intermetallic phase formation, lead-
ing to lower hardness values. As the rotational 
speed increases, more heat is generated, promot-
ing greater material flow and enhanced mixing of 
alloying elements, which contribute to finer grain 
size and more uniform distribution of strength-
ening precipitates, consequently increasing hard-
ness. However, beyond a certain threshold, ex-
cessive rotational speeds can lead to excessive 
heat generation and material softening, potential-
ly resulting in a decrease in hardness. Additional-
ly, the incorporation of Scandium-enriched pow-
der enhances the formation of fine and uniformly 

distributed precipitates, further increasing hard-
ness values across all rotational speeds. This is 
consistent with the results of Senthamaraikannan 
et al. (2023), who reported increased hardness 
from 60 HV to 70 HV when scandium was incor-
porated into AA5052-H32 and AA6061-T6 alloy 
welds. These findings are consistent with obser-
vations made by Shine and Subbaiah (2020) in 
their study on AA5083 aluminum alloy, where 
the addition of scandium increased yield stress 
and hardness values while reducing the percent-
age elongation of the welded joint. The below 
Table 8 shows the hardness results.

Microstructures

The examination of microstructures provides 
valuable insights into the distribution of precipi-
tates within the material. In the context of alu-
minum alloys, specifically AA 2024 (Figure 15a) 
and AA 6351 (Figure 15b), the precipitates identi-
fied are Al2Cu and Mg2Si, respectively. Notably, 
the microstructural analysis indicates a uniform 
and even dispersion of these precipitates through-
out the entire material matrix. 

OM, SEM, and corrosion tests were con-
ducted exclusively for the FSWed samples with-
out powder at 800, 1200, and 1600 rpm, as well 
as for those with powder at 800 and 1200 rpm. 
The FSWed sample with powder at 1600 rpm 

Figures 15. Microstructures of welded parts made of aluminum alloy: (a) AA2024, (b) AA6351

a) b)
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was excluded from these tests due to its poor 
quality. This sample exhibited significant de-
fects and inconsistencies during the fabrication 
process, which compromised its structural integ-
rity and made it unsuitable for reliable testing. 
At 800 rpm, the OM examination reveals dis-
tinct features characterized by grain coarsening 
and irregular grain boundaries (Figure 16a). The 
larger grain sizes observed indicate a less refined 
microstructure, potentially attributable to lower 
rotational speeds resulting in inadequate mix-
ing and plastic deformation during the welding 
process. Increasing the rotational speed to 1200 
rpm presents a notable shift in microstructural 
characteristics (Figure 16b). The OM study in-
dicates a refinement in grain structure compared 
to the 800 rpm samples. However, irregular grain 
boundaries persist, suggesting a suboptimal level 
of dispersion strengthening mechanisms. Further 
elevation of the rotational speed to 1600 rpm 
showcases continued improvement in microstruc-
tural refinement (Figure 16c). The OM analysis 
demonstrates finer grain sizes and a more uni-
form distribution, indicative of enhanced disper-
sion strengthening mechanisms. However, cer-
tain irregularities may still be present, albeit to a 
lesser extent compared to lower rotational speeds. 
At 800 rpm with alloy powder, the OM study 

reveals a refined microstructure with finer grain 
sizes and more uniform distribution compared to 
samples without powder at the same rotational 
speed (Figure 17a). The presence of alloy pow-
der contributes to the formation of precipitates 
within the weld matrix, enhancing grain refine-
ment and strengthening mechanisms. Similarly, 
at 1200 rpm with alloy powder, the OM analysis 
showcases further refinement and modification of 
the microstructure (Figure 17b). Finer grain sizes 
and more uniform distribution of precipitates, fa-
cilitated by the Scandium-enriched alloy powder, 
contribute to enhanced mechanical properties and 
overall weld integrity. The dynamic recrystalliza-
tion that occurred in the weld nugget zone due to 
the tool pin profile action resulted in smaller grain 
sizes in this region. The addition of a scandium 
enriched powder further contributed to the reduc-
tion in grain growth. 

SEM

The SEM analysis of AA6351 and AA2024 
base materials (Figures 18a and 18b) revealed 
characteristic microstructures typical of each 
alloy. AA6351 exhibited a uniform microstruc-
ture with distinct grain boundaries and dispersed 
precipitates, while AA2024 displayed a more 

Figures 17. Microstructures of FSWed samples with powder at: (a) 800 rpm, (b) 1200 rpm

a) b)

Figures 16. Microstructures of FSWed samples without powder at: (a) 800 rpm, (b) 1200 rpm, (c)1600 rpm

a) b) c)
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Figures 18. SEM analysis of base materials: (a) AA6351, (b) AA2024

a) b)

Figures 19. SEM analysis of FSWed samples without powder at: (a) 800 rpm, (b) 1200 rpm

a) b) c)

Figures 20. SEM analysis of FSWed samples with powder at: (a) 800 rpm, (b) 1200 rpm

a) b)
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Figure 21. Corrosion testing of base materials

heterogeneous microstructure with intermetal-
lic particles dispersed throughout the matrix. At 
800 rpm, SEM images revealed a microstructure 
characterized by relatively larger grain sizes 
and irregular grain boundaries (Figure 19a). 
The absence of powder led to limited dispersion 
strengthening mechanisms, resulting in a less re-
fined microstructure with diminished mechani-
cal properties. Increasing the tool rotational 
speed to 1200 rpm yielded notable changes in 
the microstructural features (Figure 19b). Here, 
SEM analysis unveiled further grain coarsening 
and irregularities in grain boundaries, indica-
tive of a less refined microstructure compared 
to lower rotational speeds. This observation 
suggests that while the rotational speed influ-
ences the weld microstructure, without the ad-
dition of alloy powder, the refinement of the 
microstructure remains limited. At 1600 rpm, 
SEM examination exhibited similar trends with 
continued grain coarsening and irregular grain 
boundaries (Figure 19c). Despite the higher 
rotational speed, the absence of alloy powder 
failed to mitigate these microstructural deficien-
cies, resulting in a less refined weld matrix. In 
contrast, FSWed samples with the inclusion of 
Scandium-enriched alloy powder were investi-
gated at rotational speeds of 800 and 1200 rpm. 
At 800 rpm, SEM images depicted a refined 

microstructure characterized by finer grain sizes 
and more uniform grain boundaries compared 
to samples without powder (Figure 20a). The 
presence of alloy powder facilitated the forma-
tion of finer precipitates within the weld matrix, 
contributing to improved mechanical properties 
and overall weld integrity. Similarly, at 1200 
rpm, SEM analysis revealed further refinement 
of the microstructure with the addition of alloy 
powder (Figure 20b). Finer grain sizes and more 
uniform distribution of precipitates, including 
Al3Sc and Al3Zr, were observed throughout the 
weld matrix. These findings underscore the sig-
nificant role of Scandium-enriched alloy powder 
in enhancing the microstructural characteristics 
and mechanical properties of FSWed samples.

CORROSION TESTING

Figures 21 and 22 show that the Tafel plots 
of the base materials and the FSWed samples 
with and without powder. The corrosion test 
experiments were conducted in sea water solu-
tion using ASTM G61 standard procedures. The 
corrosion rates of the samples reveal significant 
differences in their corrosion resistance. Table 9 
presents a detailed comparison of corrosion rates 
among different samples, highlighting significant 
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Figure 22. Corrosion testing of FSWed samples with and without powder

Table 9. Corrosion test results
Sample Corrosion rate (mm/year)

AA6351 (Base material) 0.0068

AA2024 (Base material) 4.31

FSWed sample without powder at 800 rpm 4.94

FSWed sample without powder at 1200 rpm 1.27

FSWed sample without powder at 1600 rpm 4.92498

FSWed sample with powder at 800 rpm 4.92996

FSWed sample with powder at 1200 rpm 0.0079

variations in their corrosion resistance. AA6351 
emerges as the most corrosion-resistant base ma-
terial with a rate of 0.0068 mm/year, contrasting 
sharply with AA2024, which exhibits a signifi-
cantly higher corrosion rate of 4.31 mm/year. In 
the case of friction stir welded (FSWed) samples 
without powder, corrosion rates vary notably 
with rotation speed. At 800 rpm, the corrosion 
rate measures 4.94 mm/year, whereas at 1200 
rpm, it decreases to 1.27 mm/year. Interestingly, 
the sample at 1600 rpm shows a corrosion rate 
similar to that at 800 rpm, at 4.92498 mm/year. 
FSWed samples with powder present contrast-
ing outcomes: at 800 rpm, the corrosion rate 
matches the non-powdered sample at the same 
speed, at 4.92996 mm/year. However, at 1200 
rpm, the corrosion rate notably drops to 0.0079 
mm/year, signifying a significant enhancement 
in corrosion resistance under these conditions. 
These results underscore the effectiveness of 

scandium-enriched powder in mitigating corro-
sion susceptibility in FSWed aluminum alloys. 
Ahmad et al. (2001) demonstrated similar find-
ings in their study on scandium alloyed Al 5052, 
where the corrosion behavior was significantly 
improved in a neutral sodium chloride solution. 

CONCLUSIONS

The addition of scandium-enriched powder 
in friction stir welded aluminum alloys demon-
strates significant enhancements across multiple 
performance metrics.
 • Improvement in tensile strength: at 800 rpm, 

the addition of Scandium enriched powder 
resulted in a noticeable enhancement in ten-
sile strength, increasing from 200.7 MPa 
without powder to 241.8 MPa with powder. 
Similarly, at 1200 rpm, the tensile strength 
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exhibited a significant improvement, rising 
from 244.5 MPa without powder to 275.5 
MPa with powder. Furthermore, at 1600 
rpm, the tensile strength increased from 
232.5 MPa without powder to 256.5 MPa 
with powder.

 • Enhancement in hardness: at 800 rpm, the in-
clusion of Scandium enriched powder led to a 
notable increase in hardness, rising from 55.93 
HV without powder to 67.2 HV with powder. 
Similarly, at 1200 rpm, the hardness values 
exhibited a significant improvement, increas-
ing from 98.3 HV without powder to 115.33 
HV with powder. Furthermore, at 1600 rpm, 
the hardness increased from 91.9 HV without 
powder to 105.5 HV with powder.

 • Microstructural refinement: optical micros-
copy (OM) and scanning electron microscopy 
(SEM) analyses showed refined grain struc-
tures and uniform distribution of Scandium 
particles in the weld matrix, indicating en-
hanced weld quality and integrity.

 • Corrosion resistance: at 1200 rpm, the cor-
rosion rate significantly decreased in FSWed 
samples with Scandium enriched powder, 
highlighting improved corrosion resistance 
under specific processing conditions. For ex-
ample, the corrosion rate in the welds with 
powder was significantly lower than in those 
without powder.

These findings collectively demonstrate that 
the addition of Scandium enriched powder to the 
FSW process of AA2024 and AA6351 alloys leads 
to substantial improvements in tensile strength, 
hardness, and corrosion resistance, with the optimal 
results observed at a rotational speed of 1200 rpm.
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