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Abstract: The extruded AZ61A magnesium alloy plates of 6 mm thickness were butt welded using friction stir welding (FSW)
process. The corrosion behavior of the welds was evaluated by conducting immersion test in NaCl solution at different pH value,
immersion time and chloride ion concentrations. An empirical relationship was established incorporating pH value, immersion time
and chloride ion concentration to predict the corrosion rate of friction stir welds of AZ61A magnesium alloy at 95% confidence level.
Three-factor, five-level central composite rotatable design was used to minimize the number of experimental conditions. Response
surface method was used to develop the relationship. The results show that the corrosion resistance of AZ61A magnesium alloy
welds in the alkaline solution is better than that in the acidic and neutral solutions, moreover, low corrosion rate is found at low
concentrated solution and longer exposure time, and the corrosion morphology is predominantly influenced by the distribution of

f-phase.
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1 Introduction

The desire to use lightweight metallic alloy in the
automotive, aerospace and electronic industries has
increased in recent years as the search for lightweight
materials has been amplified [1,2]. Magnesium alloy is
one of these lightweight metallic alloys currently being
investigated, for its many excellent properties such as
low density, high specific strength, high thermal
conductivity and its resistance to electromagnetic
interference [3]. The benefits of magnesium, however,
are contrasted by high corrosion rate as compared to
aluminium or steel, because of magnesium’s
electrochemical potential as illustrated in the presence of
seawater [4]. The high corrosion of magnesium has
regulated the alloy to be used in areas unexposed to the
atmosphere, including car seats and electronic boxes
[5,6].

The application of Mg alloy in structural members

is still limited due to many solidification related
problems such as hot cracking, porosity, alloy
segregation and partial melting zone occurred during
fusion welding. To avoid these problems, friction stir
welding (FSW) process can be used. FSW is a solid state
welding process without emission of radiation or
dangerous fumes, and it avoids the formation of
solidification defects like hot cracking and porosity.
Moreover, it significantly improves the weld properties
and hence is extensively applied to joining magnesium
alloys [7].

Immersion testing that is the main technique for
corrosion studies was employed in this research in an
effort to expose the AZ61 Mg alloy to an environment
similar to that experienced by automotive engine blocks
[8]. The pH of test solution had a considerable effect on
the corrosion rate of Mg. However, it is difficult to keep
it consistent, especially in a neutral solution because the
corrosion product of Mg, Mg(OH), readily dissolves into
the solution, which results in substantial increase in the
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pH value [9]. The electrochemical behavior of
Mg—11Li-3Al1-0.5 RE was studied with the use of
potentiodynamic polarization curves and electrochemical
impendence. The alloy exhibited an increased corrosion
rate with the increasing chloride ion concentration [10].

In a buffer chloride solution, the corrosion rate of
magnesium and its alloy did not depend on their purity or
the content of the major alloying elements, but solely on
the pH value of the solution [11]. Magnesium can
quickly develop an oxide film on the surface in air, but
this oxide MgO, with Pilling-Bedworth ratio 0.81 can
only provide limited protection [12]. The thickness of the
oxide film formed on the surface of the specimen
increased with the increase of pH [13]. The corrosion
rate of AZ91 was higher in acidic solution than in a
neutral or highly alkaline solution. Here, the mode of
corrosion was pitting. Large pits were formed as the
corrosion pits expanded towards the inner matrix and
enlarged all around [14]. The general and pitting
corrosion behavior of parent and FSW nugget regions
were nearly the same, even though they were different in
the untreated condition. The corrosion morphology of the
AMS50 alloy was predominantly controlled by the
f-phase distribution. Pitting corrosion was discerned in
the welds [15,16].

From the literature review, it is understood that most
of the published information on corrosion behavior of
Mg alloys was focused on pitting corrosion and general
corrosion of the unwelded base alloys. Hence, the
present investigation was carried out to study the
corrosion behavior of AZ61A magnesium alloy welds.
Also an empirical relationship was developed to predict
the corrosion rate of friction stir welds of AZ61A Mg
alloy under immersion conditions.

2 Experimental

2.1 Materials

The material used in this study was AZ61A
magnesium alloy in the form of extruded plates of 6 mm
thickness. The chemical composition and mechanical
properties of the base metal are presented in Tables 1 and
2. The optical micrograph of the base metal is shown in
Fig. 1. The plate was cut into a required size (300
mmx150 mm) by power hacksaw followed by milling.
The square butt joint configuration was prepared to
fabricate the joints. The initial joint configuration was
obtained by securing the plates in position 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 the

indigenously designed and developed
computer numerical controlled friction stir welding (22
kW; 4000 r/min; 60 kN) was used to fabricate the joints.
The FSW parameters were optimized by conducting trial
runs and the welding conditions which produced defect-
free joints were taken as the optimized welding
conditions. The optimized welding conditions used to
fabricate the joints in this investigation are presented in
Table 3.

joints. An

Table 1 Chemical composition of AZ61A Mg alloy (mass
fraction, %)
Al Zn Mn Mg

5.45 1.26 0.17 Bal.

Table 2 Mechanical properties of AZ61A Mg alloy
Yield Ultimate tensile Elongation/ Vickers hardness at
strength/MPa strength/MPa % 0.5 N load (HV)

176.49 271.68 8.40 56.3

s WS Bvare
Fig. 1 Optical micrograph of AZ61A base metal

Table 3 Optimized welding conditions and process parameters
used to fabricate joints

Parameter Value
Rotational speed/(rmin”") 1000
Welding speed/(mm-min”") 75
Axial force/kN 3
Tool shoulder diameter/mm 18
Pin diameter/mm 6
Pin length/mm 5
Pin profile Left hand thread of 1 mm pitch
From the welded joints, the corrosion test

specimens were extracted from the friction stir welds
with the dimensions of 50 mmx16 mmx6 mm, as shown
in Fig. 2. The specimens were ground with 5007, 800",
1200 and 1500" grit SiC paper. Finally, they were
cleaned with acetone and washed in distilled water, and
then dried by warm flowing air. The optical micrograph
of the friction stir weld region is shown in Fig. 3.
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Fig. 2 Dimensions of corrosion test specimen

Fig. 3 Optical micrograph of friction stir weld region

2.2 Limits of corrosion test parameters

From Refs. [17,18], the predominant factors that
have great influence on the corrosion behavior of AZ61A
magnesium alloy are identified. They are pH value of the
solution, immersion time, and chloride ion concentration.
Large number of trial experiments were conducted to
identify the feasible testing conditions for the friction stir
welded AZ61A magnesium alloy weld metal region
under immersion conditions. The following inferences
are obtained:

1) If pH value of the solution was less than 3, the
change in chloride ion concentration did not considerably
affect the corrosion.

2) If the pH value was between 3 to 11, an
inhibition of the corrosion process would occur due to
the protective layer.

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

4) If the chloride ion concentration was less than 0.2
mol/L, visible corrosion did not occur in the
experimental period.

5) If the chloride ion concentration was between 0.2
to 1 mol/L, there was a reasonable fluctuation in the
corrosion rate.

6) If the chloride ion concentration was greater than
1 mol/L, the corrosion rate might hesitate and decrease a
little.

7) If the immersion time was less than 1 h, the
surface was completely covered with the thick and rough
corrosion products and had an unpredicted corrosion
rate.

8) If the immersion time was between 1 to 9 h, the
tracks of the corrosion could be predicted.

9) If the immersion time was longer than 9 h, the
tracks of corrosion film were difficult to identify.

2.3 Experimental design matrix

Owing to a wide range of factors, the method of
three factors and central composite rotatable design
matrix was chosen to minimize the number of
experiments. Design matrix consisting of 20 sets of
coded conditions (composing a full replication three
factorial of 8 points, 6 corner points and 6 centre points)
was chosen in this investigation. Table 4 presents the
ranges of factors considered, and Table 5 shows the 20
sets of coded and actual values used to conduct the
experiments.

Table 4 ITmportant factors and their levels

Level
Factor Notation Unit
-1682 -1 0 +1 +1.682
pH value ' 3 462 7 938 11
Immersion h 1 262 5 738 9
time
Cl
. c mol/L 0.20 0.36 0.60 0.84 1
concentration

For the convenience of recording and processing the
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 the following relationship:

Xi=1.682 [ZX_(Xmax_Xmin)]/(Xmax_Xmin) (1 )

where X; is the required coded value of a variable X and
X is any value of the variable from X, t0 Xpax; Xinin 18
the lower level of the variable; X,y is the upper level of
the variable.

2.4 Responses

The corrosion rate of the friction stir welded AZ61A
alloy specimen was estimated by mass loss measurement
under immersion tests as per ASTM G31—72. The
original mass (m,) of the specimen was recorded and
then the specimen was immersed into the solution of
NaCl for different immersion time of 1, 2.62, 5, 7.38 and
9 h. Finally, the corrosion products were removed
by immersing the specimens for 1 min in a solution
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Table 5 Design matrix and experimental results

Coded value

Actual value

No. - - 5 Corrosion rate/(mm-a”")
pH Time Conc. pH Time/h Conc/(mol-L )
1 -1 -1 -1 4.62 2.62 0.36 6.32 (0.12)
2 +1 -1 -1 9.38 2.62 0.36 4.62 (0.58)
3 -1 +1 -1 4.62 7.38 0.36 4.63 (0.74)
4 +1 +1 -1 9.38 7.38 0.36 3.99 (0.21)
5 -1 -1 +1 4.62 2.62 0.84 9.60 (0.2)
6 +1 -1 +1 9.38 2.62 0.84 5.62 (0.08)
7 -1 +1 +1 4.62 7.38 0.84 8.43 (0.04)
8 +1 +1 +1 9.38 7.38 0.84 6.65 (0.05)
9 —1.682 0 0 3 5 0.60 6.60 (0.21)
10 +1.682 0 0 11 5 0.60 4.65 (0.27)
11 0 —1.682 0 7 1 0.60 6.21 (0.21)
12 0 +1.682 0 7 9 0.60 4.36 (0.38)
13 0 0 —1.682 7 5 0.20 6.45(0.51)
14 0 0 +1.682 7 5 1.0 8.95(0.13)
15 0 0 0 7 5 0.60 4.56 (0.16)
16 0 0 0 7 5 0.60 5.54 (0.12)
17 0 0 0 7 5 0.60 4.57 (0.28)
18 0 0 0 7 5 0.60 4.61 (0.26)
19 0 0 0 7 5 0.60 4.66 (0.01)
20 0 0 0 7 5 0.60 4.85 (0.10)

*The values presented in bracket are standard deviation

prepared by using 50 g chromium trioxide (CrO;), 2.5 g
silver nitrate (AgNO3) and 5 g barium nitrate(Ba(NO;),)
in 250 mL distilled water. These specimens were washed
with distilled water, dried and weighed again to obtain
the final mass (m;). The mass loss (Am) could be
obtained using the following relation:

Am =my—m, (2)

The corrosion rate (R) of FSW weld metal region
can be calculated using the following equation by
conducting the immersion test as per ASTM standards
G1-03,

R=8.76x104XAm

3
AxDxt ®)

where R is the corrosion rate in mm/a; A is the surface
area of the specimen in cm’ D is the density of the
material, 1.72 g/cm’; ¢ is the corrosion time in hour.
Microstructural analysis was carried out on the
corroded specimens using a light optical microscope
(Make: 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 both in the “AS
polished” and “AS etched” conditions. Picral+acetic acid

was used as etchant. The corrosion test specimens were
polished in disc polishing machine for scratching fewer
surfaces and the surface was observed at 200X
magnification.

3 Development of empirical relationship

In the present investigation, to correlate the
immersion test parameters and the corrosion rate of
welds, a second order quadratic model was developed.
The response (corrosion rate) is a function of pH value
(P), immersion time (¢) and chloride ion concentration (c)
which can be expressed as:

R=f(P, t, ¢) “)

The empirical relationship must include the main

and interaction effects of all factors and hence the
selected polynomial is expressed as follows:

Y=by+ S b X+ Y biXi +YbyX:X; (5)
For three factors, the selected polynomial can be

expressed as:
R=bytb\P+byt+bsc+by P+byt +bysc*+b1yPt+b s Petbyste
(6)

where b, is the average of responses (corrosion rate) and
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b1, ba, b3, b1y, bra, b3, by, bys, bz are the coefficients that
depend on the respective main and interaction factors,
which are calculated using the expression given below,

bEY(XiY))in (7

where i varies from 1 to n, X; is the corresponding coded
value of a factor and Y; is the corresponding response
output value (corrosion rate) obtained from the
experiment and » is the total number of combination
considered. All the coefficients were obtained by
applying central composite rotatable design matrix using
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 as:

R=4.81-0.83P—0.411+1.09¢+0.41Pt—0.43Pc+0.28 P>+
1.019¢% (3

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 ANOVA are given in Table 6. The
determination coefficient (+%) indicates the goodness of
fit for the model. The Model F-value of 31.30 infers that
the model is significant. There is only a 0.01% chance
that a “Model F-Value” could occur due to noise [19].

Table 6 ANOVA test results

Source Sum of Mean Fvalue p-value
square square Prob>F
Model 26.16 9 291 2922 <0.0001 Significant
P 276 1 276 277 0.0004
t 1941 1 19.41 195.19 <0.0001
c 108 1 1.08 10.88 0.0080
Pt 065 1 065 654 0.0285
Pc 0.097 1 0.097 098 0.3461
tc 049 1 049 493  0.0507
P’ 024 1 024 239 0.1534
£ 122 1 122 1223 0.0057
e 0.056 1 0.056 057 0.4686
Residual  0.099 10 0.099
g;‘cﬁli 062 5 012 163 03036 sigggzam
:r‘;g‘: 038 5 0.076
tcofarl 27.15 19

The values of “Prob>F" less than 0.0500 indicate
that the model terms are significant. In this case, P, ¢, c,
Pt, tc and £ are significant model terms. The values
greater than 0.1000 indicate that 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 3.03 implies that the “Lack of fit” is not
significant relative to the pure error. There is a 12.47%
chance that a “Lack of fit F-value” could occur due to
noise. All these indicate an excellent suitability of the
regression model. Each of the observed values was
compared with the experimental values, as shown in
Fig. 4 [20,21]. A scatter plot of the two variables
indicates that a straight line should provide an excellent
fit to the data. The differences between the actual and
predicted responses are termed as residuals. The
residuals provide a measure of the closeness of
agreement of the actual and the predicted responses.
Hence, they provide a measure of the adequacy of the
fitted model. The difference in the actual and the
predicted responses is clearly shown in Fig. 4. The linear
fit approximates the observed data points so well; the
residuals obtained from the ANOVA test results are very
low as shown in Table 6. The distance between the true
line (black line) and the dotted lines is the residual. Small
residuals are one important indicator of the adequacy of a
regression fit.

10 -

9_

Predicted corrosion rate/(mm-a’")

1 | | 1 | 1 1
3 4 5 6 7 8 9 10
Experimental corrosion rate/(mm-a”')

Fig. 4 Correlation graph for response

To validate the developed model, three confirmation
experiments were carried out with the process parameters
chosen randomly close to the range of experimental
parameters. For the actual responses the average of three
measured was calculated. Table 7 summarizes the

Table 7 Validation of test results
CI ion Corrosion

No. pH Ezl;:l) :/l}llre Conc./ rate/(mm-a_') Erﬂror/
(mol'L™")  Actual Predicted

1 4 2 0.4 6.4 6.51 1.7

2 8 6 0.8 43 4417 2.7

6 4 0.6 3.62 3.653 1.4
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experimental condition, the average actual values, the
predicted values and the error. The optimum values of
process parameters and the corrosion rate of friction stir
welded AZ61A magnesium alloy welds show excellent
agreement with the predicted values.

4 Results and discussion

Table 5 shows the corrosion rates obtained from
immersion test as a function of pH, immersion time and
chloride ion concentration. At all pH values, the friction
stir welded metal exhibited a rise in corrosion rate with
the decrease in pH value. In the neutral pH, the corrosion
rate remained constant approximately and a
comparatively low corrosion rate was observed in
alkaline solutions. Furthermore, it was seen that the
influence of pH was more at higher concentration as
compared to at lower concentrations in neutral and
alkaline solutions. It was also observed that the corrosion
rate of friction stir welded AZ61A Mg alloy was
quite comparable with the corrosion rate of the referred

Fig. 5 Effect of pH on corrosion morphology (a, ¢, €) and pit morphology (b, d, f): (a), (b) pH=3; (c), (d) pH=7; (e), (f) pH=11

articles of same series of magnesium alloys [22,23].

Figure 5 shows the corrosion morphology and pit
morphology of the corroded specimen after immersion
tests at pH 3, 7 and 11 with constant chloride ion
concentration of 0.60 mol/L and immersion time of 5 h
respectively. It is seen that, at a lower concentration of
chloride ion, the surface of the specimen was relatively
slightly corroded in neutral or alkaline solutions while
was severely corroded at all pH values at a higher
concentrations of chloride ion. The corrosion of FSW
weld metal region was significantly influenced by pH
value. The dissolution of magnesium in aqueous
solutions proceeded by the reduction of water to produce
magnesium hydroxide Mg(OH), and hydrogen gas (H,).
The reduction process was primarily water reduction.
These reactions were reported to be insensitive to oxygen
concentration.

Mg— Mg +2¢e )
2H,0+2e —20H +H, (10
Mg*+20H — Mg(OH) , (11)
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The equilibrium pH value required for the
precipitation of Mg(OH), is around 11. Highly acidic
solutions are aggressive towards magnesium, resulting in
a very high corrosion rate. In Mg—Al alloys, a pH above
9 favors the formation of Mg(OH), (depending on the
concentration of the medium) [17]. From the corrosion
morphology, it is seen that the more corrosion products
appear in the lower pH than in the higher pH. The
corrosion rate seems to be increased with the decrease in
pH.

From the pit morphology of friction stir welded
metal after immersion test at different pH values of 3, 7
and 11 with a constant chloride ion concentration of 0.60
mol/L and immersion time of 5 h, it is observed that the
matrix shows the pitting marks and the pitting corrosion
takes place at the friction stir welded microstructure. The

particles are Mg—Al compound and fragmented Mg;,Al,.

The number of pits is more in the welded metal region
when it is immersed in 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
weld metal region, the grain boundary acts cathode,
causing micro galvanic effect. Corrosion tends to be
concentrated in the areas adjacent to the grain boundary
until eventually the grain may be undercut and fall out. It
means that pH value is one major factor on corrosion
rate.

Figure 6 shows the corrosion morphology and pit
morphology of the corrosion test specimen after
immersion tests at different chloride ion concentrations
of 0.2, 0.6 and 1.0 mol/L with constant pH 7 and
immersion time of 5 h, respectively. The increase in
corrosion rate with increasing chloride ion concentration
is attributed to the participation of chloride ions in the
dissolution reaction. Chloride ions are very aggressive to
magnesium. The adsorption of chloride ions to oxide
covered magnesium surface transforms Mg(OH), to
easily soluble MgCl, [17]. It is considered that the
corrosion becomes severe owing to the penetration of
hydroxide film by Cl" ion and thereby the formation of

Fig. 6 Effect of chloride ion concentration on corrosion morphology (a, ¢, €) and pit morphology (b, d, f): (2), (b) 0.2 mol/L; (c), (d)

0.6 mol/L; (e), (f) 1.0 mol/L
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metal hydroxyl chloride complex governs the following
reaction,

Mg>*+20H +2C1"— 2Mg(OH),Cl, (12)

This corrosion behavior is consistent with the
current understanding that the corrosion behavior of
magnesium alloys is governed by a partially protective
surface film with the corrosion reaction occurring
predominantly at the breaks or imperfections of the
partially protective film [24].

Figure 7 shows the corrosion morphology and pit
morphology of the corrosion test specimen after
immersion tests at immersion time of 1 h, 5 h and 9 h
with constant pH 7 and chloride ion concentration of
0.60 mol/L,
decreased with increasing immersion time. It proves that
the initial corrosion product impedes the passage of
corrosion medium and provides protection for the metal

respectively. The corrosion rate is

substrate. In long-time immersion with magnesium
dissolution and hydrogen evolution, the pH value of the
solution will increase, namely basification. Basification
should be propitious to the formation of passive film,
which can protect the alloy [25]. The insoluble corrosion
products on the surface of alloy could slow down the
corrosion rate.

Furthermore, from the pit morphology, the grain is
refined and quite lots of § particles distribute continually
along the grain boundary. In this case, f phase particles
cannot be easily destroyed and, with the increase of
corrosion time, the quantity of £ phases in the exposed
surface would increase and finally S phases play the role
of a corrosion barrier [26]. Although there are some
grains of a phase still being corroded, most of a phase
grains are protected under the S phase barrier. So the
corrosion rate would be decreased with increasing the

immersion time.

Fig. 7 Effect of immersion time on corrosion morphology (a, ¢, ) and pit morphology (b, d, f): (a), (b) 1 h; (c), (d) 5 h; (), (H 9 h
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5 Conclusions

1) The corrosion behavior of friction stir welded
AZ61A magnesium alloy welds was explored under
immersed conditions in NaCl solution.

2) An empirical relationship was developed to
predict the corrosion rate of friction stir welded AZ61A
magnesium alloy welds at a 95% confidence level. The
relationship was developed by incorporating the effect of
pH value, immersion time and chloride ion
concentration.

3) At all pH values, the friction stir welded metal
exhibited a rise in corrosion rate with decrease in pH
value. In the neutral pH, the corrosion rate remained
constant
corrosion rate was observed in alkaline solutions. The
influence of pH was higher at higher concentration of
chloride ion as compared to lower concentrations of
neutral or alkaline solutions.

approximately and a comparatively low

4) The increase in corrosion rate with increasing
chloride ion concentration was attributed to the
participation of chloride ions in the dissolution reaction.
Chloride ions were very aggressive towards magnesium.
The adsorption of chloride ions to oxide covered on
magnesium surface transforms Mg(OH), to easily
soluble MgCl,.

5) The corrosion rate was decreased with the
increase in immersion time. It resulted in the increase of
hydrogen evolution with increasing the immersion time,
which tended to increase the concentration of OH ions
thereby increasing fraction of the surface, which is the
insoluble corrosion products. The insoluble corrosion
products on the surface of the alloy could slow down the
corrosion rate.
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