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Abstract− In this investigation, rolled plates of AZ31 Mg alloy were successfully friction-stir welded. It was found that 
the process leads to the microstructural refinement in the NZ due to the dynamic recrystallization with a global 
microstructural heterogeneity through the weld. The maximum microhardness values were attributed to the finest 
microstructure. The obtained results revealed that the cathodic behavior of the grain boundaries improves the corrosion 
resistance of the NZ. Thus, the corrosion resistance enhancement was ascribed to the most homogeneous microstructure 
and the finest grains. 
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NOMENCLATURE 

 

I. INTRODUCTION 

Owing to the exceptional features of lightness, specific 
resistance, and damping capacity, magnesium and its alloys are 
extensively employed throughout the automotive [1] and 
aerospace [2]. Even so, the conventional welding processes 
involving fusion reveal the poor weldability of Mg alloys with 
defects such as hot cracks, porosity and high residual stresses 
[3]. To ameliorate joint efficiency, FSW can effectively 
alternate the conventional welding processes and become a 
more efficient joining process [4],[5]. Further, numerous 
studies have been carried out on the microstructure, 
crystallographic texture, and mechanical properties of the 
AZ31 FSW joint [6]–[8]. The FSW microstructures are 
characterized by recrystallized fine grain, tiny second phases 
with uniform distribution, and dominance of the basal texture 

 in the NZ [9], [10] [11]. This characterized microstructure 
contributes to the enhancement of the ultimate tensile strength, 
and microhardness, and decreases the residual stress level [8]. 
Besides, numerous papers reported that grain refinement of the 
FSW AZ31 joint significantly improves its corrosion resistance 
[12] whereas others denied the effect of grain boundary [13] 
and attributed the corrosion resistance to the cathodic Al-Mn 
IMCs [13], [14]. Thus, this study aims to examine the 
microstructure in the area that has undergone the most 
significant evolution NZ and TMAZ compared to the BM. The 
purpose of this investigation is to characterize the 
microstructural evolution and related electrochemical behavior 
in the BM, TMAZ, and NZ zones which experienced crucial 
microstructural changes in a friction stir welded joint of AZ31 
magnesium alloy.  

II.  MATERIALS AND EXPERIMENTAL PROCEDURES   

The material used in this study is an 8 mm thick rolled plate of 
AZ31 Mg alloy with a nominal chemical composition (Mg - 
2.9Al - 0.87Zn - 0.37Mn). The plates were prepared in the 
desired dimensions (200 x 100) mm 2 and friction stir welded 
at a rotational speed of 950 rpm and a welding speed of 43 
mm/min, as described previously [15].  
The joint has been cut perpendicularly to the welding direction. 
Microstructure observation was realized on a transversal cross-
section. The samples underwent a metallographic preparation 
consisting of mechanical polishing followed by a finishing 
polishing by a diamond suspension and eventually etched with 
Picral reagent (4.2 g picric acid, 10 ml acetic acid, 70 ml ethanol 
and 10 ml distilled water). The microstructures of the BM, 
TMAZ, and NZ were observed using (Nikon Elipse LV100ND) 
optical microscope and a (ZEISS – GEMINI 300) scanning 
electron microscope.   
The micro hardness test was performed on the Vickers hardness 
tester (Buehler Wilson 3500) with an applied load of 100 g 
force and a dwell time of 20 s. The micro hardness profile was 
taken at the mid-thickness of a transversal cross-section; the 
distance between every two points is 1 mm.  
Electrochemical measurements were performed in an 
electrochemical cell with three electrodes: working electrodes 
(BM, TMAZ, and NZ with an exposure area of 0.25 cm2), an 
auxiliary electrode (platinum grid) and a reference electrode 
(SCE Ag/AgCl), connected to AMETEK-PARSTAT 3000 
potentiostat, the data were collected and managed using 
VersaStudio software. The working electrodes were immersed 

FSW Friction stir welding. 
NZ Nugget zone. 
BM BM. 
HAZ Heat-affected zone. 
TMAZ Thermomechanically affected zone. 
IMC 
OCP 
PDP   
EIS 

Intermetallic compound. 
Open circuit potential 
Potentiodynamic polarization 
Electrochemical impedance spectroscopy  
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in a 3.5 wt% NaCl solution at room temperature for 1 h to reach 
the open circuit potential (OCP). Electrochemical impedance 
spectroscopy (EIS) measurements were carried out in the 
frequency range from 20 kHz to 0.01 Hz and Potentiodynamic 
polarization (PDP) was conducted in the potential range of -250 
mV to +250 mV approximately the OCP with a scan rate of 
0167 mV.s-1.  

III. RESULTS 

Fig. 1.a shows a typical macrographic view of the AZ31 FSW 
joint from a transversal cross-section. Morphological 
characterization by optical microscope revealed the 
distinction of three zones, in addition to the BM, across the 
joint namely: NZ, TMAZ and HAZ depicted in the center area 
of the joint, the width of the NZ was approximately 7 mm. 
Furthermore, the extent of TMAZ on the retreating side (RS) 
is slightly greater than that on the advancing side (AS) due to 
the strain accumulated in RS during friction stir welding [16].  
To estimate the maximum temperature calculated during 
FSW, the following empirical law can be used [10]:  
 

          (1) 

  

Where: Tm: melting temperature of the AZ31 alloy (610°C), 
T: maximum temperature reached during FSW in the NZ, W: 
rotation speed, V: welding speed, K and α: constants can be 
considered 0.0442 and 0.8052 respectively.   
The above equation indicates that rotational speed and 
welding speed are the main contributors to heat generation 
during the FSW process. Thus, the temperature might reach 
high values (about 500°C) in the NZ.  
Fig. 1-b displays a twinned microstructure of the BM, it 
consists both of relatively coarse and fine equiaxed grains 
with an average grain size of 10 µm. Fig. 1-c represents the 
microstructure of the NZ, it is characterized by fine equiaxed 
grains with an average grain size of 6.4 μm. The nugget zone 
has undergone a grain refinement as was expected [8] due to 
the dynamic recrystallization, under the combined effects of 
the excessive heat input and the severe plastic deformation. 
The TMAZ, shown in Fig. 1-d, contains both coarse grains 
elongated in the stirring direction (i.e. material flow), and 
some newly recrystallized grains were found at the grain 
boundary because of moderate plastic deformation at a 
relatively low temperature that this zone has experienced 
partially. This result is in good accordance with the analysis 
of the available literature [11]. The average grain size of the 
TMAZ is about 13 µm. Fig. 1.e represents the microstructure 
of HAZ. It is characterized by its similarity to the BM with a 
moderate presence of the IMCs, the twins have been removed 
because of the elevated temperature in this zone.  
Fig. 2 represents the SEM image of the BM, NZ, TMAZ, and 
HAZ respectively. According to the Energy-dispersive 
Spectroscopy (EDS) analysis, these particles correspond to 
Al8Mn5 intermetallic compounds with an average atomic ratio  
(Al at. % /Mn at. %) of 1.91, 1.6, 1.65, and 1.65 for BM, NZ, 
TMAZ, and HAZ respectively. During the FSW, these IMCs 
are fragmented and randomly distributed along the grain 
boundaries in polygonal shapes with an average particle size 
is about 2-4 µm. The elemental composition of Al8Mn5 is not 
affected by the temperature achieved during FSW due to its  
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Fig. 1:    Optical views of the different zones in FSW AZ31 joint (a) cross  
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Fig. 2:  SEM images of AZ31 FSW joint: (a) BM, (b) NZ, (c) TMAZ and (d)  
HAZ  

Fig. 3 shows micro-hardness profile distribution at the 
midthickness of the FSW AZ31 joint. The average micro-
hardness value of the BM is approximately 55 Hv.  
 
 

The lowest micro hardness values were measured in HAZ at 
RS (~48 Hv) while the highest micro-hardness values in NZ 
and TMAZ were (~58 Hv). According to the Hall-Petch 
formula, the smaller the grain size, the higher the hardness 
is. The heterogeneity of the micro hardness distribution was 
attributed to the NZ microstructural heterogeneity. NZ 
underwent a high thermal input during FSW which leads to 
heterogeneous microstructure (fine recrystallized grains and 
coarse grains) while TMAZ has a higher average micro 
hardness compared to the other zones. This is attributed to 
the partial recrystallization and the high dislocation density 
induced by the thermo mechanical action. The presence of 
Al8Mn5 IMCs does not affect the micro hardness evolution. 
Such a distribution of micro hardness would be due to the 
unequal heat input flow and plastic deformation during 
FSW, which is a consequence of the heterogeneity of the 
microstructure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3:  Micro-hardness profile distribution of FSW AZ31 joint.  

Fig. 4 and Fig. 5 summarize the electrochemical test results of 
BM, TMAZ, and NZ studied in a 3.5 wt% NaCl media.  Fig. 
4.a shows the OCP curves of the different zones of the FSW 
AZ31 joint. From Table I, the OCP values are classified as 
follows: NZ (-1.508 mV) > BM (-1.547 mV) > TMAZ (1.551 
mV). Increasing the OCP value of NZ as a function of time 
implies the formation of a more stable oxide layer on the 
surface of NZ, whereas decreasing the OCP values of TMAZ 
and BM as a function of time may involve the destruction of the 
oxide layer. Thus, more positive OCP values suggest a 
tendency toward enhanced corrosion resistance.  
Fig. 4.b displays the PDP curves of BM, TMAZ and NZ after 
immersion for 1 hour in 3.5 wt. NaCl. All the PDP curves 
present the same overall appearance, which indicates that the 
FSW does not affect the corrosion mechanism. These PDP 
curves of the NZ and TMAZ shift to the lowest current density 
values 17 µA.cm-2 and 49 µA.cm-2 respectively compared to 
that of the BM (52 µA.cm-2). Also, the FSW seems not to affect 
the cathodic brunch. Nevertheless, the anodic brunch shows an 
inflection point corresponding to the passivity breakdown. The 
breakdown point Eb represents a region of intense local anodic 
activity that could be explained by the progressive deterioration 
of the oxide layer. Icorr is classified as BM<TMAZ<N. The 
corrosion resistance of NZ is therefore higher. This indicates 
that the FSW process improves the corrosion resistance of the 
joint regarding the BM.  
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Fig. 4: Electrochemical results of the different zones in the FSW AZ31 joint 
in 3.5 %wt. NaCl (a) Open circuit potentiel, (b) PDP.  
  

Table. I 
POTENTIODYNAMIC POLARIZATION PARAMETERS OF THE DIFFERENT ZONES OF 

THE AZ31 JOINT. 

 Eb (V) 
Ecorr 

(V) 
Icorr 

(µA/cm²) 
βc 

(mV) 
βa 

(mV) 
|Eb-Ecorr| 

(V) 
OCP 
(V) 

BM - -1.427 52 138 - - -1.552 

TMAZ -1.379 -1.456 49 156 192 0.077 -1.551 

NZ -1.413 -1.468 17 160 124 0.055 -1.508 

 

 

Likewise, the EIS was measured after 1 hour of immersion in  
3.5 %wt. NaCl. Fig. 5.a displays the Nyquist plots of the BM, 
ZATM and NZ. The Nyquist plots of the BM and TMAZ 
consist of capacitive and inductive loops at higher and lower 
frequencies respectively while the Nyquist plot of the NZ 
consists of two capacitive loops. The loop diameter is 
associated with the charge-transfer resistance Rct i.e. 
corrosion resistance. Table II presents the Fitting parameters 
of Nyquist plots of the different zones in the FSW AZ31 joint 
in 3.5 wt% NaCl. It is concluded that the Rct values can be 
ranked as follows: BM (102 Ω.cm2) < TMAZ (350 Ω.cm2) < 
NZ (2093 Ω.cm2).  
The inductive loop of BM and TMAZ could be attributed to 
the breaking of the formed oxide layer by pitting corrosion, 
resulting in the dissolution of the metal in the corrosion 
process. The change in the inductive loop size may be 
indicative of a decrease in the thickness and deterioration of 
the oxide layer [17]. It can be suggested that the extent of the 
inductive loop depends on the thickness of the corrosion layer 
formed.  

Fig 5.b and 5.c are the Bode modulus and phase respectively. 
The NZ shows maximum values of both Bode modulus |Z|and 
Bode phase, which confirms the further improvement in 
corrosion resistance of this zone. Furthermore, the shift in the 

peak position of the Bode phase confirms the deterioration of 
the oxide layer.  

 

 

 
   
Fig. 5: electrochemical impedance spectroscopy results of the different zones 
in the FSW AZ31 joint in 3.5 %wt. NaCl (a) Nyquist plots, (b) Bode modulus, 
(c) Bode phase.  
  

 Table. II 
FITTING PARAMETERS OF NYQUIST PLOTS OF THE DIFFERENT ZONES OF THE 

AZ31 JOINT. 

 BM TMAZ NZ 

Rs (Ω.cm2) 7.89 3.13 6.77 

CPE.Y0 (F.cm-2  sn-1) 1.53E-04 1.64E-05 9.00E-06 

Freq. power n 0.9496 0.929 0.9307 

C  (F.cm-2) 1.83E-02 6.10E-04 1.06E-04 

Rct (Ω.cm2) 102 350 2093 

CPE.Y0 (F.cm-2  sn-1) - - 1.35E-03 

Freq. power n - - 0.8926 

C  (F.cm-2) - - 6.09E-04 

Rct (Ω.cm2) - - 1911 

Rf (Ω.cm2) 58 182 - 

L (H.cm2) 75 122 - 
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  Where Rs is the solution resistance, Rct is the resistance of the 
charge transfer, C is the capacitance of the oxide layer, and Rf 
is the resistance to the penetration of the Cl- into the oxide layer.  

IV. DISCUSSIONS   

The corrosion reactions involved in neutral and alkaline 
environments for magnesium and their alloys are quite similar. 
The global reaction can be described as follows:   
 

       (2) 

However, the above reaction is a general description and does 
not explain the involvement of the different steps of corrosion. 
The naturally formed oxide layer on the surface of the alloy 
may have high corrosion resistance. However, the same alloy 
may suddenly exhibit very rapid corrosion after passing a 
critical exposure period during which galvanic corrosion 
begins or after experiencing deterioration of this oxide layer. 
Therefore, the corrosion resistance of magnesium alloys is 
associated with the nature of the naturally formed oxide layer 
present on their surfaces and is also related to the grain 
boundaries and second cathodic phase present in the matrix.  
The PDP curves provide the effect of the FSW on the anodic 
and cathodic reactions. For cathodic potential values, the Tafel 
curves exhibit a cathodic reaction that is characterized by 
hydrogen evolution as indicated by equation (3).  
 

2𝐻+ + 2𝑒− → 𝐻2 ↑  (3) 

For anodic potential values, the Tafel curves exhibit an anodic 
reaction that is assumed to represent the anodic dissolution of 
α-Mg according to the reaction:  
 

𝑀𝑔 → 𝑀𝑔2+ + 2𝑒−  (4) 

The corrosion resistance of the NZ, TMAZ, and the BM, were 
studied and compared. It was found that after FSW, ZN 
exhibits higher corrosion resistance than BM and TMAZ. This 
is in agreement with previous work that showed that NZ is 
more resistant than BM [12], [19]–[21], i.e. FSW improves 
corrosion resistance. This is mainly attributed to grain 
boundaries arising from grain refinement under dynamic 
recrystallization in NZ (low dislocation density), those grain 
boundaries might act as barriers against corrosion growth due 
to their cathodic behavior [14], [15].  
NZ owns more nucleation sites for the formation of a stable and 
robust oxide layer due to the high density of grain boundaries 
[22], [23], i.e., the grain boundaries are the most favorable sites 
for the nucleation of an oxide layer as the grain size decreases. 
As described previously in the PDP results (Table I), the 
passivity range on the anodic brunch confirms the formation of 
the oxide layer on the surface of NZ and TMAZ, which is 
manifested by the Eb-Ecorr difference. Therefore, it is 
reasonable to suggest that the enhancement in corrosion 
resistance may result from the increase in passivity of the oxide 
layer as the grain size decreases [23].  

V. CONCLUSION   

The effect of the FSW on the microstructure evolution and the 
electrochemical behavior of the BM, TMAZ, and NZ was 
reported in this investigation. The conclusions drawn from this 
study will be presented below:  
 
 Free-defect FSW AZ31 joints were produced with 

heterogeneous microstructure. Al8Mn5 are the main IMCs 
with random distribution at grain boundaries.  

 Irregular distribution of the micro hardness profile due to 
the microstructure heterogeneity with maximum values in 
NZ and TMAZ (58 Hv).  

 The corrosion resistance depends mainly on the cathodic 
grain boundaries and the oxide layer formed on the surface 
alloy, and the difference in the corrosion rate throughout the 
welded joint zones was due to the microstructure 
heterogeneity.  
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