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Abstract The addition of reinforcements into aluminum
alloys has recently gained considerable attention, aiming to
improve their microstructure and mechanical characteristics
for various applications. The current investigation studies
the impact of B,C reinforcements on the microstructural and
mechanical characteristics of friction stir welding (FSW)
of AA6061 with different rotational speeds. Optical and
scanning electron microscopy techniques have been used
to analyze the microstructural evolution. Particle dispersion
and interactions of B,C reinforcing agents and the aluminum
matrix of the welded regions were given particular attention.
Mechanical characteristics, including hardness and strength,
were systematically studied for the FSWed weld compos-
ites produced at various rotational speed values. The results
revealed that incorporating B,C particles had a pronounced
effect on the mechanical characteristics of the AA6061 alloy,
primarily by enhancing tensile strength and hardness. The
maximum strength and hardness combination was achieved
at the 1050 rpm rotational rates.
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Introduction

Friction stir welding (FSW) was introduced by Wayne
Thomas and his team at The Welding Institute (TWI) in
London in 1991 [1, 2]. Owing to its various advantages over
traditional fusion welding methods, it has become quite pop-
ular across various industries. The FSW method joins two
or more metal work pieces using a specifically crafted rotat-
ing tool made of a wear-resistant material, usually a high-
strength steel alloy. The FSW tool has a distinctive design
with a shoulder and an extending probe (or pin) [3]. The
rotating tool is plunged between the work plates’ overlap-
ping edges during welding, creating frictional force among
the tool’s shoulder surface and the material. The frictional
heat softens the metal without bringing it to its melting point
during welding; therefore, FSW is categorized as a solid-
state methodology. The spinning tool’s probe can now easily
penetrate the material due to this softening. The softened
material is stirred as the tool advances along the joint line,
fusing the two work pieces. Without the use of filler, the
tool’s action successfully creates a continuous weld junction.

FSW offers several significant benefits, including produc-
ing flawless, high-quality welds. Because there is no melting
involved, many problems that frequently evolve during con-
ventional fusion welding procedures, such as solidification
fractures, porosity, and solid-state phase changes, are elimi-
nated by this FSW process. FSW creates welds with extraor-
dinary mechanical qualities, such as high tensile strength,
superior fatigue resistance, and increased toughness. FSW
is also appropriate for various materials, including copper,
magnesium, aluminum, and their alloys. The ability to weld
certain metal combinations that are typically challenging to
join also applies to this process. The method is adaptable for
various applications since it can handle different ranges of
material thicknesses [4].
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The incorporation of reinforcements has drawn much
attention recently to enhance the qualities of FSWed
joints. During FSW, reinforcements in the weld zone are
used directly as particles, fibers, or other structures. The
microstructure and mechanical behavior of the weld can be
dramatically changed using these reinforcements, thereby
improving performance in particular applications. Ceramic
particles are a typical reinforcing material in FSW [5].
Before welding, these particles are frequently pre-placed
between the work pieces or introduced to the weld zone as
a powder. The particles are distributed throughout the weld
and become embedded in metal matrices with the aid of the
rotating tool. The reinforcing agents can strengthen, harden,
and increase wear resistance of the weld plates [6].

Sun et al. [6] study aimed to examine the effects of sili-
con particles addition on the mechanical and microstruc-
tural characteristics of FSW joints. The results demonstrated
that the inclusion of SiC particles impacted the FSW joints’
microstructure. The grain structure and the rate of grain
expansion during welding were constrained throughout the
copper matrix, because the particles were equally distributed
throughout the copper matrix. Additionally, the SiC parti-
cles’ presence had a strengthening impact that improved the
joints’ mechanical properties. Mechanical testing, including
tensile and micro hardness measurements, was done to eval-
uate the impact of silicon carbide particles on the strength
and hardness of the FSWed plates. The outcomes exhibited
that incorporation of silicon carbide particles improved the
material’s tensile strength and microhardness. The disper-
sion strengthening mechanism and grain refinement made
possible by the presence of SiC particles were reason for
the improved mechanical performance. By employing FSW
to incorporate nano-sized reinforcements into an aluminum
matrix, Bahrami et al. [7] suggested a unique approach for
producing aluminum matrix nano-composites (AMNCs).
The outcomes showed that the FSW technique for creating
AMNC:s had been successfully integrated. The microstruc-
tural examination of the aluminum matrix confirmed the
uniform dispersion of the nano-reinforcements and which
showed effective mixing and distribution. By having higher
strength, microhardness, and wear resistance than the base
Al matrix, the AMNCs’ mechanical qualities were demon-
strably superior to those materials. Mohsen et al. [8] con-
centrated on examining the impact of various pin geometries
on the final microstructure and mechanical properties of the
AA7075/SiC nano-composites during the FSW process. The
outcomes demonstrated that the pin geometry has a great
impact on the microstructural features of the AA7075/SiC
nano-composites. The different pin shapes changed the flow
pattern and heat distribution, which affected the SiC parti-
cle dispersion and alignment inside the aluminum matrix.
The pin geometry also had an impact on the grain struc-
ture and the development of intermetallic compounds at the
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contact. Tensile testing and hardness evaluations were used
to assess the AA7075/SiC nano-composites mechanical
characteristics in further detail. The outcomes showed that
the pin geometry has a substantial impact on the strength,
ductility, and hardness of nano-composites. In a different
study, Mohsen et al. [9] looked at the impact of silicon car-
bide reinforcement on the tensile strength, impact energy,
and fatigue life of FSW joints. The outcomes showed that
the mechanical properties of the FSWed samples have been
dramatically altered by the addition of SiC reinforcements.
The joints’ fatigue life increased with the addition of SiC,
indicating greater fatigue resistance. The impact energy also
improved as a result of the strengthening, indicating greater
toughness. The strength of the weld plates greatly enhanced
with the addition of SiC particles.

The use of B,C reinforcing particles during friction stir
welding has been paid a lot of consideration in recent years.
Superior mechanical and thermal properties are well known
for ceramic material comprised of hard and light boron car-
bide [10]. B,C particles that are injected into the weld zone
during FSW can have a variety of effects on both the welding
as well as the final welded joint. One of key benefits of add-
ing B,C reinforcing particles is the potential improvement in
the weld’s mechanical properties. It is generally known that
boron carbide particles’ extraordinary hardness and wear
resistance increase the strength and endurance of the weld
joint. A weld’s resistance to surface erosion, abrasive wear,
and other wear-related problems can be enhanced by add-
ing B,C. Additionally, the incorporation of B,C reinforcing
agents may alter the microstructure of the weld. The grain
structure can be improved and made more homogeneous
by the dispersion of boron carbide reinforcing agents in the
weld region. Smaller and more evenly dispersed grains can
result from grain refining when there are B,C nucleation
sites present. Strength, toughness, and fatigue resistance of
the weld can all be improved by the finely honed micro-
structure. The welding procedure may also be affected by
the B,C ‘s thermal qualities. High thermal conductivity of
boron carbide enables effective heat dissipation during FSW.
This characteristic can lessen the possibility of overheating
or thermal deformation while regulating the temperature dis-
persion in the welded region. B,C particles’ effective heat
transfer can help reduce thermal stresses and improve the
quality of welds.

FSW has the potential to enhance the characteristics
and functionality of weld joints by adding reinforcements.
Reinforcements can be added to materials to improve its
mechanical characteristics, microstructure, and durabil-
ity. Reinforcements can be made from ceramic particles,
metallic particles, or fibers. To get the desired results, nev-
ertheless, careful reinforcing material selection and process
parameter optimization are required [11-13]. To investigate
the potential of reinforcing approaches to promote friction
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stir welding in diverse industrial applications, more research
and development are required. Therefore, the current study
is focused on how B,C reinforcement particles affect the
microstructural features and mechanical characteristics of
aluminum alloys that are friction stir welded. Aluminum
alloy 6061 is commonly employed in various industrial
applications. AA6061 is a versatile material and is utilized
in the manufacturing of a wide range of products, from
structural components to consumer goods. From the litera-
ture studies, it was identified that very few authors studied
the influence of reinforcement agents during the FSW of
AA6061 alloys. Hence, the present study focuses on the
effect B,C reinforcement agents on microstructural features
and mechanical properties of FSWed AA6061 alloys.

Experimentation
Friction Stir Welding

Commercially pure Al6061 (Al: 95.90, Mg: 0.9%, Si: 0.6%,
Fe: 0.8%, Cu: 0.25%, Mn: 0.15%, Cr: 0.20%, Zn: 0.25%,
and Ti: 0.15%) plates that have undergone solution anneal-
ing and tempering (also known as T6) were used in this
investigation as the starting materials. Two aluminum plates
that were 6 mm in thickness, 120 mm in length, and 50 mm
in width with a grove of 0.5 mm on each side were tightly
held together to begin the joining using friction stir welding
machine (3 T-NC-FSW). This left a tiny 1 mm gap among
the adjacent plates. Then, five micron-sized B,C particles
were introduced and tightly inserted into the gap. A H13 tool
steel alloy was used throughout the joining of plates. The
welding has been carried out with various rotational speeds
(650, 850, 1050, and 1250 rpm) with constant travel rate of
30 mm/min and threaded pin tool. The tool was tilted to two-
degree angle and continuously applied a weight of 1000 kg.
To ensure even dispersion of the B,C particles within the
welded joints, a volume percent of 10% was incorporated in
all the joints, the welding has been repeated on more time
with same processing parameters.

Microstructural Investigation

The fabricated FSWed joints have been sampled in cross-
sections for microstructural examinations. To prepare these
samples for microstructural investigation, a wire-cut EDM
machine has been employed for cutting. Subsequently, the
samples underwent polishing using different grits of SiC
papers to achieve a smooth finish. The examination of
the samples involved two microscopy techniques. Optical
microscopy (OM) was employed to study the grain structure,
grain size, and the presence of any defects or discontinuities.
On the other hand, scanning electron microscopy (SEM) has

been utilized to investigate microstructural features like dis-
tribution of precipitates, grain boundaries, and the possible
formation of intermetallic compounds.

Mechanical Properties

To measure the microhardness of the samples, a Vickers
hardness tester has been utilized with a load of 0.1 kg for
15 s. Hardness measurements were taken along the FSWed
joints, with a spacing of 0.5 mm between successive indenta-
tions. These measurements were recorded across the weld
line to account for any variations. As per to ASTM-E8
specifications of 100 mm and width of 10 mm, specimens
from the friction stir-welded joints were sectioned for ten-
sile testing. These specimens’ real proportions were closely
matched. Tensile testing was performed using a 50 kN-UTM
(universal testing machine) with a fixed strain rate of 107%/s.
After the tensile testing, the fracture samples were analyzed
using SEM.

Results and Discussion
Microstructure
Optical Microscopy

To investigate the changes in the microstructural character-
istics and particle distribution of FSW joints conducted at
various rotational speeds, it is analyzed through microstruc-
tural examination. The macrostructure and SEM analysis is
done in detail as shown in Figs. 1, 2, 3, respectively. Void
defect, tunnel defect, kissing bond defect, and agglomera-
tion are the general defects encountered during FSP/FSW
using reinforcement particles [8]. A basin shaped nugget
was observed at the center in the each joint (Fig. 1a-d), and
the width of the nugget region was directly proportional to
the rotational speed, where 650 rpm joint was with least and
1250 rpm with larger SZ width attributed to the more heat
generation and stirring action at higher rotational speeds
[13]. Utilizing appropriate volume fraction of reinforce-
ments and range of rotational speeds showed no FSWed
specimen in this study with any kind of general defects in the
SZ except the agglomerations in some cases. The appropri-
ate use of tool profile and rotational rate creating sufficient
heat for the material flow during the welding was the reason
behind defect free joints. To enhance the particle disper-
sion and control the agglomerations, the rotational rate was
increased from 650 to 1250 rpm with an interval of 200 rpm
per specimen. Hence, observing the microstructures, it was
seen that the rotational speed was dictating the flow behavior
of the reinforced particles added in the FSWed joints.

@ Springer



J. Inst. Eng. India Ser. D

2

Agglomerations

B,CParticles
distribution

“Uniform
distribution

Agglomerations
o S

Fig. 1 Macrostructure images of FSWed joint reinforced with B,C
particles at different rotational speeds: a 650 rpm, b 850 rpm, ¢
1050 rpm, and d 1250 rpm
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The base material and FSWed without reinforcement’s
optical images are shown in Fig. 2. The base material
AA6061 microstructure looks like an elongated pancake
structure as shown in Fig. 2a and b. In the case of the non-
reinforced joint sample, as shown in Fig. 2c and d, the mate-
rial is experienced severe plastic deformation, which results
in finer grains optical images, the microstructure of the dif-
ferent rotational speed FSWed joints at both 100X and 200X
magnification is depicted in Fig. 3. Simultaneous phenom-
enon of frictional heating and intense plastic deformation
leads to generation of fine grained structure within the stir
zone knows as dynamic recrystallization [15]. Due to the
presence of B,C reinforcement particles, the stir zone could
be divided into two zones with particle free zone (PFZ) and
particle rich zone (PRZ). Comparing the PFZ and PRZ in
each specimen microstructure, the 650 rpm and 850 rpm
showed both the zones of PFZ and PRZ. Whereas the
1050 rpm (Fig. 3e and f), specimen had no such kind of PFZ
due to intense mixing lead to uniform distribution at that
rotational speed. Further increasing rotational speed caused
no significant improvement (Fig. 3g and h) but leaded to B,C
clusters formation. The microstructures observed in the case
of 650 rpm (Fig. 3a-b) showed agglomerations due to lower
stirring action and insufficient heat to soften the material

Fig. 2 Microstructural images of BM and FSW joint without reinforcement
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Fig. 3 Optical images at 100X and 200X magnification of FSWed joint reinforced with B,C powder at different rotational speeds: a 650 rpm, b
850 rpm, ¢ 1050 rpm, and d 1250 rpm
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surrounding the tool pin causing less distribution of B,C
particles. In the case of 850 rpm (Fig. 3c-d), there were no
agglomerations but the clusters of B,C particles with PRZ
were observed in some places of stir zone due to insufficient
rotational speed.

Scanning Electron Microscopy

For in-depth analysis of the distribution of reinforced par-
ticles, scanning electron microscope images were used.
The flow behavior of the material changes corresponding
with the change in rotational speed used while joining the
AA6061 plates. Figure 4 depicts the SEM images of the
regions in the stir zone of the reinforced FSW samples. The
microstructure of Fig. 4a shows the distribution of the rein-
forced particles with large agglomerations. The change in
the rotational speed to further step enhanced the homogene-
ity of particle distribution and also fineness of the reinforce-
ment particles, but there were some small agglomerations
still present in the SZ as shown in Fig. 4b. Further, increase
in rotational speed to 1050 rpm distributed the particles
homogenously as shown in Fig. 4c. The fine grain structure
produced with restricting the grain growth after addition of
B,C particles was attributed to the Zener pinning effect [12].
Moreover, the microstructure of 1250 rpm shows the distri-
bution of reinforced particles with small clusters, and this
increase in rotational speed from 1050 to 1250 rpm resulted
in the agglomeration of reinforced particles. Very high and
very low rotational speed leaded to formation of agglom-
eration due to lack of stirring enhanced pulsation action,
whereas the very less agglomeration and better distribution
was observed at intermediate rotational speed due to good
stirring enhanced pulsating action [16]. Moreover, this kind
of better distribution and agglomeration was also observed
in other studies where metal matrix composite was produced
using FSP [17, 18].

Hardness

The study looked at how varying rotational speeds affected
the hardness of FSWed AA6061 and the impact of B,C
reinforcing particles. The microhardness variation with
respect to the rotational speed is shown in Fig. 5. The study’s
findings show that friction stir welding of B,C reinforce-
ment particles into AA6061 alloys significantly affects
the microhardness of the resulting material. The hardness
of the welds often increases as the rotational speed does.
Higher rotational speeds often result in increased heat input
and better particle distribution in the weld zone, which is
coinciding with previous results. The average hardness of
the as-received base material AA6061-T6 is around 87.5
HV. The weld has a mean microhardness of 91 HV at the
lowest rotational speed of 650 rpm. Due to insufficient heat
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generation, which led to inadequate consolidation of the
B,C particles and a less even distribution within the weld,
the relative low hardness at this speed may be explained.
The hardness increases to 94 HV as the rotating speed is
increased to 850 rpm. Because of the increase in hardness, it
appears that the heat input at 850 rpm is adequate to promote
improved particle distribution and bonding in the weld zone.
The hardness further rises to 108 HV at 1050 rpm. This sug-
gests that the friction stir-welded AA6061 alloy with B,C
reinforcement particles can achieve the greatest hardness
at a rotating speed of 1050 rpm. This rotational speed pre-
sumably improves particle dispersion and strengthens the
weld because to the higher heat input and shear stresses.
The hardness finally reaches 123 HV at the maximal rotating
speed of 1250 rpm, but this was not continuous throughout
the stir zone. While the difficulty keeps rising, it seems as
though the rate of development is beginning to slow down.
This might be the result of things like too much heat being
applied, which might cause some grain growth and less
hardness.

Tensile Properties

The study examined the impact of B,C reinforcement
particles on friction stir-welded AA6061 alloys’ tensile
characteristics at various rotating speeds; the welded spec-
imens underwent tensile testing to assess their mechani-
cal qualities. The stress—strain plots of welded joints
are displayed in Fig. 6, and tensile data are documented
in Table 1. The study’s findings show that friction stir-
welded Al6061 alloys with B,C reinforcement particles
have a substantial effect on those alloys’ tensile proper-
ties. The rotating speed applied during the welding pro-
cess affects the tensile properties of the welded specimens.
The weld’s ultimate tensile strength is determined to be
232 MPa at 650 rpm, with a yield strength of 210 MPa
and an elongation of 6.2%. The less complete bonding
and uneven particle dispersion inside the weld zone may
be the cause of the inferior tensile characteristics at this
speed. A poorer connection between the B,C particles and
the aluminum matrix could result in decreased strength
if insufficient heat is applied. With an UTS of 244 MPa,
a YS of 221 MPa, and an EL of 6.8%, the tensile charac-
teristics improve as the rotational speed rises to 850 rpm.
The increased tensile strength suggests that the weld’s
improved mechanical qualities are the result of improved
particle dispersion and bonding, which are made possi-
ble by the 850 rpm rotational speed. The ultimate tensile
strength further rises to 258 MPa at 1050 rpm, while the
yield strength rises to 234 MPa and the elongation reaches
7.7%. This implies that 1050 rpm is the ideal rotational
speed for the friction stir-welded AA6061 alloy with
B,C reinforcing particles to achieve the maximum tensile
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Element | Weight (%)
Al 85.37
Mg 0.51
Si 0.58
Mz 0.13
Fe 0.15
Total 100

Element | Weight (%)
B 7442
C 21.69
Al 0.29
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Fig. 4 SEM images of FSWed joint reinforced with B4C powder at different rotational speeds: a 650 rpm, b 850 rpm, ¢ 1050 rpm, and d

1250 rpm
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characteristics. At this rotating speed, the higher heat input
and shear pressures probably result in better interfacial
bonding and particle distribution, leading in stronger and
more ductile welds. Finally, the ultimate tensile strength is
reduced to 247 MPa, the yield strength is 225 MPa, and the
elongation is 7.4% at highest rotational rate of 1250 rpm.
The rate of improvement starts to slow down after attain-
ing some strength. Particle distribution and thermal effects

300 -
250
2004

150 4

Stress (MPa)

100 4

50 4

- AA-6061-FSW
- AA-6061-BM

Fig. 6 Stress—strain curve of the FSWed joints
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Stress (MPa)

may be in equilibrium at this rotational speed, which could
have an impact on the material’s ductility.

The welded specimens underwent fracture analysis to
evaluate their failure modes. For the friction stir-welded
AA6061 alloys with B,C reinforcement particles at various
rotational speeds, the fracture analysis revealed discrete frac-
ture modes, as shown in Fig. 7. The findings of the fracture
analysis provided information on the influence of rotational
speed and B,C reinforcement particles on the failure behav-
ior of the FSWed AA6061 alloys. The fracture study shows
that intergranular and transgranular cracking is the predomi-
nant fracture mechanism at the lowest rotational speed of
650 rpm (Fig. 7a). Lower heat input and less effective parti-
cle dispersion in the weld zone are linked to this fracture pat-
tern. It is possible that the B,C particles were not evenly dis-
persed and attached to the aluminum matrix, which resulted
in weak interfaces and localized stress concentrations that
aided crack initiation and growth at grain borders and within
grains. The fracture study shows a change from intergranular
to mostly transgranular fracture when the rotational speed
rises to 850 rpm (Fig. 7b). Because of the enhanced particle
distribution and bonding at this speed, the microstructure
is more homogeneous and has fewer intergranular flaws.
The transgranular fracture is a sign of increased toughness
and greater load carrying capability because the ductile
aluminum matrix prevents the break from spreading. The
fracture study reveals a mostly transgranular fracture mecha-
nism at 1050 rpm (Fig. 7c). This suggests that 1050 rpm

300
250
2004

150 4

100
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Table 1 Tensile properties of the BM and FSWed joints

Rotational speed UTS (MPa) YS (MPa) EL (%)

AA6061-BM 297 +4 226+4 10.1+2.1
AA6061-FSW 198 +4 167+3 41+14
650+6 232+5 210+5 6.5+1.7
850+7 244+4 221+6 6.8+2.5
1050+8 258+6 234+4 7.7+2.7
1250+9 237+5 219+3 74+22

is the ideal rotational speed for achieving the best fracture
behavior. The material’s plasticity is improved by the faster
rotational speed, which lowers the likelihood of crack devel-
opment and spread. A stronger and more continuous rein-
forcement network is created as a result of the B,C particles
enhanced incorporation into the aluminum matrix, which
also increases fracture resistance. Finally, the fracture analy-
sis shows that primarily transgranular fracture lowers at the
greatest rotational speed of 1250 rpm (Fig. 7d). The pres-
ence of some intergranular cracking, however, indicates that
there may have been some localized weakening of the grain

Fig. 7 SEM fracture images
of joints weld at a 650 rpm, b
850 rpm, ¢ 1050 rpm, and d
1250 rpm

boundaries as an outcome of high heat input at this rotational
speed. Despite this, the presence of evenly distributed and
solidly attached B,C reinforcement particles ensures that the
overall fracture behavior is still beneficial.

Conclusion

The B,C particles were successfully into the weld zone by
friction stir welding technique. The distribution showed no
defects in any condition; 1050 rpm has better distribution
attributed to the better stirring and pulsating action at that
particular rotational speed. The addition of B,C reinforce-
ment particles significantly enhanced the mechanical prop-
erties of AA6061 alloys. Notably, a rise in hardness and
strength was identified with rise in rotational speeds. This
improvement can be attributed to the effective load transfer
and strengthening mechanisms associated. Increasing the
rotational speeds during FSW has a significant impact on the
mechanical characteristics of the weld joint. The high rota-
tional speeds (1050 and 1250 rpm) were identified, where
the highest of hardness and tensile strength was achieved in
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1050 rpm. This indicates that selecting the appropriate rota-
tional speed is critical for tailoring the mechanical properties
to meet specific application requirements. The fracture anal-
ysis reveals that at the lowest rotational speed of 650 rpm,
the primary fracture mechanism observed is a combination
of intergranular and transgranular cracking. As the rotational
speed increases to 850 rpm, there is a transition from inter-
granular to predominantly transgranular failure. Notably,
even at highest rotational speed of 1050 rpm, the fracture
analysis still indicates transgranular fracture mode.
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