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In the present investigation, the design of experiments (DOE) approach
was used to optimize both the tool rotation and welding speeds for the
friction stir welding (FSW) of A356 Al-Si alloy. Experiments were
designed using 3° factorial design technique. Plates of A356 alloy were
welded at tool rotation speeds of 300, 500, and 800 rpm, and welding
speeds of 12, 16, and 20 mm/min. Models were developed to calculate the
size of both a-Al grains and Si particulates in the stirred zone (SZ) of
welded A356 plates, as functions of both tool rotation and welding speeds
and also their combined effect. A comparison was made between measured
and calculated data. It has been found that the calculated results were in
good agreement with measured data.
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1. INTRODUCTION

Friction stir welding (FSW) is a relatively new solid-state joining technique,
developed by The Welding Institute (TWI) of the UK in 1991 [1]. FSW has attracted a
considerable attention in industry due to its advantages when compared with the other
conventional welding techniques, such as metal inert gas (MIG) and gas tungsten arc
welding (GTAW) [1-4]. The principal advantages of FSW over conventional welding
techniques are high joining speed, reduced need for human skill, low distortion,
improved metallurgical properties, high joint strength and excellent mechanical
properties. It has been reported that FSW was successfully applied to joining of
various types of Al [3,4], Mg [5,6], Ni [7], Ti [8] and Cu [9] alloys. Moreover, FSW
was also successfully used for welding dissimilar alloys [10,11] as well as composite
materials [12,13].

In FSW, a non-consumable rotating tool with specially designed pin and
shoulder is inserted into the abutting edges of sheets or plates to be joined and
traversed along the line of joint interface to form the weld. During FSW, a plasticized
zone is formed due to the frictional heat generated between the tool and the workpiece.
When the rotating tool is traversed along the join line, the pin forces the plasticized
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material to flow in the direction of tool rotation assisting in the deposition of the
material behind the pin where it cools and consolidates [1].

For FSW of aluminum alloys, the weld zone has three distinct regions: the
stirred zone (SZ), heat-affected zone (HAZ), and thermo-mechanically affected zone
(TMAZ) [1, 3, and 4]. The SZ experiences a combination of thermal cycle and
extensive plastic deformation resulting in an extra-fine microstructure. The HAZ
experiences a thermal cycle, but does not undergo any plastic deformation. The TMAZ
experiences both heat and deformation during FSW, but the deformation is not
allowing recrystallization to occur in this zone due to insufficient strain.

It has been reported that for FSW, both tool rotation speed (w) and welding
(traverse) speed (v) exhibit a significant effect on the microstructural and mechanical
characteristics of the formed zones [1,14-17]. It was noted that the grain size in SZ can
be reduced by decreasing the tool rotation speed at a constant tool traverse speed or
decreasing the ratio of /v [1]. Generally, increasing the tool rotation speed generate
higher temperature in the welded zone because of higher friction heating and plastic
deformation result in more intense stirring and mixing of material. Tomotake et al.
[16] showed that for 5083 Al alloy, the hardness of the SZ increases with the decrease
in friction heat flow because the grain size in the SZ decreases with the fiction heat
flow. Lim et al. [17] showed that both strength and elongation of 6061AI-T651
decreased with decreasing welding speed and increasing rotation speed.

The quality of the FSW joints and also the efficiency of such process depend
upon many parameters such as the nature of the welded material, welding tool shape
(shape of pin and shoulder), tool rotation and welding speeds, applied pressure, and
the tilt angle. Therefore, the optimization of such parameters is very important to
achieve sound FSW joints. In the present investigation, the design of experiments
(DOE) technique was adopted, in order to optimize the FSW parameters. DOE is a
powerful technique that used for exploring new processes, gaining increased
knowledge of the existing processes and optimizing these processes for achieving high
performance [18]. Nowadays, this technique is widely used in field of materials
science for optimization many metallurgical processes [19,20]. The aim of this work is
to use DOE technique to optimize both the tool rotation and welding speeds for the
FSW of A356 Al-Si alloy. The effect of these parameters on the microstructural
characteristics of the SZ was studied using DOE technique.

2. DESIGN OF EXPERIMENTS AND EXPERIMENTAL
PROCEDURES

2.1. Materials
The material used in the present investigation is A356 Al-Si cast alloy. The chemical
composition of the alloy is listed in Table 1.

Table 1. Chemical composition of A356 cast Al-Si alloy.

Si Fe Cu Mn Mg Zn Ti Al
6.72 | 025 | 0.11 | 0.002 | 0.27 | 0.04 | 0.043 | Bal.
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2.2. Design of Experiments

The 37 factorial experimental design technique was adopted to collect the necessary
data about the effect of both tool rotation and welding speeds on the grain size of the
a-Al phase (D,.a;) as well as the size of the Si particulates (Dg;) at the SZ [15]. 3?
means that there are 2 factors under investigation (i.e. tool rotation speed, @ and
welding speed, v) and it is planned that each factor is studied at 3 levels representing
the minimum, mean and maximum levels of the factor. In the present investigation the
minimum, mean and maximum levels of the factors are denoted by -1, 0, and +1,
respectively. Table 2 lists the experiment number and the level of each factor in the
experiment. Table 3 shows the FSW factors and their values.

In 3° factorial experimental design technique, the regression model relating the
response y (D,.a; or Dg;) to the factors @ (tool rotation speed) and » (welding speed)
can be represented by:

D= BD + Blm-l_ B:U—i_ Bl:wv—i_ Bllmi—I_B::U% +E (1)
where B4, B; ...

=

are the regression coefficients and [ is the average response in a
factorial experiment. The term "¢" is the random error component which is
approximately normally and independently distributed with mean zero and constant
variance ¢°. The regression coefficient B4, corresponds to the interaction between the
process parameters w and v. The previous regression model can be used to predict the
sizes of the primary a-Al grains and Si particulates in the SZ over the experimental
region. The design of experiments calculations was implemented using Minitab

commercial statistical software.

Table 2. The experiment number and the level of each factor in each experiment.

Experiment No. Level
Factor Factor v
1 -1 0
2 -1 +1
3 +1 -1
4 0 0
5 +1 0
6 0 +1
7 0 -1
8 +1 +1
9 -1 -1

Table 3. The FSW parameters and their levels

Factor o Level value

Symbol Factor Description Min. (-1) | Mean (0) | Max. (+1)
0} Tool rotation speed (rpm) 300 500 800
) Welding speed (mm/min) 12 16 20
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2.3.The FSW Procedures

Plates from A356 alloy having 6 mm thickness, 200 mm length and 50 mm width were
machined from the small ingots and heat treated at T6 condition. The alloy was
solution treated at 540 °C for 3 hours followed by quenching in cold water. After
cooling they were artificially aged at 160 °C for 6 hours. After heat treatment the
plates were welded at tool rotation and welding speeds shown in Tables 2 and 3 by
using a vertical milling machine. Figure 1 shows a schematic illustration of the FSW
carried out in the present investigation. A tool with a shoulder of 25 mm diameter and
a simple type cylindrical pin of 6 mm diameter and 5.5 mm length was used. Figure 2
shows a photograph for the FSW tool. The tool was made from H13 tool steel having
the chemical composition shown in Table 4. The tool tilt angle for all welds was
maintained constant at 3° and the applied pressure was held constant by keeping
constant depth of the tool immersed in the A356 plate. The fixation of the plates was
carried out using a specially design fixture shown in Fig. 3.

3. Table 4. Chemical composition of H13 steel.

C Mn | Cr \ Mo Si Fe
039 1040 | 52 | 0.95 1.4 1.10 | Bal

Butt line
Seml.—cu'cular Normal —\
ripple Tool Forc
Rotation
Weld Track
Retreating - Shoulder
Side (RS) Pin (hidden)
Advancing
Side (AS)
Welded
Zone

Fig. 1. A schematic description of FSW process.

Clamps

$oss

Shoulder 8
Fig. 2. HI3 FSW tool. Fig. 3. Plates fixation during FSW.
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2.4. Metallographic Examination

Specimens from the FSW plates were cross-sectioned perpendicular to the welding
direction and then grounded, polished and examined without etching using standard
metallographic techniques. Macro- and Microstructural features were characterized by
optical microscopy (OM) and scanning electron microscopy (SEM). Grain sizes of
both primary a-Al grains and Si particulates in the SZ as well as the base metal (BM)
were measured by image analyzing techniques.

3.1. Appearance of the Weld

Figure 4 shows the formation of the burrs at the surface of two joints welded at
constant welding speed of 20 mm/min and 300 and 800 tool rotation speeds,
respectively. It has been found that both tool rotation and welding speeds have a great
influence on the surface quality. The surfaces of all FSW joints are characterized by
presence of semicircular streaks at the contact surface between the shoulder and the
plates. However, the size and shape of the streaks is determined by both the tool
rotation and traverse speeds. Increasing rotation and/or reducing the welding speeds
tend to reduce the surface quality and the semicircular streaks can be observed clearly.
This can be explained by the overheating of the welded alloy which causing local
melting of the back side of the weld [1]. Another observation of the weld surfaces is
the formation of wavy burrs specially with increasing the rotation speed. The
difference between the sizes of the burrs is clearly seen when comparing Fig. 4a with
Fig. 4b in which the burr size formed at 800 r.p.m is much larger than those formed at
300 r.p.m.

A \ ]
uy & :
IO gr. W

2 M———

Adyancing Side (AS)

Welding Direction

Rctrealﬁng Side (RS)

Fig. 4. The shape of wavy burrs formed at welding speed of 20 mm/min and tool
rotation speeds of (a) 300 r.p.m. and (b) 800 r.p.m.
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3.2. Macro- and Micro-structural Observations of the Weldments

3.2.1. Macrostructural observations

Figure 5 show macrographs of FSW joints obtained at several tool rotation and
welding speeds at the minimum and maximum levels. It is clear from Fig. 5 that,
except for the specimen in Fig. 5b, the welded zones (WZ) contains groove-like
cavities at the retreating side (RS) as shown by arrow. However, the size of the
cavities was found to be depends on both tool rotation and welding speeds. At constant
welding speed, increasing the tool rotation speed from 300 to 800 rpm has
significantly improved the soundness of welded by reducing the size of the cavity as
shown in Fig. 5b and 5d. In contrast, it has been found that, at constant tool rotation
speed, increasing the welding speed increases the size of the cavities. It can be noticed
from Fig. 5, that at constant tool rotation speed, increasing the welding speed from 12
mm/min to 20 mm/min increases the size of the cavity. The most sound joint was
observed for the FSW joint that welded at 12 mm/min and tool rotation speeds of 800
rpm (i.e. at the maximum level of factor (w) and the minimum level of factor (v)).

A cavity or groove-like defect found in the welded joints is attributed to the
insufficient heat input during the FSW. The insufficient heat input defects were found
to be form at the lower rotation speed and the higher welding speed [21]. Higher tool
rotation speeds generate higher temperature due to higher friction heating and plastic
deformation result in more intense stirring and mixing of material. This assists in
eliminating the cavities and produces more sound joints.

3.2.2. Microstructural observations

An example of the microstructure of the cross-section of FSW joints is illustrated in
Fig.6. The micrograph shown in Fig. 6 is for a specimen welded at welding speed of
12 mm/min and tool rotation speed of 800 rpm at the edge of the WZ and at advancing
sides AS of the welded joint. It has been observed that the microstructure of FSW
joints consist of three distinct zones; the fine-grained dynamically recrystallized stirred
zone (SZ), the thermo-mechanically affected zone (TMAZ), and the heat affected zone
(HAZ). At the TMAZ the material was experienced temperature and deformation
during FSW. This zone is characterized by a highly deformed structure. The HAZ is
the zone that is not affected by the mechanical deformation but only thermally affected
by the frictional heat generated by the shoulder and tool pin rotation.

It is clear from Fig. 6 that the structure of the A356 Al alloy base material
(BM) consists of primary o phase (white regions) and Al-Si eutectic structure (darker
regions). Large needle-like primary Si particulates were found to be distributed along
the boundaries of the a-Al dendrites, see Fig. 7a. The microstructure of the SZ is
completely different from that of the BM. The SZ has much more homogeneous
microstructure as compared to the BM. The dendrite structure disappeared and finer Si
particles are dispersed over the whole SZ, see Fig. 7b. The material within the FSW
zones experienced intense stirring and mixing which resulted in the breakup of both
the coarse acicular Si particles and the dendritic structure which gave a homogeneous
distribution of the Si particles throughout the Al alloy matrix. Investigation of the
microstructure of the welded joints revealed that the TMAZ are formed besides the SZ
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in both the advancing side (AS) and the retreating side (RS). The difference in the
microstructure of the TMAZ in both sides is that a sharp transition between the BM
and the SZ is observed in the RS. A wider zone of this deformed structure is observed
at the AS, which shows a more diffuse transient region.

A
(b) ® =800 rpm, v = 12 mm/min

(d) ® =800 rpm, v = 20 mm/min

Fig. 4. Macrographs of FSW joints welded at several tool rotation (®) and welding
speeds (v).
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" HAZ TMAZ SZ

Fig. 6. Microstructure of FSW joint at the advancing side of the WZ edge (® =800 rpm
and v = 12 mm/min).

(b)
Fig. 7. Higher magnification of both (a) BM and (b) SZ zones showing the
difference in the morphology of Si particles.

3.2.2.1. Modelling for a-Al grain size.

Figure 8 shows the variation of a-Al grain size, at the center of SZ, with both tool
rotation and welding speeds. The points in the figure represent the experimental
measurements of grain sizes (observed data), while the shown surface is developed by
DOE technique (the predicted values using the fitted model). It is clear from Fig. 8 that
the a-Al grain size has been reduced by decreasing both tool rotation and welding
speeds. Equation 2 represents the regression equation which has been fitted to the data
of the a-Al grain size. The equation of the fitted model is expressed as:

D, ,, =—7.6573+0.0055@ +0.9313v —0.000144wv — 6.6667 x 10" &> —0.01979v>
@)
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where D _,; is average size of a-Al grains in um, @ is the tool rotation speed in rpm,
and v is the welding speed in mm/min. The results indicated that the developed model
as fitted explains 94.3% of the variability in the average size of a-Al grains.
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Fig. 8. Variation of a-Al grain size with both tool rotation and welding speeds.
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Fig. 9. Standardized Pareto chart for size of a-Al grains.

Figure 9 shows the Pareto chart for the effects that investigated in the present
study. The Pareto chart is a specialized version of a histogram that ranks the factors
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from most frequent to least frequent. The chart shows that both of tool rotation and
welding speeds have the most significant influence on the on the size of a-Al grains.
The chart shows also that the tool rotation speed has the most significant effect on the
size of a-Al grains. The welding speeds showed slightly lower significance than the

tool rotation speed. The lowest significance is exhibited by the combination of the
aforementioned speeds.

3.2.2.2. Modelling for the size of Si particulates.

The variation of Si particulates size, at the center of SZ, with both tool rotation and
welding speeds is illustrated in Figure 10. The points in the figure represent the
experimental measurements of the average Si particulates size, while the surface
represents the predicted values using the fitted model. It is clear from Fig. 10 that the
average size of Si particulates has been increased by increasing both tool rotation and
welding speeds. Equation 2 represents the regression equation which has been fitted

to the data of the primary Si particulates. The equation of the fitted model is expressed
that:

D, =—4.8772+0.0144@ +0.13815v — 0.001743@v +1.8889 x 10 &> +0.031251>

3)
where Ds; is average size of primary Si particulates in um, # is the tool rotation speed
in rpm, and v is the welding speed in mm/min. The results indicated that the developed
model as fitted explains 99.2% of the variability the average size of Si particulates.
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Figure 11 shows the influence of the tool rotation and welding speeds and
their interaction on the size of Si particulates. It is clear that the tool rotation speed has
the most significant influence on the size of Si particulates, followed by the
combination of tool rotation and welding speeds. The welding speed showed the
lowest significant effect on the size of Si particulates.

Few investigations were carried out to study the effect of both tool rotation
and welding speeds on the microstructural characteristics of FSW cast monolithic Al-
Si alloys [15,22], . It is well known that both the morphology (size and shape) of both
the a-Al grains and Si particulates significantly influence on the mechanical properties
of the FSW welded joints. Kim et al. [15] studied the FSW of ADC12 (Al-12%Si)
alloy and showed that the size of the Si particles decreases with increasing welding
speed, while it is not significantly affected by the tool rotation speed. In contrast,
Mahmoud et al. [22] studied the FSW of A319 alloy and showed that the average size
of both of the Si particles and a-Al grains increases with increasing both the tool
rotation and welding speeds. It seems that the results from the two investigations are in
contrast with each other. However, the results obtained in the present work revealed
that not only the tool rotation and welding speeds determine the size of Si particles
inside the SZ, but also the combined effect of both these speeds has a considerable

influence.
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Fig. 11. Standardized Pareto chart for size of Si particulates.

4. CONCLUSIONS

1. Modelling of the influence of both tool rotation and welding speeds FSW
parameters on both the size of primary a-Al grains and the primary Si particulates
in the stirred zone (SZ) of welded A356 plates has been carried out using
experimental design approach. The developed models were found to be having
high accuracies. The equations of primary o-Al grains and the primary Si
particulates showed accuracies of 94.3% and 99.2%, respectively.

2. The tool rotation speed has higher effect on the size of a-Al grains in comparison
with welding speed. The interaction between tool rotation speed and welding
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10.

11.

12.

13.

speed has the lowest statistical and physical significance on the size of a-Al
grains.

The tool rotation speed has the most significant influence on the size of Si
particulates, followed by the combination of tool rotation and welding speeds. The
welding speed has the lowest significant influence on the size of Si particulates.
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