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Abstract: Friction stir welding (FSW) is a solid state welding used for joining similar and dissimilar
aluminum alloys which are hard to weld by conventional fusion welding processes. In this study friction
stir lap welding (FSLW) Joints are made for similar aluminum alloys (AA1100 to AA1100)
and(AA6061to AA6061) sheets of 3mm thickness and those alloys have low to medium strength and
have difference in melting temperature and other physical properties.FSLW processes were carried out by
conventional technique. The friction stir lap welding of similar aluminum alloys was carried out by
varying the welding parameters, such as tool rotation speeds (1000, 1250 and 1600pm) and travel speeds
(35, 75 and 100mm) and pin length of ( 5.4 mm) with using cylindrical threaded pin geometry or profile.
Many tests and inspections were performed such as X-Ray radiographic and tensile shear test
.Microhardness and microstructure observations by using optical and SEM were carried out at the best
welding parameters. The above tests were used to evaluate the weld quality and joint efficiency under
different welding parameters. The best welding parameters appeared in FSLW were 1250rpm and travel
speed 100 mm/min. It was found that higher hardness value was (94.38HV) for 6061-T6 and 49HV for
1100-H112 in stir zone for both FSLW joints of AA6061-T6 and AA1100-H112 and that decrease toward
the HAZ and base metals of AA1100 and AA6061.
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1. Introduction

Friction welding is a type of forge welding, i.e. welding is done by the application
of pressure. Friction generates heat, if two surfaces are rubbed together, enough heat can
be generated and the temperature can be raised to the level where the parts subjected to
the friction may be fused together [1]. The friction stir welding was developed in
England by The Welding Institute (TWI) in 1991. High-quality weld can be created by
this process with e. g. a milling machine because using same movement conditions but
the tool is different [2].

Friction stir welding(FSW) is a solid state welding technology that can be used to
connect not only aluminum alloys that are weldable by conventional methods but also
high-resistance aluminum and some other hard- alloys that are difficult to weld using
traditional fusion welding processes [3]. There are several dependent and independent
operating variables that could impact the FSW process. According to literature, field of
temperature, heating and cooling rate, applied torque, axial force are the key
independent variables. In contrast, speed of welding, tool downward pressure, rotational
velocity, tool geometry and inclination angle are the chief independent variables [4].

The material of the FSW tool should be carefully chosen; parameters such as tool
wear and quality of welding should be taken into account. Tool material properties has
direct impact on the weld quality due to their effect on the heat dissipation and
generation rates. Furthermore, erosion in the material of the tool has dramatic adverse
impacts on both the weld microstructure and in rising the friction stir welding cost [5].
The majority of FSW studies have been based on butt joint geometry. Lap joint
configuration which shown in "Fig. 1" is also widely used in conventional welding and
friction stir lap welding (FSLW) [6]. Lap joint and its parameters which shown in "Fig.
1" usually used in finishing process of parts in aerospace, air craft and automotive
manufacturing. In recent years, FSW has been the most suited for aluminum alloys lap
joints [7]. H. Bisadi et al. [8] studied the microstructure and mechanical properties in
certain FSW process parameters (rotational and welding speed) for lap joint welding.
The material used was 5083 aluminum alloy, 2.5 mm thick and the parameters applied
were 600, 825, 1115, 1550 rpm rotational speeds and 32, 60 mm/min welding
speeds,He found that A superior weld joint is obtained at lower rotational and welding
speeds. In this case, it is recommended to use higher welding speeds to increase the
thermal gradient at the weld zone. The results showed that reduced heat transfer and not
enough stirred area are the cause for the joint defects that occurred at 600 rpm rotational
speed.

Muna K.Abbass et al. [9] investigated two welding processes: friction stir welding
(FSW) and tungsten inert gas (TIG). For TIG, 4 mm thick Al 6061-T6 and filler metal
of Al-Mg alloy were used and FSW was employed through automatic milling machine
at various bed speeds (25, 50, 80, 100 and 125 mm/min) and tool rotational speeds (630,
800, 1000, 1250 and1600 rpm). The results of the investigations showed:

For FSW the best results were obtained at 1250 rpm with 50 mm/min and at 800 rpm
with125 mm/min. Using these parameters for FSW, the tensile test and joint efficiency
results were superior to those of TIG joint (79 % as opposed to 57 %).
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FSW joints had superior results of tensile test compared to TIG joints because of the
fine equiaxed grains and strengthening precipitates that develop during the FSW
process.

Sadiq Aziz et al. [10] applied FSW to obtain butt joints of AA5083 and AA6061
aluminum alloy plates (3 mm thick) to electro-galvanized steel. The conclusions are:-
The single-pass FSW attempt of the three dissimilar materials was successful. The
highest joint efficiency (73%) was obtained at 900 rpm rotational speed, 20 mm/min
welding speed and diffusion technique.

Muna K. Abbass et al. [11] applied FSW for joining AA2024-T3 and AA7075-T73
dissimilar aluminum alloys of 3 mm thickness and They concluded that When the
welding speed was increased the tensile strength of the welded joints is increased.Grain
refinement and precipitates increase the microhardness in SZ as opposed to the values
obtained through TMAZ and HAZ.

Esther T. Akinlabi et al. [12] studied the influence of the rotational speed on the
integrity of the weld joint. lap joints obtained through FSW, 1050 aluminum alloy, 3
mm thick plates, 1200 rpm - 2000 rpm rotational speeds, 150 mm/min traverse speed
(constant). The results showed that the macrostructure revealed a basin shape in the
nugget, due to high deformation and frictional heat occurring at upper surface level. The
microstructure showed fine and equiaxed grains with smaller grain size than the original
material in the stirred zone. Dynamic recrystallization and plastic deformation produced
the transformed stirred zone.

The aim of this work is to study the effect of welding parameters such as tool
rotation speed and welding speed on the microstructure and mechanical properties of
similar Friction Stir Lap Welding(FSLW)joints for aluminum alloys(AA6061-T6 and
AA1100-H112)
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Figure 1. Schematic illustration: (a) FSLW process and (b) various FSLW parameters [2].

2. Experimental Work

2.1. Materials

Commercially  aluminum alloys ( AA1100-H112 and AAG6061-T6) plates of
thickness 3mm were used and prepared to be joined by FSLW ,The plates dimension
were(200x100x3) mm?®. A fixture and back plate were especially made to fixed and
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supported the plates to be welded on the milling machine table. The chemical
composition of the two alloys were shown in “Table 1 and 2”.

Table 1. Chemical Composition for the alloy AA1100-H112

Element Si Cu Mn Mg Cr Ni Zn Ti Others Al
wt.% + Each
Fe Total
Nominal 95 0o 005 - - - 01 - 005 015 Bal
(value) Max  max Max max

Measured 0.746 0.154 0.003 Nil 0.0019 Nil 0.006 0.003 0.007 Bal.

(value)

Table 2. Chemical composition for the alloy AA6061-T6
Element  Si Fe Cu Mn Mg Cr Ni Zn Ti Others Al
wt.% Each  Total

Nominal 08 07 04 015 12 035 005 025 015 0.05 0.5 Bal.

(value) max max max Max max max Max max max max max

Measured 0.539 0.532 0.303 0.092 0.921 0.209 0.0122 0.064 0.016 0.009 0.009 Bal.
(value)

2.2. Preparation of Plates

Two aluminum alloys plates AA1100-H112 and AAG6061-T6 were used to obtain
similar welded joints. "Fig. 2" explains the plates dimensions for overlap sheets.

100
__(mm)

100
(mm)

Bottom
AAGO061
or

AA1L100

3
(mm) * (cﬁ%) *(mm)

Figure 2. Plates dimensions to be Lap joined, all dimensions in mm
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3. FSLW Process Procedure

FSLW operation was conducted out to produce lap welding joints for similar
aluminum alloys (AA1100-H112 to AA1100-H112) and (AA6061-T6 to AAG061-T6).
After experimental setup of milling machine, the specimens were mounted over the
back plate then supported firmly by special the clamps and bolts with the aid of fixtures.
After that the FSW tool pin was rotated Clockwise at the desired speed. The high speed
steel Tool was designed as shown in "Fig. 3", the diameter of the shoulder was 16mm,
the pin diameter equal to 6mm threaded by (M6x1) and its length equal 5.4mm.

= M6 -

-| 54 [=

30

]

16 dia—~

e
-13dia~|

(b)

Figure 3. Specification of the Tool: (a) Tool picture (CY) (b) Tool dimensions

The Friction stir lap welding (FSLW) method was conducted out at variables
welding parameters. The inclined angle is (2°), penetration depth (0.1) mm, and pin
length 5.4mm and dwell time (30sec) stay fixed. “Table 3” indicates the welding
factors used in this work for similar welded joint of AA1100 with AA1100 and
AA6061-T6 with AAB061-T6. Three rotation speeds (1000,1250 and 1600) were used
and three travel speed(35,75 and 100) used for this research.

bolt
Clamp Spindle Tool
Workpiece
Fixture

Back plate

Figure 4. Shows the Welding tool , work piece clamp & fixture on the milling machine bed
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FSLW Operation was conducted out to produce lap welding joint for similar
aluminum alloys (AA1100-H112 and AA6061-T6).

Table 3. FSLW joints for the similar aluminum alloys (AA1100 and AA6061)

Travel Max.shear Joint
Specimen Rotation Speed force o lap efficiency

No. Speed (rpm) mm/min KN N/mm %
Al 1000 35 4.68 234 88%
A2 1250 35 4.83 2415 91%
A3 1600 35 4.44 222 83%
A4 1000 75 4.3 215 81%
A5 1250 75 4.45 222.5 84%
A6 1600 75 4.08 204 7%
A7 1000 100 4.28 214 80.7%
A8 1250 100 51 255 96.2%
A9 1600 100 4.85 242.5 91.5%
Bl 1250 100 51 260 96.2%
B2 1250 100 3.49 127 66%

4. Results and Discussions

4.1. Tensile Shear Force Test
Tensile-shear test of lap weld has been used to evaluate the shear strength of FSLW

joint. T
est samples with 20 mm wide that are perpendicular to the welding direction were

machined from the welded plates, "Fig. 5" shows the tensile shear Force sample. The
load deformation tests were conducted for all lap welding joints under different
conditions to make sure getting the maximum shear force between the tested specimens
and "Fig. 6", shows load-deformation for AA1100 similar joint at the best welding
conditions.

It was obtained that shear force of similar FSLW joints ( AA1100 + AA1100 ) as
shown in “Table 3” were higher than the similar FSLW joints( AA6061 + AAG061 ).
This is due to following probable reasons:

1- The high weldability of AA1100 sheet helps to produce plastic deformation and
dynamic recrystallization to get fine grain size that leads to increase the welding
tensile shear force.

2- While for the AAG06I joint the shear force was lower and this is due to the presence
of a micro defects in the welding joint.

65



Journal of Engineering and Sustainable Develop t Vol. 22, No. 2 (part-3), March 2018 www.jeasd.org (ISSN 2520-0917)
The Fourth Scientific Engineering and First Sustainable Engineering Conference

3- Because of the low weldability of AA6061 which is a heat treatable alloy so that it
has a precipitating hardening phases as well as the presence of second phase
particles in addition to some metallic components and inclusions which affect the
force.

_\I AS RS

F <z AAL100 or AAGD1 ] packing piece . F
~ packiag piece | AATI00 or AAG061 ~

Clamping grip

Figure 5. Sample for shear force test, all dimensions in mm
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Figure 6. Load-Deformation relationship for FSLW similar joint of(AA1100)under the best
condition,1250rpm &100mm/min.and pin length 5.4mm

4.1.1. Effect of tool travel speed on tensile shear force

The tensile shear test results. There is benefit from increasing the feed rate, and the
best travel speed was 35 mm/min as illustrated in "Fig. 7".

This decrease in force joint may be due to reduction in heat input of weld line. In
addition, the best weld efficiency reached was 88% with a tool rotational speed of 1000
rpm and Travel speed of 35mm/min and giving a defect free welded joint.
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Figure 7. Effect of tool Travel speed on tensile shear Force for similar welds, using cylinder

thread with rotation speed 1000rpm

4.1.2. Effect of tool rotational speed on tensile shear strength

Travel speed at 100 mm/min and a high tool rotational speed of 1000,1250,1600 rpm
were used. Maximum weld efficiency reached was 96.2% at a rotational speed of 1250
rpm. The tensile shear force were 5.1KN at these conditions as illustrated in "Fig.
8".These results mean that using flat shoulder & cylindrical threaded pin lead to more
uniform flow of metals and heat input will be enough to get good weld properties. In
addition to the capability of use this tool in high rotation speeds welding.

5.4

5.2

5 -
4.8 -
3

-4.6 -
©

344 -
x

(T
=4.2 —o—T.5=100...

4 T T T T 1
800 1000 1200 1400 1600 1800

Rotational Speed (rpm)

Figure 8. Effect of rotational speed on tensile shear force for similar welds, using cylinder
thread with rotation speed 100mm/min

4.2. Microstructure examination of similar welded joints

The microstructural observations of cross section of similar FSW joints for 6061-T6/
6061-T6 welded at best welding parameters are presented in "Fig. 9".

This figure indicate the distinct microstructural regions such the stir zone (SZ2),
thermo-mechanically affected zone (TMAZ),HAZ-hook crack and base alloy AA6061-
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T6.. It was observed that the nugget zone for (AA 6061) was composed of fine equiaxed
grains as shown in Fig.9a. "Fig. 9b&9c" shows the TMAZ and hook crack respectively
while in case of the base alloy, there is no obvious change in the grain structure and
there is no plastic deformation in this zone as shown in Fig.9d.

Figure 9. Microstructure of the welding zones of similar FSLW joint AA 6061 at 100x
a- Stir zone b- TMAZ c- TMAZ -hook crack d- base alloy AA6061-T6

4.3. Fracture Analysis

Samples fractured in three different manners. Fracturing of a joint could proceed
without necking and the failure was simply by fracturing across the bottom part of the
nugget and along or near the original lapping surfaces of the whole joint. "Fig. 10a and
b" represents fracturing that is similar to a normal tensile fracture (after local bending)
but the crack originated from the hook.

(a) (b)

Figure 10. Tensile fracture with crack propagated due to hook mode at similar 1100 FSL joint
under the condition, w =1000rpm,u =35mm/min and pin length 5.4mm
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SEM photographs of the fracture surfaces of the joints that were produced by
100rpm, 100 mm/min. are shown in Fig. 11. Figures 11(a) and (b) are the fracture
surfaces of similar aluminumAA110 to AA1100 sheet joint that was produced by
1000rpm and 100mm/min. condition with pin length 5.4mm. The aluminum fracture
surfaces shows the Onion rings due to tool stir movement & dimples patterns which
indicates the ductile features of the joint respectively.

Onion rings

Figure 11.SEM fractography images for simmilar 1100/1100 FSL joint fracture at 1000rpm &
100mm/min.

4.4. Hardness Tests

"Fig. 11" shows the results of the micro hardness distribution test at the weld area.
The minimum hardness was found that in the base metal for each ( AA1100) and
(AA6061)similar joints and begin to increase slightly through the heat affected zone
HAZ and TMAZ for both the advancing and retreating side toward the stir zone. The
hardness of the stir zone was the higher than other weld areas 94.38HV at AA6061joint
and 49HV at AA1100 joint . This may be cause of the formation of very fine re-
crystallized grains in the stir zone. Many researchers[9,13] confirmed these results in
their studies when they welded the similar and dissimilar aluminum alloys.

E| Lower plate

== Similar weld A8 6061 ir— Similar weld AA 1100

90
80 ./.__.A_\-\
10
E 60 .
£ 50 =
E 40 — - "
£ - —
20
10 Center_of stir zone
]
1 2 3 4 5 & 7
b Reading Number

Figure 12. Hardness distribution in the cross section of the similar FSLW joints of AA 1100
and AA 6061 at the best welding conditions of 1250 rpm /100 mm/min and pin length 5.4mm
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4.5. XRD Analysis

"Fig. 12" shows XRD results for similar AA6061/AA6061 welding joint for sample
as welded at 1000rpm & 75mm/min using cylindrical threaded pin..It was seen that
the main phase in a welded sample is AI3Mg2 where present in stir zone of similar
weld.

F

AEME2 O

Figure 13. XRD result for similar 6061/6061 welding joints XRD at 1000rpm & 75mm/min using
cylindrical threaded pin

5. Conclusions

1. Friction stir lap welding (FSLW) process for similar aluminum alloys (AA1100 and
AA6061) was successfully performed and gave good lap joints efficiency (96.2%
and 66% respectively).

2. The best welding conditions or parameters in FSLW process were tool rotation speed
(1250rpm ),Travel speed (100mm/min.) with using pin length of 5.4mm and
cylindrical threaded pin profile.

3. The tensile shear force increased with increasing tool rotation speed and decreasing
the travel speed until reach maximum value.

4. The joint efficiency of similar (AA1100) FSLW joint was higher than similar
(AA6061) joint at same welding conditions.

5. The higher hardness value were (94.38HV and 49HV ), for both AA1100 and
AAB061 respectively in stir zone in FSLW and it drops toward the HAZ and to base
metals for each AA1100 and AAG061.
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