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Abstract

Solid-state welding of aluminum has become increasingly popular in recent years due to its ability to
create strong joints without the need for fillers or external heat source. The use of a Bobbin tool can
increase the efficiency and productivity of friction stir welding. The geometry of the tool plays a
significant role in improving the mechanical and microstructural properties of the welded joint. To
study the effect of Bobbin tool geometry, four different shoulder-to-probe diameter ratios were tested
with a constant probe diameter of 5mm and pure aluminum sheets 3mm thick were used for the
welded specimens. The welding conditions included a constant tool rotational speed of 653 rpm and
a constant tool traverse speed of 44 mm/min. The thermal cycles, microstructure, and mechanical
properties of the welded specimens were evaluated through various tests including microstructural
analysis, fracture morphology examination via OM and SEM images, tensile tests, and
microhardness tests. The experimental results showed that the fracture for the stronger specimen
obtained when the shoulder to probe ratio was 2 and occurred far away from the welding nugget on
the advancing side. On other hand, the fracture for the weakest specimen is produced when the
shoulder to probe ratio was 3.5 and occurred in the stir zone center. The maximum joint strength and
hardness were obtained at the minimum tool ratio due to dynamic recrystallization, fine particles, and
homogenous structure present in both welding nugget and base metal. The weakest specimen showed
voids, shallow and deep dimples, as well as many precipitates and cavities due to non-equilibrium
material flow. Finally, it was observed that ductile fracture mode was present in optimum samples
while brittle fracture mode was present in weakest samples.
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1. Introduction

Friction stir welding (FSW) is a commonly used method for joining various metals and their alloys
that are difficult to weld using traditional methods due to non-compositional homogeneity or
differences in base metal properties [1]. The principle of FSW relies on the heat generated as a result
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of the contact between the welding tool and the workpiece surface, with the welding temperature
being below the melting point of the base material [2]. In recent years, FSW has become a popular
choice for welding aluminum sheets and plates, as well as their alloys, due to its ability to prevent the
formation of oxidation layers. Additionally, FSW is classified as a low-cost welding technique [3].

The FSW tool typically consists of a shoulder and a probe. The tool shoulder serves as the primary
component for retaining the frictional heat generated on the top surface, while the tool probe is
utilized to enhance the interface between parent metals in the stir zone [4], [5]. However, it's
important to note that the length of the probe is limited to 0.9 times the thickness of the base metal to
prevent it from penetrating or creating a groove in the backing plate [6]. Bobbin Tool Friction Stir
Welding (BT-FSW) is an advancement of conventional friction stir welding (CFSW). BT-FSW is a
self-reacting welding tool that offers several advantages over CFSW, including zero downward
force, improved joint quality, increased productivity, and prevention of welding root defects [7], [8—
11]. The manufacturing process for bobbin tools involves using a dual shoulder and a single probe.
The probe is fixed axially between dual shoulders to adjust their distance. Precision and meticulous
attention to detail are required during manufacturing to ensure each tool's superior quality and
reliable performance over time [12].

Previous studies have explored various enhancements and welding parameters for BT-FSW. For
example, Yang et al. [13] compared the welding strength of welded specimens by CFSW and BT-
FSW for 6061-T4 and found that the BT-FSW process produced defect-free joints. Esmaily et al.
[14] studied the behavior of AA6005-T6 welded specimens by both CFSW and BT-FSW and found
that the latter can produce a higher peak temperature due to its larger surface area and ability to apply
more force to the workpiece, contributing to higher peak temperatures. However, it's important to
note that peak temperature alone doesn't necessarily determine the overall effectiveness or quality of
a welding process. Xu et al. [8] investigated the mechanical properties and fracture behavior of
welded specimens using two different techniques: CFSW and BT-FSW. They reported that the
temperature gradient along the thickness direction of CFSW joints was nonuniform, while the
temperature of the lower shoulder-affected zones was slightly higher than that of the upper shoulder-
affected ones for the BT-FSW joints. The microhardness distribution was like a W-shape that
indicated lower hardness in the Heat Affected Zone (HAZ). Li et al. [15] investigated the impact of
rotational speed on welding aluminum alloy 6082-T6 using BT-FSW and found that an increase in
rotational speed led to a corresponding rise in welding temperature. Fuse and Badheka [16]
conducted a research study to examine the impact of shoulder-to-probe diameter ratio (2:1, 2.75:1,
3:1) of BT-FSW on welding strength and microstructure properties of AA 6061-T6 aluminum. The
findings revealed that a defect-free joint can be achieved by utilizing a shoulder-to-probe ratio of 3:1,
which requires maintaining an appropriate temperature estimated at 52.3% of the melting
temperature of aluminum. Bokov et al. [17] conducted research on the impact of total contact area on
heat generation during the welding of dissimilar materials. They reported that the total contact tool
profile is a significant parameter that affects welding temperature, given the difference in thermal
diffusivity of the parent material. Chupradit et al [18] investigated the effect of tool contact area on
heat generation and mechanical working of the welding nugget. Their study revealed a strong linear
correlation between contact area and welding temperature, with a confidence level of 99%. Fuse and
Badheka [6] used H13 steel to manufacture the bobbin tool with a shoulder-to-probe ratio of 3 to
weld AA 6061-T6. They found that mechanical properties at the heat-affected zone were lower

3883
Eur. Chem. Bull. 2023, 12 (Si6), 3882 — 3894



Influence of Shoulder-to-Probe Diameter Ratio on Mechanical and Microstructural Properties of
Aluminum Sheets Joined by Bobbin Tool Friction Stir Welding

Section A-Research paper

ISSN 2063-5346
compared to the strength of the base metal. Wang et al. [9] conducted a study to examine how
rotational speed affects strength and microstructure in welded nuggets using BT-FSW. The findings
indicated that there was a direct relationship between rotational speed and welding efficiency, with
an 80% welding efficiency achieved at a rotational speed of up to 800 rpm. However, as rotational
speed increased to 1000 rpm, welding efficiency decreased. Li et al. [19] studied tool design
improvements for achieving defect-free welding nuggets. They used high traveling speeds ranging
from 200 mm/min to 600 mm/min along with a rotational speed of 600 rpm. It was found that high
rotational speeds may cause damage to the welding tool while low traveling speeds caused tunnel
defects in the stir zone. They support that contact area in FSW is one of the most crucial parameters
for generating frictional heat.

Previous studies on the BT-FSW have focused on the effect of rotational and traverse speeds, probe
shape, and a comparison between FSW and BT-FSW on the mechanical and microstructural
properties of welded joints. However, limited consideration has been given to the effect of shoulder-
to-probe ratio. Therefore, this experimental study aims to investigate the impact of shoulder-to-probe
ratio on the thermal cycle, microstructural, and mechanical properties of aluminum joints.

2. Experimental procedures

The base metal used in this study is commercial aluminum with a thickness of 3 mm. Table (1)
provides information on its chemical composition while table (2) presents its mechanical properties.
All produced joints have dimensions of 200 *200 mm. The welding direction is parallel to the rolling
direction of the original sheet metal, and experiments are conducted using a universal milling
machine called “Milko-35r”. The welding tools are made from W302 steel bars with fixed probe
diameter of 5 mm for all tools. However, shoulder diameters are varied to achieve different shoulder-
probe diameter ratios (R) of 2, 2.5, 3, and 3.5 as shown in figure (1).
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Fig. 1 Bobbin tool design.

The tool was machined to the selected dimensions and then hardened up to 52 HRC in order to
increase its lifespan and prevent aluminum adhesion in the tool groove. Figure (2) displays the test
rig description, welding procedure, tools manufacturing, and workpiece design. During the welding
process, a thermos-detector-infrared camera (Bosh™ GIS 1000 °C Professional) was used to
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measure the temperature and evaluate the thermal cycle of the welding process, as well as evaluate
its impact on the mechanical properties of joints. The infrared beam was directed to the middle of the
welding pass at the advancing side for temperature measurements along the welding pass. Tensile
samples were designed according to ASTM-E8M standard with 2 mm/min cross head speed after
completion of the welding process. All tensile tests were conducted using a universal testing machine
QUASAR 100-VAV201 with a capacity of 100 KN. Microhardness was measured by a Vickers
testing machine, VMH tester model number 1600-4981, with a standby time of 15 s and 500 gf. The
fracture behaviors of tensile fractured surfaces were evaluated via scanning electron microscope
(SEM), JSM-IT200. Macro and microstructural analysis were used to conduct tensile test results for
both optimum case and lower-case specimen.

Table (1) Chemical composition (wt. %) of aluminum (as received)

Element | Fe% | Ti% | Sn% | Zn% | Pb% | Ga% | V% | Co% | Bi% | B% | AL
Wt.% | 0.338 | 0.048 | 0.038 | 0.031 | 0.028 | 0.016 | 0.015 | 0.013 | 0.012 | 0.01 | Bal.

Table (2) Tested Mechanical properties of as received aluminum.

Average Proof Average Hardness
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Fig. 2 a) Test Rig Description, b) welding process, ¢) Tools manufacturing, and, d) workpiece design
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3. Results and discussion

3.1 Thermal cycles

The transient temperature differences of the BFSW were evaluated through thermal cycles. Fig. 3
shows the effect of shoulder diameter to probe diameter on the thermal cycle. The thermal cycle is
consistent with previously reported works [4], [18] and includes a heating region starting as the tool
bites into the workpiece until the temperature rises to its peak value, followed by a cooling region
until the end of the welding line. Table 3 presents peak temperature, heating and cooling rates for
each tool ratio. Welding tools I, Il, I1l, and IV recorded peak temperatures of 307°C, 310°C, 328°C,
and 294°C respectively. The heating rate was highest when using tool Il (R=3) but lowest when
using tool 1V (R=3.5), with a difference of 12.7%. The same trend was observed for cooling rates,
with a maximum difference of 13.9%, in agreement with other work [22]. As tool ratio increases, so
does the contacted area between tool and workpiece, leading to increased friction-generated heating.
However, when tool ratio exceeds 3, dissipated power in workpiece material increases and welding
temperature at center of welding line decreases due to insufficient stirring caused by increase in
stirred material volume (see Table 3).

Table 3: Peak temperature, heating rate, and cooling rate for different tool ratios.

Tool ratio (shoulder diameter/probe R=2.0 R=25 R=3.0 R=3.5
diameter) (Tool 1) | (Tool I) | (Tool 1) | (Tool IV)
Peak Temperature (°C) 307 310 328 298
Heating Rate (°CS™) 4.21 4.32 452 4.01
Cooling Rate (°CS™) 1.67 1.68 1.80 1.58
Stirred material volume (mm?®) 176.72 309.25 471.24 662.68

350
~ 300
< 250
E 200
150

Temperature (°C

0 25 50 75 100 125 150 175 200
Time (S)

Fig. 3 Thermal cycles of BT-FSW process at different tool ratios
3.2 Surface morphology appearance, macrostructure, and microstructure

Fig. 4 shows the visual inspection of the welded specimen on the top surfaces for different tools. The
optimum surface appearance is produced when the minimum tool ratio (R = 2) is used. The
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observation focused on the absence of flash defects around the welding line, indicating the discipline
of the stirring process along the welding line. Low ripples are observed along the weld line except
during tool inlet. When the tool ratio is increased to more than 2.5 (tools Il & V), many ripples are
noticed around the welding line, and low surface roughness is obtained due to a large amount of
material being deformed and stirred. Similar observations were obtained by other works [21-22]
when studying traveling speeds' effect.

Fig. 5 and Fig. 6 show macrostructure and microstructure images of minimum and maximum tool
ratios, respectively. Cross-sectional macrostructure images were taken with a stereomicroscope,
while microstructure images were taken using a traditional optical microscope (OM). The main four
welding regions, i.e., base metal (BM), heat affected zone (HAZ), thermo-mechanically affected
zone (TMAZ), and stir zone (SZ), for both specimens can be easily recognized. As seen in Fig. 5a, a
sharp transition between BM and nugget occurs on both sides (i.e., advanced side (AS) and retreating
side (RS)), while maximum width of nugget zone is obtained in upper and bottom surfaces of
specimen as it stirred with tool shoulder, and minimum width of nugget zone lies at middle slightly
larger than pin diameter. Nugget shape is compatible with friction produced at contact areas between
tool and workpiece. When sample was welded using tool IV (with maximum tool ratio R=3.5), a
more diffuse transient region is present on both sides of specimen (Fig. 6a). Fig. 6a displays the
ripple spaces that have increased at the top and bottom surfaces, along with the flash configuration
on the advanced side. The dissimilar nugget shapes of the two specimens are attributed to different
flow behaviors, degree of plastic deformation, contact, and friction heat produced from both upper
and lower shoulders. The SZ is more refined than the base metal in both AS and RS. In the optimum
welding specimen, both TMAZ and HAZ have a small narrow width due to welding variables'
compatibility. The TMAZ welded by R=3.5 is considered abnormal due to low metal flow rate from
AS to RS. Fig. 5(b-d) shows microstructure images of cross-sections of welded joints at different
positions of optimum specimens, while Fig. 6(b-d) represents microstructure images of weakest
specimens at TMAZ of RS, SZ, and TMAZ of AS. The heat-affected zone of the optimum specimen
exhibits dynamic recrystallization structure under increasing temperature and stirring action (see Fig.
5¢). The stir zone of the optimum specimen resembles sea waves taking rotational direction as shown
in Fig. 5¢. The thermos-mechanically affected zone (Fig. 5d) displays fine particle structure.

The microstructure of the specimen welded by tool IV showed a completely different structure in
which material wrinkling was observed at TMAZ of the advancing side and the retreating side (Fig.
6b and Fig. 6d). Wrinkled material pattern indicates to poor or incomplete stirring action due to
increase of the material static volume between the two shoulder when tool 1V used. The stir zone
exhibited fine, equiaxed microstructure (Fig. 5¢ and Fig. 6c¢). This is due to severe plastic
deformation takes place at the pin area during welding [16].
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Tool (1)

Tool (11)

Tool (1V) Tool (III)

(b) © @)

Fig. 5 Macro and Microstructure of the cross-section of the optimum welded joint (tool I); (a)
macrostructure-stereo image, (b), (c) and (d) OM images of microstructure at different welding zones

(b) () (d)

Fig. 6 Macro and Microstructure of the cross-section of the poor welded joint (tool 1V); (a)
macrostructure-stereo image, (b), (c) and (d) OM images of microstructure at different welding zones
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3.2 Mechanical properties

Fig. 7 displays the tensile results of joints created using different tool ratios, as well as those of the
base metal (BM). It is evident that the overall mechanical properties decrease significantly with an
increase in tool ratio. The highest proof stress and ultimate tensile stress values were obtained when
the minimum tool ratio (R=2) was used. The maximum proof stress is 73.3% of the BM, while the
maximum ultimate tensile stress is 89.7% of the BM. The maximum elongation was also achieved
when using the minimum tool ratio (tool 1), whereas the lowest average elongation in welded
specimens was found when using a tool ratio of 3.5. These results can be explained by considering
the recorded temperatures along the welding line and cooling rates. As temperature increases,
cooling rate increases, leading to finer and harder grains in the stir zone, resulting in increased proof
stress, ultimate tensile stress, and elongation percentage. Conversely, when temperatures are at their
minimum values, cooling rate slows down, causing enlargement and coarsening of metal grains at
stir zone boundaries, particularly on the advancing side, leading to reduced hardness and weakened
joints with decreased elongation. The difference in grain hardness at stir zone boundaries creates an
irregular composition that weakens joints and reduces their tensile resistance.

B Proof Stress (MPa) BUTS (MPa) SE%

140 12%
120 w §_ 10%
= — X
I Sl N | 3% S
= 80 (W IS
o N \ 6% %"
£ 60 =
7 o,

40 \ N 43
20 N 2%
N
0 L 0%
I I III v Base Metal

Fig. 7 Mechanical properties of the welded joints for different tool ratios

The microhardness readings along the welding line, including SZ, TMAZ, and HAZ, are displayed in
Fig. 7. The microhardness results indicate that the minimum hardness values are obtained at a
distance of 2mm around the zero line and reach their maximum at 6mm on the advancing side and
5mm on the retreating side. The difference between the maximum and minimum hardness values is
8, 6, 7, and 12 HV for tools I, II, 1ll, and IV respectively. This suggests that there is a more
inhomogeneous composition in the SZ of tool IV than in tools I, Il, and Ill. These results are
consistent with the tensile test results and previous microstructure analysis. The average
microhardness of welded specimens using tools I, Il, and 11l was found to be 51+4.3, 51+4.28, and
51+4.58 respectively. In contrast, specimens welded using tool IV had an average hardness of
44+3.53. With the exception of specimen IV, all tool ratios showed higher average hardness values
than those of the base metal which agrees with peak temperature results. The average microhardness
results suggest that the average strength of the stir zone may be similar for tools I-111 while samples
welded using tool 1V have lower strength on average compared to other tools.
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Fig. 7 Vickers Microhardness of welded specimens along the welding line

3.4 Fracture morphology

Fig. 8 displays the fracture location of welded specimens following tensile tests at varying tool
ratios. When the specimen was welded using a tool ratio of R=2, the fracture occurred solely at the
base metal. However, when the tool ratio was increased to 2.5, the fracture was produced at the
interface between the base metal and welding nugget zone of the advanced side. By further
increasing the tool ratio to 3, the fracture occurred at the interface between the base metal and
welding nugget zone of the retreating side. In cases where R=3.5, the fracture occurred in the weld
stir zone near the advancing side, indicating low penetration of weld into base metal. The positions
of fractures shown in Fig. 8 suggest that strongest and defect-free joints were produced at lowest tool
ratio while weakest joint (fracture inside stir zone) resulted at highest tool ratio.

Advancing side _ Retreating side

N
G5 b
,‘\ ’,I ~

gl
N\

P
;
ii_ - \ P -

-

Fig. 8 Fracture location of welded specimens for different tool ratios.

The SEM was used to evaluate the welding nugget of the optimum welded specimen on both the
thickness and surface, as depicted in Fig. 9. The results showed that the refined grains were a result
of appropriate dynamic recrystallization in the stir zone. Additionally, on the surface of the stir zone,

there was a regular coordination of ripples with some flying edges. The ripple spacing ranged from 8
to 10.11 pum, with an average of 9.27 £ 1.16 pm.
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Fig. 9 SEM images of stir zone of the specimen welded by Tool (). T: cross section, S: surface.

Fig. 10 displays the fractured surface of the specimens in the stir zone at the advancing side. The
fracture surface that exhibited higher elongation was mainly dominated by fine dimples with few
voids, signifying a ductile mechanism as observed in Fig. 10 for samples | and Il. Both samples
showed cleavage and ductile modes of failure. However, in the case of sample Il and sample 1V,
voids and cavities were found in more positions, along with deep and shallow dimples where many
precipitates were observed at the bottom of these dimples. The presence of these defects in both
samples Ill and IV indicates a brittle fracture mode which can be attributed to slow cooling rates
[10]. Although the fracture of samples 11l and IV appeared to be ductile, earlier failure was produced
in the welding zone due to the absence of equilibrium between the mechanical working of the
welding tool and heat generation. Therefore, cavities are enough to cause a failure in the welding
zone due to non-optimal material flow conditions [9].

Fig. 10 SEM image of Fracture surface of specimen by different tool ratio.
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4. Conclusions

The specimens were successfully welded using bobbin tools friction stir welding at different tool
ratios. It was discovered that the tool ratio is a crucial factor in controlling welding efficiency. The
study yielded the following conclusions:

e Heating cycles at different tool ratios showed that peak temperature, heating rates, and
cooling rates reached their maximum values when a tool ratio of 3 was used, while they were
minimum when a tool ratio of 3.5 was used. At the largest tool ratio, a higher material
volume was stirred, and a higher amount of heat was dissipated.

e The optimum appearance of the joint was observed when the minimum tool ratio was used,
indicating a defect-free surface. However, many ripples and surface cracks were observed at
the maximum tool ratio (R=3.5). Microstructural analysis revealed dynamic recrystallization
and fine particles in the SZ for the R=2 case; however, material wrinkling was observed at
TMAZ for the maximum tool ratio case (R=3.5) due to poor or incomplete stirring.

e Superior mechanical properties were obtained at the minimum tool ratio due to dynamic
recrystallization, fine particles, and homogenous structure of the welding nugget and base
metal. Microhardness results were compatible with peak temperature and cooling rates.

e The strongest specimen (R=2) fractured at the advanced side of the base metal while it
produced at the welding nugget in the case of the weakest specimen (R=3.5). Fracture
morphology showed voids, shallow and deep dimples, and many precipitates and cavities due
to non-equilibrium of material flow when using maximum tool ratio. The fracture mode of
the optimum specimen referred to ductile fracture while that of weakest specimen looked like
brittle fracture due to non-optimal material flow conditions.
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