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Abstract- Aluminium alloys generally present low weld
ability by traditional fusion welding process. The
development of the friction stir welding has provided an
alternative improved way of satisfactorily producing
aluminium joints, in a faster and reliable manner. Friction
stir welding is a solid state welding process although
frictional heating during welding degrades the mechanical
properties of aluminium alloys. For reduction of heat input
during welding other cooling media like compressed air,
water etc is used. In this present work, the influence of
process parameters and cooling media (Air and Water) on
mechanical properties of Al 1060-O joints produced by
friction stir welding were evaluated. Butt joints were
fabricated by varying process parameters and cooling
media.
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I. INTRODUCTION

Al 1060 is generally considered difficult to weld due to
its crack sensitivity problem. FSW is a solid state
joining technology that has become well established for
producing high quality welds of aluminum alloys. FSW
helps to eliminate the problems associated with fusion
welding processes like porosity, slag inclusion,
solidification cracks, distortion etc. Al 1060 can be
successfully welded with FSW and better weld quality
and mechanical properties can be achieved.

Il. DESIGN OF EXPERIMENTS

A two level factorial design of (2° =8) eight trials was
selected to determine the effect of three independent
direct welding parameters. Tool rotation speed, welding
speed and pin diameter were identified as critical
variables for carrying out the experimental work and to
find out their effect on mechanical properties (tensile
strength and impact strength). All remaining variables
were kept constant. Table 1 shows the welding
parameters and their limits.

[1l. EXPERIMENTATION
3.1 Friction stir welding equipment

Conventional vertical milling machine with mechanized
feed can be adopted for FSW. The tool used is specially
designed one with pin and shoulder. The rotational

speed of tool and transverse speed of work piece
determine the pitch between the ripples.

3.2 Material specification

Aluminum alloy Al 1060-O base plate of 6 mm
thickness was used. The length and width are 250 mm
and 100 mm respectively.

Friction stir welding (FSW) trials were carried out using
Vertical Milling Machine fitted with specially designed
high chromium high carbon tool. The material taken for
investigation is Al 1060-O alloy having dimensions of
250 x 100 x 6 mm. A friction stir welding tool with a pin
diameter (d) 8 mm and 10 mm, 5.6 mm pin length (h)
and shoulder diameter (25 mm and 22 mm) is used.

Table 1: Welding parameters and their limits

Parame | Units Symb | Designati | Upp | Low

ter ols on er er
limit | limit

Tool rpm R X1 750 355

rotation

speed

Weldin | mm/m | F X2 130 80

gspeed | in

Pin mm d X3 10 8

Diamet

er

The welding was carried out by using a properly
designed clamping fixture that allows fixing the two
plates. To eliminate the effects of uncontrollable factors
and noise, welding and testing sequences were
randomized. The three welding parameters are
considered i.e., tool rotation speed, welding speed and
pin diameter. The main objective is to optimize the
parameters on weld characteristics. To understand the
role of each variable and the interaction of the factors in
affecting the measurements, experiments were
conducted using design of experiments (DOE).The
complete set of eight trials was repeated thrice for the
sake of determining the ‘variance of optimization
parameter’ and ‘Variance of adequacy’ for this model.
The experiments were performed in a random order in
order to avoid any systematic error. First the
experiments were carried out in air, optimum parameter
were decided and then with same parameters welding
was done in water.
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IV. RESULTS AND DISCUSSION
4.1 Tensile Test

The tensile specimen was prepared according to ASTM
standards and tensile test was carried out Table 3 shows
the resultant values of tensile strength of test specimen.
The values used for model development.

Table 3 Observed values of tensile strength

S R F d T T,(Mp | Ts(Mp
N (rom | (mm/mi | (mm | (Mpa | a) a)

o 1) n) ) )

1 750 | 130 10 70 71 67.5
2 355 | 130 10 80 78 75

3 750 | 80 10 66 67 65
4 355 | 80 10 66 64 74.5
5 750 | 130 8 73 71 75

6 355 | 130 8 87 86 84

7 750 | 80 8 77 72 75

8 355 | 80 8 81 86 82

4.1.1 Model development for Tensile

After neglecting the factors that do not significantly
affect the tensile strength we get the following model:

T =746 - 3.8R + 2.3F — 4.4d — 1.9RF + 2Rd + 2.1Fd
(1)

4. 2 Impact test

Impact test was carried out at room temperature. The
specimen for impact test was taken out of each plate.
Impact values recorded are shown in table 4.

4.2.1Model for Impact strength

After neglecting the insignificant coefficients, the model
developed for Impact strength with the help of values
found by experiments

|=52.37 — 2R + 0.75RF — 3.62Rd (2)
V. ANALYSES OF RESULTS

5.1 Influence of tool rotation speed (rpm) on tensile
strength

The relationship between tensile strength and tool
rotation speed (rpm) for the given model of tensile
strength has been displayed by Figure 1. It could be
concluded from this figure that with increase in tool
rotation speed (rpm) from 355 to 750 rpm, there is
significant decrease in tensile strength from 77 MPa to
71.5 MPa. The high input rate and relatively low cooling
rate results in coarse grained structure. This results in
decrease in tensile strength with increase in tool rotation
speed.

Table 4 Observed values of Impact strength

S R F d Iy LQ) | LQ)
NO (rpm) (mm/min) | (mm) | (J)

1 750 130 10 48 46 50

2 355 130 10 58 56 54

3 750 80 10 46 42 48

4 355 80 10 58 55 54
5 750 130 8 58 53 52
6 355 130 8 50 51 55
7 750 80 8 56 54 52
8 355 80 8 52 55 55

5.2 Influence of pin diameter on tensile strength

The relationship between tensile strength and pin
diameter for the given model of tensile strength has been
displayed by Figure 2. It could be concluded from this
figure that as pin diameter increases from 8mm to
10mm, there is decrease in tensile strength from 78 MPa
to 71 MPa. By increasing the pin diameter, the surface
contact area increases which results in high friction and
high heat generation. The high input rate and relatively
low cooling rates generate a coarse grained structure.
This results in decrease in tensile strength.

5.3 Influence of welding speed on tensile strength

With the increase in welding speed from 80 to 130
mm/min, tensile strength increases from 72.5 MPa to 81
MPa. It is because by increasing the welding speed,
there is low heat input. The low heat input rate gives
relatively high cooling rate which generates a fine
grained microstructure. This results in increased tensile
strength.

5.4 Influence of tool rotation speed (rpm) on impact
strength

With increase in tool rotation speed (rpm) from 355 to
750 rpm, impact strength decreases from 57 J to 48 J.
The decrease of impact strength with increase in Tool
rotation speed (rpm) is due to the reason that when a
specimen is welded at a high rpm, then there is a rise in
temperature due to high heat generation. High heat input
rate and relatively low cooling rate which produces
coarse grained structure. This results in decrease in
impact strength.

5.5 Optimum Parameters

From the results it was observed that the highest tensile
and impact strength has been achieved in specimen with
the tool rotation speed 355 rpm, welding speed130
mm/min and pin diameter 8 mm. It was further observed
that the surface finish of weld was good and free from
visual defects.

6. Underwater welding

Welding was carried out at the above determined
parameters in water as cooling media. Running flow of
water at room temperature was used during welding.
Specimens for tensile and impact test were taken from
the weldament. Following are the values of tensile and
impact strength at the above found optimium
parameters.
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Table 5 Observed values of tensile strength in

underwater welding

R F (mm/min) | d T To(Mpa) | Ts(Mpa)
(rpm) (mm) | (Mpa)
355 130 8 93 87 107

Table 6 Observed values of impact strength in

underwater welding

R(rpm) | F d LQ) | Q) | 10)
(mm/min) | (mm)
355 130 8 66 73 81
Figure 1: Influence of tool speed (rpm) on tensile
strength.
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Figure 2 Influence of pin diameter on tensile strength.
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Figure 3: Influence of welding speed on tensile strength
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Figure 4: Influence of tool rotation speed (rpm) on
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Figure 5: Influence of interaction of tool

rotation speed
and welding speed on tensile strength.

Surface Plot of Tensile Strength vs R, F
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Figure 6: Influence of interaction of tool rotation speed
and pin diameter on tensile strength.

Surface Plot of Tensile Strength vs R, d
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Figure 7: Influence of interaction of welding speed and
pin diameter on tensile strength.
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Figure 8: Influence of interaction of tool rotation speed
speed and welding speed on impact strength.
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Figure 9: Influence of interaction of tool rotation speed
speed and pin diameter on impact strength.

Surface Plot of Impact Strength vs R, d

VI. CONCLUSIONS

1. Tensile strength decreases significantly with
increase in tool rotation speed (rpm) and pin diameter
and increases with increase in welding speed.

2. Impact strength decreases with increase in tool
rotation speed (rpm) and pin diameter and increases with
increase in welding speed.

3. Good surface finish with evenly distributed ripples
was achieved.

4. From the results it was observed that the highest
tensile and impact strength has been achieved with the
tool rotation speed 355 rpm, welding speed 130 mm/min
and pin diameter 8mm.

5. Underwater welding at the optimum parameters for
air gives enhanced tensile and impact strength. This can
be attributed the narrow HAZ.
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