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ABSTRACT 

 

 Joining of Magnesium (Mg) and Aluminium (Al) alloys by fusion welding processes is very 

difficult due to formation of intermetallic compounds in weld metal. This problem could be overcome 

by friction stir welding (FSW) because of solid state welding conditions. However, Al/Mg dissimilar 

FSW joints are more prone to corrosion attack due to the formation of intercalated microstructure in 
weld nugget (stir zone). The limitation of low corrosion resistance restricts practical applications of 

these types of joints. In this investigation, an attempt has been made to develop an empirical 

relationship to predict the pitting corrosion rate of nugget region of friction stir welded dissimilar 

joints of AA6061 Al – AZ31B Mg alloys. Three important corrosion test parameters, namely, chloride 

ion concentration, pH value and exposure time are chosen as input parameters. Three factors, five 

level, central composite rotatable design matrix is used to minimize the number of experimental 

conditions. Response surface methodology is used to develop an empirical relationship. The 

developed relationship can be effectively used to predict the pitting corrosion rate of friction stir 

welded dissimilar joints of AA6061 Al – AZ31B Mg alloys at 95 % confidence level. The 

methodology adopted to develop the relationship is presented in this paper. 
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1. Introduction 

Magnesium (Mg) alloys are lightweight 

structural materials used for automotive, aerospace 

and ship building industries, due to low density and 

high specific strength [1, 2]. The ability to join Mg 

alloys to other engineering materials such as 
aluminum (Al) alloy would consent to further design 

flexibility and expand their applications. It is known 

that fusion welding between Al and Mg alloys 

cannot be practically used because of the formation 

of brittle intermetallic compounds at the weld zone 

[3–5].  To overcome this metallurgical problem, non-

fusion welding process such as friction stir welding 

(FSW), friction welding (FW), diffusion bonding can 

be used to join these two alloys. FSW is a solid-state 

joining process, which was patented in the year 1991 

by the Welding Institute in the United Kingdom [6]. 
This process comprises low residual stresses and 

reduced defects compared to the conventional fusion 

welding techniques [7, 8]. Presently, more attention 

has been given on FSW of dissimilar materials such 

as Al and Mg alloys to combine the benefits of two 

alloys [9–12]. 

 

 

 

Many researchers [13, 14] investigated the 

microstructural evolutions of dissimilar FSW joints 

of Al and Mg alloys. Simoncini and Forcellese [15] 

obtained sound dissimilar joints using the „„pin‟‟ tool 

configuration. They found that an obvious 

improvement in the surface appearance and 

mechanical properties by placing aluminium alloy in 
the advancing side and magnesium alloy in the 

retreating side. Seetharaman et al. [16] investigated 

the corrosion behaviour of friction stir welded 

AA2024 aluminium alloy immersed in NaCl solution 

with different immersion times using immersion 

corrosion tests. It was resulted that with the increase 

of immersion time, the corrosion rate decreases for 

the specimens undergoing immersion corrosion tests. 

However, the corrosion behaviour of dissimilar FSW 

joints of Al and Mg alloys has been rarely studied. 

Hence in this investigation, an attempt has been 

made to predict the pitting corrosion rate of weld 
nugget region (stir zone) of dissimilar FSW joints of 

Al and Mg alloys by developing an empirical 

relationship incorporating, chloride ion 

concentration, pH value and immersing time. 
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Table 1. Chemical composition (wt. %) of AA6061 

aluminium and AZ31B magnesium alloys 

Alloy Al Zn Si Mn Cu Cr Mg 

AA6061 Bal - 0.6 - 0.25 0.2 1.0 

AZ31B 3.0 1.0 0.1 0.6 0.04 - Bal 

2. Experiment 

2.1 Fabrication of joints and specimen 
preparation 

   A 6 mm thick rolled plates of AZ31B Mg 

alloy and AA6061-T6 Al alloy plates were used as 

base materials in this investigation. The chemical 

compositions of these alloys are listed in Table 1. To 

fabricate FSW joint, the plates were cut to the 

required size (150 mm x75 mm) by power hacksaw. 

A square butt joint was obtained by securing the 

plates in position using mechanical clamps. The 
welding direction was normal to the rolling direction 

of the plates.   Fig. 1a shows the positioning of the 

plates during welding; AA6061 aluminium alloy is 

placed in the advancing side and AZ31B magnesium 

alloy in retreating side. Taper threaded cylindrical 

tool made of super high speed steel (Fig. 1b) was 

used to fabricate the joints. 

A computer numerical controlled (CNC) 
friction stir welding machine (22 kW; 4000 rpm; 60 

kN) was used to fabricate the joints. The FSW 

parameters were optimized by conducting a lot of 

welding trials. The welding conditions which 

produced defect free joints were taken as optimized 

welding conditions. The optimized welding 

parameters and tool dimensions are presented in 

Table 2. The optical micrograph of parent metals and 

stir zone of dissimilar friction stir welded joint are 

shown in Fig. 2. 

From the fabricated joints, the specimens 
were extracted from weld nugget region of the FSW 

joints for conducting potentiodynamic polarisation 

test with the dimensions of 20 x 20 x 6 mm. The 

scheme of extraction of corrosion test samples is 

shown in Fig.1c. Before corrosion test, the 

specimens were grounded and polished with 600 to 

1500 grit SiC paper. Finally, it was cleaned with 
acetone and washed in distilled water and then dried 

by warm flowing air. The photograph of the polished 

corrosion test specimen is shown in Fig. 1d. The 

photograph of the sample placed in a pitting 

corrosion test cell (Fig. 1e). The Gill-AC potentiostat 

instrument was used to conduct the potentiodynamic 

polarization test in NaCl solution at different 

conditions as shown in Fig. 1f. 

 

 

 
 

a. FSW of dissimilar joint 
(Schematic diagram) 

b. Tool dimensions 

 
 

c. Specimen extraction 

scheme 

d. Dimension of pitting 

corrosion test specimen 

  
e. Pitting corrosion test cell f. Gill AC Potentiostat  

Fig.1 Experimental details 

2.2 Selection of experimental design matrix 
A central composite rotatable three-factor, 

five level factorial design matrix was selected to 

minimize number of experiments. The experimental 

design matrix consisting 20 sets of coded conditions, 

comprising a full replication three-factor factorial 

design of eight points, six star points, and six center 

points was used. Table 3 presents the range of factors 

considered and Table 4 shows the 20 sets of actual 
values and output responses of the experiments. The 

lower and upper limits of the parameters were coded 

as -1.682 and +1.682, respectively. Thus, the 20 

experimental runs allowed for the estimation of the 

linear, quadratic, and two-way interactive effects of 

the variables. The way of designing such a matrix is 

dealt with elsewhere [17, 18]. The coded values for 
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intermediate levels can be calculated from the 

relationship. 

(1)
XX

)]X(X1.682[2X

i
X

minmax

minmax





  

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. 

2.3 Pitting corrosion rate evaluation 
  NaCl solutions with concentrations of 0.2, 

0.36, 0.6, 0.84 and 1 mol/L were prepared. The pH 

value was measured using a digital pH meter and 

varied from 3 to 11 as prescribed by design matrix. 

The corrosion rate of the weld nugget region was 
calculated from current density multiplied by a metal 

factor. The expression is followed as, 

 )2(
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The current density (icorr) is expressed as, 
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Where, ba is anodic tafel slope in volts, bc is 

the cathodic tafel slope in volts and Rp is the 

polarization resistance in Ω/m2. 

Metal factor is calculated from, 

 

)4(


KXt
factorMetal 

 

Where „t‟ is the seconds in year, „ρ‟ is the 

density in g/cm2 and „K‟ is the electrochemical 

equivalent in g/coulombs. From equation (2) the 

pitting corrosion rates were calculated and the results 

were tabulated in Table. 4. 

Table 2. Optimized welding conditions and 

process parameters used to fabricate the 

dissimilar joints. 

 

Tool 

rotational 

speed  

(rpm) 

Tool travel 

speed 

(mm/min) 

Axial 

force  

(kN) 

Tool 

shoulder 

diameter 

(mm) 

Tool pin 

diameter 

(mm) 

600 30 14 18 5-6 

Table 3. Important factors and their levels 

 

Si. 

No. 

Factor Levels 

-1.68 -1 0 +1 +1.68 

1 Chloride ion con. 

(Mol) 

0.2 0.36 0.6 0.84 1 

2 pH value 3 4.62 7 9.38 11 

3 Exposure time 

(mins) 

5 15 30 45 55 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2. Optical micrograph of (a) AA6061 

aluminium (b) AZ31B magnesium alloy and        

(c) weld nugget region of friction stir welded 

dissimilar joints. 

 

3. Developing an empirical relationship 
A second order quadratic model was 

developed to correlate the pitting corrosion test 

parameters. The response (corrosion rate) is a 

function of chloride ion concentration (C), pH value 

(P), and exposure time (T). 

)5(},,{  TPCfratecorrosionPitting  

 

The equation should contain main and 

interaction effects of all variables and hence the 

response is expressed as 

(6)jxixijb2
ixiibixibobY    

For three factors, the selected response 

could be expressed as 
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Where, b0 is the average of responses 

(corrosion rate) and b1, b2, b3,…,b11, b12, b13,…,b22, 
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b23, b33 are the coefficients that depend on their 

respective main and interaction factors, which were 
calculated using the expression given below, 

 

 (8)n/)Y,(XB iii   

where „i‟ varies from 1 to n, in which Xi is 

the corresponding coded value of a factor and Yi is 

the corresponding response output value (corrosion 

rate) attained from the experiment and „n‟ is the total 

number of combination considered. All the 

coefficients were calculated by applying central 
composite face centred design using the Design 

Expert statistical software package. After 

determining the significant coefficients (at 95 % 

confidence level), the final relationship was 

developed by using these coefficients.  

 

 
 

Fig. 3 Correlation graph 

Table 4. Design matrix and experimental results. 

Exp. 

No. 

Actual values Output responses 

Con.  

(C) 

pH  

(P) 

Time 

(T) 

Icorr (mA/cm²) CR 

(mm/year) 

1 0.36 4.62 15 1.16 18.33 

2 0.84 4.62 15 1.49 23.46 

3 0.36 9.38 15 1.68 26.39 

4 0.84 9.38 15 1.90 29.88 

5 0.36 4.62 45 0.96 15.11 

6 0.84 4.62 45 1.19 18.68 

7 0.36 9.38 45 1.27 19.99 

8 0.84 9.38 45 1.46 23.02 

9 0.20 7.00 30 0.95 14.98 

10 1.00 7.00 30 1.50 23.65 

11 0.60 3.00 30 1.03 16.16 

12 0.60 11.00 30 2.02 31.87 

13 0.60 7.00 5 2.26 35.52 

14 0.60 7.00 55 1.40 22.02 

15 0.60 7.00 30 2.12 33.32 

16 0.60 7.00 30 2.10 32.99 

17 0.60 7.00 30 1.92 30.27 

 
The final empirical relationship derived by 

the above method to estimate the corrosion rate of 

nugget region (stir zone) of friction stir welded 

Al/Mg dissimilar joint is given below, 

(9))20.007(T)20.60(P)289.52(C

0.02(PT)0.07(CT)0.48(CP)

0.42(T)10.81(P)122.12(C)53.03)
year

mm
(PCR







 

To find the significant main and interaction 

factors the analysis of variance (ANOVA) technique 

was used. Table 5 shows the ANOVA results for 
second order response surface model. The 

determination coefficient (r2) indicated the goodness 

of fit for the model. The model F-value of 28.48 

implies the model is significant.  There is only a 

0.01% chance that a "Model F-Value" this large 

could occur due to noise. Values of "Prob > F" less 

than 0.0500 indicate model terms are significant. In 

this case C, P, T, C2, P2, T2 are significant model 

terms. 

Values greater than 0.1000 indicate the 

model terms are not significant. If there are many 

insignificant model terms (not counting those 
required to support hierarchy), model reduction may 

improve your model. The "Lack of Fit F-value" of 

2.92 implies the lack of fit is not significant relative 

to the pure error. There is a 13.24% chance that a 

“Lack of Fit F-value” this large could occur due to 

noise.  Non-significant lack of fit is good. The "Pred 

R-Squared" of 0.7740 is in reasonable agreement 

with the "Adj R-Squared" of 0.9287. "Adeq 

Precision" measures the signal to noise ratio, a ratio 

greater than 4 is desirable.  Ratio of 14.466 indicates 

an adequate signal. Each observed value is compared 
with the predicted value calculated from the model is 

shown in the Fig. 3. 

Table 5. ANOVA test results 
Source Sum of 

square 

Mean 

square 

F 

value 

p-

value 

Prob>

F 

 

Model 900.59 100.06 28.48 < 0.0001 
signific

ant 

C 65.06 65.06 18.52 0.0016  

P 184.02 184.01 52.37 < 0.0001  

T 141.62 141.62 40.31 < 0.0001  

CP 0.59 0.5989 0.17 0.6884  

CT 0.50 0.5065 0.14 0.7121  

PT 3.47 3.4702 0.99 0.3437  

C2

 369.53 369.53 105.2 < 0.0001  

P2

 166.84 166.83 47.48 < 0.0001  

T2

 42.64 42.639 12.14 0.0059  

Residual 35.14 3.5135    

Lack of 

Fit 
26.17 5.2337 2.92 0.1324 

not 

signific

ant 

Pure 

Error 
8.97 1.7934    

Cor 

Total 
935.72 
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To validate the developed relationship, 

three confirmation experiments were conducted by 
varying the concentration of chloride ion, pH and 

exposure time; the values were chosen randomly 

within the range of test parameters presented in 

Table 3. 

 

 

Fig. 4 Potentiodynamic polarization curves for 

Al/Mg FSW dissimilar joints of WZ tested in 

different conditions of NaCl solution. 

Table 6. Validation test results 

Sl.

No 

C 

(Mol) 

P T 

(mins) 

Actual 

CR (mm/ 

year) 

Predicted 

CR 

(mm/year) 

Variation 

(%) 

1 0.4 5 6 20.14 21.08 -0.94 

2 0.5 4 11 21.26 20.84 0.42 

3 0.9 9 7 29.58 30.06 -0.48 

 
 

 

Fig. 5 Optical micrograph of the corrosion test 

specimens (a) Minimum corrosion attack (b) 

Maximum corrosion attack 

The actual response was calculated from the 

average of three measured results. Table 6 
summarizes the experimental values, predicted 

values and the variation. The validation results 

revealed that the developed empirical relationship is 

quite accurate as the variation is ±1 %. 

The potentiodynamic polarization test was 

performed to evaluate to the corrosion behavior of 

weld nugget of friction stir welded dissimilar joints 

of aluminium – magnesium alloys in different 
solutions. From the 20 experiments, only 3 curves 

(low, medium and high corrosion rates) were showed 

in Fig. 4. From this polarization curve current 

density (icorr) and corrosion potential (Ecorr) were 

noted as shown in table 4. The corrosion rate 

dependent on corrosion current density when the icorr 

increases the corrosion rate also increases. 

Fig.5. reveals the optical micrograph of the 

corrosion test samples which exhibited minimum and 

maximum corrosion rates. In Fig (5a & 5b), severe 

corrosion attack was observed in magnesium alloy. 

The potential difference between Al and Mg in their 
galvanic couple can accelerate the initiation of 

pitting corrosion of Mg. The material with a lower 

free corrosion potential in the galvanic couple acts as 

anode and corrodes preferentially [19], but the rate of 

the galvanic corrosion is determined not only by the 

potential differences but also much more by 

polarization resistance [20]. Al alloy consists of thin 

oxide film will possesses remarkable corrosion 

resistance [21]. Therefore, in Al/Mg galvanic couple, 

Mg acts as anode while Al acts as cathode. For the 

galvanic couple, since the cathode side (Al) has a 
higher corrosion resistance compared with anodic 

side (Mg). In this, the maximum and minimum 

corrosion rate was observed in (0.60 mol/L chloride 

ion concentration, 7 pH and 5 hr exposure time) and 

(0.20 mol/L chloride ion concentration, 7 pH and 30 

mins exposure time), respectively. At this point in 

both the condition pH remain constant but the 

chloride ion concentration and exposure time may 

vary. The higher amount of chloride ion 

concentration and long duration of exposure results 

the higher corrosion attack [22, 23]. 

4. Conclusion 

 An empirical relationship has been developed to 

predict the pitting corrosion rate of weld nugget 

region of friction stir welded dissimilar joints of 

AA6061 Al – AZ31B Mg alloys incorporating 

important corrosion test parameters. The 

developed relationship can be effectively used to 

estimate the pitting corrosion rate of weld 

nugget region of friction stir welded dissimilar 

joints of AA6061 Al – AZ31B Mg alloys at 95 

% confidence level. 

 The highest corrosion rate of 35.52 mm/year is 
observed under the test conditions of 0.60 mol/L 

chloride ion concentration, 7 pH and 5 hr 

exposure time. The lowest corrosion rate of 

14.98 mm/year is observed under the test 
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condition of 0.20 mol/L chloride ion 

concentration, 7 pH and 30 mins exposure time.  

 Of the three corrosion test parameters, pH value 

of the solution is found to be more aggressive 

parameter followed by chloride ion 

concentration and exposure time as per „F‟ 

values. 
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Nomenclature 

Symbol Meaning Unit 

C Chloride ion concentration Mols 

P pH  - 

T Time mins 

CR Corrosion rate mm/year 

Icorr  Corrosion current density mA/cm² 

Ecorr Corrosion potential mVSCE 

 


