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ABSTRACT

Metallurgical structure, mechanical properties and electrochemical behavior of

dissimilar friction stir welding (FSW) between structural AA5083 and AA1050

alloys were investigated in this study. Optical microscopy and field emission

scanning electron microscopy observations showed that the nugget zone (NZ)

possesses equiaxed recrystallized grains of the two alloys with a flowing shape.

Energy-dispersive spectroscopy analysis revealed that NZ is mainly composed

of the advancing side alloy. The ultimate tensile and yield strengths of the

dissimilar FSW joint were higher than those of AA1050 and lower than those of

AA5083. Consequently, fracture occurred on AA1050 side during the tensile

tests. The potentiodynamic polarization (PDP) results revealed that the passive

current density of the FSW joint was in between that of AA1050 and AA5083. A

modified Randles equivalent circuit was used to simulate the obtained experi-

mental data of electrochemical impedance spectroscopy measurements. The

acquired impedance parameters were in good agreement with the PDP

measurements.

Introduction

Joining dissimilar materials is often an essential part

of manufacturing industries where complex loading

conditions exist. This need demands the availability

of comprehensive joining methods of dissimilar

materials in order to design lightweight and high-

performance complex structures. Aluminum alloys

have been widely used in engineering structures

owing to their high electric and heat conductivities,

corrosion resistance and mechanical properties. For

these reasons, they have been extensively employed

in aerospace, automotive and marine applications.
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This family of alloys has low weldability with con-

ventional fusion welding techniques [1–3].

Friction stir welding (FSW) dates back to 1991,

when The Welding Institute (TWI) located in Cam-

bridge, UK, introduced this novel solid-state joining

technique for the first time [4, 5]. This technique

involves a non-consumable cylindrical tool harnessed

with a specially designed pin and shoulder, rotating

at a very high speed and plunging into adjacent

edges of the metal pieces, in which a suitable weld

joint forms between the work pieces. In this process,

the welding starts with bringing the work pieces into

contact and proceeds with the frictional heating of the

rotating tool that is pressed at their interface, trans-

forming the interfacial region into a plasticized state.

During the translation of the tool along the joint line,

the tool stirs and forges the material from its front

face to its trailing face where it finally cools down

and turns into a solid-state weld. During this solid-

state welding process, problems such as liquation

cracking, porosity formation and distortion common

in other welding processes are not expected. Since the

process does not require any filler metal in contrast to

fusion welding, the compatibility of composition

between the filler metal and parent materials is not a

challenge in FSW processes [6, 7].

Generally, four distinct zones appear in FSW-pro-

cessed aluminum alloys and each of them has certain

characteristics: (1) the thermomechanically affected

zone (TMAZ), (2) the heat-affected zone (HAZ), (3)

the stir zone (SZ) and (4) the base material (BM).

TMAZ is created by plastic deformation of parent

materials during the welding process, and HAZ owes

its formation to weld thermal cycle. On the other

hand, SZ formation is due to recrystallization caused

by severe plastic deformation, and BM is where the

material is not affected by welding at all. TMAZ has a

partially recrystallized fine-grained microstructure

that owes it formation to the concurrency of extre-

mely high plastic deformation and elevated temper-

atures. This region is commonly called the nugget

zone (NZ) [8–10]. Hence, aluminum alloys experience

significant microstructural evolution during FSW

processes. Subsequently, these processes will have

significant impacts on the microstructure, mechanical

properties and electrochemical behavior.

There seems to exist some contradictions in

studying the effect of FSW parameters on different

properties of resulted joints for various alloys. Thus,

optimization of the process parameters is of

paramount importance to obtain suitable FSW joints.

In a study conducted on 2219Al-T651 alloy, Babu and

colleagues found that inferior mechanical properties

are to be expected from the FSW process when it

involves high rotation rates or low welding speeds

[11]. On the contrary, Zhang et al. reported that FSW

of the same alloy at high welding speeds enhanced

the tensile strength and it was less dependent on the

rotation rate [12]. Moreover, Liu et al. [13] and Zhou

et al. [14, 15] studied the effects of FSW on Ti–6Al–4V

plates and found that the SZ microstructure exhibited

a mixture of the equiaxed grains and lamellar struc-

ture. Both groups pointed out that lowering the heat

input gave rise to improved mechanical properties. In

addition, the microstructural evolution and electro-

chemical corrosion behavior of dissimilar FSW joints

between AA5083 and AA6082 were comparatively

investigated by Shen et al. [16]. They concluded that

the corrosion resistance of SZ was superior to those

observed in the parent alloys at any given welding

condition. On the other hand, Park et al. studied the

evolution of mechanical properties in a localized

fashion after joining AA5052-H32 and AA6061-T6

alloys via FSW [17]. They showed that positioning the

softer AA5052-H32 on the advancing side eventuated

in an advancing side that had low hardness values

and the same side underwent tensile fracture.

However, to study and understand the electro-

chemical behavior of dissimilar FSW joint, it is crucial

to analyze its microstructure within the various

affected regions. Although pure Al oxide film is

expected to be stable within the pH range of about

4–8, little is known about corrosion and passive

behavior of FSW-processed aluminum alloys in

alkaline media. The present research work, to the best

of our knowledge, is the first of its kind that discusses

how FSW influences microstructural evolution,

mechanical properties and electrochemical behavior

of dissimilar AA5083 and AA1050 alloy joints in

borate buffer solutions of different pH values (7.0, 8.2

and 8.9).

Experimental procedure

Materials and FSW process

In this work, 5-mm-thick plates of AA1050 and

AA5083 with a surface area of 120 mm by 60 mm

were used. The nominal chemical compositions of
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these alloys are given in Table 1. The FSW process

was carried out using a TOS FGU 32 milling machine,

where the stronger AA5083 was positioned on the

advancing side (AS) and AA1050 alloy on the

retreating side (RS). This configuration was adopted

to obtain a stronger joint (Fig. 1). The stir welding

tool had a pin with 6 mm diameter and 5.7 mm

length accompanied by a shoulder of 18 mm diame-

ter. As for the processing parameters, tool rotation

speed and welding speed were maintained at

1000 rpm and 40 mm/min, respectively.

Microstructural evaluation

Microstructural evaluations were performed by an

optical microscope (OM) and a field emission scan-

ning electron microscope (FESEM, VEGA\\-

TESCAN) equipped with an energy-dispersive

spectroscopy (EDS). The studied surfaces were on the

weld cross sections and perpendicular to the welding

direction. The preparation of samples was followed

by grinding and polishing according to common

metallographic procedures to obtain mirror surfaces.

They were eventually etched in a solution of 10 ml

perchloric acid and 90 ml alcohol for 8 s. AA1050 and

AA5083 parent materials were electrochemically

etched in a 2% fluoroborate solution and an elec-

trolyte composed of mixed acids (1 ml HF: 1.5 ml

HCl: 2.5 ml HNO3: 95 ml H2O), respectively.

Mechanical properties

Vickers microhardness measurements were taken on

the cross sections of the welds along a line at the half

thickness of plates using a programmable Buehler

hardness tester applying 100 g force for 10 s. The

specimens for transverse tensile tests with a gage

length of 25 ± 0.1 mm and a gage width of

6 ± 0.1 mm were machined perpendicular to the

FSW direction according to the ASTM: E8 M. The

tensile tests were carried out at the ambient temper-

ature and a strain rate of 1.67 9 10-4 s-1 using a

SANTAM STM-50 tensile testing instrument. These

tests were repeated three times at any given FSW

condition. The fracture surfaces of the tensile speci-

mens were also studied by FESEM.

Electrochemical measurements

A lAutolab Type III/FRA2 system was used for the

electrochemical impedance spectroscopy (EIS) and

the potentiodynamic polarization to investigate the

passive behavior of the FSW-processed specimens.

Table 1 Chemical composition (wt%) of used AA1050 and AA5083 plates

Fe Si Cu Ti Zn Ni Al

AA1050

0.352 0.027 0.020 0.020 0.016 \ 0.005 Rest

Cu Mg Si Fe Mn Zn Ti Cr Al

AA5083

0.062 4.510 0.219 0.400 0.400 0.060 0.043 0.107 Rest

Figure 1 Picture of dissimilar friction-stir-welded joint.
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The sample preparation procedures for these analy-

ses include grinding the sample surfaces to 5000 grit

and washing by deionized water. The electrochemical

measurement cell was a standard three-electrode

Figure 2 Optical micrograph

of cross sections perpendicular

to the tool traverse direction of

the dissimilar FSW joint.

Figure 3 Optical micrographs of welding regions AA1050 side (a–c) and AA5083 side (d–f).
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setup with the samples acquired from different weld

regions as the working electrode (AA1050, SZ and

AA5083 regions), an Ag/AgCl saturated in KCl as

the reference electrode and a Pt plate as the counter

electrode. The measurements were taken at room

temperature in borate buffer solutions of different pH

values (7.0, 8.2 and 8.9). The polarization curves were

obtained in a potential range starting from - 250 mV

with respect to the open circuit potential (OCP) and

ending at ? 1000 mV with respect to the reference

electrode using a scan rate of 1 mV/s. Prior to these

measurements, OCP was monitored for 2 h and the

system was allowed to reach a steady-state condition.

An AC perturbation of ± 10 mV and a frequency

range of 100 kHz to 10 mHz were considered for the

execution of EIS tests. The EIS data were fitted and an

equivalent circuit (EC) was proposed using NOVA

impedance software. The reproducibility of

electrochemical analysis was also confirmed by

repeating each test at least four times.

Results and discussion

Microstructural observations

The macrostructure of the FSW-processed joint is

shown in Fig. 2. Also, the microstructures of different

zones on the joint are shown in Fig. 3. The advancing

(AS) and retreating (RS) sides are on the left and right

sides of the weld, respectively. The absence of

macroscopic defects such as voids, cracks or discon-

tinuities in SZ means that FSW was successful in

joining these dissimilar alloys. In addition, a basin-

shaped SZ is evident at the center of the FSW joint,

which is extended from the bottom to the top surface

of the sheet because of the friction induced between

Figure 4 a SEM micrograph

and EDS analysis of dissimilar

FSW joint and b higher

magnification of selected area.
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the shoulder and the top surface of the base metals

during the process. Similar SZ morphologies have

been reported in earlier studies conducted on the

FSW of aluminum and its alloys [18–20].

One can easily notice the patent transitions

between the base metals and the nugget on both

AA1050 and AA5083 alloy sides, as shown in

Figs. 3b, e. On AA1050 side (RS, Fig. 3b), a combi-

nation of elongated deformed and recrystallized

grains can be recognized in the HAZ. In a similar

manner, the identification of HAZ can be realized by

noticing how grain sizes and shapes alter between the

nugget and base metal on the AA5083 side (AS,

Fig. 3e). The nugget zone shows a very fine recrys-

tallized microstructure on its both sides, considering

Fig. 3c, d. Moreover, the finer microstructure of

AA5083 in the nugget zone compared to AA1050

helps the discrimination of interfacial regions. In fact,

such a grain size variation was ascribed to a type of

material response that resembles hot deformation

conditions and particularly restoration mechanisms

[23, 24].

FESEM imaging and EDS analysis of dissimilar

FSW joint were taken (Fig. 4) to shed light on the

distribution of second-phase particles in the base

metal (AA5083) and the nugget zone. Second-phase

particles present in the nugget zone are of much

smaller average sizes when compared to that of the

base metal. This has been attributed to the break-

down of initial second-phase particles by the action

of threaded pin during the FSW processes [25].

Mechanical characterization

Hardness values were measured along the line at the

center part of the cross section to establish the hard-

ness profile shown in Fig. 5. Evidently, the dissimilar

nature of joint has led to two distinct hardness pro-

files in the retreating (AA1050) and advancing

(AA5083) sides. According to this Fig. 5, the hardness

values of AA5083 TMAZ decrease sharply moving

toward SZ and the average hardness of SZ is around

50 HV, which is lower than that of AA5083 base

metal. Coexistence of fine and coarse second-phase

particles in the aluminum matrix may be another

Figure 5 Microhardness

distribution of dissimilar FSW

cross section performed at the

midthickness.
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factor that contributes to the fluctuation of hardness

profile in SZ. In addition, the hardness values of

AA1050 TMAZ decrease slightly toward AA1050

base metal. The somewhat low hardness values of

this region may have originated from the dissolution

and coarsening of grains in the aluminum

microstructure or the lower dislocation density of this

region that arose from the inherent thermomechani-

cal nature of FSW [26, 27].

Furthermore, the lowest values of hardness in

hardness profile belong to the region approximately

7–9 mm from the SZ center line at the AA1050 side or

retreating side (AA1050 HAZ area). These low values

can be due to the dissolution of second-phase parti-

cles and existence of somewhat larger grains. On the

other hand, the relatively smaller hardness reduction

of AA5083 HAZ area reveals that microstructural and

metallurgical changes were less likely to happen in

this region because such changes require higher

temperatures [18, 21, 22]. It is also worth mentioning

that in AA5083, top area is of higher hardness values

when compared to the middle and bottom areas,

which can be explained by the work hardening of

AA5083 alloy. The tensile curves of base metals and

FSW joint are all represented in Fig. 6, and the

obtained mechanical properties are reported in

Table 2. The ultimate tensile strength (UTS) and yield

strength (YS) of the FSW joint sample are higher than

Figure 6 The typical tensile

behavior of the base metals

and dissimilar FSW joint at

room temperature under strain

rate of 1.67 9 10 -4 s -1.

Table 2 Room temperature tensile properties of the base metals

and dissimilar FSW joint in the cross-weld direction (three spec-

imens were performed in each condition)

Sample YS (MPa) UTS (MPa) Elongation (%)

AA5083 235 380 26.5

AA1050 118 132 11.2

FSW joint 135 178 17

Figure 7 The macro-graph of

fractured dissimilar FSW joint

sample.
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those of the AA1050 base metal, yet lower than those

of AA5083 base metal. Welding efficiency defined as

the ratio of the strengths of welded region to base

material can be calculated by UTS values [11, 14].

Since AA1050 alloy has the lower strength, its UTS

value was used for this calculation and welding

efficiency was found to be * 135%. The occurrence

of fracture in the AA1050 side of the dissimilar FSW

joint (Fig. 7) is in good agreement with the location of

minimum hardness (Fig. 5). Here, the best-case sce-

nario is that the fracture must be seen either at the

weaker parent metal (AA1050) or at the HAZ adja-

cent to AA1050 side, considering its lower strength

compared to SZ. This state can be ensured by a weld

region that is almost defect-free or when the stress

concentration caused by defects could not surpass the

strength of SZ [6, 8]. The fracture surfaces of tensile

specimens were examined by FESEM in order to gain

more insight on the mode of fracture. Figure 8 shows

the fracture surfaces of the base metals (AA1050 and

AA5083) and the dissimilar FSW joint. One can easily

notice that various dimples cover all of these fracture

surfaces, attesting to their ductile nature [28, 29].

Although the fracture surface of dissimilar FSW joint

is covered by mostly fine shallow dimples, a rela-

tively low portion of this surface shows sporadic

small particles detectable in some large dimples and

tearing edges. While the fracture surfaces of base

Figure 8 SEM fractographs of a AA1050 base metal, b AA5083 base metal and c dissimilar FSW joint.
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metals are covered with inhomogeneous dimples

containing larger second-phase particles, the fracture

surface of joint exhibits finer second-phase particles.

Electrochemical behavior

The results of potentiodynamic polarization (PDP)

acquired from the three regions of AA1050, SZ in

FSW joint and AA5083 in the aforementioned borate

buffer solutions are shown in Fig. 9. As can be seen,

all of them exhibit a typical passive behavior.

According to Fig. 9, all three regions have compara-

ble corrosion potentials at each pH level. More

importantly, SZ possesses a passive current density

that is between those of AA1050 and AA5083 parent

alloys. In addition, the main electrochemical param-

eters that can be drawn from PDP measurements are

given in Table 3. As can be seen, the corrosion cur-

rent density of FSW joint is between those of parent

materials at all pH levels considered in this study.

Although the same trend can be seen for corrosion

potentials at pH 7.0 and 8.9, the corrosion potential of

FSW joint is lower than those of parent materials at

pH 8.1. This means that the passive layer on FSW

joint might be slightly weaker at this particular pH

level. The passivation behavior of SZ may be

explained by the grain refinement of FSW process. In

fact, the materials experience severe plastic defor-

mation, which eventually leads to the development of

fine and equiaxed recrystallized grains. In line with

that, it has been reported that grain refinement of Al/

B4C/SiC hybrid composite occurs with increasing the

number of accumulative roll bonding (ARB) cycles,

which consequently leads to the formation of strong

passive films [30]. In addition, Abdulstaar et al. [31]

found that ultra-fine-grained (UFG) AA1050 that was

obtained from the severe plastic deformation induced

by rotary swaging exhibited a higher corrosion

resistance compared to its coarse-grained (CG)

counterpart. They reported that the high density of

grain boundaries and dislocations gave rise to the

easier formation of passive films in UFG AA1050,

which was further explained by the role of internal

residual stresses in making the passive film more

stable and integral compared to its CG counterpart

[30, 31].
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Figure 9 Potentiodynamic polarization curves for different

regions in the studied solutions at a pH = 7; b pH = 8.1; and

c pH = 8.9 after 2 h of immersion.

Table 3 Estimated corrosion current densities and corrosion

potentials based on potentiodynamic polarization measurements

pH Sample icorr/lA cm-2 Ecorr/VAg/AgCl

7.0 AA1050 0.17 - 0.334

FSW joint 0.15 - 0.349

AA5083 0.12 - 0.352

8.1 AA1050 0.19 - 0.254

FSW joint 0.16 - 0.557

AA5083 0.14 - 0.242

8.9 AA1050 0.25 - 0.365

FSW joint 0.19 - 0.351

AA5083 0.16 - 0.381
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Figure 10 Kramers–Kronig

transformations of the

impedance diagrams obtained

for FSW joint region in the

studied solutions at a pH = 7;

b pH = 8.1; and c pH = 8.9

after 2 h of immersion.
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It was also reported that phenomena such as the

formation of various grain microstructures and

dynamic recrystallization of grains occurring during

the heat treatment and FSW of 5xxx alloy series led to

their different corrosion susceptibilities in sub-re-

gions of the jointed zone [32, 33]. Hariri et al. [33]

investigated the influence of FSW parameters on

passivation properties of AA5052. They reported that
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Figure 11 Nyquist (left) and Bode plots (right) of different regions after 2 h of immersion in borate buffer solutions. a pH = 7;

b pH = 8.1; and c pH = 8.9.
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under optimum welding conditions, passivation

behavior of the FSW-processed alloy improves. They

have claimed that the fine-grained structure of SZ in

these FSW-processed aluminum alloys facilitates the

nucleation and growth of passive films. EIS was also

employed to investigate the relative stability of the

passive films formed on the surfaces of parent alloys

and SZ in the above-mentioned borate buffer solu-

tions. EIS measurements were recorded after 2 h of

passive film formation at OCP.

It would be advisable to check whether raw EIS

data are reliable and free from unwanted errors. To

this end, the linear system theory (LST) has set cer-

tain constraints (i.e., causality, linearity and stability)

that must be met by the electrochemical system under

investigation [34]. Kramers–Kronig (K–K) transfor-

mations have been successfully used for such pur-

poses, in which one transforms the real axis into the

imaginary axis and vice versa and finally compares

the transformed quantities with its respective exper-

imental data [35]. As an example, Fig. 10 shows such

comparisons between the obtained experimental data

of SZ and its corresponding K–K transforms in test

solutions. Similar comparisons were made for other

regions as well (not shown here), and the reliability of

all experimental data was ensured.

Figure 11 shows the impedance spectra obtained in

different test solutions, presented in both Nyquist

and Bode magnitude/phase plots. As can be seen in

Fig. 11, only one time constant is needed to describe

each of these impedance spectra. Moreover, all three

regions show similar passivation mechanism. Since

the ideal case would be to have phase angle values

that approach 90�, a deviation from the ideal capac-

itive behavior is expected to exist in each of these

responses. Accordingly, use of a constant phase ele-

ment (CPE) seems necessary to justify this deviation

from ideality. Various factors such as surface

heterogeneity and roughness, impurities, disloca-

tions, grain boundaries, adsorption of species and the

formation of porous layers are thought to be

responsible for these deviations [35]. In theory, the

impedance of CPEs can be expressed as what follows

[34]:

ZCPE ¼ 1

QðjxÞa ð1Þ

where Q, x, j and a are the CPE constant, the angular

frequency in rad/s, the imaginary number (j2 = 1)

and the CPE exponent, respectively. Here, the value

of a determines what can be represented by a CPE: a

resistance (a = 0, Z0 = R), a capacitance (a = 1, Z0-

= C) or a Warburg impedance (a = 0.5, Z0 = W).

For all fitting purposes, the EC shown in Fig. 12

would be appropriately used, where RS and RP rep-

resent solution resistance and passive film resistance,

respectively. Furthermore, the passive film capaci-

tance (CP) can be extracted by knowing the CPE

constant, CPE exponent and polarization or passive

film resistance, such as given below [16, 36, 37]:

Cp ¼ ðQÞ
1
a R

ð1�aÞ
a

p

� �
ð2Þ

Figure 12 Equivalent circuit (EC) used for the modeling of

experimental EIS data.

Table 4 Electrical parameters

obtained by fitting the

experimental results of EIS for

different samples after passive

film formation in different pH

values

pH Sample RP/kX cm2 (Q/10-6)/X-1 cm-2 Sn n Cp/lF cm-2 Rs/kX cm2

7.0 AA1050 56.192 33.125 0.757 46.664 1.068

FSW joint 69.760 13.375 0.803 14.671 1.011

AA5083 104.320 9.9530 0.891 10.560 0.921

8.1 AA1050 46.336 47.9687 0.733 29.470 0.220

FSW joint 79.361 26.875 0.782 14.367 0.276

AA5083 95.361 11.000 0.889 7.985 0.226

8.9 AA1050 27.520 30.468 0.841 64.166 0.288

FSW joint 48.0642 15.109 0.864 33.193 0.230

AA5083 78.083 8.281 0.923 11.065 0.205
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Table 4 lists all of these equivalent electrical param-

eters for the three regions of interest at each pH level.

As can be seen, both the passivation resistance and

capacitance of SZ are between those obtained for

parent alloys. It is important to notice that EIS results

corroborate the PDP results discussed above. Overall,

FSW leads to a joint region that is not necessarily

superior to its parent alloys, but rather exhibiting

middling properties with regard to either mechanical

or electrochemical aspects.

Conclusions

Metallurgical structure, mechanical properties and

electrochemical behavior of dissimilar FSW joints

between AA5083 and AA1050 alloys were thoroughly

investigated. In what follows, it is attempted to

summarize the main findings of this research briefly:

1. FSW led to substantial microstructural evolution,

which was followed by the appearance of four

distinct zones of different characteristics, namely

nugget zone (NZ), thermomechanically affected

zone (TMAZ), heat-affected zone (HAZ) and base

metals (BM).

2. Joining of AA5083 and AA1050 alloys by FSW

resulted in a weld nugget zone that mostly

contains fine and equiaxed grains.

3. The fracture of studied dissimilar FSW joint took

place in its weaker AA1050 side, which accorded

well with the lowest seen hardness values on

microhardness plot. The tensile strength of the

FSW joint (178 MPa) was found to be much

higher than that of AA1050 base metal (132 MPa),

yet lower than that of AA5083 base metal

(380 MPa).

4. Both PDP and EIS result indicated that the

studied dissimilar FSW joint leads to a region

that has an average passivation behavior between

those of AA1050 and AA5083 parent alloys.
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