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Abstract—In the present study, the influence of the pin rotating speed on corrosion behavior and mechanical
properties of the friction stir welded (FSW) 6063 aluminum alloy joints was investigated. The welding process
was performed at rotating speeds of 800, 1000, and 1200 rpm and a constant traverse speed of 50 mm/min.
The joints were analyzed via optical microscopy, scanning electron microscopy, and microhardness test. A
cyclic polarization test and electrochemical impedance spectroscopy (EIS) were performed so as to study the
effect of the pin rotating speed on corrosion behavior of joints in the solution of sodium chloride (3.5%).
Microhardness results showed that the maximum amount of hardness is related to the sample with 1000 rpm
rotating speed because of optimized input heat, which caused an increase in the grain refinement and
dynamic recrystallization. The cyclic polarization test demonstrated that the corrosion rate in the heat
affected zone (HAZ) was higher than that of the base and weld metals; this is due to grain coarsening and an
increase of secondary phase particles, which causes intensification of galvanic corrosion. It was found that
the higher the pin rotating speed, the higher the corrosion rate. The growth of secondary phase particles was
identified due to an input heat increase. Also, EIS results indicated that increasing the pin rotating speed at
FSW reduces the polarization resistance (RP) amount at the Nyquist diagram, followed by a decrease of cor-
rosion resistance. A lower amount of RP and corrosion resistance verified in the HAZ was compared to those
of the weld metal.
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INTRODUCTION

Aluminum alloys have a low strength to weight
ratio, good plasticity, and desirable strength. Also,
they possess acceptable corrosion resistance. Alumi-
num alloys of 6000 series are the most applicable
among standard alloys due to their technical and eco-
nomical properties. Good weldability, excellent corro-
sion resistance and anodizing effects as well as a mid-
dle capacity of machinability are the distinguishing
properties of this series of alloys.

As regards fusion welding methods, they have such
usual defects as inclusions, cracking at the weld area,
and tensional residual stresses, so their applications in
joining of alloys have been limited to practically sensi-
ble applications. The friction stir welding (FSW)
method as a reliable route lacking those defects just

mentioned; this is why is has been widely utilized to
join aluminum alloys and other metals like copper,
titanium, magnesium, and steel [1–6]. This method is
used in industrial sensitive applications such as air-
craft, aerospace, automobile, railway, and shipbuild-
ing. It has the ability to weld thin and thick sheets in a
range of 0.5–50 mm at a single step and thicker parts
(to 75 mm) by a two-step process.

Since the FSW is a solid-state process, welding is
performed at temperatures lower than melting points
of materials, so usual defects in fusion welding have
been removed from this process and the mechanical
properties and corrosion behavior of the weld metal
would be modified and improved. Although the join-
ing process in this method is performed at lower tem-
peratures of the base metal melting point, the resultant
heat may change the alloy structure and finally the
13
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Table 1. Chemical composition of 6063 aluminum alloy
(wt %) used in the study

El. Al Fe Cr Cu Si Mn Mg Ti

Wt % Base 0.35 0.10 0.10 0.43 0.10 0.83 0.09
corrosion behavior would be affected. Change and
modifications of microstructure for this welding route
relate to the dynamic recrystallization process due to
friction heat and intense plastic deformation [1–6].

Mechanical behavior of the FSW samples is
affected by the chemical composition of an alloy and
input heat. Hardness changes in the range of heat treat-
able aluminum alloys is affected by alloy tempering con-
ditions, grain size, and density of an alloy [6–8].

The authors in [9] indicated that the recrystallized
grain size increased exponentially by raising the tem-
perature and the grain size, which caused hardening of
the weld metal in FSW.

Generally, resultant microstructures of FSW
include four distinct areas: the central area of the weld
metal labeled as the weld or stir zone, the heat affected
zone (HAZ), the thermo-mechanically affected zone
(TMAZ) and the base metal. The base metal is not
affected by cyclic heat and plastic deformation and the
heat amount of this zone is not enough to change the
base metal microstructure. Since each of these zones
has different micro-structures, their changes can
cause distinct corrosion behaviors for welded work
pieces [1–5].

It was shown elsewhere that if the surface of the
work piece gets smoother at a high traverse speed of
FSW, then grain deformation increases thus causing
lower residual stress [10]. Other researchers studied
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Fig. 1. Dimensions used in FSW.
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the corrosion behavior of 6061 aluminum alloy by
using the immersion method and electrochemical test.
Their results demonstrated that both the HAZ and
TMAZ were more sensitive to grain boundary corro-
sion due to the presence of magnesium-rich deposi-
tion phase at the inside of grain boundaries [11]. They
have also investigated the pitting and grain boundary
corrosion resistance of FSWed 6061 T6 aluminum
alloy [12] and found that the HAZ was sensitive to
both of the mentioned corrosion kinds and the corro-
sion resistance of this zone was lower than that of other
zones due to lacking of copper areas at grain boundar-
ies of the HAZ.

The aim of this paper was to evaluate the pin rotat-
ing speed effect on corrosion behavior, mechanical
properties, and microstructure of the AA6063 joints.

MATERIALS AND METHODS

A 15 mm sheet of 6063 aluminum alloy was used in
the dimensions of 20 × 5 cm2. The chemical composi-
tion of AA6063 was as given in Table 1. The pin used
in the welding process was a kind of hot working steel
with the hardness of 48 C Rockwell. The pin shoulder
diameter, its length and diameter were 20, 8, and 8 mm,
respectively, which is presented in Fig. 1. The
annealed 6063 T6 aluminum alloy sheets were put in a
butt form after washing by acetone and welded from
both sides. This process was operated at three different
rotating speeds of 800, 1000, and 1200 turn per minute
(rpm) and a constant traverse speed of 50 mm/min;
the tilt angle of the pin was 3° towards vertical line;
after welding, some samples were prepared in dimen-
sions of 30 × 30 × 1.5 cm.

Hardness measurements were done by a diamond
lozenge-shape indenter with the load of 0.1 kg for 10 s
at cross sections of samples with distances of 1 mm
under reference standard of ASTM E384-11. After
preparation, some samples of the weld metal were
immersed in nitric acid for 20 s to remove the alumi-
num oxide layers formed on the surface of samples
before corrosion test. Electrochemical tests were per-
formed by a three-electrode cell including a calomel
reference electrode, a graphite auxiliary electrode, and
a working electrode, in a solution of sodium chloride
(3.5 wt %) with pH 6.5; the results of those tests were
analyzed by Power Suite software under the standard
of G102-89.

After immersion of the samples in the mentioned
NaCl solution for 30 minutes and reaching a stable
potential, the electrochemical impedance test was
performed at the open-circuit potential (OCP) in a
frequency range of 100 kHz to 10 MHz by using the
sinusoidal signal in the potential range of ±1 mV under
the standard of ASTM G106. The potentio-dynamic
cyclic polarization test was done under the standard of
ASTM G59-97. In this test, the primary potential of
‒0.25 and the final potential of ±1 were considered
LIED ELECTROCHEMISTRY  Vol. 56  No. 1  2020
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Fig. 2. Microscopic image of cross section of sample
welded at 800 rpm and 50 mm/min.

5 mm

(C)

(D)

(B) (A)
towards the OCP. The cyclic polarization curves were
plotted with a scan rate of 1 mV/s; density and equiva-
lent amounts considered were 2.81 and 9.58, respec-
tively.

For macro-etching of samples, a solution including
fluoride acid (5 mL), nitric acid (20 mL), hydrochlo-
ric acid (20 mL), and 60 mL of distilled water was used
for 20 s; a solution including sulfuric acid (2 mL),
nitric acid (5 mL), hydrochloric acid (3 mL), and
190 mL of distilled water was used for 30 s to micro-
etching of samples.

RESULTS AND DISCUSSION

Microstructure

Figure 2 shows the microscopic image of the cross sec-
tion of the sample welded at 800 rpm and 50 mm/min,
which is free of any defects during welding process
such as the tunnel, kiss link, etc. As in [13–15], the
cross sections of welded samples (weld metal) were
observed in oval and basin-shape. A higher rotating
speed to welding speed ratio (high rotating speeds and
low traverse speeds) causes the formation of a basin-
shape stir zone due to high input heat and more f luent
flowing of material around the surface which is in con-
tact with the shoulder. A low ratio of rotating speed to
welding speed causes stir zone to be in the shape of
lozenge because of low input heat.

Figures 3 and 4 present optical microscopy images
of B and C zones from Fig. 2; different welding condi-
tions lead to various microstructures as the grain size
of the weld metal. By increasing the tool rotating
SURFACE ENGINEERING AND APPLIED ELECTROCH

Fig. 3. Optical microscopy images of B zone from Fig. 2: (a) samp
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speed, the grains were grown and coarsened. If the
heat input decreases, then grain refinement will occur.
The heat input amount for FSW can be calculated by
equation (1) borrowed from [16]:

(1)

where η is the input heat efficiency, μ is the friction
coefficient, RS is the rotating speed (rpm), v is the tra-
versed speed (mm/min), P is the perpendicular pres-
sure (Pa), and r is the shoulder radius (mm). Accord-
ing to relation (1), decreasing the ratio of the rotating
speed to the traversed speed causes reduction of heat
input while by increasing this ratio, heat input will be
elevated.

Figure 5 presents the grain sizes and distribution of
inter-metallic particles of the weld metal of the sample
welded at 1000 rpm. As is seen there, the microstruc-
ture is fine and coaxial, which is due to dynamic
recrystallization occurred as a result of a temperature
increase and intense deformation at the welding area.
The energy dispersive X-ray spectroscopy results
showed two kinds of deposition particles at the micro
structure of samples in Figs. 5b, 5c, where the distinc-
tion of two kinds of particles is visible. Light vicinities
relate to the iron-rich particles and dark areas are the
silicon-rich particles.

Observations proved that the grain sizes of each of
the three samples have been reduced significantly; as
mentioned before, some factors such as dynamic
recrystallization and the presence of deposits cause
grain refinement; this is why these grains have very
small sizes comparing to those of the base metal
grains. An increase of the rotating speed that causes
enhancement of heat input makes it possible to trigger
the grains growth. The dominant parameter against
such factors as sediments and dynamic recrystalliza-
tion is the needed time the grains to grow. At higher
rotating speeds, the mentioned time increases too; so,
the sample welded at the rotating speed of 1000 rpm
was determined as having the optimized grain size. In
the case of the samples welded at a rotating speed of
800 rpm, the effective parameter on grain size was the
mixing and f lowing of the material inside the liquid

( ) 3
2 ημ Pr4
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3
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Fig. 4. Optical microscopy images of C zone from Fig. 2: (a) sample at 800 rpm; (b) sample at 1000 rpm; and (c) sample at 1200 rpm.
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Fig. 5. (a) SEM image of sample welded at 1000 rpm with magnification of 1500×; (b) EDS data on dark deposits; and (c) EDS
data on of light sediments.
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basin; because of inadequate heat between the tool

and the work piece compared to those of the sample

with the rotation speed of 1000 rpm, grains have

become coarsened [17, 18]. Therefore, the amount of

heat, optimized material f lowing and stirring (as a

result of rotation) in the liquid basin, play a significant

role in optimizing the metal properties.
SURFACE ENGINEERING AND APP
Hardness

According to Fig. 6, the hardest amount at the stir

zone occurred for the sample welded at the rotating

speed of 1000 rpm. The heat input amount of the sam-

ple welded at 800 rpm was not enough for recrystalli-

zation; with the sample welded at 1200 rpm, the grain
LIED ELECTROCHEMISTRY  Vol. 56  No. 1  2020
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Fig. 6. Hardness diagram of different samples cross sec-
tions at various processing conditions.

20

110

90

70

50

30

10

15 10 5 0 5 10 1520

Distance from centrline of stir zone, mm

1200 rpm
1000 rpm
800 rpm

V
ic

k
e
rs

 m
ic

ro
h

a
rd

n
e
ss

, 
H

V

Fig. 7. Polarization diagram of base metal at NaCl solution
(3.5%).
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growth has been improved; but for the sample welded
at the rotating speed of 1000 rpm, the proper heat
input amount caused recrystallization and prevented
grain growth and finally led to the hardness amount
drop [19, 20].

Polarization

Figures 7 and 8 present polarization diagrams of
the base metal, the weld metal and the HAZ with the
used NaCl solution; the related corrosion parameters
are given in Table 2.

Figure 7 shows that the alloy passivation did not
occur. At the anodic branch in a significant current
range, the amount of potential was almost constant
and did not change; however, at the cathodic branch,
the rate of potential changes was high. As seen in Table 2,
βa was much lower than βc. Also, the corrosion poten-

tial amount was –694.685, which is in agreement with
other investigations [21].

Corrosion current can be converted to corrosion
rate (mpy) by the following relation:
SURFACE ENGINEERING AND APPLIED ELECTROCH

Fig. 8. Polarization diagrams of weld metal in NaCl solution (3.5
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(2)

where M is the atomic mass in g/mole and n is the
metallic atom capacity. According to equation (3), the
amount of n should be considered as 3:

(3)

Corrosion current ((μA)/cm2) is obtained through a
polarization diagram. Also, D is the aluminum density

in g/cm2. The density amount of pure aluminum is

2.7 g/cm2. The surface area was 20 mm2 for all tested
samples, so, by substitution of the above data, equa-
tion (4) is obtained:

(4)

By presenting the relation of (4–3), corrosion rates
were calculated for all of the samples whose amounts
are given in Table 2.

Against most fusion welding methods, at FSW, the
corrosion properties of the weld metal do not decrease
compared to those of the base metal; as seen in Figs. 7

corrC.R 0.129 ,M ni D=

3 e
Al Al 3 .

+ −= +

corr corrC.R 0.129 27 3 2.7 0.43 .i i= × =
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Table 2. Resultant corrosion parameters extracted from polarization tests at chloride solution (3.5%)

Pin rotation 

speed, rpm

Corrosion 

potential, mV

Corrosion 

current, μA
βc, mV βa, mV

Corrosion rate,

mpy

Base metal – –694.6 1.55 × 103 607.3 8.861 0.322 × 103

Weld metal

800 –850.7 1.482 × 103 70.8 248.1 0.305 × 103

1000 –723.896 9.852 × 102 467.636 7.166 0.275 × 103

1200 –717.598 7.654 × 102 334.496 5.581 0.214 × 103

HAZ

800 –718.750 3.368 × 103 3.707 × 1016 22.493 0.408 × 103

1000 –698.19 4.917 × 103 504.141 9.116 0.492 × 103

1200 –705.876 5.350 × 103 628.986 12.626 0.565 × 103
and 8, the corrosion rate of the weld metal has been
lowered compared to that of the base metal. Lack of
complete melting at FSW prevents a sharp drop of
weld metal properties, but the heat input amount is
high enough to cause some changes in metallurgical
and mechanical properties of the work piece.

Because of the input heat applied to the weld metal
during FSW, the temperature of the metal would
increase and deposits will dissolve in the Al. Due to
the mechanical and stirring force of FSW, the resul-
tant micro structure will be finer, which can increase
the corrosion resistance of the weld metal. These
results are in good agreement with those published
elsewhere [21–23].

Via increasing the rotating speed at FSW, the heat
input amount would also increase and dynamic
recrystallization will occur. A higher heat input causes
grains and secondary particles growth in the micro-
structure in addition to dynamic recrystallization.
This is the reason of lower weld metal corrosion resis-
tance when the rotating speed increases for the sam-
ples in the polarization test. Meanwhile, an increase of
the pin rotating speed causes a shift toward more pos-
itive and anodic values of the corrosion potential in
SURFACE ENGINEERING AND APP

Fig. 9. Polarization diagrams of HAZ at NaCl solution (3.5%): (
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polarization diagrams. This matter can be a result of a
change in the secondary phase particles ratio in the
alloy microstructure. If the amount of the secondary
phase is lower in the alloy, then the cathodic reaction
amount would decrease during corrosion; so, the dia-
gram shifts to the amounts with a more negative
potential.

As shown in Fig. 9, the corrosion rate in the HAZ
is higher than that of the base metal and the weld
metal. It can be due to an increase of the grain size and
the deposition particles size of the secondary phase,
which intensifies galvanic corrosion. Thus, increasing
the pin rotating speed at FSW causes an increase of the
corrosion rate. The main cause of this matter is the
enhancement of heat input to the work piece, which, in
this case, enhances the heat input to the HAZ, which
cause more growth of secondary phase particles.

As seen in the polarization diagram of the HAZ for
the sample welded at the rotating speed of 800 rpm
(Fig. 9), a lower heat input amount caused by a slower
speed of rotating pin leads to a decrease of the corro-
sion rate compared to that of the base metal. In the
samples cut from the HAZ and welded at rotating
LIED ELECTROCHEMISTRY  Vol. 56  No. 1  2020

a) rotating speed 800 rpm, and (b) rotating speed 1200 rpm.
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Fig. 10. SEM images of HAZ related to sample with rotating speed 1000 rpm: (a) before corrosion, and (b) after corrosion.

(а) (b)
20 µm 10 µm
speeds of 1000 and 1200 rpm, an increase of the corro-
sion rates is quite significant.

SEM images of the HAZ related to the sample with
the rotating speed of 1000 rpm are in Fig. 10a—before
corrosion and Fig. 10b—after corrosion. Comparing
those figures, formation of vast cavities is easily visible
after the corrosion test. Therefore, a lower corrosion
resistance in the HAZ compared to that of the weld
metal is provable, as well.

Electrochemical Impedance

The equivalent circuit used in electrochemical
impedance tests is shown in Fig. 11, as obtained by
using the z-sim software. The equivalent circuit con-
sists of two electrical resistances: one of them—in
series and the other one—in parallel, with a specified
constant time.

Q element in the circuit relates to a capacitor. A
double electrical layer has a resistance and a capacitor.
Capacitors usually do not act uniformly at electro-
chemical impedance spectroscopy tests and behave as
SURFACE ENGINEERING AND APPLIED ELECTROCH

Fig. 11. Electrical equivalent circuit for Al sample at NaCl
solution (3.5%).

Q

constant phase capacitors instead. Some theories were
suggested to describe the non-ideal behavior of a dou-
ble electrical layer, but none of them were accepted,
completely. For instance, changes in the surface chemi-
cal composition and a non-uniform surface composition
or surface roughness are efficient in this case.

The electrochemical impedance parameters
obtained from the diagram in the Fig. 12 are given in
Table 3. The value of n in Table 3 is an ideale amount
of capacitor behavior for impedance samples.

As seen, by increasing the pin rotating speed in
FSW, the RP amount in the weld metal (Fig. 13)

decreased. So, it can be concluded that the corrosion
resistance amount decreases by increasing the pin
rotating speed. Figure 14 shows the Nyquist diagram
for the haz area at speeds of 800 and 1200 rpm. Also,
the corrosion rate in the HAZ was higher than that of
the weld metal. This can be because of the growth of
grain and of the size of secondary phase deposition
particles, which causes more galvanic corrosion.
EMISTRY  Vol. 56  No. 1  2020

Fig. 12. Nyquist diagram of base metal at NaCl solution
(3.5%).
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Fig. 13. Nyquist diagrams of weld metal at NaCl (3.5%): (a)
rotating speed 800 rpm, and (b) rotating speed 1200 rpm.
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Fig. 14. Nyquist diagrams of HAZ at NaCl solution
(3.5%): (a) rotating speed 800 rpm, and (b) rotating speed
1200 rpm.
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Thus, increasing of the pin rotating speed at FSW

causes an increase in the corrosion rate. The main

cause of this matter is the enhancement of the input

heat to the work piece, which, in this case, will cause

more intensive growth of secondary phase particles.
SURFACE ENGINEERING AND APP

Table 3. Resultant electrochemical impedance parameters
for weld metal at NaCl solution (3.5%)

Pin rotating 

speed, rpm
RS R Q n

– 24.21 10690 1.88E-06 0.93

800 12.28 20330 8.15E-06 0.8

1000 33.61 18340 1.06E-05 0.8

1200 8.593 12490 1.22E-05 0.8

800 7 10670 1.80E-05 0.8

1000 11.11 10170 7.55E-06 0.94

1200 17.95 1564 7.81E-06 0.8
CONCLUSIONS

From the present research, it can be concluded
that:

(1) An increase of the pin rotating speed that causes
the enhancement of heat input thus creating an oppor-
tunity for grains growth. The needed time for that
growth is the dominant parameter against such factors
as sediments and dynamic recrystallization. At higher
rotating speeds, the mentioned time increased too; so,
in the challenge of these parameters, the sample
welded at the rotating speed of 1000 rpm was deter-
mined as having the optimized grain size.

(2) In the samples welded at the rotating speed of
800 rpm, the effective parameter on the grain size was
the stirring and f lowing of the material inside the liq-
uid basin. Because of inadequate heat between the tool
and the work piece compared to the sample with the
rotation speed of 1000 rpm, grains have coarsened.
Therefore, the amount of optimized heat input for
material f lowing and stirring (as a result of rotation) in
the liquid basin plays a significant role in optimizing
the metal properties.

(3) The hardest amount at stir zone was for the
sample welded at the rotating speed of 1000 rpm. The
reason relates to the optimized input heat during weld-
ing and dynamic recrystallization; so, the grain size
LIED ELECTROCHEMISTRY  Vol. 56  No. 1  2020
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would decrease compared to that of the samples

welded at rotating speeds of 800 and 1200 rpm.

(4) The polarization diagram of the weld metal for

the sample welded at the rotating speed of 800 rpm,

differs from the polarization diagram of the base

metal. First, at the anodic branch in a potential range

of 100 mV, the behavior is like a passive state, then, the

sample behavior becomes similar to that of the base

metal. This passivation behavior occurred only at the

samples welded at the rotating speed of 800 rpm; the

polarization diagram of the samples welded at rotating

speeds of 1000 and 1200 rpm had no such an area.

(5) For the sample welded at the rotating speed of

800 rpm, the passive layer formed slowly due to

decreasing the presence of the cathodic area, which

occurred because of inter-metallic particles dissolv-

ing; so, the localized amount of pH would be reduced.

During recrystallization of the welded area, the depos-

its will be formed again. A low amount of heat input

causes the refining of formed deposits hence, the gal-

vanic corrosion rate will be decreased.

(6) An increase of the pin rotating speed caused an

increase of the corrosion rate in the HAZ; the second-

ary phase particles growth was identified due to a heat

input increase.

(7) The polarization diagram of the HAZ for the

sample welded at the rotating speed of 800 rpm

showed a lower heat input amount caused by a lower

speed of the rotating pin, which leads to a decrease of

the corrosion rate amount compared to that of the

base metal. While, for the samples cut from the HAZ

and welded at rotating speeds of 1000 and 1200 rpm,

an increase of the corrosion rate is more significant.

(8) Corrosion amounts of each of the three samples

with different rotating speeds relates to the HAZ are

almost constant and did not changed so much because

recrystallization does not occur at this area.

(9) EIS results indicated that increasing the pin

rotating speed at FSW causes reduction of RP amount

at the Nyquist diagram and corrosion resistance.

(10) The Nyquist diagram of the samples welded at

the rotating speed of 800 rpm in the HAZ showed that the

corrosion rate increase is lower than that of the base metal

due to a lower amount of heat input and a lower speed of

the rotating pin. Meanwhile, for the samples welded at

rotating speeds of 1000 and 1200 rpm, an increase of the

corrosion rate is significant in the HAZ area.
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