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Abstract 

Magnesium alloy plates of 6mm thick of AZ61A grade were butt welded using a 
solid state, autogenous, friction stir welding process. The joints were exposed 
under salt fog and electrochemical environments to characterize the corrosion 
rates of the FSW welds with the influence of pH, chloride ion concentration and 
the corrosion time in service applications to ensure such research is as effective 
as possible. The salt fog and pitting corrosion was quantified with different 
corrosion parameters. The corrosion rates were higher in salt fog conditions than 
the electrochemical performance of FSW welds. 

1. Introduction 

Magnesium alloys have received extensive recognition due to their 
excellent physical properties, including light weight, high strength/ 
weight ratio, high thermal conductivity, and good electromagnetic shiel-
ding characteristics, thus becomes a promising candidate to replace steel 
and aluminum alloys in many structural, mechanical, and practical 
applications due to their attractive mechanical and metallurgical 
properties [16, 29]. The 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 [17, 28]. Hence, it will be of extreme benefit if a solid 
state joining process, i.e., one which avoids bulk melting of the base 
materials, hot cracking and porosity, can be developed and implemented 
for the joining of magnesium alloys. 

FSW 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. Moreover, it is an environmental cleaner 
welding process. In addition, it significantly improved the weld properties 
and had been extensively applied in joining of magnesium alloys and 
aluminum alloys [27]. The application of Mg alloy in structural members 
is still limited due to its conventional fusion welding resulting in many 
solidifications related problems, such as hot cracking, porosity, alloy at 
segregation, and partial melting zone. To overcome from the above said 
problems, FSW process had been used, which is a solid state autogeneous 
process and hence there are no melting and solidification defects. 
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However, the corrosion resistances of the Mg-based alloys are 
generally inadequate due to the low standard electrochemical potential 

SHEV37.2−  (standard hydrogen electrode) [31] and this limits the range 

of applications for Mg and its alloys. Therefore, the study of corrosion 
behaviour of magnesium alloys in active media, especially those 
containing aggressive ions, is crucial to the understanding the corrosion 
mechanisms, and hence, to improving the corrosion resistance under 
various service conditions. The scope of this paper is to examine the 
recent literature to further examine the electrochemical measurement 
hypothesis for Mg alloys and its weldments. Also, 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. For research that uses polarization tests to elucidate 
corrosion of Mg alloy associated with service, it is strongly recommended 
that the research should be complemented by the use of two of the three 
other simple measurement methods: (i) weight loss rate; (ii) hydrogen 

evolution rate; and (iii) rate of +2Mg  leaving the metal surface. There is 

much better insight for little additional effort [19]. Other methods to 
rapidly determine the corrosion rates are (1) measuring the amount of 
hydrogen gas evolved [15] and (2) measuring the pH of the salt solution 
[26] with time. In both methods, however, the hydrogen concentration of 
the salt solution decreases significantly with time, causing precipitation 
of ( )2OHMg  on the surface of the samples. This affects the intrinsic 

corrosion rate. Therefore, both methods are not capable of measuring the 
effect of a small change in composition on the intrinsic rate of magnesium 
corrosion. A novel and probably the only chemical means to rapidly 
determine the intrinsic rate of magnesium corrosion is to measure the 
amount of hydrogen ion. Thus, the salt fog corrosion tests were performed 
without recycling the solution, for the reason to obtain better intrinsic 
rate of corrosion. 
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This research focused on comparing salt spray corrosion with 
potentiodynamic polarization tests, which are the two 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 behaviour of Mg alloys 
were focused on general corrosion and pitting corrosion of unwelded base 
alloys. Very few investigations have been conducted so far on corrosion 
behaviour of FSW joints of Mg alloys. The aim of this research is to 
investigate the occurrence of salt spray corrosion in FSW welds and the 
electrochemical behaviour of friction stir welded AZ61A 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 
AZ61A magnesium alloy welds. 

2. Experimental Procedure 

2.1. Test materials 

The material used in this study was AZ61A magnesium alloy in the 
form of extruded condition and supplied in plates of 6mm thickness. The 
chemical composition and mechanical properties of the base metal are 
presented in Tables 1(a) and 1(b). The optical micrograph of base metal is 
shown in Figure 1; it was observed that the microstructure of base metal 
contains coarse grains with 1712MgAl  intermetallic compounds. 

Table 1. (a) Chemical composition (wt%) of AZ61A Mg alloy 

Al Zn Mn Mg 

5.45 1.26 0.17 Balance 

Table 1. (b) Mechanical properties of AZ61A Mg alloy 

Yield Strength 

(MPa) 

Ultimate Tensile 

Strength (MPa) 

Elongation 

(%) 

Vickers hardness 

at 0.05kg load 

(Hv) 

176.49 271.68 8.40 56.3 
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Figure 1. Optical micrograph of AZ61A base metal. 

2.2. Fabricating the joints and preparing the specimens 

The plate was cut to a required size ( )mm150mm300 ×  by power 

hacksaw followed by milling. A square butt joint configuration was 
prepared to fabricate the joints. The initial joint configuration was 
obtained by securing the plates in position by using mechanical clamps. 
The direction of welding was normal to the extruded direction. Single 
pass welding procedure was followed to fabricate the joints. A non-
consumable tool made of high carbon steel was used to fabricate joints. 
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 specimens were ground with #### 1500,1200,800,500  grit SiC 
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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 AZ61A magnesium alloy is shown in Figure 2; here, it 
reveals that the stir zone contains fine grains with significantly refined 

1712MgAl  intermetallic compounds, which are not uniformly distributed 

in the magnesium matrix. 

Table 2. Optimized welding conditions and process parameters used to 
fabricate the joints 

Rotational 

speed 

(rpm) 

Welding 

speed 

(mm/min) 

Axial 

force 

(kN) 

Tool shoulder 

diameter 

(mm) 

Pin diameter 

(mm) 

Pin 
length 

(mm) 

Pin profile 

 

1000 

 

75 

 

3 

 

18 

 

6 

 

5 

Left hand 

thread of 

1mm pitch 

 

Figure 2. Optical micrograph of stir zone of FSW AZ61A Mg alloy. 
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2.3. Finding the limits of corrosion test parameters 

From the literature [1, 23, 26], the predominant factors that have a 
greater influence on corrosion behaviour of AZ61A magnesium alloy are 
identified. 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 AZ61A magnesium alloy joints under novel test conditions. The 
following inferences are obtained: 

(1) If the pH value of the solution was less than 3 -the change in 
chloride ion concentration did not considerably affect the corrosion 
potential during electrochemical measurements. 

(2) If the pH value was in between 3 to 11 -there were inhibition of 
the corrosion process and stabilization of the protective layer. 

(3) If the pH value was greater than 11 -blocking of further corrosion 
by the active centers of protective layer. 

(4) If the chloride ion concentration was less than 0.2M -the visible 
corrosion did not occur in the experimental period. 

(5) If the chloride ion concentration was in between 0.2M and 1M -there 
was a reasonable fluctuation in the corrosion rate. 

(6) If the chloride ion concentration was greater than 1M - rise in 
corrosion rate slightly decreased a little. 

(7) If the exposure time was less than an hour -the surface would be 
completely covered with thick and rough corrosion products. 

(8) If the exposure time was in between 1 to 9 hours - the short term 
corrosion could be predicted. 

(9) If the exposure time was greater than 9 hours -the enhancement 
of corrosion film, causing a strike against corrosion, which makes difficult 
to identify the corrosion. 



A. DHANAPAL et al.  78

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 32  cube, the six star points, and m center points [6]. 

The star points would have ( ) .682.1418a == ∧  

Design matrix consisting of 20 sets of coded conditions (comprising a 
full replication three factorial of 8 points, six corner points, and six center 
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 682.1+  and ,682.1−  respectively. The coded 

values of any intermediate value could be calculated by using following 
relationship: 

( )[ ]{ } ,2682.1
minmax

minmax
XX

XXXXi −
−−×

=   (1) 

where iX  is the required coded value of a variable X and X is any value 

of the variable from minX  to ;maxX  

minX  is the lower level of the variable; 

maxX  is the upper level of the variable. 
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Table 3. Important factors and their levels 

Unit Notation Levels Sl. 
No. 

Factor 

  – 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 
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Table 4. Design matrix and experimental results 

 Weight Hydrogen Corrosion 

EX. loss,w evolution Current Corrosion rate (mm/yr) 

No. (mg/ rate, HV  
density,    

 

Actual values 

testing (ml/testing corri  Salt for Hydrogen Pitting 

    hours) hours) ( )2cmmA  corrosion test evolution corrosion test 

 pH Time Conc.    

  t C    
( )wR  

( )HR  

 
( )iR  

  (hour) (M)       

1 4.62 2.62 0.36 0.0182 0.0171 0.2892 14.62 (0.213) 13.80 (0.054) 6.608 (0.188) 

2 9.38 2.62 0.36 0.0133 0.0123 0.2016 10.23 (0.126) 9.44 (0.145) 4.606 (0.125) 

3 4.62 7.38 0.36 0.0146 0.0136 0.1840 11.89 (0.257) 11.07 (0.212) 4.204 (0.325) 

4 9.38 7.38 0.36 0.0311 0.0286 0.1271 8.99 (0.179) 8.26 (0.214) 2.904 (0.256) 

5 4.62 2.62 0.84 0.0194 0.0179 0.4032 15.82 (0.176) 14.58 (0.051) 9.213 (0.233) 

6 9.38 2.62 0.84 0.0141 0.0130 0.2454 11.31 (0.124) 10.48 (0.158) 5.607 (0.249) 

7 4.62 7.38 0.84 0.0447 0.0410 0.3594 12.92 (0.16) 11.85 (0.186) 8.212 (0.143) 

8 9.38 7.38 0.84 0.0372 0.0342 0.2936 10.75 (0.235) 9.88 (0.147) 6.708 (0.125) 

9 3 5 0.60 0.0422 0.0390 0.2832 17.96 (0.335) 16.60 (0.258) 8.471 (0.203) 

10 11 5 0.60 0.0161 0.0150 0.2016 8.88 (0.138) 7.39 (0.122) 4.606 (0.050) 

11 7 1 0.60 0.0052 0.0048 0.3717 11.23 (0.109) 10.33 (0.287) 8.208 (0.355) 

12 7 9 0.60 0.0312 0.0290 0.1885 8.51 (0.211) 6.87 (0.114) 4.307 (0.022) 

13 7 5 0.20 0.0179 0.0165 0.1972 11.66 (0.157) 7.06 (0.365) 4.506 (0.016) 

14 7 5 1 0.0288 0.0265 0.3900 15.28 (0.118) 11.29 (0.210) 8.911 (0.227) 

15 7 5 0.60 0.0232 0.0212 0.2630 9.89 (0.186) 9.12 (0.129) 6.00 (0.207) 

16 7 5 0.60 0.0232 0.0212 0.2630 9.89 (0.186) 9.12 (0.129) 6.00 (0.207) 

17 7 5 0.60 0.0232 0.0212 0.2630 9.89(0.186) 9.12 (0.129) 6.00 (0.207) 

18 7 5 0.60 0.0232 0.0212 0.2630 9.89(0.186) 9.12 (0.129) 6.00 (0.207) 

19 7 5 0.60 0.0232 0.0212 0.2630 9.89(0.186) 9.12 (0.129) 6.00 (0.207) 

20 7 5 0.60 0.0232 0.0212 0.2630 9.89(0.186) 9.12 (0.129) 6.00 (0.207) 

Owing to a wide range of factors, the use of three factors and central composite 
rotatable design matrix was chosen to minimize the number of experiments. Design 
matrix consisting 20 sets of coded conditions (comprising a full replication three 
factorial of 8 points, six corner points, and six center points) was chosen in this 
investigation. 
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∗ The values presented in bracket are the standard deviation among 
the triplicate tests results. The tests results were carried out in triplicate 
to ensure the reproducibility of the results. 

2.5. Salt fog corrosion test 

Solution of NaCl with concentrations of 0.2M, 0.36M, 0.6M, 0.84M, 
and 1M were prepared. The pH value of the solution was used here as,  
pH 3, pH 4.62, pH 7, pH 9.38, and pH 11. In order to obtain a calibrated 
and desired pH, adding concentrated HCl and NaOH was enhanced for 
accuracy. The pH value was measured using a digital pH meter. The test 
method consists of exposing the specimens in a salt spray chamber 
(model: Salt Spray Cabinet, Make: SR Lab Instruments, INDIA, Control 
system: PID type, Fog collection: 0.5 to 3ml per hour) as per ASTM B 117 
standards and evaluating the corrosion tested specimen with the method 
as per ASTM G1-03. Basically, the salt spray test procedure involves the 
spraying of a salt solution onto the samples being tested. This was done 
inside a temperature controlled chamber. The glass racks were contained 
in the salt fog chamber. The samples under test were inserted into the 
chamber, following which the salt-containing solution was sprayed as a 
very fine fog mist over the samples. NaCl in tapped water was pumped 
from a reservoir to spray nozzles. The solution was mixed with 
humidified compressed air at the nozzle and this compressed air, 
atomized the NaCl solution into a fog at the nozzle. Heaters were 
maintained at 35°C cabinet temperature. Within the chamber, the 
samples were rotated frequently so that all samples were exposed 
uniformly to the salt spray mist. Since the spray was continuous, the 
samples were continuously wet, and therefore, uniformly subjected to 
corrosion. 

2.6. Pitting corrosion test 

The potentiodynamic polarizations measurements were carried out in 
corrosion test cell containing 500ml solution. The corrosion process 
parameters were chosen as same as in the salt spray corrosion tests, 
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which includes the pH value, the chloride ion concentration, and the 
exposure time. Corrosion testing carried out as per ASTM G5. An 
electrochemical polarizations experiment was carried out by using a 
potentiostat (model: GILL AC, Make: ACM Instruments, UK, Compliance 
voltage: 15V,±  Operational temperature:  5°C to 72°C). The electrochemical 

cell consists of friction stir welds of AZ61A magnesium alloy as the 
working electrode, a saturated calomel reference electrode, and a 
platinum 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. Other side of the specimen, with an area of ,1cm2  

was exposed to NaCl solution for different exposure times. Short-term 
tests have provided corrosion rates for Mg alloys that do not agree with 
long term tests. But, in case of magnesium alloys, it corrodes aggressively 
with faster rates. Thus short term tests were enhanced. Moreoften, the 
corrosion rate Mg evaluated from Tafel plots has pertained to conditions 
soon after specimen immersion for stability and these corrosion rates 
have not related to steady state corrosion. The specimens were exposed 
and a polarizations scan was carried out towards more noble values at a 
rate 18mV/min. The scan scope was set from  2000mV to 0mV vs. OCP. 
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. All potentials referred in the 
study are quoted with respect to the SCE. The corrosion current density 
( )corri  was estimated by linear fit and the polarization curves were used 

to explore the relationship, if any between the electrochemical 
measurements of the corrosion rate, based on the corrosion current at the 
free corrosion potential, and direct measurements using weight loss and 
evaluated from the hydrogen evolved. The corrosion current at the free 
corrosion potential was evaluated by Tafel plots of the cathodic branch of 
the polarization curve. The cathodic curves were all linear; a slope was 
used similar to all curves between the cathodic and anodic curves. 
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2.7. Corrosion rate measurement 

The simplest and most fundamental measurement of the corrosion 
rate is the metal weight loss rate, w (mg/testing hours) derived as per 
ASTM G-31. This can be converted to an average corrosion rate (mm/yr) 
using [3, 5, 7, 12]. 

Corrosion rate (weight loss measurements) yr,mmtA
w1076.8R

4
w ×ρ×

××=  

 (2) 

where 

w = weight loss in milligrams. 

A = surface area of the specimen in .cm2  

=ρ  density of the material, .cmgm72.1 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., 24.31g) of Mg 
metal corrodes for each mol (i.e., 22.4L) of hydrogen gas produced. 

Therefore, the hydrogen evolution rate, ( ),dcmmlV 2
H  is related to the 

metallic weight loss rate, w using [21, 24, 33] 

yr.mmV085.1w H=   (4) 

The corresponding corrosion rate, ,RH  is evaluated by substituting 

Equation (4) into Equation (2) to give 

yr.mmV279.2R HH =   (5) 

For Mg corrosion, there is excellent agreement [21, 24, 34] between 
the corrosion rate measured by the weight loss rate and that evaluated 
from the hydrogen evolution rate. In the potentiodynamic polarization 
test for measuring the corrosion rate, the corrosion current density corri  

( )2cmmA  is estimated from the polarization curve, and corri  is related 

to the average corrosion rate using [21, 24, 32] 
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Corrosion rate (potentio-dynamic polarization measurements), 

.yrmmi85.22R corri =   (6) 

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. 

2.8. 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 
200× magnification. The corrosion products were analyzed by SEM-EDAX 
and X-ray diffraction analysis. 

3. Developing an Empirical Relationship 

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 [10, 35]. In the present investigation, to correlate the 
potentiodynamic polarization tests parameters and the corrosion rate of 
AZ61A welds, a second order quadratic model was developed. The 
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response (corrosion rate of AZ61A welds) is a function of pH values (P), 
exposure time (T), and chloride ion concentration (C) and it could be 
expressed as: 

Corrosion rate ( ).CT,P,f=   (8) 

In order to study the combined effects of these parameters, 
experiments were conducted at different combinations using statistically 
designed experiments. The empirical relationship must include the main 
and interaction effects of all factors and hence the selected polynomials 
are expressed as follows: 

.2
o jiijiiiii xxbxbxbbY ∑∑∑ +++=  (9) 

For three factors, the selected polynomial could be expressed as 

Corrosion Rate { ( ) ( ) ( ) ( ) ( )2
22

2
113210 TbPbCbTbPbb +++++=  

( ) ( ) ( ) ( )},231312
2

33 TCbPCbPTbCb ++++  (10) 

where 0b  is the average of responses (corrosion rate) and 321 ,, bbb  

,,,,, 332322131211 bbbbbb ……  are the coefficients that depend on their 

respective main and interaction factors, which are calculated by using 
the expression given below: 

( ) ,, nYXB iii ∑=   (11) 

where ‘i’ varies from 1 to n, in which iX  is the corresponding coded 

values of a factor; iY  is the corresponding response output values 

(corrosion rate) obtained from the experiment; and ‘n’ is the total number 
of combination considered. All the coefficients were obtained applying 
central composite rotatable design matrix including the Design Expert 
statistical software package. After determining the significant 
coefficients (at 95% confidence level), the final relationship was 
developed including only these coefficients. The final empirical 
relationship obtained by the above procedure to estimate the corrosion 
rate of friction stir welds of AZ61A magnesium alloy is given below: 
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For salt fog environments: 

Corrosion Rate = ( ) ( ) ( ) ( )260.182.088.089.148.9 PCTP ++−−   

( ) .yrmm27.1 2C+    (12) 

For potentiodynamic polarization environments: 

Corrosion Rate = ( ) ( ) ( ) ( )PTCTP 035.0014.0052.0085.056.0 ++−−  

( ) ( ) .yrmm042.0051.0 2CTC ++   (13) 

3.1. Checking the adequacy of the model for salt spray testing 

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 in the form of analysis of variance 

(ANOVA) are given in the Table 5. The determination coefficient ( )2r  

indicated the goodness of fit for the model. The Model F-value of 31.30 
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 indicates model terms are significant. In this case, T,P,  

22 C,PC,  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 the model. The “Lack of Fit      
F-value” of 1.69 implies the Lack of Fit is not significant relative to the 
pure error. There is a 28.93% 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 0.8176 is in reasonable agreement with the “Adj       
R-Squared” of 0.9349. “Adeq Precision” measures the signal to noise 
ratio. P ratio greater than 4 is desirable. The ratio of 19.440 indicates an 
adequate signal. All of this indicated an excellent suitability of the 
regression model. Each of the observed values compared with the 
experimental values shown in the Figure 3. A regression equation 
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(Equation (12)) was derived using the software package, which in turn 
proposed to correlate the predicted values with the observed 
(experimental) values. Thus, a residual was formed. The residuals are 
nothing but, the difference between the experimental corrosion rate and 
predicted corrosion rate. The residual is pictorially shown in the Figure 3. 
The distance between the center line and the red dotted lines in the 
Figure 3 was called as residual. The distance found very limit, indicates 
the error is within the limit and the points are scattered closer to the 
center line. 

Table 5. ANOVA test results for salt fog corrosion test 

Source Sum of squares df Mean square F-value p-value Prob>F  

Model 126.60 9 14.07 31.30 <0.0001 significant 

P 49.03 1 49.03 109.11 <0.0001  

T 10.55 1 10.55 23.48 0.0007  

C 9.12 1 9.12 20.29 0.0011  

PT 1.83 1 1.83 4.08 0.0710  

PC 0.047 1 0.047 0.10 0.7543  

TC 0.033 1 0.033 0.072 0.7934  

2P  37.07 1 37.07 82.48 <0.0001  

2T  4104.3 −×  1 4104.3 −×  4106.7 −×  0.9785  

2C  23.17 1 23.17 51.55 <0.0001  

Residual 4.49 10 0.45    

Lack of Fit 2.82 5 0.53 1.69 0.2893 Not 
significant 

Pure Error 1.67 5 0.33    

Cor Total 131.09 19     
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Figure 3. Correlation graph for response (salt spray corrosion test). 

3.2. Checking the adequacy of the model for potentiodynamic 
polarization testing 

It was thus conducted in this study in order to determine whether the 
above mentioned second order polynomial equation was significant fit 
with the experimental results. The results of the second order response 
surface model fitting as analysis of variance (ANOVA) are given in the 

Table 6. The determination coefficient ( )2r  indicated the goodness of fit 

for the model. The Model F-value of 38.65 implies the model is 
significant. There is only a 0.01% chance that a “Model F-Value” this 
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large could occur due to noise. Values of “Prob > F” less than 0.0500 

indicate model terms are significant. In this case, 2TTC,PT,C,T,P,  

are significant model terms. Values greater than 0.1000 indicate the 
model terms were not significant. If there are many insignificant model 
terms (not counting those required to support hierarchy), model 
reduction may improve the model. The “Lack of Fit F-value” of 2.86 
implies the Lack of Fit was not significant relative to the pure error. 
There was a 13.07% 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 0.8256 is in reasonable agreement with the “Adj R-Squared” 
of 0.9469. “Adeq Precision” measures the signal to noise ratio. P ratios 
greater than 4 are desirable. The ratio of 22.605 indicates an adequate 
signal. All of this indicated an excellent suitability of the regression 
model. Each of the observed values compared with the experimental 
values shown in the Figure 4. A regression equation (Equation (13)) was 
also derived here to propose a correlation between the predicted and the 
observed (experimental) results forming a residual. The residuals are the 
difference between the experimental corrosion rate and predicted 
corrosion rate. The residual is pictorially shown in the Figure 4. It was 
observed that, the distance between the centre true line and the red 
dotted lines were found very limit, indicates the error is within the limit 
and the points are scattered closer to the center line. 
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Table 6. ANOVA test results for pitting corrosion test 

Source Sum of squares df Mean square F-value p-value Prob>F  

Model 0.46 9 0.051 38.65 < 0.0001 significant 

P 0.098 1 0.098 74.98 < 0.0001  

T 0.037 1 0.037 28.34 0.0003  

C 0.26 1 0.26 196.08 < 0.0001  

PT 310887.9 −×  1 310887.9 −×  7.54 0.0206  

PC 310652.4 −×  1 310652.4 −×  3.55 0.0890  

TC 0.021 1 0.021 15.64 0.0027  

2P  410.5451 −×  1 410545.1 −×  0.12 0.7385  

2T  310103.1 −×  1 310103.1 −×  0.84 0.3807  

2C  0.026 1 0.026 19.56 0.0013  

Residual 0.013 10 310311.1 −×     

Lack of Fit 310712.9 −×  5 310942.1 −×  2.86 0.1370 Not 
Significant 

Pure Error 310400.3 −×  5 410800.6 −×     

Cor Total 0.47 19     
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Figure 4. Correlation graph for response (pitting corrosion test). 

4. Results and Discussion 

Table 4 shows the weight loss during salt spray corrosion test ( ),W∆  

hydrogen evolution rate ( ),VH  corrosion current density ( )corri  

corrosion rate evaluated from weight loss method ( ),CRW  hydrogen 

evolution rate ( ),CRH  and potentiodynamic polarization test ( )iCR  at 
different pH values, chloride ion concentration, and exposure time. This 
data shows that the corrosion rate evaluated from weight loss agrees 
within an error of %10±  with the corrosion rate independently measured 
from hydrogen evolution [19]. The weight loss data and hydrogen 
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evolution volumes were normalized to the surface area was shown in 
Figure 5. In order to quantify the results that, the corrosion rate 
evaluated from weight loss agrees within an error of %10±  with the 
corrosion rate independently measured from hydrogen evolution, a 
surface are plot was developed to prove better correlation between the 
weight loss and hydrogen evolution. The area plots reveal better 
constitutional agreement of error within 10%. The surface area of weight 
loss linearly agrees the surface area of the hydrogen volumes. 
Furthermore, statistically, it can be prove from the goodness of fit, called 
concordance correlation coefficient. It evaluates the degree to which the 
pair of observation (weight loss data and hydrogen volume data) falls on 
the 45° line through the origin [13]. It was observed from the kinetic plot 
shown in Figure 6. Also, the observations scattered a little and all points 
are fitted in a straight line. The concordance correlation coefficient 
measures a good agreement between the weight loss data and the 
hydrogen volume data by measuring the variation of their relationship 
from the 45° line through the origin. This coefficient also, measures how 
far each observation deviates from the line to the data [14]. 

 

Figure 5. Normalized surface area plot to correlate the weight loss data 
and hydrogen volume data. 
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Figure 6. Kinetic plot to correlate the weight loss data and hydrogen 
volume data using concordance correlation coefficient. 

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 AZ61A was slower, although the corrosion also initiated as localized 
corrosion. The hydrogen evolution, after an initiation time of several 
hours, increased with exposure time; the hydrogen evolution rate 
increased slightly with time. The incubation period was quiet long for 
pure Mg, there was essentially no incubation period for AZ61A 
magnesium alloy welds. Thereafter, there was an increase in hydrogen 
evolution with increasing 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. 
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A comparison of these values from Tafel plots with those calculated 
from the hydrogen evolution data indicated that (i) the corrosion rates 
were much higher when estimated from the hydrogen evolution rate and 
(ii) the corrosion rate estimated from the Tafel plots showed the same 
trends in influence of pH, chloride ion concentration, and corrosion time. 
The reason for the difference may be that different types of corrosion 
were measured. The corrosion rate from the Tafel plots may relate to the 
onset of corrosion, whereas the corrosion rate from the hydrogen 
evolution measurements relates to corrosion averaged over a 
considerable time period and includes corrosion some considerable time 
after corrosion onset, when the corrosion is well established. Tafel plots 
were used to evaluate corri  and the corresponding corrosion rates have 
been designated. 

Thus, the potentiodynamic polarization technique is essentially an 
instantaneous technique, which provides a measurement of the corrosion 
rate at a particular time over which the measurement was carried out. 
For Mg alloys, the corrosion rate can also be evaluated from the evolved 
hydrogen; this technique allows both an instantaneous measurement at 
any particular time during the exposure as well providing integration 
over the whole exposure period. In contrast, the weight loss measurement 
evaluates the corrosion rate as an average value over the exposure 
period. This means that a rigorous evaluation of polarization tests 
requires good measurements of Tafel plots under conditions that provide 
a measurement that is comparable to a corrosion rate measured by 
weight loss. 

On a note on microstructure, all second phases have the tendency to 
cause micro-acceleration of the corrosion of the alpha-Mg matrix [21, 24, 
33, 34], 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 [2]. It was observed 
that, Mg alloys like AZ61A, 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 10-20 [18]. 



QUANTIFICATION OF CORROSION RATE UNDER SALT … 95

4.1. Effect of pH on corrosion rate 

Figure 7 shows the effect of pH on Tafel plots with different pH 
values of pH 3, pH 7, and pH 11 with 0.6M concentration of NaCl for 5 
hours. It was observed that with the decrease in the pH values of the 
solutions, the anodic curve of the materials showed a shift to more 
negative potential. However, even though is not thermodynamically 
stable at low pH values, the dissolution kinetics may be slower and a 
surface film may be formed provided the dissolution kinetics are slower 
than the formation kinetics. It was observed that the corrosion rate 
usually increased with the decrease in the pH values of the solutions [20]. 
It is due to the dissolution of -α magnesium. The α -magnesium dissolute 

easily in acidic medium and in aqueous solutions, the corrosion proceeds 
by the reduction of water to produce magnesium hydroxide. This 
reduction process was mainly water reduction, thus forming a ( )2OHMg  

protective layer. Higher the pH values favours the formation of 
( ) ,OHMg 2  which protects the alloy from corrosion. 

 

Figure 7. Effect of pH value on Tafel plots with different pH values of 
pH 3, pH 7, and pH 11 with 0.6M concentration of NaCl for 5 hours. 
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On comparing the corrosion rate of both the corrosion tested 
specimen with different pH values of pH 3, pH 7, and pH 11 with 0.6M 
concentration of NaCl for 5 hours was represented as bar diagram in the 
Figure 8. It was found that, the corrosion rates obtained from the salt 
spray testing was much higher than the rates obtained from the 
potentiodynamic polarization tests. It was due to spraying effect where 
recycling of the solution could not take into account, while in 
potentiodynamic polarization test, 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. However, both the 
corrosion tests causing pits to grow. 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 of the pits to continue growing, 
as the corrosion products trap chloride ions within the pits. In the salt 
spray environment, where the salt water is not present continuously, the 
corrosion products can build up, trapping chloride ions, and allowing the 
pits to grow even when there is no water present. Second, the removal of 
the surrounding magnesium is caused by the presence of water, meaning 
that the continuous presence of water would remove magnesium and 
prevent pit growth. In this case of the salt spray environment, water is 
only present in the drying phase, any general corrosion is stopped. With 
general corrosion stopped and the corrosion products left in place, the 
pits on the salt spray surfaces are able to grow unabated. Therefore, the 
corrosion rate was higher in salt spray environment than the corrosion 
rate obtained from polarization test. 
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Figure 8. Comparative estimation of corrosion rate of specimen with 
different pH values of pH 3, pH 7, and pH 11 with 0.6M concentration of 
NaCl for 5 hours. 

Figure 9 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 both salt spray test and 
potentiodynamic polarization test. During salt spray testing, 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 and fragmented .AlMg 1217  The numbers of pits were 

more in the joints when it is sprayed with the solution of low pH. Hence, 
the corrosion rate increases with the decrease in pH value. Since, the 
increase of grain and grain boundary in the joints, the grain boundary 
acts cathodic to grain causing micro galvanic effect. The presence of 
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micro-galvanic effect between the phase-α  and the phase-β  formed due 

to the presence of aluminum. 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 [22]. 

 

Figure 9. Effect of pH value on pit morphology with different pH values 
of pH 3, pH 7, and pH 11 with 0.6M concentration of NaCl for 5 hours. 
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4.2. Effect of chloride ion concentration on corrosion rate 

Figure 10 shows the effect of chloride ion concentration on Tafel plots 
exposed in pH 7 for 5 hours with different chloride ion concentration of 
0.2M, 0.6M, and 1M. It was observed that with the increase of chloride 
ion concentration of the solutions, the anodic curve of the materials 
showed a shift to higher current density values. And corrosion potential 
shifted to more negative (active) values with the increase in chloride ion 
concentration, which may explain by the adsorption of chloride ion on the 
alloy surface at weak parts of oxide film. Thus, the increase in corrosion 
rate with the increasing chloride ion concentration attributed the 
participation chloride ions in the dissolution reaction. It was considered 
that the corrosion becomes severe owing to the penetration of hydroxide 
film by ion.Cl−  This corrosion behaviour was consistent with the current 
understanding that the corrosion behaviour of magnesium alloys was 
governed by a partially protective surface film with the corrosion reaction 
occurring predominantly at the breaks or imperfections of the partially 
protective film. 

 

Figure 10. Effect of chloride ion concentration on Tafel plots exposed in 
pH 7 for 5 hours with different chloride ion concentration of 0.2M, 0.6M, 
and 1M. 
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Figure 11 represents the comparison chart for the corrosion rate of 
specimen exposed in pH 7 for 5 hours with different chloride ion 
concentration of 0.2M, 0.6M, and 1M obtained from both the corrosion 
tests. This is consistent with the detailing of the protective layer. With 
the increase of chloride ion concentration, the protective layer ( )2OHMg  

changed into soluble 2MgCl  layer for salt spray corrosion and 
( ) 22ClOHMg  for electrochemical corrosion. The corrosion rate was quite 

higher in salt spray corrosion test than the polarization test. It states 
that, the 2MgCl  was highly soluble compared to ( ) .ClOHMg 2  Hence, the 
attack was much higher in salt spray corrosion test. 

 

Figure 11. Comparative estimation of corrosion rate of specimen exposed 
in pH 7 for 5 hours with different chloride ion concentration of 0.2M, 
0.6M and 1M. 

Figure 12 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, 0.6M, and 1M for both salt 
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spray test and potentiodynamic polarization 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 [22]. While 
in polarization 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. 

Chloride ions were aggressive for magnesium. The adsorption of 
chloride ions to oxide covered magnesium surface transformed ( )2OHMg  

to easily soluble .MgCl2  It was considered that the corrosion becomes 

severe owing to the penetration of hydroxide film by −Cl  ion and thereby 
the formation metal hydroxyl chloride complex, which governed the 
following reaction: 

( ) .ClOHMg2Cl2OH2Mg 222
2 →−−−++ −+   (11) 

Concerning about the pit characteristics, more number of pits were 
observed in the specimen exposed to polarization test. This can be 
explained by the exposure environment. The salt spray was cyclical, 
chloride ions were only exposed to the surface of brief time, which would 
reduce how often new pits could form. The exposed surfaces during 
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. 
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Chloride ion concentration = 1 M 

Figure 12. Effect of chloride ion concentration on pit morphology 
exposed in pH 7 for 5 hours with different chloride ion concentration of 
0.2M, 0.6M, and 1M. 

4.3. Effect of corrosion time on corrosion rate 

Figure 13 shows the effect of exposure time on the Tafel plots of the 
specimen exposed in pH 7 with chloride ion concentration of 0.6M NaCl 
exposed 1h, 5h, and 9h. The corrosion potential shifted to a more positive 
direction with the increase in exposure time, the anodic branches are 
shifted to the more positive potential direction compared, indicating the 
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anodic dissolution is retarded with the increase of exposure time. As a 
result, the corrosion current also decreases with increasing exposure 
time. It was suggested that the existence of the corrosion film of NaCl 
solution with the increase of exposure time. In the early stages of the 
corrosion process, the anodic dissolution of AZ61A weldments is balanced 
by hydrogen evolution in the cathodic areas in NaCl solution. These 
corrosion products which in turn depressed the corrosion rate due to the 
passivation in the medium [11]. It results that there was an increase in 
hydrogen evolution with the increasing exposure time, which tends to 

increase the concentration of −OH  ions strengthening the surface from 
corrosion causing further. Since the strength of the electrolyte reduces 
from acidity to the alkalinity with the increases of time. 

 

Figure 13. Effect of exposure time on Tafel plots of the specimen exposed 
in pH 7 with chloride ion concentration of 0.6M NaCl exposed 1h, 5h, and 
9h. 

This is attributed to corrosion occurring over increasing fraction of 
the surface was observed, which is the insoluble corrosion products [30]. 
The insoluble corrosion products on the surface of the alloy could slow 
down the corrosion rate. 
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.e2MgMg 2 −+ +→−−−   (12) 

.HOH2e2OH2 22 +→−−−+ −−   (13) 

( ) .OHMgOH2Mg 2
2 →−−−+ −+   (14) 

Figure 14 shows the comparison of the corrosion rate obtained during the 
salt spray and polarization test of the specimen exposed in pH 7 with 
chloride ion concentration of 0.6M NaCl exposed 1h, 5h, and 9h. With the 
increase of corrosion time, the corrosion rate decreases for both the 
specimens. 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 polarization test 
was enhanced by the alkalization of the solution. 

 

Figure 14. Comparative estimation of corrosion rate of the specimen 
exposed in pH 7 with chloride ion concentration of 0.6M NaCl exposed 1h, 
5h, and 9h. 
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Figure 15 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 for both salt spray testing and 
potentiodynamic polarization test. The mode of microstructural features 
was comparatively same during corrosion testing for both the 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 continually 

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 [23]. 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 [30]. 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, the pit area was highly protected with the magnesium hydroxide 
layer, and also, uninhibited by general corrosion removing magnesium 
surrounding the pit. 
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Figure 15. Effect of corrosion time on pit morphology of the specimens 
exposed in pH 7 with chloride ion concentration of 0.6M NaCl exposed 1h, 
5h, and 9h. 
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4.4. Scanning electron microscopy 

Figure 16 shows the SEM - EDAX of the specimen underwent salt 
spray corrosion test at different spraying time (a) 1 hour and (b) 9 hours 
with pH 7 and chloride ion concentration 0.6M. The corrosion products 
comprise of the hydroxide layer. Since, with the increase in immersion 
time, the hydroxide layer formed is the dominant factor to avoid further 
corrosion. This is attributed by the presence of Mg and O from EDAX, 
results that the corrosion products mainly composed of oxygenated 
protective layers. The oxygenated peaks shows higher intensity with the 
specimen sprayed for 9 hours. This means with the increase of spraying 
time, enhances the protective layer to constraint the further corrosion. 
The corrosion was occurring over an increasing fraction of the surface 
was observed, which is the insoluble corrosion products ( ) .OHMg 2  Thus, 

the corrosion rate decreases with the increase of exposure time. It was 
noted that from the microstructure of friction stir welded stir zone before 
tests the grain was refined and quite lots of β  particles distribute 

continually along the grain boundary. During corrosion testing, β  phase 

particles cannot be easily destroyed and, with the increase of corrosion 
time, the quantity of β  phases in the exposed surface will increase and 

finally play the role of corrosion barrier. Although, there were some 
grains of α  phase still being corroded, most of the remaining α  phase 
grains were protected under the β  phase barrier, so the corrosion attack 

was decreased with the increase of spraying time. 
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(a) Spraying time = 1 hour 

 
(b) Spraying time = 9 hours 

Figure 16. Scanning electron micrograph with EDAX of corrosion test 
specimens underwent salt spray corrosion test at different spraying time 
(a) 1 hour and (b) 9 hours with pH 7 and chloride ion concentration 0.6M. 

Figure 17 shows the SEM-EDAX results for the specimen underwent 
potentiodynamic polarization test at different exposure time (a) 1 hour 
and (b) 9 hours with pH 7 and chloride ion concentration 0.6M, that the 
corrosion products containing Mg and O in the presence of NaCl. It has 
certain peaks of ,Cl−  which indicates the corrosion products having the 
surface of the specimen shows more cracks over the corrosion products, 
where the −Cl  penetrate into the surface. 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 [4]. The exposed surfaces during polarization test 
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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 sprayed 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. It was observed that, with the 
increase of corrosion time, the intensity of the chloride peaks was 
starting diminished; it seems, with the increase of corrosion time, the 
magnesium hydroxide layer dominates the corrosion process to avoid 
further attack [8]. 

 
(a) Exposure time = 1 hour 

 
(a) Exposure time = 9 hours 

Figure 17. Scanning electron micrograph with EDAX of corrosion test 
specimens underwent potentiodynamic polarization test at different 
exposure time (a) 1 hour and (b) 9 hours with pH 7 and chloride ion 
concentration 0.6M. 
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4.5. X-Ray diffraction analysis 

Figure 18(a) shows the XRD pattern to predict the composition of 
corrosion products and phase in the specimen subjected to salt spray 
corrosion tests with spraying time 9 hours. There detect number of peaks 
relates to the β  phase ( ).AlMg 1217  Since the increase of grain and grain 
boundary in the weld metal region, the grains boundary acts cathodic to 
grains causing micro galvanic effect. This was defined earlier that, the β  
phase found the stir zone was not continuous, which thereby enhances to 
cause micro-galvanic coupling. The corrosion tends to be concentrated in 
the areas adjacent to the grain boundary until eventually the grain may 
be undercut and fall out. However, higher peaks of ( )2OHMg  phases are 

detected in the Figure 18(b) exposed for 9 hours. During potentiodynamic 
polarization test, the ( )2OHMg  is the dominant product in the corrosion 

zone with the increment of exposure time. ( )2OHMg  (brucite) has a 

hexagonal crystal structure and undergoes easily basal cleavage causing 
cracking and curling in the film, which could play a major role in 
reducing the corrosion behaviour and the corrosion rate [9, 25]. 
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(a) 

 

(b) 

Figure 18. XRD pattern of corrosion test specimens underwent (a) salt 
spray corrosion test and (b) potentiodynamic polarization test with 
corrosion time 9 hours. 
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5. Conclusions 

Friction stir welded AZ61A magnesium alloy welds was studied to 
understand its corrosion rates under two different environments: salt fog 
and electrochemical environments. The stir zones were examined at 
various corrosion parameters to determine the effect of two environments 
experienced for service applications. The results observed were: 

(1) The corrosion rate obtained from the hydrogen evolution rate was 
agrees with the corrosion rate obtained from the weight loss method. This 
proved that the hydrogen evolution was interrelated with the weight loss 
during corrosion. 

(2) The corrosion rate was higher in salt fog environment than the 
electrochemical polarized environments. This is due to the fact; there is a 
substantial increase in the pH during potentiodynamic polarization 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 in the solution to enhance the protection from corrosion. 

(3) 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 ( ) .OHMg 2  The insoluble corrosion products 

on the surface of the alloy could slow down the corrosion rate for both the 
corrosion tests. 

(4) The chloride ions are more aggressive to the magnesium alloys. 
Since increase in the chloride ion concentration enhance the corrosion 
behaviour. It was obvious from the observation of pit number densities, 
which increases with the increase in chloride ions. 

(5) From this work, it was observed that, the AZ61A FSW joints were 
lower corrosion rate in the electrochemical environments than the salt 
fog environment. Thus, the FSW joints proved to give a long life from 
corrosion in electrochemical environments. 
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