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In the present work, the friction-stir welding of Al6061-annealed pure copper dissimilar metals with square-wave tool-pin
movement pattern was investigated. The aim of this experiment was to identify the significant effect of square-wave tool move-
ment, along with three different tool-pin profiles, on friction stir welding. Different tool-pin profiles of square, round and
hexa-spiral shapes were selected and their significant outcomes were revealed. Friction-stir-welding parameters including tool
rotations of 1500 min~' and 2000 min™', tool-pin-movement step sizes of 1.0 mm and 2.0 mm and weaving rates of 100 mm/min
and 150 mm/min were selected. The advantages of the tool-movement pattern and tool-pin profile shape were examined with
mechanical testing and a microstructure analysis. The mechanical results showed that the tool rotation of 1500 min™', step size
of 1.0 mm, welding rate of 150 mm/min and the square-tool pin-profile give better mechanical properties. Microstructural re-
sults revealed a betler grain refinement and a uniform dispersion of microconstituents resulting from the implementation of the
square-wave tool-pin movement pattern along with the square-tool pin profile. The EDAX report confirmed that the weld nugget
contained both aluminum and copper in equal percentages, indicating fine mixing of the two parent metals.

Keywords: friction-stir welding, square-wave pattern, pin profile, X-ray, microstructure

V ¢lanku je opisan proces medsebojnega varjenja plos¢ iz Al zlitine Al6061 in Cistega Zarjenega bakra, s postopkom varjenja z
gnetenjem. Pri tem je, vrieci se trn oziroma Cep naprave za varjenje, potoval po ploi¢ah v obliki vzorca kvadratnih valov. Cilj te
eksperimentalne raziskave je bil, da se ob uporabi treh razli¢nih profilov trnov orodja, ugotovi pomen te vrste gibanja trna in
kakSen je vpliv na sam proces varjenja. Izbrane oblike profilov trnov orodja za varjenje so bile: kvadratna, okrogla in petkraka.
Izbrani parametri postopka varjenja z gnetenjem so bili: hitrost vrtenja trna (1500 min~' in 2000 min™"), korak gibanja (1,0 mm
in 2,0 mm), hitrost varjenja (100 mm/min. in 150 mm/min.). Prednosti izbrane oblike in naCina gibanja trna orodja so analizirali
s pomocjo izvedenih mehanskih preizkusov in mikrostrukturne analize. Rezultati mehanskih preizkusov so pokazali, da je,
kombinacija procesnih parametrov 1500 min~', korak 1,0 mm in hitrost varjenja 150 mm/min. s kvadratnim profilom trna, dala
najboljse mehanske lastnosti zvarov. Rezultati mikrostrukturnih preiskav so pokazali najboljSe udrobljenje mikrokristalnih zrn
in enakomerno porazdelitev mikrostrukturnih sestavin pri uporabi kvadratnega profila trna in njegovem potovanju po poti
kvadratnih valov. Analize z rentgensko energijsko disperzijsko spektroskopijo (EDAX) so potrdile, da nastali zvarni spoj
vsebuje v enaki koli¢ini oba kemijska elementa: to je aluminij in baker, kar potrjuje dobro medsebojno me3anje dveh dokaj
teZko zdruZljivih materialov.

Klju¢ne besede: varjenje z gnetenjem, vzorec kvadratnih valov, profil trna orodja, rentgenski Zarki, mikrostruktura
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1 INTRODUCTION

Friction-stir welding is a pollution-free, solid-state
welding technique where metals are joined with fric-
tional heat and pressure.'? A rotating tool rotates over a
specimen at desired revolutions and as a result, frictional
heat develops and the metal gets plasticized. Plasticized
metals are joined with the help of pressure. The need for
lightweight aluminum products in the aircraft, automo-
bile and construction industries is increasing day by day.
The automobile sector is making attempts to replace iron
products with lightweight aluminum ones to improve
their product efficiency. Joining non-ferrous metals using
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friction-stir welding is the foremost method, during
which similar and dissimilar metals are joined and en-
ergy-saving parameters are observed, which is very im-
portant nowadays.

The weld quality in an FSW process depends greatly
on the workpiece metal, weaving speed, tool rotation and
degree of intermixing of parent metals.’* The tool-pin
movement can also play a vital role in the intermixing of
parent metals, which is directly proportional to the
strength of weldments. Welding of similar alloys has a
low degree of complexity, whereas welding of dissimilar
alloys is more complicated due to the mismatch of the
cooling rates.> At a high melting temperature, metal
cools down more rapidly than at a low melting tempera-
ture, thus requiring special parameters. High frictional
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heat at a low speed provides for good quality weldments
with a low energy consumption. Generally, in FSW, the
tool rotates and moves in a straight line, whereas with
the square wave pattern method, the tool moves in both x
and y directions, thus making the intermixing of parent
metals possible. With complete intermixing of parent
metals, the microconstituents are dispersed throughout
the matrix. This allows the improvement of mechanical
properties through precipitated strengthening.®” A fine
intermixing of parent metals can also be achieved with
an appropriate tool-face profile. Hence, round, square
and spiral tool pin profiles can be used as stir tools.
Zhang et al.* confirmed that dissimilar metals formed
with friction-stir welding exhibit better tensile strength
than that of the Al base metal. They also indicated the
formation of micro-elements like Al;Cuy, and Al,Cu on
the nugget as a result of short-circuit cooling. Bisadi et
al.? reported on dissimilar parameters for friction-stir
welding of Al and Cu. They found that weldments were
in good condition at low tool-rotational speeds, whereas
defects developed when the tool speed increased. The
latter was due to improper fusion and cooling.

An important factor to be addressed in achieving ro-
bust welding joints is the influence of the tool move-
ment. The flowability of the material during the stirring
action of forward and retracting movements of the instru-
ment influences the improved mechanical and micro-
structural properties. Several studies on the impact of
tool-path management on the nugget zone with regard to
improved welding qualities were carried out.

D. Jayabalakrishnan et al.'” explored the novel tool-
path pattern for combining dissimilar aluminium and
copper alloys, using the eccentric weave motion in the
nugget zone. Their studies showed that, with an increase
in the weaving time, dynamic recrystallization of grain
limits is created to achieve IMC, which strengthens dif-
ferent joints.

M. Balasubramanian et al.'' further developed the
study about the effects of welding on the fabric path
through the effect of the pin offset on increasing the fab-
ric radius. They concluded that sound welding is
achieved with the optimum 1-mm pin offset in weave

Figure 1: a) FSW set-up on VMC, b) FSW tool dimensions, ¢) me-
chanical clamping of Al-Cu plates on VMC
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welding. However, because of the increased weaving ra-
dius due to the pin offset, the formation of tunnel defects
increased.

A research on the FSW joining of AA5754 alloys
with an orbital motion was conducted by Cabibo et al.'?
Their findings showed that by increasing the weave ra-
dius along the way, grain borders are efficiently stirred to
reduce the coarse oxide formation. This may cause the
welding surface to peel off and lose its cohesion.

In order to avoid such defects, the weaving radius
must be reduced by designing a new geometry with a
small step for weaving. This work is therefore a new
study of the geometric tool-path pattern with a quadratic
weave of different step sizes. The formation of equiaxed
grains can result in effective dynamic recrystallization.

2 EXPERIMENTAL PART
2.1 Materials

The aluminum used for this study was AA6061
(150 mm x 150 mm), containing in w/% (0.9 Mg,
0.62 Si, 0.28 Cu, 0.17 Cr, 0.33 Fe, 0.02 Zn, 0.06 Mn,
0.02 Ti) and the rest was Al. The copper used for this
study was annealed pure copper. Table 1 shows the me-
chanical properties of the parent metals. The tool mate-
rial used for this study was HSS.

Table 1: Mechanical properties of the workpiece materials

Tensile Izod im- | Micro-
S. No. | Material | strength Eéc[’]n(g%) pact | hardness
(MPa) () (HV)
1 AA6061 280 15 105 18
2 Copper 206 25 73 26

2.2 Procedure

Square-shaped 6-mm sheets of AA6061 and copper
were placed on the workbed as a butt-joint configuration
in a vertical milling center (VMC) with the help of me-
chanical clamps. Figure 1c¢ shows the mechanical clamp-
ing of the Al-Cu dissimilar metal plates. Machining was
started at one end, based on the process parameters. Fig-
ure la shows the experimental set-up with tools. Fig-
ure 1b shows the FSW tool-pin profile with its dimen-
sions. It was noted that the difference between the pin
diameter and shoulder diameter was 4 mm, reducing the
width of the weld bead. Figure 2a shows different step
sizes of the tool movement pattern. A constant axial load
of 6 kN was applied throughout the process. Welding
was performed with three different tool-pin profiles. The
welded samples were visually inspected for defects after
the completion of the post-cleaning process.

2.3 Preparation of specimens

For various tests, cleaned welding components were
cut in accordance with the ASTM standards. Samples
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Figure 2: a) step sizes of tool-pin movement patterns, b) schematic diagram of square-wave tool-pin movement pattern

were cut to the required dimensions, with an abrasive
I-mm-diameter water jet, 80 mesh garnet; the flow rate
was 0.35 kg/min and the maximum pressure was
510 MPa. Pre-testing dimensional precision was checked
for the sectioned specimens.

2.4 Mechanical characterization

ASTM E8M-04 was used for tensile-strength tests of
the welded components. For the estimation of the tensile
properties of the welded samples, we used a universal
testing machine (MTS C44, India) with a 40-T capacity
and a cross-head speed of 1.5 mm/min. Samples with a
50-mm length and 12.5-mm width were used. A tensile
test on the basis of ASTM E23 was carried out. Five
identical samples were tested and average values were
calculated for each property. ASTM 256 and an Izod-im-
pact tester (Kristal, India) with a capacity of 30 J were
used to test the Izod effect of soldered components. The
microhardness of various welded samples was measured
using a Vickers hardness tester according to ASTM 384.

2.5 Optical microscopy

Evaluation of the welded-area microstructure was
done with an optical microscope (Moticam 1000, China)
having a 25x lens zooming capacity. The specimens
were cut in a sawing process with cooling water of a low
temperature in the cutting zone to avoid grain refine-
ment. The sectioned specimens were mounted with ther-
mosetting resin for an effective edge retention. The
mounted specimens were ground with an automated de-
vice, which consisted of a SiC abrasive sheet. The speci-
mens were ground with a series of abrasive sheets of grit
sizes ranging from 60 to 50. Fine diamond abrasives fol-
lowed by colloidal alumina paste were used for mirror
polishing. Potassium dichromate and a Keller solution
were used as etching agents to reveal the grain structure
of the Al alloy. Finally, the specimen surface was
cleaned using distilled water and all the micrograph im-
ages were taken in polarized light.
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3 RESULTS AND DISCUSSION
3.1 Mechanical properties

Tables 2 to 4 show the values of the tensile, notch
tensile strength, Izod impact and hardness of weld beads.
Tensile values were improved significantly for the
square-wave tool-pin movement pattern. A weld was
done at the tool rotation of 1500 min-!, 1-mm step size,
150 mm/min weaving rate, and square tool-pin profile
with a maximum strength factor of 99.82, which is larger
than for the other process parameter weldments. This is
because of the complete mixing of the two parent metals
since the tool rotates for a longer time in the welding
zone. When the tool moves in both x and y directions,
the metals from the advancing side (Cu) and retreating
side (aluminum) are completely mixed. Hence, inter-
metallic compounds like Mg, Si, Cr and Fe from alumi-
num were dispersed throughout the weld nugget. Simi-
larly, the fusion of the parent metals generated the
Al;Cug and AlCu phases. The formation of many sec-
ondary phases in the matrix may arrest the crack propa-
gation due to the polyphase strengthening method.'*!*
Similarly, when the axial load is applied the precipitated
intermetallic compounds arrest the minute crack propa-
gation through the grain boundaries. These phenomena
help the metal to bear the maximum load."”

At the lower tool rotation (1500 min™') the grains are
processed in a gentle manner and do not get affected by
heat. Thus, the rate of creating the heat affecting the
zones is minimum.'® The maximum strength factor was
achieved at the lower step size (1.0 mm) of the tool
movement. This is because the maximum number of
turns can be completed by the tool before it completes
the full length of the weld on the plate. A fine mixture of
parent metals reduces weld defects, improper mixing and
poor cooling rate. Thus, the weld nuggets formed on the
basis of the rotation of 1500 min-', 1.0 mm step size,
150 mm weaving rate and square tool-pin profile show
distinct results when compared to the other nuggets. Fig-
ure 3a shows a tensile specimen based on the ASTM

695



L. PRABHU, S. SATHISH KUMAR: EFFECT OF TOOL-PIN PROFILES OVER SQUARE-WAVE TOOL-PATH PATTERN ...

(A) Micro hardness (Hv) round tool profile a)

— = - 1500/1.0/100
~ - 1500/1.0/150
—®— 1500/2.0/100
— @ 1500/2.0/150

Hardmess (Hu)

—=— 2000/1.0/100
<o e 2000/2.0/100

-- 8- 2000/2.0/150

(8)

82

BO

— & -1500/1.0/100
= #—-1500/1.0/150
& 1500/2.0/100

78

76

Rardmess (Hy)

" |—m—-1500/2.00150
—&— 2000/1.0/100
oo 2000/2 0/100
--®- - 2000/2.0/150
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ing side, ¢) fracture on the retreating side )
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standard. Figure 3b shows a broken tensile specimen af- ' 7 oitance in'me
ter the tensile test. A few dimples were observed, indi-
cating some brittleness of the nugget due to the grains
thermally affected during the joining process. Figures 4a

(<)

to 4c¢ show the microhardness values of the welded part. £ ::-::j: :ﬁ::
It was noted that the maximum microhardness of 83 HV g » :i::;::’;‘::
was achieved in the nugget zone obtained at 2000 min-', —a— 2000/1.0/100
1.0 mm step size, 150 mm/min weaving rate and with the b aonee
square tool-pin profile. Grains were thermally affected at 7

higher tool rotational speeds, causing increased brittle- B o

ness and improved hardness. Thus, increased brittleness Figure 4: Microhardness values: a) round tool-pin profile, b) square
improves the hardness. Grains were refined at the nugget  tool-pin profile, ¢) spiral tool-pin profile

Table 2: Mechanical properties of Al 6061-Cu obtained with a round tool-pin profile

Rotation Tensile Nolngillléed Notch ten- T}g‘;g}:‘ltg:_d Yield Nortnzlllcllzed Impact N[;];:]na,:ge‘j Strength
speed/S.S./ weav-| strength streﬁglh sile strength ) | strength strength stﬁ:igth strength slre]fl‘gth factor
ng rate MPa) | mpays | MPD) [ vpayg, | MPD) | (MPay% | ) 0% %
1500/1.0/100 196 99.5 167 08.8 136 96.5 7.6 93.8 97.15
1500/1.0/150 194 98.5 169 100 132 93.6 7.9 97.5 97.42
1500/2.0/100 191 97.0 161 95.2 135 95.7 8.1 100 96.97
1500/2.0/150 195 99.9 164 97.0 138 97.8 8.1 100 98.67
2000/1.0/100 189 96.0 165 97.6 141 100 7.8 96.2 97.45
2000/1.0/150 197 100 165 08.8 136 96.4 7.5 92.5 96.92
2000/2.0/100 190 964 | 1e4 97.0 134 95.0 79 | 9715 96.47
2000/2.0/150 189 96.0 167 08.8 132 93.6 8.0 98.7 96.77
Table 3: Mechanical properties of Al 6061-Cu obtained with a square tool-pin profile
Rotation Tensile Nolngillléed Notch ten- l\:]gl;g}:lltg:_d Yield Not;rileallcllzed Impact N[;];nmpa;ge‘j Strength
speed/S.S/ weav- strength streglglh sile s;trengthSile strength strength strength strength strength factor
ng rate MP2) | Mmpayg, | MPO | vpayg, | MPD) | vpayg, | D a) % %
1500/1.0/100 199 929 | 168 96.5 139 100 79 | 940 95.85
1500/1.0/150 214 100 | 174 100 138 99.3 84 | 100 09.82
1500/2.0/100 196 916 | 166 954 135 97.1 80 | 952 04.82
1500/2.0/150 199 93.0 169 97.1 136 97.8 8.2 97.6 96.37
2000/1.0/100 195 91.1 167 95.6 139 100 1.7 91.6 94.57
2000/1.0/150 197 92.0 163 93.6 138 99.2 1.8 92.8 94.40
2000/2.0/100 196 91.6 168 96.5 136 97.8 7.9 94.0 95.00
2000/2.0/150 191 8§2.2 167 95.9 135 97.1 8.1 96.4 93.00
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Table 4: Mechanical properties of Al 6061-Cu obtained with a spiral tool-pin profile

Rotation Tensile Nogmgl]ixed Notch ten- [Normalized) v\ 4 Nor{rllzllized Impact Nolrm:%lized Strength
] . ensile | . notch ten- | yield . impact .
speed/S.S/ weav- strength strength sile s,trengthsile strength strength strength strength strength factor
ing rate MP) | mpa) % | MPD | mpay % | MPY | (Mpay o | D ™) % %
1500/1.0/100 198 100 165 97.0 134 95.7 7.5 92.5 96.3
1500/1.0/150 197 99.5 170 100 136 97.1 7.7 95.0 97.9
1500/2.0/100 194 97.9 165 97.0 135 96.4 8.0 98.7 97.5
1500/2.0/150 192 96.9 167 08.2 136 97.1 7.8 96.3 97.1
2000/1.0/100 189 95.5 162 95.3 140 100 74 91.3 95.5
2000/1.0/150 190 95.9 161 94.7 137 97.8 7.6 93.8 95.5
2000/2.0/100 188 94.9 163 95.9 138 98.5 7.9 97.5 96.7
2000/2.0/150 189 954 163 95.9 136 97.1 8.1 100 97.1

and their cooling was slow, forming a finer grain size,
which improved the hardness. A relatively low hardness
was seen on the advancing side as a result of the
coarse-grain formation.'”'®

Due to the loop stirring of the nugget area allowed by
the shorter wave length, an ultrafine grain structure was
obtained. It is also observed on sample SS/1.0 with a
maximum output of 144 MPa due to the compaction of
fine-grain particles caused by continuous loop stirring in
the matrix phase. This results in a layer boundary crack,

M-100X ~ 100

M-100% - 100

shown in Figure 3, caused by the Orowan strengthening
effect of the IMC particles present in the matrix stage of
Al (b). In turn, this results in dislocation bowing in the
phase line, enhancing the particle density to the ultrafine
grain limit. This further increases the tensile modulus."
Due to the dynamic recrystallization during the solid-
ification process, the increase in the hardness creates
harder IMC precipitates. According to the theory of mo-
lecular rigidity with topological restrictions, the atoms
are bound by radial 2-body bonding constraints that fix

M-100X .~ 100

Figure 5: Cross-sectional microstructures of the weldments, formed with square-wave tool-pin movement

Materiali in tehnologije / Materials and technology 55 (2021) 5, 693-700
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interatomic distances and angular 3-body bonding limita-
tions that maintain an average angle fixed at the same
time.”” The formation of zeolitic frames, with the pres-
ence of spheroidal cementite IMCs, in the shear band of
the nugget zone was found with microstructural observa-
tions and included in Figure 3c.

The decrease in the particle size based on the
Hall-Petch mechanism was another parallel mechanism
of the increase in the hardness value.”

3.2 Microstructure of joints

Figure 5 shows the cross-sectional microstructures of
the weldments, formed with square-wave tool-pin move-
ment and process parameters including the tool rotation
of 1500 min-!, 1.0 mm step size and 150 mm/min weav-
ing rate along with the square tool-pin profile. Figure 5a
also shows the microstructure of the AA 6061 parent
metal. Particles of eutectics were seen along the tool di-
rection. The fine particles are eutectics of Mg,Si. spread
over the weld nugget, improving the load-bearing capa-
bility. Even distribution was a result of the square wave
path of the tool movement on the processed zone. The
X-y traverse movement of the tool enabled the complete
mixing of the parent metals with each other. Figure 5b
shows the field near the processed zone with large parti-
cles of Mg,Si in the primary aluminum alloy matrix.”
Figure 5c shows the interface junction of a parent metal
with severely heated and recrystallized larger grains of
primary aluminum with eutectics at the grain boundaries.
Figure 5d shows another field with the HAZ of the base
metal and the rapidly plasticized and cooled matrix of
AA 6061. It reveals the brittleness of the nugget zone
compared to the other areas. Hence, a greater hardness
was experienced. Figure Se shows the rapidly plasticized
and cooled zones with Al-Si and Mg;Si. The constituents
were seen spread over the weld nugget zone and an in-
crease in the load-bearing capacity of the weld nugget
via precipitated strengthening was found.??*

Figure 5f shows interface junctions of the fused zone
and the melted zone of the aluminum and copper HAZ.

The fused zone is dark, with the constituents of both
copper and AA6061, indicating a fine mixture of the
base metals. The copper zone shows completely dis-
solved alpha grains and a fine beta phase. Figure 5g
shows the interface of a parent metal, copper, and the
HAZ of copper. Partial recrystallization of the copper
solid solution was observed. Figures Sh and 5i show
grains of copper near the HAZ with larger grains of the
copper solid solution due to the grain growth. This is be-
cause highly thermally affected grains took a longer time
to cool down. Hence, the grains grew significantly. Fig-
ures 5h and 5i include the microstructure of the copper
base metal from the HAZ and the area close to the unaf-
fected zone. Thus, it can be stated that the formation of
the fine mixture of Al and Cu in the weld-nugget zone
was, based on the microstructure images, a result of
complete mixing via the square-wave pattern. The square
tool-pin profile allowed the base metals to mix com-
pletely due to orthogonal stirring. When the tool geome-
try is perpendicular to the workpiece material, the con-
tact area and the coefficient of friction of metal are high.
This phenomenon helps the processed zone grains to get
reoriented and mix thoroughly on the weldments.>>2

Figure 6 shows x-ray results for dissimilar metals of
aluminum and copper. Figures 6a and 6b show that there
was no weld flaw within the weldment, indicating a fine
and uniform grain formation and proper cooling.”’

The formation of spheroidal cement with much
higher precipitation was observed. Some intermetallic Al
compounds, like Al;Cry, were found in this region to a
greater extent. Additional agitation helps to break oxide
layers regularly, causing the formation of fine grains.
The existence of the precipitates of Mg,Si strengthened
the nugget region. All the images show that all grains
move in the direction of the tool. It is clear from every
image that in a square-wave tool process, the grains and
intermetallic compounds are arranged, rotated and uni-
formly distributed on the Al matrix, thus having no de-
fects in the welded part.

Figure 6: Radiographs of the welded Al-Cu alloy: a) defect-free weld, b) tunnel-defect weld
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3.3 Energy dispersive spectrum analysis

Figure 7a to 7c¢ show the EDAX analysis of the ad-
vancing side, nugget zone and retreating side of the pro-
cessed zones. However, the advancing side has grains of
primary aluminum, whereas the nugget zone has a
eutectic mixture of both aluminum and copper. Similarly,
the retreating side has grains of copper, indicating a com-
plete fusion of the two parent metals at the nugget with
the formation of new crystals of both Al and Cu. Fig-
ure 7a shows the EDAX report for the retreating side. It
shows the presence of raw aluminum on the retreating
side, indicating the absence of copper. Figure 7b shows
the EDAX report for the nugget with both aluminum
(45 %) and copper (35 %) while the remaining elements
were oxides of Al and Cu. The microconstituents were
dispersed throughout the nugget zone. The oxide forma-
tion was due to heavy heat dissipation during machining.
Similarly, Figure 7c shows raw copper on the advancing
side.

4 CONCLUSIONS

The results obtained lead to the following conclu-
sions. The square-wave tool path pattern can be success-
fully implemented and welding can be done at different
parameters. The process parameters including the tool

(A)
100 g
B0
.
T a0
=
20
0
O Mg Al 5l e Ag

8 H L U )

Butsese w1 s cover 10 11 sed b

rotation of 1500 min-', I-mm step size and 150 mm/min
weaving rate along with the square tool-pin profile pro-
vide for the highest strength compared to the other
process parameters. The microstructure images reveal a
uniform grain flow and an even dispersion of microcon-
stituents in all directions. The square-wave tool-pin pat-
tern made the weldments defect-free due to complete
mixing of the parent metals and allowed uniform cool-
ing. X-ray results show a flaw-free weldment of alumi-
num and copper. The EDAX analysis reveals the pres-
ence of the grains of both copper and aluminum at the
nugget. Hence, the square-wave tool-pin movement pat-
tern during friction stir welding provides useful results
for both the mechanical properties and microstructure of
the welded AA6061-Cu alloy system. The selected pro-
cess parameters including the tool rotation of
1500 min~!, 1-mm step size (x-y tool movement) and
150 mm/min weaving rate could be considered for better
weldment qualities.
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