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ABSTRACT 
An investigation was carried out to quantify and characterize the corrosion behaviour of 

AZ31B magnesium alloy joints. Extruded Mg alloy plates of 6 mm thick of AZ31B grade were butt 

welded using a solid state, environmentally cleaner welding process, friction stir welding process. The 

weld specimens were underwent immersion, salt spray, pitting and galvanic corrosion tests in order to 

quantify and characterize the corrosion rates of the welds with the influence of different pH values, 

chloride ion concentration and the corrosion time. The corrosion rates, microstructure, scanning 

electron microscopy and X-ray diffraction analysis concludes the optimum parameter for the usage of 

the magnesium alloy welds for the best service applications. Keywords: Keywords: EDM, Alumina 
and Genetic Algorithm 

Keywords:  AZ31B magnesium alloys, Friction stir welding, Corrosion tests, Scanning electron 

microscopy and X-ray Diffraction. 

1. Introduction

Magnesium alloy developments have 

traditionally been driven by aerospace and automobile 

industry requirements for lightweight materials to 

operate under increasingly demanding conditions. 

Magnesium alloys have always been attractive to 

designers due to their low density, only two thirds that 

of aluminium. This has been a major factor in the 

widespread use of magnesium alloy castings and 

wrought products [1,2]. The better joining of magnesium 

components made from this alloy, is however still 
limited. Unfortunately, conventional fusion welding of 

magnesium alloys often produces porosity, hot cracks 

etc., in the welded joint. This deteriorates both the 

mechanical properties as well as corrosion resistance [3, 

4]. Hence, it will be of extreme benefit if a solid state 

joining process can be developed and implemented for 

the joining of magnesium alloys. 

So in this research work, the joints were made 

by friction stir welding process (FSW). It is a solid state 

welding process without emission of ration or dangerous 
fumes and it avoids the formation of solidification 

defects like hot cracking and porosity. In addition, it 

significantly improved the weld properties and had been 

extensively applied in joining of magnesium alloys and 

aluminum alloys [5].   

However, the corrosion resistances of the Mg-

based alloys are generally inadequate due to the low 

standard electrochemical potential or free corrosion 

potential -2.37 V compared to the SHE (Standard 

Hydrogen Electrode) [6] and this limits the wide range 

of applications for Mg and its alloys. Therefore, the 

studies of corrosion behavior of magnesium alloys are 

important in active media to choose the best optimum 

corrosion parameters for various service applications. 

It aims to facilitate research directed at Mg 
alloy development and at understanding corrosion of Mg 

alloy and its friction stir welds in service applications to 

ensure such research is as effective as possible, where 

the pH value, chloride ion concentration and corrosion 

time as the corrosion parameters. This research focused 

a comparison among immersion corrosion, salt spray 

corrosion, pitting corrosion and galvanic corrosion, 

which are the four main techniques for the corrosion 

studies in an effort to expose the magnesium alloy and 

its welds to environments similar to those environments 

experienced for service applications. From the literature 
review, it was understood that most of the published 

information on corrosion behavior of Mg alloys were 

focused on general corrosion and pitting corrosion of 

unwelded base alloys.  Very few investigations have 
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been conducted so far on corrosion behavior of FSW 

joints of Mg alloys and particularly there are a few 
publications on combination of four corrosion tests in 

FSW AZ31B Mg alloy welds corrosion. The aim of this 

research is to investigate the occurrence of corrosion 

quantitatively and the corrosion characterization of 

friction stir welded AZ31B magnesium alloy for service 

applications with the propitious to study the effect of pH 

value, chloride ion concentration and corrosion time on 

corrosion rate of AZ31B magnesium alloy welds.  

2. Experimental Procedure 

2.1 Test Materials  
The material used in this study was AZ31B 

magnesium alloy in the form of extruded condition and 

supplied in plates of 6 mm thickness. The chemical 

composition and mechanical properties of the base metal 

are presented in Table 1(a) & 1(b).  

 

Table 1(a), Chemical composition (wt %) of AZ31B 

Mg alloy 

 

 

 

Table 1(b).Mechanical properties of AZ31B Mg alloy 

 
The optical micrograph of base metal is shown 

in Fig.1; it was observed that the microstructure of base 
metal contains coarse grains with Al12Mg17 intermetallic 

compounds. The intermetallic compounds scattered 

adjacent to the grain boundaries. 

 

 
 

Fig.1 Optical micrograph of AZ31B base metal. 

2.2 Fabricating the joints and preparing the test 
specimens 

An indigenously designed and developed 

computer numerical controlled friction stir welding 

machine (22kW; 4000 RPM; 60kN) was used to 

fabricate joints. The FSW parameters were optimized by 

conducting trial runs and the welding conditions which 

produced defect free joints were taken as optimized 

welding conditions. The optimized welding conditions 

used to fabricate the joints in this investigation are 

presented in Table. 2. The pin is having threaded profile 

with 1 mm pitch.  

 

 

Table 2 Optimized Welding conditions and 

process parameters used to fabricate the 

joints. 
 

 

The welded portion (Stir zone) was extracted 

from the fabricated plates were used for corrosion tests 
and characterization survey. The welded specimens were 

ground with 500#, 800#, 1200#, 1500# grit SiC paper. 

Finally, it was cleaned with acetone and washed in 

distilled water then dried by warm flowing air. The 

optical micrograph of the stir zone of the FSW joint of 

AZ31B magnesium alloy is shown in Fig.2; here, it 

reveals that the stir zone contains fine grains with 

significantly refined Al12Mg17 intermetallic compounds. 

The size of the refined Al12Mg17 are sharply around 8-15 

µm after welding. However the β-phases are refined 

which are not uniformly distributed in the magnesium 
matrix. This may varies the rate of corrosion. 

 

 

 

Fig. 2 Optical micrograph of stir zone of FSW 

AZ31B Mg alloy 
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2.3 Finding the limits of corrosion test 
parameters 

From the literature [7, 8 and 9], the 

predominant factors that have a greater influence on 

corrosion behavior of AZ31B magnesium alloy are 

identified. Based on the literature studies and systematic 

experimental works were conducted using trial and error 

method (runs).  They are: (i) pH value of the solution, 

(ii) exposure time and (iii) chloride ion concentration. 

Large numbers of trial experiments were conducted to 

identify the feasible testing conditions using friction stir 

welded AZ31B magnesium alloy joints.  

2.4 Experimental Design Matrix 
Owing to a wide range of factors, the use of 

three factors and central composite rotatable design 

matrix was chosen to minimize number of experiments. 

The assay conditions for the reaction parameters were 

taken at zero level (center point) and one level (+1 and 

(1). The design was extended up to a ±α (axial point) of 

1.68. The center values for variables were carried out at 

least six times for the estimation of error and single runs 
for each of the other combinations; twenty runs were 

done in a totally random order. The design would 

consist of the eight corner points of the 23cube, the six 
star points, and m center points [10]. The star points 

would have a = 8^ (1/4) = 1.682. Design matrix 

consisting of 20 sets of coded conditions (comprising a 

full replication three factorial of 8 points, six corner 

points and six centre points) was chosen in this 

investigation. Table 3 represents the ranges of factors 

considered, and Table 4, shows the 20 sets of coded and 

actual values used to conduct the experiments.  For the 

convenience of recording and processing experimental 

data, the upper and lower levels of the factors were 

coded here as +1.682 and -1.682 respectively. The 

coded values of any intermediate value could be 
calculated using following relationship  

Xi=1.682[2X–(Xmax-Xmin)]/(Xmax-min)…………..  (1) 

where, 

     Xi is the required coded value of a variable 

X and X is any value of the variable from Xmin to Xmax ; 

    Xmin is the lower level of the variable;  

    Xmax is the upper level of the variable. 

 

 

Table 3  Important factors and their levels 

 
 

Sl.No. 

 

Factor 

 

Unit 

 

Notation 

 

Levels 

 

-1.682 -1 0 +1 +1.682 

 

1 

 

pH value 

 

 

 

P 

 

3 

 

4.62 

 

7 

 

9.38 

 

11 

 

2 

 

Exposure time 

 

hours (h) 

 

T 

 

1 

 

2.62 

 

5 

 

7.38 

 

9 

 

3 

 

Cl- Concentration 

 

Mole(M) 

 

C 

 

0.2 

 

0.36 

 

0.6 

 

0.84 

 

1 

 

Table 4 Design matrix and Experimental test results 

Expt. 

No 

Input parameters 

(Coded Values) 
Corrosion rate (mm/yr) 

pH Time (h) Cl
- 
(M) 

Immersion 

corrosion test 

Salt spray 

corrosion test 

Pitting 

corrosion test 

Galvanic 

corrosion 

test 

1 4.62 2.62    0.36              6.32                 14.62             3.98          0.047 
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2 9.38 2.62 0.36 4.62 10.23 2.54 0.030 

3 4.62 7.38 0.36 4.63 11.89 3.39 0.034 

4 9.38 7.38 0.36 3.99 8.99 2.14 0.011 

5 4.62 2.62 0.84 9.60 15.82 4.56 0.058 

6 9.38 2.62 0.84 5.62 11.31 4.25 0.035 

7 4.62 7.38 0.84 8.43 12.92 5.19 0.052 

8 9.38 7.38 0.84 6.65 10.75 3.76 0.032 

9 3 5 0.60 6.60 17.96 6.41 0.059 

10 11 5 0.60 3.65 8.88 2.68 0.020 

11 7 1 0.60 6.21 11.23 5.20 0.061 

12 7 9 0.60 4.36 8.51 4.30 0.027 

13 7 5 0.20 4.45 8.66 4.21 0.018 

14 7 5 1 8.95 15.28 6.91 0.053 

15 7 5 0.60 5.96 9.80 5.00 0.041 

16 7 5 0.60 5.96 9.89 5.00 0.043 

17 7 5 0.60 5.96 9.89 5.00 0.043 

18 7 5 0.60 5.96 9.89 5.00 0.043 

19 7 5 0.60 5.96 9.89 5.00 0.043 

20 7 5 0.60 5.96 9.89 5.00 0.043 

 

3. Corrosion testing 

The corrosion behaviour of AZ31B magnesium 

alloy welds were characterized by four different 

corrosion tests like immersion corrosion, salt spray 

corrosion, pitting corrosion and galvanic corrosion tests. 

Solution of NaCl with concentrations of 0.2M, 0.36M, 

0.6M, 0.84M, and 1M were prepared and the pH value 
of the solution was used as pH 3, pH 4.62, pH 7, pH 

9.38, & pH 11 with concentrated HCl and NaOH 

respectively for all the four tests. As the corrosion rate 

of magnesium alloys were extremely high, the corrosion 

tests were performed for smaller time durations of 1,  

 

 

 

2.62, 5, 7.38 and 9 hours. The working surface for the 

corrosion evaluation were (for immersion corrosion, 

hydrogen gas collection, salt fog, potentio-dynamic 

polarisation curves, galvanic corrosion) were 

mechanically ground to 1200 grit SiC paper, washed 
with distilled water and dried with warm flowing air.  

The immersion corrosion testing was enhanced 

as per the ASTM norms G-31 and evaluating the 

corrosion tested specimen with the method as per ASTM 

G1. The corrosion rate was measured using weight loss 

method. The salt spray corrosion tests method consists 

of exposing the specimens in a salt spray chamber as per 
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ASTM B 117 standards and evaluating the corrosion 

tested specimen with the method as per ASTM G1-03. 
The pitting corrosion testing was carried out as per 

ASTM G5. Electrochemical polarization tests were 

performed using a potentiostat GILL AC interfaced to a 

personal computer. All the potentials referred in this 

paper are with respect to SCE. A platinum foil served as 

a counter electrode. The electrodes for this purpose were 

prepared by connecting a wire to one side of the sample 

that was covered with cold setting resin. Prior to 

polarization experiments, the free corrosion potential 

(FCP) was monitored and the experiments were begun 

after stabilization of FCP. All the results were triplicate 

so as to ensure reproducibility of the test results. The 
specimens were exposed and a polarizations scan was 

carried out towards more noble values at a rate 18 

mV/min. The scan scope was set from -2000 mV to 0 

mV vs. OCP (Open Circuit Potential). All 

electrochemical tests were conducted in triplicates in 

order to ensure the reproducibility of results. The 

corrosion potential was developed and observed from 

the open circuit potential..  The corrosion current density 

(icorr) was estimated at the intersection point of 

extrapolated cathodic polarization curve and the 

horizontal line drawn at zero current potential. The 
galvanic currents flowing between equal areas of friction 

stir welded AZ31B magnesium alloy welds coupled with 

AZ31B magnesium alloy base metal were obtained by 

the zero resistance ammeter (ZRA) technique. The ZRA 

experiments were performed, which pure samples of 

equal areas were kept at a distance of 6 mm. When the 

mixed potential theory was applied to the individual 

reactions, the coupled corrosion rates were icorr (PA/PA) 

for AZ31B magnesium alloy base metal and icorr 

(WZ/WZ) for AZ31B friction stir welds.  Thus the 

current   icorr (PA/WZ) was the galvanic current which 

can be measured by a (ZRA) Zero Resistance Ammeter. 
Also it was assumed that the current distributed 

uniformly across the area used in this calculation.  

3.1 Corrosion rate measurement 
The simplest and most fundamental 

measurement of the corrosion rate is the metal weight 

loss rate, ∆W (mg/cm2/d). This can be converted to an 

average corrosion rate (mm/y) using [11, 12, 13, 14] 
Corrosion rate (weight loss measurements) 

CRw =    mm/y.………..……. (2) 

where, 

w = weight loss in grams. 

A = surface area of the specimen in cm
2

 

D = density of the material, 1.72 g/cm
3

 

T = corrosion time in hours. 

In the overall corrosion reaction of pure Mg, 

one molecule of hydrogen is evolved for each atom of 
corroded Mg. One mol (i.e. 24.31 g) of Mg metal 

corrodes for each mol (i.e. 22.4 L) of hydrogen gas 

produced. Therefore, the hydrogen evolution rate, VH 

(ml/cm2/d), is related to the metallic weight loss rate, 

∆W, using [15, 16, 17] 

∆W = 1.085 VH        mm/yr ……………… ……. (3) 

The corresponding corrosion rate, CRH, is 

evaluated by substituting Eq. (4) into Eq. (2) to give 

CRH = 2.279 VH mm/yr         ……………..…… (4) 

For Mg corrosion, there is excellent agreement 

between the corrosion rate measured by the weight loss 

rate and that evaluated from the hydrogen evolution rate.  
In the pitting corrosion test and galvanic corrosion tests 

for measuring the corrosion rate, the corrosion current 

density icorr (mA/cm2) is estimated from the Potentio-

dynamic polarization curve, and icorr is related to the 

average corrosion rate using [18]  

Corrosion rate (Potentiodynamic polarization & 

ZRA measurements),  

CRi = 22.85 icorr    mm/yr                  …… (5) 

From the literature review, it was observed that, 

why this electrochemical technique might not give 

reliable values for Mg corrosion. Nevertheless the 
electrochemical technique of polarization test is widely 

used for the evaluation of the corrosion of Mg alloys, at 

least partly, because it is a quick and easy technique. 

Therefore it is useful to review the literature on this 

technique for Mg alloys. It is useful to have quantitative 

measures of the quality of the corrosion rate evaluated 

by the potentiodynamic polarization technique. The 

corrosion test results for all the corrosion tests was 

recorded in the Table 4. 

3.2 Metallography    
Micro structural examination of the corroded 

specimens was carried out using a light optical 

microscope (Union Opt. co. ltd. Japan; Model: 

VERSAMET-3) incorporated with an image analyzing 

software (Clemex-vision). The exposed specimen 

surface was prepared for the micro examination with 

minor polish. The corrosion test specimens were 

polished in disc polishing machine for scratch free 

surfaces. To determine the depth and diameter of the pit, 
the exposed specimens were cut in cross sectional, the 

corrosion products were removed, then the specimens 

were covered with cold setting resin and the surface was 

observed at 200X magnification.  

4. Developing an Empirical 

Relationship 
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The response surface methodology (RSM) 

approach was adopted in this study because of its 
following advantages: (1) the ability to evaluate the 

effects of interactions between tested parameters; (2) the 

benefit of limiting the number of actual experiments to 

be carried out, in comparison to a classical approach for 

the same number of estimated parameters [19, 20]. In 

the present investigation, to correlate the 

potentiodynamic polarization tests parameters and the 

corrosion rate of AZ31B welds, a second order quadratic 

model was developed. The response (corrosion rate of 

AZ31B welds) is a function of pH values (P), exposure 

time (T) and chloride ion concentration (C) and it could 

be expressed as, 
Corrosion rate = f (P, T, C)             ………….. (6) 

 

4.1 Checking the adequacy of the model  

The Analysis of Variance (ANOVA) technique 

was used to find the significant main and interaction 
factors. The results of second order response surface 

model fitting as Analysis of Variance (ANOVA) for all 

the four corrosion tests are given in the Table 5. The 

determination coefficient (r2) indicates the goodness of 

fit for the model. Values of "Prob > F" less than 0.0500 

indicated model terms were significant. In this case  P, 

T, C, PT, TC, T2 are significant model terms for 
immersion corrosion test; P, T, C, P2, C2 are the 

significant model terms for salt spray corrosion test;  P, 

T, C, PT, TC, C2 are significant model terms for pitting 

corrosion test and P, T, C, TC, T2 are significant model 
terms for galvanic corrosion test. All this indicated an 

excellent suitability of the regression model. 

 

 

Table 5 ANOVA test results 

 

Source Immersion corrosion 

test 

 

Salt spray corrosion 

test 

Pitting 

corrosion test 

Galvanic  

corrosion test 

 

F value 

 

p-value 

Prob>F 

 

F value 

 

p-value 

Prob>F 

 

F value 

 

p-value 

Prob>F 

 

F value 

 

p-value 

Prob>F 

Model 29.22* <0.0001 27.04* <0.0001 38.65* <0.0001 27.66* <0.0001 

P 27.7* 0.0004 91.08* <0.0001 74.98* <0.0001 92.93* <0.0001 

T 195.19* <0.0001 10.37* 0.0092 28.34* 0.0003 10.64* 0.0085 

C 10.88* 0.0080 116.31* <0.0001 196.08* <0.0001 117.12* <0.0001 

PT 6.54* 0.0285 4.60 0.0577 7.54* 0.0206 4.67 0.0559 

PC 0.98 0.3461 4.65 0.0564 3.55 0.0890 4.73 0.0547 

TC 4.93 0.0507 5.58* 0.0398 15.64* 0.0027 5.67* 0.0385 

P2 2.39 0.1534 5.31* 0.0440 0.12 0.7385 2.82 0.1238 

T2 12.23* 0.0057 3.49 0.0915 0.84 0.3807 6.51* 0.0287 

C2 0.57 0.4686 0.91 0.3634 19.56* 0.0013 3.09 0.1091 

Lack of Fit 0.1238 0.2893 0.1311 0.1805 
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Std. Dev. 0.54 0.67 0.42 3.15 x 10-3 

Mean 5.79 11.44 0.46 0.037 

R2 0.9418 0.9657 0.9605 0.9611 

Adj. R2 0.8894 0.9349 0.9203 0.9260 

Pred. R2 0.6413 0.8176 0.7636 0.7745 

* Values of  “Prob > F” less than 0.0500 indicate that the model terms are significant 

 

5. Results and Discussion 

Table 4, shows the corrosion rate of all the four 

corrosion tests. This data shows that the weight loss 

evaluated from immersion and salt spray corrosion tests 
agrees within an error of ±10% with the rate 

independently measured from hydrogen evolution for 

both the tests. The hydrogen evolution was measured 

and found that the corrosion initiated as localized 

corrosion at some sites on the surface and subsequently 

expanded over the whole surface. The hydrogen 

evolution, after an initiation time of several hours, 

increased linearly with exposure time. The advance of 

the corrosion over the surface of friction stir welds of 

AZ31B was slower, although the corrosion also initiated 

as localized corrosion. The hydrogen evolution, after an 

initiation time of several hours, increased with exposure 
time. For most alloys, the rate of hydrogen evolution 

initially increased with increasing exposure time, which 

is attributed to corrosion occurring over increasing 

fractions of the surface as was observed. 

The possibility of galvanic corrosion 

occurrence was investigated using zero resistance 

ammetry techniques in order to measure the galvanic 

couple potential and galvanic couple current densities 

between couple electrodes. The couple electrodes were 

selected in two categories: identical electrodes which 

were the connection of two identical electrodes from 
weld zone, named WZ/WZ and identical electrodes of 

from parent alloy named PA/PA. Another couple 

electrode set up was selected from two non-identical 

electrodes, one from weld zone and the other from 

parent alloy, which is named here as PA/WZ. All the 

galvanic measurements were carried out at room 

temperature. The reason of choosing identical couple 

electrodes was to compare the measured current density 

of these couples and the current density which is 

measured from two non-identical electrodes. Bearing in 

mind that theoretically there is no driving force for 
galvanic corrosion occurrence between two identical 

electrodes where two electrodes are completely identical 

from the morphological point of view and chemical  

 

 

 

composition. Any difference between the two electrodes 

due to chemical composition or morphology can cause a  
galvanic cell formation leads to generation of current 

from anode of the cell to the cathode.  

From the above tests result, the difference in 

the corrosion potential between the PA/PA and WZ/WZ 

is found to be -90mV, providing the results that the 

couple seems to be galvanically corrosive resistant.. 

From the obtained results, the corrosion rates of galvanic 

couple was in the range of 0.03-0.06 mm/yr, which is 

quite negligible and shows excellent property of 

corrosion resistant as per corrosion hand books and 

guides.  So, the galvanic couple can be suitable for good 

applications [21, 22 and 23]. 
On a note on microstructure, all second phases 

have the tendency to cause micro-acceleration of the 

corrosion of the alpha-Mg matrix [15, 16 and 17], so a 

multi-phase alloy has typically a corrosion rate greater 

than that of pure Mg. The second phase can provide a 

barrier effect if it is essentially continuous and has a 

lower corrosion rate than the alpha-Mg matrix; 

otherwise there is the tendency for the corrosion rate to 

be accelerated, even for second phase particles as small 

[24]. It was observed that, Mg alloys like AZ31B, the 

corrosion is caused by the beta phase accelerating the 
corrosion of the adjacent Mg alpha phase. The 

acceleration of the overall corrosion rate can be by a 

factor of 0–20 [25]. It was found that the mechanical 

properties and the corrosion resistance of FSW Mg 

alloys are higher or equivalent to the base material from 

the literature [26, 27]. The corrosion resistance in the 

weld was higher than in the base material owing to the 

fact that the weld possesses finer grains than the base 

alloy. 

 

5.1  Effect of pH on corrosion rate 
 As it can see that, both immersion and salt 

spray corrosion tests shows a linear trend towards 

weight loss. But, on comparing the weight loss between 
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the two tests, interestingly salt spray corrosion tests 

posses greater weight loss than the immersion corrosion 
tests. However, some recent literature, proved that, 

immersion corrosion tests posses greater weight loss. 

But  in this case, the salt spray corrosion tests having 

greater weight loss when compared with immersion 

corrosion tests. This is due to the spraying effect, where 

non recylcling of solution were done. This means 

inorder to maintain a proper functional results, the 

spraying was done without recycle the solution 

thereafter. [28]. It is suspected that, the weight loss is the 

removing magnesium from the welds. However, due to 

the aggressiveness of the solution, the welds loss more 

magnesium.  
On comparison, the corrosion rates among the 

four corrosion tested specimen were represented as bar 

diagram in the Fig. 3. It was found that, the corrosion 

rates obtained from the four corrosion tests was in the 

order of salt spray corrosion test > Immersion corrosion 

test > Potentiodynamic polarization test > Galvanic 

corrosion tests. There is a substantial increase in the pH 

of the solution during its exposure causing alkalization 

or basification of the solution with the increase of 

reactivity and time. On the other hand, exposure 

conditions of potentiodynamic polarization test prevails 
the continuous presence of water, resulted in the 

removal of corrosion by-products and the removal of 

surrounding magnesium, meaning that the pit area 

would decreased in the exposed surface of the specimen 
during polarization test. First, the removal of the 

corrosion products on the exposed surface of 

polarization test would reduce the ability to of the pits to 

continue growing, as the corrosion products trap 

chloride ions within the pits.  

 

 
 

Fig. 3 Comparative estimation of corrosion rate with 

respect to pH value. 

 

Fig. 4 Effect of pH on Pit Morphology for immersion corrosion tests and salt spray corrosion tests.
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Fig. 4 shows the effect of pH on pit 

morphology of the corroded specimen exposed in 0.6M 
concentration of NaCl for 5 hours with different pH 

values of pH 3, pH 7 and pH 11 for immersion corrosion 

tests and salt spray corrosion tests. During salt spray 

testing and immersion corrosion tests, the density of the 

pit formed in exposing lower pH (acidic) solution is 

quite high, comparing with the neutral and alkaline 

solution. It was observed that the matrix shows the 

pitting marks and the pitting corrosion that has taken 

place at the friction stir welded microstructure. The 

particles are Mn-Al compound (Precipitate) and 

fragmented Mg17Al12 precipitated along the magnesium 

matrix.  
The numbers of pits were more in the joints 

when it is immersed or sprayed with the solution of low 

pH.. Hence the corrosion rate increases with the 

decrease in pH value. Since the increase in the number 
of grain and grain boundary in the joints, the grain 

boundary acts cathodic to grain causing micro galvanic 

effect. The presence of micro-galvanic effect between 

the α-phase and the β-phase, formed due to the presence 

of aluminum. However, the finer grains reduce the 

corrosion rate, but in this case of friction stir welds the 

corrosion rate was increased. This is due to the 

microgalvanic effect of α-phase and the β-phase particle. 

The β-phase mainly served as a galvanic cathode found 

along the grain boundaries and accelerated the corrosion 

process of the α-matrix.  

 
 

 

 
 

Fig. 5 Effect of pH on Pit Morphology for Pitting corrosion tests and galvanic corrosion tests. 

Fig. 5 shows the effect of pH on pit 

morphology of the corroded specimen exposed in 0.6M 

concentration of NaCl for 5 hours with different pH 

values of pH 3, pH 7 and pH 11 for pitting corrosion 
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tests and galvanic corrosion tests. During polarization 

test, the grain boundaries of the specimen get attacked 
and its gravity varies with the parameters used in the 

experiment. Corrosion tends to be concentrated in the 

area adjacent to the grain boundary until eventually the 

grain may be undercut and fall out [29]. It was observed 

from the pit morphological observation of galvanic 

corrosion specimen (anodic), the density of the pit 

formed in exposing lower pH (acidic) solution is quite 

high, comparing with the neutral and alkaline solution in 

the anodic specimen. In FS welds, the grain boundaries 

get attacked and its gravity varies with the parameters 

used in the experiment. Fewer pits were found in the 

base metal since it was cathodic to the anodic AZ31B 

welds. In anode, the anodic dissolution is under 

activation control. Thus, the cathodic specimen was less 
attacked throughout the tests.  

5.2 Effect of chloride ion concentration on 
corrosion rate 

On comparison, the corrosion rates among the 

four corrosion tested specimen were represented as bar 

diagram in the Fig. 6. This is consistent with the 

detailing of the protective layer. With the increase of 
chloride ion concentration, the initial protective layer 

changed into soluble MgCl2 layer for salt spray 

corrosion and Mg(OH)Cl2 for immersion corrosion and  

electrochemical corrosion. The corrosion rate was quite 
higher in salt spray corrosion test than the immersion 

and polarization test. It states that, the MgCl2 was highly 

soluble compared to Mg(OH)Cl2. 

 

 
 

Fig. 6 Comparative estimation of corrosion rate with 

respect to Chloride ion concentration. 

 

 

Fig. 7 Effect of Chloride ion concentration on Pit Morphology for immersion corrosion tests and salt spray 

corrosion tests 
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Fig. 7 shows the effect of Chloride ion 

concentration on pit morphology of the corroded 

specimen exposed in pH 7 for 5 hours with different 

chloride ion concentration of 0.2M, 0.6Mand 1M 

immersion corrosion tests and salt spray corrosion tests. 

During salt spray testing, it showed that the alloy 

exhibited a rise in corrosion rate with the increase in Cl- 

concentration and thus the change of Cl- concentration 
affected the corrosion rate much more in higher 

concentration solutions than that in lower concentration 

solutions. When more Cl- in NaCl solution promoted the 

corrosion, the corrosive intermediate (Cl-) would be 

rapidly transferred through the outer layer and reached 

the substrate of the alloy surface. Hence, the corrosion 

rate was increased [23]. While in immersion corrosion 

tests, the specimen exhibited a rise in corrosion rate with 

increase in Cl- concentration and thus the change of Cl- 

concentration affected the corrosion rate much more in 

higher concentration solutions than that in lower 

concentration solutions. But the rising rate of corrosion 
with the increase of chloride ion concentration was 

reduced in both immersion and polarization tests.  

 

 

 

Fig.8 Effect of Chloride ion Concentration Pit Morphology for pitting corrosion tests and galvanic corrosion 

tests.
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Fig. 8 shows the effect of Chloride ion 

concentration on pit morphology of the corroded 
specimen exposed in pH 7 for 5 hours with different 

chloride ion concentration of 0.2M, 0.6Mand 1M pitting 

corrosion tests and galvanic corrosion tests. During 

pitting corrosion tests, the chloride ion tends to be 

concentrated inside the pit causing anodic dissolution of 

magnesium, not the surface of the substrate. Thus the 

rising rate of corrosion was reduced with the increase in 

chloride ion concentration. As the microscopic view, the 

rising of corrosion rate was reduces with the increase of 

the chloride ion concentration leads to the conclusion 

that the β-phase was more stable in NaCl solution and 

was more inert to corrosion; the β-phase was itself, 
however, an effective cathode. Thus, the rising rate of 

the corrosion was reduced with the increase of chloride 

ion concentration. Chloride ions were aggressive for 

magnesium.  Concerning about the pit characteristics, 

more number of pits were observed in the specimen 

exposed to immersion and polarization test than the salt 

spray test. This can be explained by the exposure 

environment. The exposed surfaces during immersion 

and polarization test were continuously exposed to 

dissolved chloride ions, meaning new pits could form at 

any point. The ability of the pits to form whenever 
desired on the polarized surfaces means that depth 

would not be affected. However, because pits could only 

form during chloride ion exposure period on the salt 

spray surfaces, the time separating the exposure would 

be a major determining force in pit depth. The chloride 

ions are more aggressive to the magnesium alloys. Since 

increase in the chloride ion concentration enhance the 

corrosion behavior in all the four corrosion tests. It was 

obvious from the observation of pit number densities, 

which increases with the increase in chloride ions. 

During galvanic corrosion tests, the pit 

morphology described that the pit formation depends on 
the change in the chloride ion concentration of the 

solution. Here, with the increase of chloride ion 

concentration of the solution, the density of the pit 

increases. Thus, corrosion rate to be increased with 

increasing chloride ion concentration. The anodic 

specimen exhibited a rise in corrosion rate with increase 

in Cl- concentration and thus the change of Cl- 

concentration affected the corrosion rate much more in 

higher concentration solutions than that in lower 

concentration solutions. When more Cl-  in NaCl 

solution promoted the corrosion, the corrosive 
intermediate (Cl- ) would be rapidly transferred through 

the outer layer and reached the substrate of the alloy 

surface. Hence, the corrosion rate was increased [30].  

5.3 Effect of corrosion time on corrosion rate 

On comparison, the corrosion rates among the 

four corrosion tested specimen were represented as bar 
diagram in the Fig. 9. With the increase of corrosion 

time the corrosion rate decreases for the specimens 

undergone four corrosion tests. It proved that the 

protective layer made a predominant role to strike 

against corrosion with the increment of time. The 

corrosion rate seems higher in salt spray corrosion test 

due to the spraying effect, while in exposed condition, 

the protective layer formed during immersion and 

polarization test was enhanced by the alkalization of the 

solution.  

 

 
 

Fig. 9 Comparative estimation of corrosion rate with 

respect to corrosion time. 

Fig. 10 & Fig.11 shows the effect of corrosion 

time on pit morphology of the corroded specimen 

exposed in pH 7 with chloride ion concentration of 0.6M 

NaCl exposed 1h, 5h and 9h immersion corrosion tests 

and salt spray corrosion tests. The mode of 

microstructural features was comparatively same during 

corrosion testing for immersion, salt spray, pitting and 

galvanic corrosion tests as its corrosion time taken into 

an account. The FS welded specimens possess refined 

grain and quite a lot of β particles were distributed along 
the grain boundary. In this case, β phase particles cannot 

be easily destroyed and, with the increase of corrosion 

time, the quantity of β phases in the exposed surface 

would increase and finally play the role of corrosion 

barrier [31]. Although, there are some grains of α phase 

still being corroded, most of the remaining α phase 

grains are protected under the β phase barrier, so the 

corrosion rate decreased with the increase in corrosion 

time. Thus the corrosion morphology of the alloy was 

predominantly controlled by the β phase distribution 

[32]. As seeing the pit number density, both the tested 
specimen begins decline in its count of the pits. The 

distance between the pits were increased, meaning that,  
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Fig. 10 Effect of Corrosion time on Pit Morphology for immersion corrosion tests and salt spray corrosion tests 

the pit area was highly protected with the magnesium 

hydroxide layer, and also, uninhibited by general 

corrosion removing magnesium surrounding the pit. It 

results an increase in hydrogen evolution with the 

increasing corrosion time, which tends to increase the 
concentration of insoluble corrosion products Mg(OH)2. 

The insoluble corrosion products on the surface of the 

alloy could slow down the corrosion rate for all the four 

corrosion tests. On comparison among the four 

corrosion tests, the corrosion mechanisms seem identical 

for different corrosion tests underwent for stir welds. 

This helps to find an easier corrosion resistant method to 
suppress the corrosion of stir welded magnesium alloy. 

Also, from the results it shows that areas under stir 
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welding possess equivalent strength to the base metal as 

for other welding process. Hence, improvements in 
mechanical properties and corrosion resistance of 

magnesium alloy have led to greater interest in  

magnesium alloys for structural, automobile, aerospace 

and specialty applications. 
 

 
 

Fig.11 Effect of corrosion time on Pit Morphology for pitting corrosion tests and galvanic corrosion tests.

6. Conclusions 

From the corrosion survey, finally the 

following quantitative and characterization inference 

were observed on AZ31B magnesium alloy welds; 

The corrosion rate was higher in salt spray 

corrosion tests than the immersion, pitting and galvanic 

corrosion tests. This is due to the fact; there is a 

substantial increase in the pH during immersion, pitting 

and galvanic corrosion test as the specimen exposed 

throughout the test. But, in salt spray test, the electrolyte 

was freshly used and not recycled. Therefore it 
eliminates the basification/alkalization in the solution. 
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The corrosion rate was decreased with 

increasing pH value due to the formation hydroxide 
layer, which in turns restrain the corrosion further. It 

was observed that, low corrosion rate was found in 

alkaline conditions in all the four corrosion tests. So it 

was suggested that AZ31B magnesium alloy welds hold 

a best service applications in alkaline environment. 

It results an increase in hydrogen evolution 

with the increasing corrosion time, which tended to 

increase the concentration of OH- ions thereby 

increasing fraction of the surface was observed, which is 

the insoluble corrosion products Mg(OH)2. The 

insoluble corrosion products on the surface of the alloy 

could slow down the corrosion rate for all the four 
corrosion tests.  

The chloride ions are more aggressive to the 

magnesium alloys. Since increase in the chloride ion 

concentration enhance the corrosion behavior in all the 

four corrosion tests. It was obvious from the observation 

of pit number densities, which increases with the 

increase in chloride ions. 

The corrosion rate was differs in four different 

tests. However, a slight variation in between the 

immersion and the pitting corrosion tests, since it 

possesses same mode of corrosion and found with 
respect to the order as Salt spray corrosion tests > 

Immersion corrosion tests > Pitting corrosion tests > 

Galvanic corrosion tests. Also, the results it shows that 

areas under stir welding possess equivalent strength to 

the base metal as for other welding process. 
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