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ABSTRACT .
This study is concemned with the effect of friction stir welding parameters on the mechanical
properties and the consumed welding power for AA2024-T35 joints. AA2024-T35 was friction stir
welded at different welding speeds (16, 40 and 80 mm/min), rotation speed (900, 1120 and 1400
rpm) and two tool profiles (iriangular and square). The welding power was measured and
evaluated with two previously established models [1,2]. The tool profile as well as the welding
speed shawed significant effect on the microstructure especially at lower welding speeds. The
increase of the welding speed improves the mechanical properties for both tool profiles whereas it
has an insignificant effect on the welding power. The square profite produced better mechanical
properties and consumed more power, at 40 mm/min, than the triangular one. Also, the welding
speed showed a weak effect on the welding power, but the need of power increased with the
increase of the rotation speed. The measured power was found to be in agreement with the
computed one through a theorctical work established by Heurtier et al. [2].
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1. INTRODUCTION

The guality of friction stir processed (FSP) zone is
controlled by the welding parameters (rotational
speed, welding speed and axial force) and also by
tool geometry (pin dimensions, pin profile, shoulder
diameter etc.), Optimization of all these parameters is
very essential {o obtain defect free joints. Elangovan
and Balasubramsanian 3] had studied the effect of
welding speed and tool pin profile on FSP zone
formation in AA2219 aluminum alloy. They found
that the formation of defect free FSP zone is also
influenced by both welding speed and pin profile.
The formation of defects and discontinuijties are
controlled by the above parameters and these defects
and discontinuities obviously influence the temsile
properties of the FSW joints, Moreover, the joint
fabricated using square pin profile at a certain
welding speed of 0.70 mum/s exhibifed maximum

tensile strength, higher hardness and finer grains in
the FSP region compared to other joints.

The flow of the base material on the advancing side
and the retreating side is different. The material on
the retreating side pever enters into the rotational
zone, but the material on the advancing side form the
fluidized bed near the pin and rotates around it [4].

When the welding tool moves forward along the
welding line, there are many micro-pores left behind
the tool, and each micro-pore was filled by the tool at
the same time. So, the friction stir welding’ can be
considered as  micro-pores  generation and
disappearing procedure, Faster the welding speed is,
larger is the pore. When welding and rotation speeds
are constant, pores occur at small welding pressure

[51
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In addition, Lee et al. [6] reported that the hardness
of the weld nugget of FSW 6061Al at higher rotation
rates was higher than that at lower rotation rates due
to a higher density of spherical-shaped reprecipitates.
However, when both rotation rate and welding speed
change, it was bard to evaluate quantitatively the
parameter dependence of the thermal input and
mechanical properties [7]. For the precipitation-
hardened aluminum alloys« FSW creates a softened
region in the HAZ that has the lowest hardness
within . the entire weld, due fo significant
dissolution/coarsening of the precipitates during the
FSW thermal cycle [8, 9]. Thus, the HAZ exhibits
the lowest hardness and strength, and the fracture
occurs usually in the HAZ [7, 9]. Therefore« the
Hardness profile of the FSW aluminum alloy joint is a
direct indicator of microstructural evolntion during
FSW as concluded by Liu and Ma [10].

The development of mathematical models can greatly
contribute to better understanding any industrial
process« particularly FSW, A validated model has the
potential to produce reliable information about the
‘deformation and mixing patterns that are important
when designing FSW. tools and thus should be
capabie of producing welds free of defects and voids
113

Although several numerical models of friction stir
welding have been developed for the calculation of
heat generation rate [12-14], heat transfer, and
materials flow [4, 14-16], their testing has, for the
most part, been limited to comparison of the
numerically predicted temperature vs. time plots with
the comresponding cxperimental data, A rigorous
validation of numerical models must include
examination of model capabilities to predict several
important features of FSW such as the torque and
power needed for welding and the geometry of the
stir zone as a function of important welding variables
over a wide range of values, But new researches
evaluated by Arora et al. [17] and El-Domiaty and
Abd El-Hafez [18] studied the power requirement for
FSW through modeling. They concluded that the
welding speed has neglected effect on the welding
power but the increase of the rotation speed increases
the welding power because it becomes easier for the
material to flow at higher temperatures and strain
rates.

Other thermomechanical models were established by
Zhang and Zhang [19-22] concluded that when the
welding speed becomes higher, the rotating speed
must be increased simultaneously to avoid any
possible welding defects such as voids. The
simultaneous increase of the rotating and the welding
speeds can lead to the increase of the residual stress.
The maximum temperature in the FSW process can
be increased with the increase of the rotating speed.
Also, the power needed for FSW is increased with
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the increase of the welding speed and the rotation
speed.

In this study, the hardness distribution, tensile
properties and fracture characteristics of AA2024-
T35 plates friction stir welded using triangular and
square tool profiles at different rotation and welding
speeds were investigated. Also, the consumed
welding power was measured and evaluated with two
models established elsewhere [1,2].

2. EXPERIMENTAL WORK

The base alloy, used in this study, is the hot rolled
aluminum alloy 2024-T35, 5 mm thickness, 50 mm
width and 200 mm length. The chemical composition
of AA2024-T35 is listed in table I. Two plates were
friction stir welded normal to the rolling direction at

'different welding speeds (16, 40 and 80 mm/min) and

at different rotation speeds (900, 1120 and 1400
rpm). An equal welding force can be obtained by
controlling the plunge depth of the welding tool,
since the friction stir zone of all the specimens have
the same thickness. Other fiction stir welding
process parameters are kept constant.

Table I The chemical composition of Al-alloy 2024-
T35 ‘
Chemical composition, wt.%
Si Fe {Co|Mn|Mg|Cr |Zn | Al
050 1037|4406 115012025 Bal

According to the previous studies [2, 22, 23],
triangular and square tool profiles were chosen to
carry out the FS-joints in this study.

Non-consumable tools made of X40 CrMoV 5 1 have
been used to fabricate the joints. The tools were
treated by hardening and tempering processes, where
the hardness was increased to 54 HRC!. The tools
have a concave shoulder of 20 mm diameter with
slope of 10° and the triangle and square pin profiles
of 5 mm root diameter and 4.8 mm length were used.
The initial joint configuration is obtained by securing
the plates in position using mechanical clamps.
Single pass welding procedure has been used to
fabricate the joints,

The electrical power, during welding processes, was
measured using clamp-meter, The power (g) was
calculated using the following equation for 3-phase;

g = 3 VIcosd (watt) (1)

Where V is the voltage, / the current in ampere and
cosf is the power factor. The voltage (V) was
constant around 380 volts and the power factor is 0.8,

Therefore, the power calculations depend only on the

current value.
After welding, the FSW samples were cross-
sectioned perpendicular to the welding direction for
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microstructoral examinations by optical microscopy,
hardness measurement, and tensile test. Three tensile
specimens are tested at each condition and their
average represents one point data.

Vickers microhardness - distribution was measured
from the weld center on both retreating and
advancing sides. Vickers microbardness testing
machine has been employed for measuring the
harduess across the joint with 0.5 kg load.

3. RESULTS AND DISCUSSION
3.1 Microstructural Characteristics

Macrostructure shows that, at 40 mm/min, the weld
is perfect and no obvious defects produced. The
materials were stirred, combined sufficiently and the
weld was completely filled. On the other hand, voids
were noticed near the weld root when the welding
speed is 80 mm/min. Also, the defects were increased
at the higher rotation speed of 1400 pm.

The voids produced near the welding line are normal;
in fact, additional superplasticity was needed to fill
the gap of the base metal [5].

Figure 1 presents micrographs showing the
evaluation of 2024-T35 microstructure, carried out at
40 mm/min for square profile, in FS-region. Figure
1-a shows the microstructure under the tool shoulder
whereas the bottom of specimen is shown in Fig: 1-b.
it can be seen, in Fig. 1, the difference of the white
areas. This difference may be attributed to the higher
heat generated near the tool shoulder where coarser
grains can be poticed in the thermal mechanical
affected zone (TMAZ). Also, the CuAl, phase (dark
area) is distributed in both nugget and TMAZ [25].

In fact, the welding parameters have not a clear effect
on the microstructure observations using the optical
microscope., However, the Sutton et al. [25] proved
that band spacing will decrease as the welding speed
is reduced. Smaller band spacing should resuit in a
more homogeneous structure within the weld.
Demonstrate that the particles contain higher
concentrations of Cu, Fe, Mg and Mn than the
surrounding material [25].

From the macrostructure analysis, it can be inferred
that the formation of defect free FSP zone is a
function of tool profile and the welding speeds used.

3.2 Hardness Distributions

Hardness distribution on the transverse cross-section
of the joints at different welding speeds and rotation
speed of 1120 rpm for square profile is shown in
Fig.2.

Mininum hardness appeared in the heat affected
zone (HAZ) and its value increased with the increase
of the welding speed. The softened zones existing on
both sides of the HAZ were shifted toward the
welding centre line as the welding speed increased
[26]. The lower hardness values of the HAZ can be

attributed mainly to the coarsening of precipitates
where mnot present. Also, the softened area is
narrower for the higher welding speed than that for
the lower welding speed [24]. The welding speed of
40 mm/min has the same trend in advanced side but
on retreating side the. hardness is higher than the
other speeds in the soft zone.

Results from  metallurgical and  hardness
measurernents show that the friction stir welding
process can create a - segregated banded
microstructure consisting of alternating hard particle-
rich {dark areas) and hard particle-poor {white areas)
regions,

3.3 Fracture Behaviour

The fracture behaviour for the tensile specimens was
studied and it has two trends, the first one where the
fracture happen at the end of tool shoulder nsually at
the retreating side. The second fracture path is at the
weld line (nugget).

Most joints fractured at the retreating side are due to
variation in temperature distribution and flow of the
material in the weld zome with comesponding
hardness distribution and strained region. Moreover,
due to different deformation of various zones, the
strain becomes localized, which induces comstraint
and fracture occurs, where the strain localization is
maximum. For this alloy the retreating side of the
weld zone has been found to be the major fracture
site where strain localization occurred [3, 27].

3.4 Tensile Results

Figure 3 illustrates the effect of welding speed on the
yield stress, the tensile strength, and the elongation
percent for the fabricated triangular profile joints.
The effect of welding speed was investigated at a
constant rotation speed of 1120 rpm. The results
show a noticeable improvement of the mechanical
properties from 40 mm/min up to 80 mm/min but the
increase of welding speed from 16 to 40 mm/min
does not change the tensile properties. This
improvement, at 80 mum/min, may be attributed to the
mare homogeneity of the weld nugget and less pores
producing a sound joint.

Also, the results of square profile with the above
parameters are illustrated in Fig. 4. One can see that
the increase of the welding speed from 16 to 40
mm/miin, the yield strength as well as the tensile
strength increases and remain almost undergo above
this speed.

The tensile properties and fracture locations depend

‘mainly on the welding defects and hardness of the

joint. When joints were frec from defects, their
tensile properties were controlled by hardness and
fracture occurred in the HAZ on the side that show
minimum hardness {26]. These results show better
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properties at 40 mm/min and this may be due to the
sufficient heat generation to fill, in time, the pores.

Lower welding speed resulted in higher temperature
and slower cooling rate in the weld zone which
causes grain growth and severe clustering of CuAl,
precipitates [3, 28].

The effect of the tool profile was illustrated in Fig. 5.
Insignificant effect of the tool profile at lower
welding speed was noticed. At higher welding speed
of 40 mmymin, the square profile achieves higher
strength cempared to the triangular one. Otherwise,
an improvement for the triangular profile was noticed
with increasing the welding speed to 8) mm/min but
neglected change to that of square profile. Also, at 80
mm/min, the tool profile has a weak effect on the
strength. However, it is clear that the weiding speed
of 40 mmy/min can be considered as a critical speed
for both profiles. The square profile has sufficient
heat generation whereas the triangular one achieves
this heat at higher speed of 80 mm/min. The achieved
higher strength using the square profile at 40
mm/min may be due to the higher pluses/s produced
than by the triangular one. The higher mumber of
pulsating  action  produces finer  grained
microstructure with uniformly distributed precipitates
(CuAl) and in turn yields higher strength and
hardness as explained by previous researchers [3,

24]. Moreover, the behaviour of the sirength at 80
‘mmyvmin for different tool profiles may be attributed
to the stirring effect of the welding tool whose
becomes weaker, which is the reason for the
occurrence of weld flow as mentioned by Zhang and
Zhang [22].

Otherwise, as the square profile achieves best
properties, the effect of the rotation speed on the
mechanical properties of the FS-joints was carried
out, using square profile, at constant welding speed
of 40 mm/min. Fig.'6 shows that the strength as well
as the elongation percent has slight improvement at
1120 rpm, while the yield strength has neglected
changes. The improvement of the mechanical
properties at 1120 rpm may be associated with good
stirring action with uniformly distributed precipitates
(CuAly). On the other hand, the strength has lowest
value at higher rotation speed of 1400 rpm which can
be attributed to the increase of pores in the nugget
zone [5, 19-22].

3.5 Welding Power

Figure 7 illustrates the measured welding power
affected by different welding parameters. The
variation of the welding speed does not significantly
atfect the power needed for FSW where the plastic
deformation, due to the temperature rise, is increased
with the increase of the welding speed [22, 29].
Otherwise, the square tool profile needs more power
than the triangular one at lower welding speed may

be as a result of the excess of pluses number per unit
time than the triangular profile. However, by
increasing the welding speed to 40 mm/min, the

power difference occurred by tocl profile can be -

neglected which is eliminated at higher welding
speed of 80 mm/min.

The effect of the tool profile on the needed power
decreases with the increase of the welding -speed
because when the welding speed is high, the stirring
effect of the welding tool profile becomes weaker,
which is the reason for the occurrence of weld flow
(22].

The energy was computed, also, by dividing the
power by the welding speed, Fig. 8. The energy per
unit length decreases with the increase of the welding
speed since the energy is mvcrsely proporuonal to
the welding speed [17].

On the other hand, the effect of the rotation speed on
the welding power for the square profile is illustrated
in Fig. 9. The welding power needed for FSW is
increased significantly with the increase of the
rotation speed. Increasing the rotation speed
increases the power input to the weld, while the
welding speed had little impact [21, 30).

Many rtesearchers established different models to
compute the welding power needed for FSW. Two
models, established in previous studies, are used to
evaluate the experimental results of the consumed
power (g) as follows;

(Wau) Frigaadetal. [1] (1)

=23_xﬂp @R; (Watt) Heurtier et al. [2] ' @)

Where p is the friction coefficient, P pressure (Pa), @
the tool angular speed {rad/s), Rs tool shoulder radius
and R is the pin radius. In fact, there is no
experimental work for the determination of the
friction coefficient on the tool-plate inmterface till
now. Zhang and Zhang [20] reported that the
predicted temperature - is very similar to the

. experimental measurement when the friction

coefficient is taken as 0.3. So, this value is also
adopted in the current work. The pressure P equals
force divided by the shoulder area and the measured
force by Elangovan and Balasubramanian [3] was 12
KN for AA2219 which is used in this study.

Figure 10 shows the- experimental and computed
results at different rotation speeds. It is clear that the
power increased with the increase of the rotation
speed. Furthermore, the measured power is, neatly,
matched with the second theoretical model
established by Heurtier et al. [2]. The matching is
excellent at the lower rotation speed of 900 rpm but
the slope of the model is greater than that of the
measured power. The difference incteases by the
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increase of the rotation speed could be attributed to
the heat generated increases or to the sliding between
tool and the metal or other parameters are not
considered by Heurtier et al. [2].

4, CONCLUSION . -

A series of controlled friction stir welds have been
manufactured using 5 mm thick, 2024-T35 aluminum
rolled sheet material. Metallurgical investigation,
bardness test, and tensile test results, as well as the
measured welding power values show that;

1- The welding speed has a noticeable effect on the
hardness distribution. As the welding speed
increases, the hardness of the softencd TMAZ
increases, and the sofiened TMAZ is shifted
toward the weld line. Moreover, the hardness
distribution affects the fracture path which occurs
usually in the softened zone. -

2- The tensile strength has a higher value of 80
mm/min welding speed for triangular profile, but
the same strength value is achieved at 40 mr/min
for square tool profile. The combined effect of
higher number of pulsating stirring action during
metal flow and an optimum welding speed may be
the reason for higher tensile properties of the joint
fabricated at a welding speed of 40 mm/min using
square tool profile. At higher speed of 80mm/min
the tool profile has insignificant effect due fo a
weaker stirring effect of the welding tool.

Increasing the rotation speed increases the
welding power, while the welding speed has a
litile effect.

4- The measured power agrees with corresponding
values calculated using a model established by
Heurtier et al. [2], especially at lower rotation
speed. The computed power as well as the
measured one has a linear relation with the
rotation speed. The computed power shows a
higher slope than the measured power. Such
deviation could be due to the increase of slipping
between the tool and-the metal at higher rotation
speed, or due to a possible Jack of model-
assumptions accuracy.
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Fig. 1 Micrographs of the microstructure of AA2024-T35 [X100]
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Fig. 4 Effoct of welding speed on the mechanical properties of the FS-joints using square profile.
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Fig. 6 Mechanical properties of AA2424-T35 FS-joints at different rotation speeds
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Fig. 10 Evaluation the experimental welding power by two models at different rotation speed.
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