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In this work, low-carbon steel AISI-SAE grade 1010 with copper grade CDA 101 was joined
by friction stir welding (FSW) using a tapered pin profiled tool. The rotational speed of the tool is
900 rpm, a traverse rate of 30 mm/min, and an axial force of 5 kN were used to produce the joints. The
microstructural analysis and mechanical properties of the weld joints have been successfully examined.
The optical microscopy, scanning electron microscopy, and X-ray diffraction (XRD) techniques were
performed to examine the macropatterns and micropatterns of the welded joints. The tensile and hardness
test was performed to evaluate the mechanical behaviours of the FSW joints. The fine ferrite grain
features with uniform size were obtained in the microstructure of the nugget zone (stir zone). It is purely
influenced by the alternating dynamic rearrangement (recrystallization) mechanism. High hardness was
identified in the stir zone, even as the slightest stability was established in the heat-affected zone. The
tensile investigation proposed that all the joints explored just lesser unbending nature than the parent
material. The tensile strength of 181.5 MPa, the hardness of 144 VHN, and elongation of 14.03% were
observed for the welded samples. The better properties for the weld joints were attained at 900 rpm
spindle speed and tool traverse speed of 30 mm/min. The FSW is an attractive material joining process
for both similar and dissimilar materials compared to other conventional types of joining processes,

such as aerospace, marine engineering, shipbuilding, and industrial sector applications.
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1. Introduction

Effects of microstructure on hardness, microstructural
characterization of dissimilar and similar metals of friction
stir welding (FSW) joints and mechanical behaviours on
low-carbon steel (LCS), stainless steel, aluminium alloy and
magnesium alloy were investigated . The grain size, grain
and phase boundary characteristics, and local misorientation
were studied through microstructural characterization by
welding of different steel grades ®. The dynamics of the weld
melt pool were investigated in the laser welding process of a
low-carbon/stainless steel joint ®. Several studies have revealed
that dissimilar weld configurations of Al to steel, Mg to steel,
Al to Ti, Mg to Ti, Al to Cu, and Al to Mg offer enormous
industrial prospective °. Furthermore, according to research
studies, the industrial applicability of friction stir welding is
increasing due to the rapid demand for high strength welded
metal components in the automobile, acrospace, and structural
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sectors '°. Many measures were taken in tool profile, tool
material, tool design, and welding parameters in response
to industrial requirements . In addition, several research
investigations used to conduct macro and microstructure
studies in the heat-affected zone (HAZ) of weldments >3,
Many research have been reported on the formation of residual
stresses in dissimilar metal welding, as well as diffusion and
precipitation properties *~'*. FSW process parameters and
applications were discussed. The welded joints properties
and their effects were analysed '*'7.

High-performance joining techniques and its properties
were investigated in aluminium alloys. The developed joints
were used in aircraft industries 8. Joints with different
composite materials and its applications have been discussed
in aerospace applications '°. The ageing procedures and its
effect on microstructure were investigated in Al-Zn-Mg-Cu
alloys ». FSW of aluminium was conducted without melting
it in the weld nugget ?'. Thermomechanical-affected zone
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(TMT) and rotational speed were studied in dissimilar joints
AA7075 and AA2024 2. The magnesium and aluminium
alloys have been joined through ultrasonic-based FSW 2.
Different friction welding zones of steel were exposed to
metallographic examinations *. The impact of tool rotational
speed and preheated specimen affects the microstructure of
the welded joints . The hardness and tensile strength in the
stir zone of the welded nugget has been increased due to the
development of fine grains %, High-level fatigue was found
in the weld zone %%, The microstructures and mechanical
behaviours have been affected by the welding parameters
». Tensile and bend testing have been analysed in friction
stir welding of 12% chromium alloy and LCS *. The better
tensile properties were obtained during FSW of different
steels. The metallographic changes have been recorded before
and after the welding process *'. The impacts of welding
parameters on tensile behaviours and its microstructure were
refined with a new austenite structure 3.

From the above-mentioned literature, the present study
aims to investigate the microstructure and mechanical
behaviours of friction stir-welded dissimilar LCS AISI/SAE
grade 1010 with Copper grade CDA 101. The microstructural
and mechanical behaviours of the welded joints have been
investigated. The chemical compositions of the welding
zone were analysed through energy dispersive analysis of
X-rays (EDAX).

Materials Research

2. Materials Preparation and Methodology

The parent material used in this study is an LCS (AISI/
SAE grade 1010) with Copper (CDA 101) alloys. The two
dissimilar materials are machined for the size of 100 mm
x 50 mm x 3 mm and used to prepare friction stir weld
joints. The metal plates were prepared as per the required
dimensions with the help of a power cutting machine and
followed by a milling process to avoid sharp edges of the
specimen. The parent materials are secured clamped in
the weld position by using manual top clamps. The alloy
combinations present in the parent materials are presented
in Table 1. FSW setup is depicted in Figure 1(a). Figure 1(b)
shows the schematic of the FSW operation. Tool material is
an art form of the FSW process. The joint quality and wear
of tool material is a significant consideration while selecting
material for the FSW tool. The tool was fabricated using
high carbon, high chromium material for this investigation.
It has been already proven by several researchers that, tool
rotational speed in the range of 800 rpm to 1200 rpm and
welding speed of 20 mm/min to 40 mm/min were effective
in fabricating superior quality FSW joints '*!72. Based on
these literature reviews, we have employed a constant tool
rotational speed of 900 rpm and welding speed of 30 mm/min
using the taper cylindrical shape tool as seen in Figure 2(a).
The FSW tool is plunged and moved with high rigidly in
the direction of the weld position as shown in Figure 2(b).

Table 1. Evaluation of base metal (BM) alloy composition (expressed in wt.%) of the copper and steel plate used at the present work.

Elements Sn Mn Si Mg Al S

Cr Fe P Pb Zn Fe Cu -

Weight % 0.001 0.001 0.001 0.001 0.001 0.002

0.01

0.016 0.005 0.005 0.014 0.016 99.93% -

Elements Pb Si Cr S Mo P

Cu Ni \ Al W C Fe

Weight % 0.009 0.011 0.012 0.013 0.013

0.022  0.004 0.021

0.021  0.005 0.05  0.05 0.050  99.5%

(b)

Shoulder

Figure 1. (a) A photographic view of FSW arrangement. (b) Schematic of FSW process.
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The taper profiled FSW tool consists of shank diameter,
shoulder diameter, tool pin length, and pin diameter.
Cone-shaped pin having 3 mm shoulder diameter and
10° cylindrical, with an overall length of a 2.85 mm was used
to carry out the joining process. Similarly, for all welding
models, a constant dwell time of 5 s and a plunging depth
of 0.2 mm were maintained. The dwell time was manually
calculated using a digital stop watch. Before starting the
welding process, the base materials of LCS AISI/SAE
grade 1010 were positioned on the advancing side (AS)
and copper CDA 101 plates were positioned on retreating
side (RS). The base materials are securely clamped with
the help of manual top clamps. Researchers suggested that
the low-quality metal should be put on RS. The parent
metal with higher hardness, tensile strength, yield strength,
and percentage of elongation is usually placed on the AS.

The friction produced on the AS is significantly higher and
so is the heat generated. The additional heat produced aids
in the plasticization of the harder material placed on the
advancing side **". The photographic view of materials to be
welded located in the FSW setup is depicted in Figure 2(b).
Figure 3 displays the photographic image of before and after
friction stir-welded copper and steel plates.

The machine spindle is spinning at a particular speed
and the tool is plunged between the two plates for 3 mm.
The tool rotates up to 15 s to dwell at the starting point of
the specimen to generate heat for the material. Figure 3(b)
shows the sample welded using the FSW process. The rotating
spindle initially moves and stirs the material starting from
positive Y direction to negative Y direction and thus revolving
clockwise. The welding process takes place between the
two workpieces. The starting of the workpieces was joined

Figure 3. Before and after welding copper and steel plates. (a) Before welding; (b) After welding.
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(welded) along —Y direction for 85 mm. At the end point of
the joining process, the FSW tool led to stay for 15 s before
being extracted at the revolving condition. At the end of
the welding operation, the additional welding splash was
removed by the grinding process. Mechanical properties
depended on the impact of the tool pin profile. The different
friction stir tools were used to join Al alloys. A taper threaded
pin was used to enhance the tensile and flexure strength .
The welding speed, rotational speed, tool geometry, axial
force, and its effects were investigated. Mechanical friction
has produced the heat on the workpiece with the help of a
rotating tool *°.

The sliced specimens are polished by a fine mixture
of flaky powder and water and these mixtures were spread
over a soft cloth on the rotating disc. The test samples are
thoroughly washed and cleaned by water, 5% nitric acid, and
ethanol for copper and LCS plates. The microstructure of
the weld samples was obtained by using optical microscopy
(OM) (De-winter material plus version 2 software, 12V, 50 W
halogen lamp) and scanning electron microscopy (SEM)
techniques. The plates were cleaned electrolytically in the
cross-zone with 10% perchloric acid and 90% alcohol at
25 V and —35°C. The composition was analysed using an
electron dispersive spectrometer (EDS). The microhardness
experiment was conducted on the transverse zone of the joint
using a micro Vickers hardness tester (Wilson Wolpert model).
The microhardness testing was conducted at a load of 100 g
and a dwell time of 10 s. Uniform distance (0.5 mm) was
maintained to conduct a hardness test on the surface of the
welding direction. The microhardness reading is plotted in a
graph to understand the hardness at the various welding zone.

The tensile test was carried out as per the ASTM:
E8-04 standard with a travel speed of 1.5 mm/min .
The tensile sample was prepared as per the dimension of
100 mm x 50 mm X 3 mm in the welding track as shown in
Figure 4. The tensile test was conducted at room temperature
using the INSTRON 8801 testing machine. The fracture
surface of the tensile samples has been analysed by using
SEM (JSM 6700F).

3. Results Analysis and Discussion

3.1. Macrostructure analysis

Figure 5 depicts the macrostructure of the defect-free
weld specimen in various zones. It was carried out by the
optical trinocular microscope. The FSW tool revolving speed
and the welding speed are very crucial factors. Because both
dissimilar materials are mixed and the properties of the mixed
zone are dependent on these parameters. From Figure 5, it
was clearly indicated that there are no defects identified in
the welded samples. To achieve a good microstructure with
fine grains and mechanical properties, the material flow is
important ¥’.

The gap between the two plates is very important since
it decides the soundness of the welding quality in the FSW
operation. Figure 5 depicts the appearance of the weld surface
and it is evident that the weld is of good quality. Also, no
holes or cracks are observed on the surface which is due to
the absence of distortion during welding. The material is
spreading outside of the welding zone while increasing the
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Figure 4. Dimensions [ASTM E8-04] of the tensile sample.
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Figure 5. The macropattern of the weld joint b/w copper and LCS.

travel speed. Concavity is possible in the FSW process due
to the impact of the tool on the workpiece and thus plastic
deformation during joining *'.

Figure 5 shows the blend zone of FSW joints of Copper
grade CDA 101 and LCS AISI/SAE grade 1010 plates. This
zone seems to be dull and light zones when this zone subjected
to Keller reagent. This is due to the different levels of degree
of material flow during stir processing. Nugget zone (NZ) is
seen at the centre of the joint which evident the plastic flow
of material from AS (LCS AISI/SAE grade 1010 plates) to
the RS (Copper grade CDA 101). The mechanical mixing
of materials is achieved due to the advancing of the tool.
The joint is identified as defect less one after making an
observation in various zones as shown in Figure 5 such
as the HAZ on the AS, the HAZ on the RS, the TMT on
the (AS-TMT), the TMT on the (RS-TMT), the NZ. In the
interim, on the head of material flow portrayal in the NZ,
five zones can be other than that distributed with different
zones in Figure 5: (1) shoulder zone (SZ), (2) centre zone
(CZ), (3) centre interface zone (CIZ), (4) bottom interface
zone (BIZ), and (5) bottom zone (BZ). The root defects of
the welded joints have been eliminated due to sufficient
dynamic recrystallization. The microstructure analysis
and mechanical behaviours of the welded joints have been
investigated in FSW of Al alloy .

3.2. Microstructure analysis

Figure 6(a—b) shows the microstructure of parent materials
copper and steel, respectively. In parent materials, the grains
are arranged perfectly due to the cold working and plastic
deformation. Figure 6(c) shows the microstructure of HAZ
and Figure 6(d) shows the TMT. Figure 6(e) shows the
interface zone and Figure 6(f) shows the nugget of the joint.
The equal size of refined grains of base materials is shown
in Figure 6(a-b). This is due to the effect of using an LCS
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Figure 6. Microstructure of FSW joint of copper and LCS: (a) Cu—parent, (b) steel-parent, (¢) Cu HAZ, (d) Cu TMT, (e) Cu—interface,

and (f) Nugget.

tool for the FSW process . The dynamic rearrangement
of particles is responsible for the development of uniform
grains in FSW. These grains are developed due to the (i)
DDRX (Discontinuous Dynamic Recrystallization), for
instance, standard recrystallization which works by nucleation
and grain improvement; (i) CDRX (Continuous Dynamic
Recrystallization), which joins the ability in little edge limits
into high edge cutoff centres, and (iii) TDRX (Twinning-
Induced Dynamic Rearrangement, made by irregularity of
the secured grains *. Figure 6(c) shows the microstructure of

the HAZ and it seems to be similar to the microstructure of
parent materials. However, the slight coarsening observed in
this zone is because of the transmission of heat from the NZ.

Figure 6(d—e) shows the microstructure of the
thermomechanical zone. The image shows that these
surfaces are affected by the tool face and tool pull and
push. The materials experiencing twisting and deformation
between two dissimilar materials. The material in the
TMT experiences minimum temperature and deformation.
This ensures the absence of recrystallization in this zone.



6 Giridharan et al.

Figure 6(f) shows the NZ of the joint and it clearly displays
that the materials bonded well together because of plastic
deformation. The uniform grains observed in this zone
are due to the strong plastic shearing and significant heat
treatment *’. The mechanical properties have been changed
with respect to the macrostructure and microstructure of the
welded joints. The failure mode of fracture has been identified
in the NZ and HAZ of the welded joints *%.
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3.3. SEM analysis

Figure 7(a) shows the SEM micrograph of parent materials
(steel). The microstructure shows extended grains of pearlite
in the ferrite of the steel plate. The grain size is assessed as
45 microns. Figure 7(b) shows the parent metal copper with
fine-equiaxed grains and with explicit regions of twinning
shows up as equal lines. Figure 7(c) depicts the microstructure

Figure 7. SEM microstructure of FSW joint of copper and LCSs; (a) parent steel, (b) Cu—parent, (c) steel nugget, (d) Cu—St nugget,
(e) interface St—Cu, (f) St-Cu bottom, (g) Cu—shoulder, and (h) Cu-HAZ.
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of the stir zone of steel. The enhancement is evident that
the irregularity and recrystallization have occurred and the
grain sizes are in the solicitation for 10 microns. The vertical
interface zone of the FSW strategy in the welding zone of
copper and steel is shown in Figure 7(d). The steel structure
at the right side shows the effect of the stir process with
frictional heat incited the crack of grains. The copper at the
left side experienced significant plastic flow and the mixed
zone is persuading. In Figure 7(e), SEM micrograph shows
two microstructures. The right side shows the HAZ and
the left half of the picture shows the mechanically affected
zone. NZ evident the uniform starring of both the materials
and this is due to the plastic deformation during FSW #.
Figure 7(f) shows the bottom interface zone of copper and
steel. The bottom of the picture shows the heat-affected
microstructure of the steel and the top shows the piece zone
of'the copper structure. The copper grains are better and could
not be settled. The micrograph shows extensive flexibility of
copper metal and the interface zone shows the mix of two
metals. The copper network close to the piece zone and the
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Figure 8. Elemental analysis of copper and steel at the NZ.
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metal system experienced genuine flexibility and grains are
fine in all likelihood due to dynamic crystallization showed up
in Figure 7(g). The micrograph shows the broad adaptability
of copper metal and the interface zone shows the blend of
two metals. The copper network near the piece zone and the
metal framework experienced absolute malleability and grains
are fine more than likely because of dynamic crystallization
that appeared in Figure 7(g). Figure 7(h) shows the HAZ of
the FSW process at the copper side. The grain size of copper
is seen as higher. The austenitic structure was produced due
to dynamic recrystallization under different welding speeds.
The excellence of the welded joints without defects was
attained at a welding speed of 30—70 mm/min >*5'.

3.4. EDAX analysis

Figure 8(a—c) shows the EDAX results of friction stir
welded samples. Figure 8(a) shows the results of the EDS
analysis done on the copper side. Some oxides are found
in the graph which evident the heat-affected in these zones
during stirring. Hence the parent materials with some oxides



are observed. Figure 8(b) shows the EDAX results taken at
the interface weld zone. It ensures both steel and copper
elements in this zone. From the SEM image, it is obvious
that the interfacing between copper and steel is good. In this
EDAX graph, two rich elements are observed such as Fe
and Cu. In addition, the presence of oxygen ensures the
formation of oxides during welding. Figure 8(c) shows the
EDAX graph obtained from the steel side of the welded
joint. The presence of Fe ensures the other side of the steel
plate. The study revealed that copper and steel is mixed well
enough to make defect-free joint 2.

3.5. Mechanical behaviours

3.5.1. Microhardness distribution

Figure 9 shows graphical representation of the higest
hardness obatined for the welded sample. The lowest hardness
is observed in the HAZ. The hardness value increases in
the thermomechanical-affected zone. The highest hardness
is observed in the NZ when compared with the HAZ and
TMT. The hardness is lower at the outer surface of the NZ.
The hardness is higher in the weld zone when compared with
parent materials. It is esteemed that the hardness is reliably
impacted by grain size as showed up with Hall-Petch condition
5354 The improved hardness is due to the grain refinement
during stirring action. Fine equiaxed grains acquired in NZ
occurred thus the most tremendous microhardness is reached.
The welding is carried out at a speed of 30 mm/min, which
created dynamic recrystallization at the NZ. The lowest
hardness at HAZ is due to the coarse grain structure at
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Figure 9. Microhardness distribution dissimilar weld joint b/w
copper and LCS.

Table 2. Mechanical properties of the welded joint.
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the outer surface of the weld zone *. Travel speed was the
most influential actors in mechanical properties. Initially,
the ultimate tensile strength has been increased with the
increase of traverse speed, and then it has been decreased
due to the formation of defects *.

3.5.2. Tensile behaviour and fracture morphology

Figure 10(a) shows the tensile samples made using at
900 rpm and 30 mm/min after the tensile test. The sample
shows defect-free joint welded LCS AISI/SAE grade 1010 with
copper grade CDA 101. It is noted that in all weld samples
the fracture occurred at the mid-portion of weld nugget at
the stirred zone. This is because of the execution of uniform
material flow and grain alignment. The uniform distribution
of stress in the stir zone finely transfer the applied load
throughout the weld nugget thus the fracture occurred at
the middle. Moreover, the fractured portion shows cup and
cone fracture, which indicates the ductile nature of the weld
bead. This is because of retained ductility in the stir zone
by the implication of optimized input process parameters.
The fine mixture of both copper and iron atoms still retains
the ductility in the weld nugget. However, the formation of
cup and cone is marginally less due to the increased brittleness
by the high speed stirred zone. The highly stirred parent
metals and quick solidification was the cause of greater
brittleness. The mechanical properties of welded joint are
presented in Table 2. The tensile strength of 181.5 MPa is
obtained at the NZ. The elongation of 14.03% is obtained
for the welded sample. Figure 10(b) and (c) shows fracture
SEM images of the welded sample. The fractography is
at 500X which has shown both the matrix of copper and
steel. The copper matrix grains show higher plasticity with
grain flow. The fractured region with copper and fusion
zone shows the plastic flow of the ductile matrix of copper
with the orientation of the grains. The fusion zone shows
the transition region of both the metals. The fusion zone
shows no void and the copper at the fusion zone shows the
dense flow of grains by fracture. Both the parent materials
are perfectly stirred in the NZ, which we conclude that is
the material fracture behaviour gained like a brittle fracture
mode. Because the tool spinning speed (spindle speed) is
majorly influenced to create frictional heat between both the
materials during the joining process at the end of the stage
good sound weld joints are obtained. The perfect material
flow (plasticized range) is the homogeneous and equiaxed
size of grain particles that were measured after done by the
fractography test for broken specimens. The entire fracture
structure gained dimple mode. The tensile fracture surface
of the copper morphology is finer and is evident to show a
higher elongation. The fusion zone is at the centre and the

S.no. Tensile strength (MPa) Hardness VHN % of elongation Max.strain
1 181.5 144 14.03 35.83
2. 176.3 139 13.59 25.68
3. 167.5 136 12.98 23.5
4. 169.89 129 12.03 24.79
5. 170.4 131 12.54 25.98
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Figure 10. Tensile measurements: (a) fracture locations of the joint, (b,c) tensile rupture features of the weld joint, and (d) stress—strain

curv e for fractured specimen.

fusion is complete without any void or separation during
the fracture. The residual stresses and fracture defects were
investigated in FSW of dissimilar welded joints. The greatest
tensile strength (170 MPa) of the joints were produced
when the tool rotation of 1000 rpm and its traverse speed
of 150 mm/min 5%,

The copper grains show higher adaptability with grain flow
and the steel sort out shows no flow of grains . The interface
junction at the NZ shows the fusion of the copper and the
steel. The bottom zone is a copper matrix and the top is the
steel matrix. At the fusion, the line is enriched with copper
metal. The steel zone shows fine fragmented grains of pearlite
in the ferrite matrix with typical LCS. The copper side has
undergone severe plasticity and the effect is observed with
a substantial flow of copper metal. The grains of steel are
very fine for the order of 5 microns. Figure 10(d) indicates
the stress—strain curve for the fractured tensile specimen in

a spindle revolving rate of 900 rpm and a travelling speed
of 30 mm/min.

3.5.3. Examination of Force Generation analysis

FSW process applied three different forces to the base
material: transverse force, longitudinal force, and axial force
in the X, Y, and Z axes, respectively. Figure 11 shows the
welding force generated by constant FSW process parameters
such as 900 rpm rotation speed, 30 mm/min welding speed,
and 5 KN constant axial load. Adjusting process parameters
has a direct effect on the frictional force generated during
the fabrication of FSW joints. The downward force achieved
its maximum value when the tool was sinking between the
materials to be joined and the shoulder reached the material’s
surface . Two peak values for the downward force were
obtained at a rotating speed of 900 rpm; 4.3 kN for the force
acting on the pin when sinking into the parent material, and



10 Giridharan et al.

/ During translational stage

End of plunging % | | .
Begining of translational stage

Force/kN

/During plunging

0 10 20 30 40 50 60 70

Time/Sec

Figure 11. Axial force generation during FSW process.

4.9 kN for the force acting on the shoulder contact with
the base material. The force dropped substantially during
the transnational stage, maintaining at 3.9 kN until the
tool was withdrawn from the material. The force dropped
considerably during the transnational stage and remained
constant at 3.9 kN until the tool was withdrawn from the
material after the joining process. The primary source of
downward force was the tool shoulder. Its downward force
increased as welding speed increased. This could be because
the materials thermal softening has decreased. The downward
force decreases as the tool’s rotational speed increased °'.
This might be because as the rotational speed increased,
the material’s temperature increased, causing it to become
thermally softened and plasticized more quickly.

4. Conclusions

In this study, copper grade CDA 101 and LCS AISI/SAE
grade 1010 samples were successfully welded using FSW
at a tool rotational speed of 900 rpm and welding speed of
30 mm/min. Also, the morphology and mechanical behaviours
of the joints were fruitfully investigated. Based on this
experimental study, the following conclusions were drawn.

*  The fine equiaxed grain structure was observed
by using SEM and OM at the NZ for the samples
welded at 30 mm/min.

e From the SEM analysis, it is found that the steel
structure at the right side shows the impact of the
mixing process with frictional heat actuated the
split of grains. The left side copper experienced
significant plastic flow and the interface mix zone
is identified.

»  The tensile strength of 181.5 MPa along with the
elongations is 14.03% obtained for the welded samples.
The sheer zone and NZ were distinguished at the
tensile specimen crack surface which demonstrated
a run of the typical ductile fracture.

*  Inthis experimental analysis, it was identified that
the employment of FSW technique can produce
a weld joint with nearly 80—85% of the actual
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strength of the parent metal. This is a high value
when compared with other joining techniques.

*  Based on the current findings, a few areas of future
research have been identified, such as adding
metallic or ceramic fillers into the welding zone
to improve the strength and quality of the weld
bead and optimizing the fillers content for the best
desirable outcomes in the weldments.

e This study has paved a pathway for joining of
dissimilar metals like copper grade CDA 101/
AISI-SAE1010 grade low carbon steel. In addition
to this experimental investigation, this approach
of friction stir welding opens up a wider range of
possibilities for joining a variety of different metals
such as titanium, brass, etc.
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