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Abstract: The aim of this work was to weld thin sheets (2 mm) of Al 7075 in a butt joint configuration
using friction stir welding and to identify the appropriate tool geometry and optimum process pa-
rameters. Two tools were produced with heat treatable low alloy steel WNr 1.6582/DIN 34CrNiMo6
with a different pin diameter (3 mm and 4 mm). Welding was performed at a range of rotation speeds
1000–2500 rpm and various welding speeds 80–800 mm/min. The tensile strength was measured to
evaluate mechanical properties. Results showed that despite the difficulties in friction stir welding
thin plates, sound joints can be produced in a repeatable manner, without visible wear on the welding
tool. The mechanical strength of the welds showed a decrease (33.75%) over that of the parent
material. The mechanical strength was less affected by rotation speed than welding speed and there
was a significant decrease in tensile strength compared to the parent material.

Keywords: friction stir welding (FSW); welding speed; rotational speed; tool geometry; tool wear;
process parameters; tensile strength; Al 7075; thin sheets

1. Introduction

Welding is the metallurgical joining of parts to produce a single component. The
most widely used welding techniques, which are fusion welding and solid-state welding,
depend on the state reached at the joint during welding [1].

Fusion welding is a group of the most widely used and effective techniques for joining
parts by localized melting. The weight of the workpiece increases due to deposition of
filler material which is added to the joint and which solidifies together with the base metal
to form the weld. Aluminum alloys are extensively used in a wide range of industries
where weight is a consideration. Because of aluminum’s high thermal and electrical
conductivity, conventional fusion welding cannot be used with several alloys because
of hot cracking [2–4]. For a limited number of applications, aluminum alloys can be
fusion welded under controlled settings to avoid weld defects such as oxides, porosity, hot
cracking and hydrogen embrittlement [5].

These limitations of aluminum alloys can be overcome when friction stir welding
(FSW), a solid-state joining technique, is employed. In the early 1990s, Thomas and his
colleagues at The Welding Institute (TWI) in the UK, invented FSW [6]. Its development
targeted joints whose materials are difficult to weld with conventional fusion welding, both
in similar and dissimilar material combinations. Over the past two decades this technique
has been one of the most widely used joining techniques with applications in a wide range
of industries, including aerospace, automotive, railway, marine and aerospace [7–9].

During friction stir welding, joints are produced by plunging a non-consumable
rotating tool into the joint. The tool consists of a probe and a shoulder and generates heat
through both friction and plastic deformation while traversing the joint line [10,11]. The
side of the joint, where the rotating and traversing tool speed are in the same direction, is
called the advancing side (AS), whereas the opposite side is the retreating side (RS), and
both are associated with material movement relative to the welding direction [12]. As a
result of the process characteristics and mode of heat generation, welds are composed of
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two main areas which are referred to as the thermo-mechanically affected zone (TMAZ) and
the heat-affected zone (HAZ) [13]. In the HAZ, the temperatures reached affect material
microstructure and mechanical properties without plastic deformation, whereas in the
TMAZ, material deforms plastically by the high temperature produced by the welding
tool [14]. In the TMAZ there are two additional areas, one with elongated grains, deformed
in the tool rotation direction, and another one with a fully recrystallized microstructure.
The fully recrystallized area is often called the nugget or the stirred zone, and it can be
considered as a separate FSW microstructural area [12]. The minimal distortion of the
components due to focused low-heat input and the high reproducibility of it, make this
technique technically and financially appealing to various industries [15–17].

The alloys of the 7XXX series contain zinc (between 1–8%) as the main alloying
element. When this alloying element is combined with magnesium (at a lower ratio, 1–3%),
the result is the creation of heat-treatable alloys of medium to high strength [18]. The
precipitation of MgZn2 hardens the structure, which following appropriate heat treatments
improve their mechanical properties [19]. It is common that other elements, such as copper
and chromium, are added in smaller quantities to these alloys. The 7XXX alloys are of
higher strength and show reduced resistance to stress corrosion cracking [20,21]. They are
characterized by moderate adhesion, while their main disadvantage is their reduced high
temperature strength, allowing them to be used up to 120 ◦C. These alloys are mainly used
in aeronautics (e.g., aircraft wings), and various high stress components [22–25]. There are
limited published works on conventional FSW of thin 7075 sheets, with one on welding 1.6
mm thick cladded sheets [25] and another paper on thinner sheets of 1.1 mm thickness [24].

The welding speed affects productivity in manufacturing, and it is related to weld
quality that is set in product specifications and welding standards. In this study the effect
of tool rotation and welding speed, for two different probe diameters on the mechanical
properties of friction stir welded 2 mm thick AA7075 aluminum alloy butt joints is inves-
tigated. A large number of experiments were conducted, and the tensile strength was
measured. As literature review has shown, there are very few papers on conventional FSW
of thin 7075 sheets, which highlights the contribution of the current submission.

2. Materials and Methods

A modified vertical TM-1P Series Toolroom Mills CNC machining center (Haas Au-
tomation, Oxnard, CA, USA) of the Laboratory of Precision and Reverse Mechanical
Engineering, was used to perform friction stir welding, using custom made steel tools,
while specimens were held firmly in a horizontal position. The flat welding table had no
groove below the specimen weld seam, as it limits heat transfer away from the seam. This
gap under the weld seam normally ensures that the temperature field in the specimens is
not affected by the heat sink effect of the welding table. Additionally, it was not applicable
to these experiments due to the small thickness of the sheets (2 mm), as the tool would
bend the specimens to the groove shape when the tool penetrated the sheets and produced
holes along the weld.

The tools used for welding were made of WNr 1,6582/DIN 34CrNiMo6, which is a
heat treatable low alloy steel, out of 16 mm diameter bars (Table 1). The welding tool was
used with welding speeds up to 800 mm/min and the total weld length produced by each
tool was almost 2 m, without appreciable wear to the tool itself.

Table 1. Chemical composition of tool steel.

WNr 1,6582/DIN 34CrNiMo6—∅16 mm

C Mn Si P S Cr Mo Ni

0.30–0.38 0.5–0.8 0.40 max 0.025 max 0.035 max 1.3–1.7 0.15–0.30 1.3–1.7
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The design of welding tools is of great importance to FSW, as tools with different
geometries produce welds of different microstructures and mechanical properties, as their
design affects the heat produced as well as material flow.

A number of welding tools were produced in order to select the tool geometry suitable
for producing sound welds and withstand stresses that develop during welding. From the
tool geometries studied it was found that tools with a cylindrical pin of small diameter and
large shoulder produced sound welds with limited material waste while preserving tool
integrity for a large number of runs.

Initially, one of the welding tools used in test welds had a 16 mm diameter shoulder with
a pin with a thread diameter of 3 mm and a height of 1.8 mm, for uniform flow of material.
This tool produced excellent welds but the pin thread due to its very small pitch (0.5 mm)
and depth (0.3 mm) was filled with material and behaved as a simple cylindrical pin.

The two tool designs selected (Figure 1), the first one has a 16 mm diameter shoulder
and 3 mm diameter cylinder pin of height of 1.8 mm and the second design has a 16 mm
diameter shoulder and a 4 mm diameter cylindrical pin of height of 1.8 mm. Both tools
were heated treated to 350 ◦C for 10 min and then cooled in oil.
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Figure 1. (A) Tool with flat 16 mm shoulder diameter and 3 mm diameter cylindrical pin of 1.8 mm
height. (B) Tool with flat 16 mm shoulder diameter and 4 mm diameter cylindrical pin of 1.8 mm
height.

The dimensions of the specimens to be welded were (40 mm × 100 mm × 2 mm).
The length of each weld was 75 mm and the welded sheets were cut into five identical
rectangular test pieces (80 mm × 10 mm × 2 mm) for tensile strength testing along the
entire length of the weld. Because of the sample size and the sheets thickness custom made
samples were produced for tensile testing. The test pieces had the weld seam in the middle
of their length. In order to avoid end effects in the weld, the test pieces were cut at 25 mm
from the ends of the specimens. In addition, the tensile strength of the base metal was
measured as part of these experiments and was found to be 58,195 MPa. The chemical
composition of 7075 aluminum alloy is shown in Table 2.

Table 2. Chemical composition of 7075 aluminum alloy.

Al Alloy Si Fe Cu Mn Mg Cr Ni Zn Ti Ga V Al

7075 0.12 0.2 1.4 0.063 2.53 0.2 0.004 5.62 0.03 0.008 0.016 bal.

Welding was performed at various combinations of rotational speed and welding
speed with the two different geometry tools (Table 3). Figures 2 and 3 show a typical test
specimen produced out of a weld. The dimensions of the specimens to be welded were the
same for all experiments and the tool tilt angle was constant at 0◦.
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Table 3. Process parameters.

Tool Geometry
(Dimensions in mm)

Tool A Tool B

Flat Shoulder 16
Cylindrical Pin 3
Height of Pin 1.8

Flat Shoulder 16
Cylindrical Pin 4
Height of Pin 1.8

Rotation speed (rpm) 1000–2500
Welding speed (mm/min) 80–800

Tool tilting angle (◦) 0◦

Specimen dimensions (mm) 40 × 100 × 2
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The welding was evaluated with tensile tests performed on an Imada MX2 (IMADA,
Northbrook, IL, USA) tension test apparatus, using standardized grips, with 10 mm/min
speed of testing. Rectangular specimens were prepared from the welded aluminum sheets
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with 10 mm width and 100 mm length. Five (5) specimens have been tested for each case at
room temperature of 23 ◦C to 25 ◦C.

Additionally, atomic force microscopy (AFM) images were taken on a Park System
XE7 (Park Systems Corp., Suwon, Korea) apparatus from the fracture area of the tensile
test specimens, after they were tested, to evaluate the welding, since all specimens failed at
the welding area during the tensile tests.

3. Results and Discussion

From the tensile tests performed on every test specimen cut from the welds it was
observed that the first and last ones along the weld were of lower strength compared to the
other three test specimens cut from the welded sheet due to clamping issues. This effect
relates to the thickness of the sheets and led to the removal of the specific tests.

In Figure 4 typical stress strain curves are presented as calculated from the tensile
tests for selected FSW specimens. All specimens showed a rather brittle behavior, with no
significant plastic region in the experiment before their failure, explaining the changes in
mechanical strength. Figure 5 shows the average tensile strength and the deviation error
for various welding speeds, in welds performed with both the welding tools manufactured
in this study for the tests, while Figure 6 presents a comparison of the tensile strength
of specimens welded with Pin3 and Pin4 tool at 1500 rpm. Figures 7 and 8 show the
corresponding comparison for 2000 rpm and 2500 rpm, respectively.

From Figure 5 it can be seen that there is practically no welding speed effect when the
rotation speed is at 1000 rpm provided the welding speed is below 300 mm/min, whereas
the size of the tool pin does not affect mechanical strength as well. Above this welding
speed the joint strength reduces, and the thicker pin tool produces improved joints.

From Figure 6 it can be seen that there is no appreciable welding speed effect when
the rotation speed is at 1500 rpm provided the welding speed is below 150 mm/min, while
the thicker sized tool pin does produce stronger joints. Over this welding speed the joint
strength reduces, and the thinner tool pin produces improved joints.

From Figure 7 it can be seen that there is no appreciable welding speed effect when
the rotation speed is at 2000 rpm for all welding speeds for the thicker tool pin tool, with
the exception of 600 mm/min rotation speed. However, in the thicker tool pin there are
no welding speed effects when the rotation speed is below 500 mm/min, while the tensile
strength drops and remains unchanged for the higher rotation speeds from 600 to 800 rpm.
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Figure 7. Comparison of Pin3 and Pin4 tool at 2000 rpm.

From Figure 8 it can be seen that there is no rotation speed effect when the rotation
speed is at 2500 rpm for the two welding speeds employed in this work, and the size of the
tool pin does not affect mechanical strength in a strong manner.

When welding at low tool rotation speed and low welding speed, tensile strength is
the highest achieved as adequate heat is generated through friction and plastic deformation.
In addition, for the same conditions, there are smaller error bars as welding seam is uniform
along its entire length (Figures 5–8).
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From Figure 9 it can be seen that the highest mechanical strength was observed in
joints prepared with rotation speeds of 1000 and 1500 rpm and welding speeds of 110 to
200 mm/min.
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From Figure 10 it can be seen that welds with the 3 mm diameter tool pin show a small
decrease in strength at 1000 rpm as the welding speed is increased, whereas there is a small
increase in strength at 1500 rpm with welding speed. On the other hand, from Figure 11 welds
with the 4 mm diameter tool pin show an inverse relationship between tensile strength and
welding speed. Overall, welding with the 3 mm diameter tool pin produces consistent results
across a range of welding parameters compared to those produced with the 4 mm diameter
tool pin. However, the 4 mm diameter tool pin produces a joint with the highest strength
value for a rotation speed of 1500 rpm and a welding speed of 110 mm/min.

The 3-dimensional fracture surface of selected tensile strength specimens, whose
tensile testing plots are shown in Figure 4, were studied with AFM and are shown in
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Figure 12. The pin diameter increase from 3 to 4 mm was shown to increase the size of
surface abnormalities for the same rotation and welding speeds, while for the same pin
diameter the effect was observed only in the highest rotation and welding speed.
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4. Conclusions

Friction stir welding of thin plates (2 mm) of Al 7075 presents several difficulties
because of the sheet thickness and the particular composition of the alloy. The following
conclusions can be reached:

In total, 38 sound welds of Al 7075 were produced in a repeatable manner.
It was shown that the mechanical strength was less affected by rotation speed than

welding speed.
The position of tensile strength specimen affected the values recorded as poor welding

quality was observed at the beginning of the weld (piece 1) and at the end of it (piece 5)
due to specimen clamping difficulties associated with the thin specimens.

The mechanical strength of the welds showed a significant decrease (33.75%) over the
parent material.

For the two diameter tool pins employed (3 and 4 mm) there were no significant
differences in mechanical strength or the quality of the weld. In the highest tensile strength
measured welds the 4 mm diameter tool pin produced a 5.33% stronger weld than the
3 mm one.

The minor differences in mechanical strength produced between the two tools identi-
fied that the smaller sized pin produced consistent results for the whole range of welding
parameters compared to the 4 mm diameter tool pin, However, the latter produced the
strongest joints for rotation speed of 1500 rpm and welding speed of 110 mm/min. It was
also observed that at the rotation speed of 1000 rpm mechanical strength was not affected
by tool size while at 1500 rpm the larger size tool had improved strength.

In all tensile strength specimens fracture occurred in the thermomechanically affected
zone (TMAZ), confirming the employment of the appropriate welding conditions.

An important point to raise is the effect of the welding table, which in the current
setting did not have a groove below the seam of the weld. This gap under the weld seam
normally ensures that the temperature field in the specimens is not affected by the heat
sink effect of the welding table. In addition, this was not applicable to the experiments
performed in this work due to the small thickness of the sheets (2 mm), as the tool would
bending the specimens to the groove shape when the tool penetrated the sheets and
produced holes along the weld.

It was identified that tools of simple geometry with a cylindrical pin of small diameter
and shoulder of large diameter produce sound welds without excessive wear and waste
and without damage to the tool after long runs.

The welding tool was used with welding speeds up to 800 mm/min and the total
weld length produced by each tool was almost 2 m.
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