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Effect of Applied Pressure on the Mechanical
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Abstract—This paper investigates the effect of axial force on the
surface appearance and mechanical properties of 6061 aluminum
alloy welded joints prepared by friction stir welding. The applied
pressure varies from 1.44 to 10.07 MPa. The applied pressure
was calculated from the axial force which exerted by a spring
loaded cell designed for this purpose. Defect free joints obtained
at an applied pressure of 3.62 MPa. The mechanical properties of
the welded joints were evaluated through microhardness and
tensile tests at room temperature. From this investigation, it was
found that the joint produced with an applied pressure of 5.76
MPa exhibits superior tensile strength compared to other welded
joints. The fracture of this joint happened at the base material.
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pressure; mechanical properties

L INTRODUCTION

Since 1930s Aluminum alloys have been the material of
choice for aircraft construction. Nowadays 6xxx aluminum
used in a variety of applications including aircraft fuselage
skins and automobile body panels and bumpers, instead of
more expensive 2xxx and 7xxx alloys, after appropriate heat
treatments [1]. 6xxx alloys have numerous benefits including
medium strength, formability, weldability, corrosion resistance,
and low cost [2]. Aluminum 6061 is a precipitation hardening
alloy containing magnesium and silicon as its major alloying
elements [3]. This alloy is highly weldable by Tungsten inert
gas welding and by Metal inert gas welding. However, certain
welding defects appear, such as solidification cracking
porosity, Heat-Affected Zone (HAZ) degradation [4]. Solid
state welding techniques such as Friction Stir Welding (FSW)
developed by TWI, Cambridge, in 1991 [5] have received great
attention in the last years. The process requires lower energy
than conventional fusion welding processes [6] and no
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consumables such as electrodes and protecting gases are
needed [7]. FSW has different process parameters that affect
the welding process such as tool geometry, axial force,
rotational speed, traverses speed and, tool tilt angle as well as
base material properties [8-10].

There have been many efforts to understand the effect of
process parameters on material flow behavior, microstructure
formation and mechanical properties of friction stir welded
joints as well as realize their influence on the welding
properties [11]. The main two FSW parameters receive interest
from researchers are tool rotational speed and welding speed. It
is well documented that quality of welded joints increases with
increase in tool rotational speed to a maximum value, further
increase in tool rotational speed leads to the decrease in quality
of welded joints [7]. Welding speed also has a significant effect
on joints quality. An increase in welding speed leads to an
improvement in mechanical properties up to a maximum limit
and further increase result to a decline in mechanical
properties. It is well documented that FS welded joints
produced under the effect of extrusion process [12], in which
the applied axial force and the motion of the tool pin propel the
material after it has undergone the plastic deformation. The
shoulder force is directly responsible for the plunge depth of
the tool pin into the work piece and load characteristics
associated with linear friction stir welding [13]. Many research
works have demonstrated the effect of axial force in the friction
stir welding process which can be concluded in: (a) the material
flow in the weld zone during the process and (b) its role in heat
input to the welding area. In other word axial force affect the
temperature and hydrostatic pressure which is responsible for
producing defect free joints [6]. However, the effect of applied
pressure on the welding quality of welded joints obtained by
FSW is investigated along with other parameters of the FSW
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process. In this paper, the effect of applied pressure on the
quality of welded joints produced by FSW is solely
investigated. Other FSW parameters like rotational speed,
welding speed, shoulder diameter, pin shape and size, were
called from an optimal FSW process from previous work [8].

II. EXPERIMENTAL WORK

Two rectangular 6061 aluminum alloy plates of 300x150
mm size were butt-welded by friction stir welding process and
6 mm thickness was used. The compositions of base materials
used in this investigation are given in Table I. A conventional
vertical milling machine was used for the friction stir welding
process, by using a fixture. The fixture is tightly fixed on the
milling machine table to prevent vibration from occurring as a
result of the frictional forces of the welding process. A welding
tool with flat shoulder of 24 mm diameter and 20 mm height,
made of high carbon steel was used. A 6 mm square pin profile
was used to carry out the welding process. A spring-loaded unit
was used to change the pressure applied on the shoulder face of
the welding tool against the upper surface of the work piece.
The calculated pressure values exerted on the shoulder face
used in this investigation are 1.44, 3.62, 5.76, 7.92 and 10.07
MPa. The welding process was carried out using a rotational
speed of 1000 rpm and a welding (traverse) speed of 1.5
mm/sec. Single stir pass was applied during the dry welding
process. Microstructure examinations were performed using an
optical microscope. The specimens, which were taken from the
middle of the stirred zone, were prepared by standard
metallographic techniques and etched with Keller’s reagents to
reveal the grain structure. Vickers microhardness was
measured with 0.5 kgf load and a dwell period of 10 s. Several
measurements were done for each hardness value. In addition,
a tensile test on a universal tensile testing machine was carried
out to measure the tensile strength of the welded plates,
according to ASTM: E8. The tensile test specimens had a
gauge diameter of 12 mm and gauge length of 90 mm.

TABLE I. CHEMICAL COMPOSITION OF THE ALLOY USED (%WT).

Si Mg Cu Fe Mn Ti Zn Cr Al

0.75 0.9 0.5 0.5 0.15 0.05 0.03 0.03 Rest

III. RESULTS AND DISCUSSION

A. Welding Appearance

Surface images were collected for the welded pieces under
different values of applied pressure. Figure 1 shows the effect
of applied pressure on surface appearance of the welds in plates
joined by FSW. The rotational speed and welding speed are
kept constant at 1000 rpm and 1.5 mm/sec respectively. At low
pressure, 1.44 MPa, the material has poor flow beneath the
shoulder face, reducing material loss at retreating side as shown
in Figure la. Defect free welds were successfully obtained at
applied pressure of 3.62 MPa, and the plate surface becomes
more smoother at 5.76 MPa, as shown in Figures 1b and lc
respectively. However, at an applied pressure of 7.92 MPa, the
welding tool would sink to the weld gradually, and a wavy burr
starts forming at the edge of the weld region due to the
increased heat input to the welding region as shown in Figure

1d. With a further increase of the applied pressure to 10.07
MPa, semicircle streaks appear clearly and more wavy burrs
are formed at the weld regions as shown in Figure le. A low
heat input during the FSW process at a low applied pressure,
1.44 MPa, in addition to lack of stirring, reduces the fluidity of
aluminum substrate in the stir zone [14].

The microstructure of 6061 aluminum alloy joined by
friction stir welding was studied by employing optical
microscopy. The microstructure samples are collected from the
stir zone. The evolution of the microstructure in the stir zone
depends on the recrystallization temperature and the cooling
rate of the welding region [15]. The heat input during the
welding process controls the temperature in the welding area.
The stir zone of the butt-welded plates was cooled by ambient
air. The most of the heat generated during friction stir welding
arises from the friction at the surface of the tool shoulder,
which is proportional to the applied pressure [16]. Figure 2
shows the evolution of the microstructure at the stir zone at
different applied pressures. At a low pressure of 1.44 MPa,
where the induced heat is very small, the microstructure grain
of SZ is fine and equiaxed as shown in Figure 2(a). The heat
generated during the FSW process depends on the applied
pressure on the surface of the welding tool, increasing further
in the applied pressure to 3.62 and 5.76 MPa and produces
coarsen and deformed grains as shown in Figures 2b and 2c.
The rate of heat generated during the welding process is
directly proportional to the applied pressure. As the heat input
increased, the temperature of the stir zone increased, which
means relatively prolong heat dissipation. This gives the grains
more time to growth [17]. Figure 2d shows that at higher
applied pressure of 10.07 MPa, the microstructure has
elongated grains due to deformation under the surface of
welding tools at the same time the grains become more
coarsen.
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Appearance of top surface welded at (a) 1.44MPa, (b) 3.62 MPa,
(c) 5.76 MPa, (d) 7.92 MPa and (e) 10.07 MPa.
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Fig. 2. Microstructure of stir zone at (a) 1.44MPa, (b) 3.62 MPa,
(c) 5.76 MPa and (d) 10.07 MPa
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B. Mechanical properties

The microhardness of specimens prepared from all the
welded joints at different levels of applied pressure at the
welding region are recorded. The average of five readings at
the stir zone was taken. The input heat to the welding area
during the welding process increases as the applied pressure
increased. Figure 3 shows that the microhardness of SZ
decreases as the applied pressure increased from 1.44 to 5.76
MPa, and then reduced with a further increase in applied
pressure. Figure 4 shows the microhardness profile. The
readings were taken from base metal to base metal crossing the
SZ under different applied pressure. It has been shown that at
low applied pressures there is no significant change in the
microhadness in the welding area. However, the microhardness
of the stir zone is higher than that of the base metal. This is
because the as received parent material was in the
homogenized condition wherein all the precipitates are
dissolved, thus accounting to a lower hardness due to the
absence of strengthening precipitates. In the stir zone, which
experiences higher temperatures than the remaining regions,
the dissolved precipitates do re-precipitate subsequently. Here
the precipitates are finer and uniformly distributed in the stir
zone [18].
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Fig. 3. The variation of microhardness with applied pressure for the stir

zone

The tensile properties such as the tensile strength and the
elongation of friction stir welded 6061 aluminum alloy joints
were evaluated. Under each condition three specimens were
tested and the average of the results is recorded. The variety of
mechanisms that alter the strength of materials includes work
hardening, solid solution strengthening, precipitation
hardening, and grain boundary strengthening. In this study, the
effect of applied pressure on the strength of aluminum-welded
joints was investigated.

Figure 5 reveals the effect of applied pressure on ultimate
tensile strength of the welded joints. It has been found that the
strength of joint produced with an applied pressure of 5.76
MPa, exhibits a superior strength more than that of the base
material as shown in Figure 5. While the other welded joints
have a strength lower than that of the base material. The
frictional forces between the mating faces (surface of the
welding shoulder tool and the welding plates) increased as the

applied pressure increases leading to introduce more heat to
welding area. The welded joint produced at 5.76 MPa, has the
highest hardness value as shown in Figure 3, in addition to
having a fine grain microstructure [19]. It has been shown that
UTS increased as the applied pressure increases up to 5.76
MPa. But at higher applied pressures, excess of heat is
introduced to the welding joint, which leads to a decrease on
ultimate tensile strength as applied pressure increases to values
above 5.76 MPa [8]. It was reported that GP-zones observed
only at low temperature, and assumed that ' phase is formed
directly from the solid solution at temperatures above 100-
120°C [20]. This precipitate hardening of 6061 aluminum
alloy, leads to fabricate welded joints have superior strength
more than that of the base material as shown in Figure 6. For
the welded joints when the fracture happened outside the
welding zone, this joint has more elongation than other joints
where the fracture occurred in welding zone as shown in Figure
6. This joint gives the base metal to elongate freely to its own
ductility, while other joints fractured before the elongation of
the base metal reached.
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Fig. 4. Hardness profile of FSW joint welded at 1000 rpm and 1.5 mm/sec
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Fig. 5. Variation of ultimate tensile strength with FSW applied pressure

In this investigation, the joints fractured under tension
advancing side near the SZ, except the joint prepared at 5.76
MPa of applied pressure where the fracture occurred at the base
metal as shown in Figure 5. This may be due to the difference
in microstructure between the SZ and TMAZ. The SZ is
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composed of fine-equiaxed recrystallized grains, while the
TMAZ consists of coarse deformed grains. Therefore, the
interface between the SZ and TMAZ becomes the poorest
location in the tensile test [8].
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Fig. 6. Elongation of the welded joints prepared at different applied

pressures

IV. CONCLUSIONS

In this study, FSW of 6061 aluminum sheets welded at
different applied pressures was investigated. We concluded the
following:

e At a low applied pressure of 1.44 MPa, the flow of
plasticized metal under shoulder face is not sufficient,
leading to a loss of metal in the retreating side.

e The microhadness of the SZ increases as the applied
pressure increases from 1.44 to 5.76 MPa and then starts
decreasing for further increase of pressure.

e The ultimate tensile strength increases to an optimum value
then it starts decreasing.

e At an applied pressure of 5.76 MPa, the welded joints have
a superior tensile strength compared to the base metal.

e Due to the changes in the microstructure size as moving
from ZS to TMAZ, the failure of the test specimens
occurred near the welding line in the advanced side.
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