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Abstract

In this research paper, the feasibility of using nonpolluting horizontal axis friction stir welding (HAFSW) to
join Al6063 with copper plates to create lightweight and cost-effective electrical and structural components was
investigated. The tool's rotation rate and traverse speed were kept constant at 1200 rpm and 20 mm/min,
respectively. Two specimens were prepared, one with the tool pin centered on the abutting plates and another
with a 10% offset towards the Al6063 side. The results were analyzed and compared for mechanical behavior
viz tensile strength, toughness and percentage elongation. Fractographs of the fractured specimen were analyzed
under scanning electron microscope (SEM) to draw important conclusions. It was found that a stronger and
more reliable weld was produced when the tool was offset towards the AI6063 side.

Index terms: Horizontal axis FSW (HAFSW), Tensile strength, Toughness, SEM, Electronic dispersion
analysis.

INTRODUCTION non-consumable tool with a specially constructed
In 1991, The Welding Institute (TWI) of the United pin/probe and shoulder.

Kingdom developed the friction stir welding (FSW) The literature has reported that the presence of hard
method as a solid-state joining technique [1-7]. and brittle intermetallic compounds (IMCs) in the
Aluminum and copper possess adequate thermo-mechanically affected zone (TMAZ) is a
mechanical, thermal, and electrical properties that common cause of joint failures in FSW of Al-Cu,
make them appropriate for use in structural with such joints often failing through the nugget or
applications [8,9]. These materials are also eco- TMAZ. [16,17] Various FSW parameters,
friendly and recyclable [10]. To produce including tool geometry and design, tool tilt angle,
lightweight and cost-effective electrical and base plate position, rotational speed, welding speed,
structural components without compromising their plunge force, etc.,, have been identified as
essential properties, copper must be combined with influential factors in the quality of FSW joints.
other lightweight materials like aluminum [11]. [18,19] However, the research on the effect of FSW
Nevertheless, when these dissimilar materials are tool geometry and design for joining Al to Cu is
fused together, various defects and hard limited. Similarly, while there is literature available
intermetallic compounds (IMCs) can form, leading on the effect of different pin profiles on material
to poor weld quality [12]. As a solution, several movement and joint quality during FSW of some
solid-state  joining processes like explosive ferrous and non-ferrous materials, there is a lack of
welding, friction welding, and roll welding have similar studies for FSW of dissimilar nonferrous
been utilized effectively to join dissimilar materials materials. [20,21] The FSW process for joining Al
[13]. Friction stir welding (FSW), on the other to Cu is still evolving, as Al and Cu have good
hand, eliminates joint defects such as porosities, thermal conductivities but their joining is difficult
alloy segregations, and grain boundary cracks, due to significant differences in their strength,
making it an ideal technique for joining dissimilar softening temperatures, and flow characteristics.

alloys [14,15]. The process employs a revolving,
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MATERIALS AND METHODS

This paper introduces a new method for friction stir
welding (FSW) of Al 6063 with pure copper using
a lathe machine, which is a cost-effective
alternative to using a dedicated FSW machine. 5.5
mm thickness plates of AlI6063 and pure copper
were used in butt configuration to perform HAFSW
operation. A cylindrical threaded pin (CTP), H-13
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hot-work tool steel was used with shoulder to pin
diameter ratio (D/d) of 3.2 :1. The results are
evaluated based on joint quality, tensile strength,
percentage elongation, and toughness,
demonstrating the feasibility of this approach.
Abstraction of experimental methods is shown in
figure 1. Composition of base metal plates are given
in table 1. Process parameters of the HAFSW
process is given in table 2.
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Figure 1. Experimental methods

Table 1: Composition of base metal plates, tool and mechanical properties of base material
Composition of AI6063 (wt %)

Mn Fe Mg Si Cu Zn Ti Cr others Al
0.15 0.50 0.8 0.4 0.2 0.3 0.15 0.04 0.15 Rest
Composition of pure copper (wt %)

Sn Fe P Ni Co Ag Zn Pb Others Cu
0.04  0.001 0.043 0.24 0.001 0.018 0.012 0.003 <001  99.65
Composition of H-13 hot worked steel (wt %)

C Mn Si Cr Ni Mo \ Cu P S
0.32-  0.20- 4.75- 0.3 1.10- 0.80- 0.25 0.03 0.03 Rest

0.45 0.50 5.50 1.75 1.20
Mechanical properties of base material plates
Tensile strength % Elongation Brinell Hardness
Al6063 230 MPa 23% 71
Pure copper 252 MPa 28% 90
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Table 2: Process parameters and their values

Process parameters values
Tool pin type Cylindrical threaded
pin
Tool rotational speed 1200 rpm A patented, easily-attachable portable fixture
Traverse speed of the 20 mm/min designed for friction stir welding (FSW) on a lathe
plates machine. The fixture secured a copper plate on the
bottom and an AI6063 plate on top. The
Tool pin offset 0, 10% P P

arrangement of the fixture and tool is depicted in
Tool shoulder diameter 16 mm figure 2 (a), CTP tool is shown in figure 2 (b) and

Tool pin diameter 05 mm welded plates are shown in figure 3.

Tool pin length 4.0 mm

£ \Al \ Clamping

bracket

Plate holding
fixture

Al6063
plate

Copper plate ( i\

Figure 2 (a). Arrangement of Fixture and tool Figure 2(b). Cylindrical threaded pin
tool
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Figure 3. Straight threaded pin (STP) tool

RESULTS AND DISCUSSIONS (a) Inspection on transverse surface of the weld
Specimen number 01was welded at 1200 rpm with On visual inspection, it was found that the top plane
zero pin offset and specimen 02 was welded at 1200 of the welded surfaces showed no Vvisible
rpm and 10 % of tool pin offset the offset of the tool differences, regardless of the RPM and tool offset
pin was considered on Al6063 side have the larger values used. However, defects were observed on the
volume of material of AI6063 in contact with the transverse plane in specimen 01, which had zero
rotating pin and hence reducing the temperature per tool offset. This specimen exhibited tunnel and
unit volume on Al6063 side. The results of these unfilled material defects in the nugget zone.
welds and necessary discussion are presented Conversely, specimen 2, which was welded at 1200
below: RPM with a 10% tool offset, showed no defects.

The weld line on this specimen displayed properly
filled material. Figure 4 shows the transverse plane
of the welded plates.

‘*Tunneldefectat ke caaniild 1
7 deiry and\»" e " surfac¢at 1200

rpm 10% offset

(a) Specimen 1 (b) Specimen 2

Figure 04. Visual inspection of transvrse surface of HAFSW specimen

(b) Tensile test specimen in MPa, the maximum load at failure was
divided by its cross-sectional area. Strain was
obtained by dividing elongation by the distance
between the grips. The area beneath the load
deformation curve was measured using a special
apparatus called planimeter to compute toughness.
Figure 5 shows the arrangement of tensiometer for
performing the tensile test. Table 03 shows the test
results in terms of tensile strength, percentage
elongation and toughness.
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In the course of the investigation, a Hounsfield
tensiometer was employed to conduct a tensile test.
This mechanical apparatus was capable of
measuring load versus deformation for the test
specimen, with a capacity of 2000 kg-f and a least
count of 10 kg-f. Load and deformation data were
documented on graph paper wrapped around a
drum. To determine the tensile strength of the
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Figure 5. Hounsfield Tensiometer setup for performing tensile test

It can be seen from table 03 and figure 6, that
specimen 01 which showed larger defects on its
transverse face viz tunnel and unfilled material
gives very poor strength under tensile test. The
tensile strength of specimen 01 was observed to be
43.9 MPa which is only 19 % of Al6063 strength
and 17.5% of pure copper strength. On the other
hand, specimen 02 prepared by 10% offset on the
weld line showed no defects along its transverse

face through visual inspection performs very well
under tensile test. The strength of the specimen was
found to be 211.9 MPa which was 92% of Al6063
and 85% of virgin pure copper specimen. A
Percentage elongation of 12% was observed for
specimen 02 against the elongation of only 2.7% for
specimen 01. The toughness results of specimen 02
were 12 time more than specimen 01.

Table 03: Tensile test results of Al6063-Cu specimen

Specimen Rpm  offset Max Area  Tensile strength % Toughnes
load (mm?) MPa (Kg-f* Elongation s (N-m)
(Kg-f) 9.81/area)
01 1200 Zero 280 62.75 43.9 2.7 10
02 1200 10% 1350 211.9 12 121

Comparison of test results for zero tool offset
and 10% tool offset

211.9
300

Yy

Tensile % Elongation  Toughness
strength- MPa (N-m)

B Specimen 1- zero tool offset

121
200
43.9 12 -
100 -
a—

Specimen 2- 10% tool offset

Specimen |- zero tool offset

M Specimen 2- 10% tool offset

Figure 6. Comparison of test results for specimen 1 (zero tool offset) and specimen 2 (10% tool offset)
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(c) Scanning Electron Microscopy (SEM) of
fractured specimen

A fractographic analysis was performed using SEM
on both specimens that had different tool offsets.
Figure 07 displays the fractographs of specimen 01
and 02 on bhoth the AI6063 and copper sides.
Specimen 01, processed at 1200 rpm with 0% pin
offset, exhibited brittle failure on both the
aluminium and copper sides. The AI6063 side
revealed large cavities and unfilled tunnel regions,
while the copper side displayed a continuous crack

Dugtile s,
region

Specimen 01- AlI6063 side (1200 rpm and 0% pin

offset) at 220 x magnification

Defécts like pin hole and
5
cracks

¥
2/7/2023

Specimen 02- AI6063 S|de (800 rpm and 10% pin
offset) at 1200 x magnification

https://doi.org/10.56452/2022-12-021

along the length of the weld on the fractured
surface. The copper side also exhibited a brittle
region with no discernible dimples. On the other
hand, specimen 02 with a 10% pin offset showed
ductile fracture on both the Al6063 and copper
sides, as evidenced by the uniformly distributed
dimples. This indicated proper intermixing of
Al6063 and Cu, resulting in high tensile strength
and deformation at fracture. Minimal defects, such
as pinholes and minor cracks, were observed on the
Al6063 side of specimen 02.

“x

Specimen 01- Copper S|de (1200 rpm and 0% pin

offset) at 650 x magnification

Specimen 02- Copper side (800 rpm and 10% pin

offset) at 250 x magnification

Figure 7. Fractographic images of fractured specimens with 0% tool offset and 10% tool offset.
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(d) Energy Dispersive X-ray (EDX) analysis of
fractured surface

Figure 7 displays an EDX image of Specimen 02,
which was produced with a 10% offset of the tool
during the fracture of Al6063. The image reveals
that the proportion of both aluminium and copper
present on the fractured surface is comparable. This

nN
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suggests that AI6063 and pure copper were
effectively intermixed during the Friction Stir
Welding (FSW) process, resulting in a robust joint
between these two dissimilar materials, despite
their significantly different softening temperatures.
In contrast, Specimen 01, which was produced with
a zero offset of the tool pin, exhibited poor
intermixing.
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Figure 7. EDX analysis of fractured surface of specimen 02 on Al6063 side

CONCLUSIONS

Al6063 and pure copper plates, each with a
thickness of 5.5 mm, were joined together using the
HAFSW operation on a lathe machine. The copper
plate was positioned at the bottom of the fixture,
with the Al6063 plate resting on top and touching
the copper plate. A straight threaded pin tool was
utilized to perform the HAFSW operation on the
lathe machine, with the plates fed against the
rotating tool at a constant rate of 20 mm/min using
the lathe cross slide's automatic feed. The resulting
specimens were examined through visual
inspection, tensile testing, and fractographic
analysis using Scanning Electron Microscopy
(SEM)

e Visual inspection of specimen number 1,
produced by HAFSW at zero pin offset and
1200 rpm, revealed tunnel-like defects and
improper material filling in the nugget zone.
Conversely, specimen 02, produced with a
10% pin offset towards the AlI6063 side and
1200 rpm, exhibited no such visual defects.

Copyrights @Kalahari Journals

e Tensile testing revealed that specimen 02
achieved the highest strength of 211.9 MPa,
which is 92% of the base AlI6063 strength and
85% of the base copper plate strength. In
comparison, specimen 01 with 0% tool offset
exhibited only 22% of the strength achieved by
specimen 02.

e  Furthermore, the percentage elongation of
specimen 2 with a 10% tool offset was 12%,
which is 50% of the virgin AI6063 specimen.
In contrast, specimen 01 had only 2.7%
elongation due to the presence of defects in the
welded region.

e  Fracture morphology analysis was conducted
on the broken specimens using a Jeol FE-SEM
machine. Specimen 02 exhibited a uniform
dimple region on the copper side and cavities
with larger dimples on the AI6063 side,
indicative of ductile failure. Conversely,
specimen 1 with 0% tool offset exhibited a
brittle region with various defects, including
major cracks, tunnels, and unfilled material on
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both the Al6063 and copper sides, resulting in
poor mechanical performance.

EDX of specimen 02 reveals a superior
intermixing of aluminium with copper
resulting in to a robust joint.
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