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Abstract

The corrosion of AZ91D magnesium alloy has received extensive attention owing to the
continuous expansion of its application field in recent years. However, the corrosion of
AZ91D magnesium alloy in sodium chloride environment is relatively few. Corrosion
behaviour of the AZ91D magnesium alloy was evaluated by conducting immersion
corrosion test in NaCl solution at different chloride ion concentrations, pH value and
immersion time. An attempt was also made to develop an empirical relationship to
predict the corrosion rate of AZ91D magnesium alloy. Three factors, five level, central
composite rotatable design matrix was used to minimize the number of experimental
conditions. Response surface methodology was used to develop the relationship. The
developed relationship can be effectively used to predict the corrosion rate of AZ91D
magnesium alloy at 95 % confidence level. Results showed that pH value greatly
influence the galvanic corrosion behavior of HVOF sprayed TiO2 coatings followed by
chloride ion concentrations and immersion time.

Keywords: AZ91D magnesium alloy; Chloride ion concentration; Response surface
methodology; Corrosion rate

Abbreviations:

RSM: Response surface methodology

CR: Corrosion rate

XRD: X-ray diffraction

1. Introduction
Magnesium (Mg) alloys offer the advantages of high specific strength/stiffness, better

shock absorption, and easy processing, attracting increasing interest for use in the

automotive, aerospace, electronics, and transportation industries. However, their wider
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industrial applications are severely limited by their poor corrosion and wear resistance
performance. Surface coating is an effective method to improve the comprehensive
performance of Mg alloys. The common surface treatment methods used on Mg alloys
mainly include vapor deposition, anodic oxidation, micro arc oxidation, electro
deposition, chemical conversion coatings, and thermal spraying [1-6].

When two dissimilar metals in electrical contact are exposed to a common electrolyte,
one of the metals can undergo increased corrosion, while the other can show decreased
corrosion. This type of accelerated corrosion is referred to as galvanic corrosion. Because
galvanic corrosion can occur at a high rate, it is important that a means be available to
alert the user of the product or equipment that involves the use of dissimilar metal
combinations in an electrolyte of the possible effects of galvanic corrosion. The galvanic
corrosion test was carried out as per ASTM G 71 (2004) [7]. This standard guide covers
the development of a galvanic series, and its subsequent use as a method of predicting the
effect that one metal can have upon another metal, when they are in electrical contact

while being immersed in an electrolyte.

Saturated Calomel Electrode
(Reference Electrode)

Graphite Electrode
(Auxilliary Electrode)

D AZ31B Parent Alloy
(PA)

[] Tefion

D Al203 Coated Zone
(Cz)
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Fig. 1 Schematic diagram for the galvanic corrosion test

Fig. 1 shows the schematic diagram for the galvanic corrosion test. The galvanic test set
up and samples were prepared as per ASTM G 82 (2004) [8]. A saturated calomel
electrode and graphite electrode were used as the reference and auxiliary electrode
respectively. The working electrodes were the HVOF sprayed titania coatings on AZ91D
magnesium alloy, coupled with the AZ91D magnesium alloy base metal. An electrical
contact was made between the galvanic couple, where a Teflon insulation of the same
thickness as the HVOF sprayed titania coated AZ91D magnesium alloy and the base
alloy is inserted, in-between the electrodes to avoid the direct contact between the
electrodes. The couple electrodes were selected in two categories; identical electrodes
couple from the coated zone, namely CZ/CZ, and identical electrodes from the base alloy
PA/PA. Another couple electrodes set up was selected from two non-identical electrodes,
one from the base alloy and the other from the coated zone, which is named as PA/ CZ.
All the galvanic measurements were carried out at room temperature. The galvanic
monitoring technique, also known as Zero Resistance Ammetry (ZRA) is another
electrochemical measuring technique. With ZRA probes, two electrodes of dissimilar
metals are exposed to the process fluid. When immersed in a solution, a natural voltage
(potential) difference exists between the electrodes. The current generated due to this
potential difference relates to the rate of corrosion, which is occurring on the more active
of the electrode couple. If both the electrodes are identical then very little coupling
current flows. In real life the two electrodes will be slightly different, one being more
anodic or cathodic than the other, a small coupling current will exist.

The reason for choosing the identical couple electrodes is to compare the measured

current density and corrosion potentials of these couples with those of the non-identical
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couple electrodes, bearing in mind that theoretically there is no driving force for galvanic
corrosion occurrence between two electrodes that are completely identical from the
morphological and chemical composition points of view. The difference between two
electrodes due to chemical composition or morphology can cause a galvanic cell

formation, lead to the generation of current from the anode cell to the cathode cell.

The galvanic corrosion current density icorr(A) for the AZ91D magnesium alloy and the
galvanic corrosion current density icorr(B) for HVOF sprayed titania coatings on AZ91D
magnesium alloy are determined initially. When equal areas of the AZ91D Mg base
metal and TiO2 coatings were coupled, the resultant mixed potential of the system
Ecor(AB) was at the intersection, where the total oxidation rate equals the total reduction
rate. Initially, a test was conducted to predict the anode and cathode from the corrosion
potentials individually. It was found that the HVOF sprayed titania coatings on AZ91D
magnesium alloy couple (CZ/CZ) possess more negative potential than the parent alloy
couple (PA/PA). The maximum difference between the corrosion potential of the
identical couple electrodes was -70 mV. The average value of the corrosion potential for
the CZ/CZ couple was -1240 mV, whilst for the PA/PA couple it was -1170 mV. The rate
of oxidation of the individual coupled metals was such that the base metal corroded at a
reduced rate icorr (A), and the TiO2 coated AZ91D magnesium alloy corroded at an
increased rate icorr(B). Hence, the TiO, coatings act as an anode, and the AZ91D base
alloy acts as a cathode. Half cell reactions were carried out constituting a single cell.
Thus, the current icorrf(AB) was the galvanic current which can be measured by Zero
Resistance Ammetry (ZRA). The free corrosion potential of both the metals were found

individually, and from the potential difference, the HVOF sprayed titania coated AZ91D
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magnesium alloy was considered to be the anode, because of its more negative potential
than the AZ91D base alloy, and the latter was the cathode.

2 Experimental Procedure

Commercial fused and crushed powders TiO2 (99.9 wt. % purity), (Metalizing Equipment
Company Pvt Ltd, Jodhpur, India) with appropriate particle size distributions for HVOF
(-45 + 20 pm) spraying was used for coating preparation. A HVOF spray system was
used to deposit the coatings. The main spray parameters are compiled in Table 1.

The electrochemical measurements were carried out using a flat three-electrode cell (Gill
AC Potentiostat, ACM Instruments, England). In this test, an TiO, coated Mg sample was
coupled to an uncoated Mg sample via a zero-resistance ammeter in a solution of NaCl.
The galvanic couple was immersed in NaCl solution with different pH and chloride ion
concentration for different immersion times of 1, 2.42, 4.5, 6.58 and 8 h.

Table 1 Optimized plasma spray parameters used to coat titania

Parameters Unit Values
Oxygen flow rate Ipm 253
LPG flow rate Ipm 63
Powder feed rate gpm 34
Spray distance mm 233
Carrier gas flow rate Ipm 12

Coating microstructure was investigated before and after the corrosion
experiments by optical microscopy, SEM (Model: JEOL 6410-LV) and EDX analysis on
metallographically polished cross sections and surfaces. The crystalline phase
compositions of the coatings were analyzed by XRD analysis (Model: Rigaku ULTIMA-

I11). Fig.2 show the SEM morphologies of TiO, feedstock which shows the feedstocks
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are angular and blocky and the X-ray diffraction analysis of feedstock reveals the anatase

is the major phase and rutile is minor phase.

200 4 O
* O Rutile
>
0 20 40 —— 60 80 100
Fig. 2(a) SEM morphology of TiO2 Fig. 2(b) XRD analysis
Powder

2.1 Finding the limits of corrosion test parameters

As the selection of corrosion process parameters, the feasible working limits of the
parameters were taken for all uncoated and coated specimens. Table 2 presents the range
of factors considered and Table 3 shows the 16 set of coded conditions used to form the

design matrix.

Table 2 Important factors and their levels

Levels
S.No Factor Notation Unit
-1.682 -1 0 +1 +1.682
1 pH value [ - 3 482 75 10.18 12
2 Chloride ion C Mole 0.2 036 0.6 0.84 1
concentration (M)
3 Exposure time T hours (h) 1 242 45 6.58 8

2.2 Developing empirical relationships

In the present investigation, to correlate the process parameters and the response, a

second order quadratic model was developed to predict the response based on
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experimentally measured values. The responses is a function of pH value (P), chloride

ion concentration (C) and exposure time (T) and it could be expressed as,

Corrosion rate (CR)=f(P,C, T)

The empirical relationships include the main and interaction effects of all factors. The

selected polynomial is expressed as follows

Y = bo + Zbi Xi + £ bii Xi*+ Z bij Xi X;

For three factors, the selected polynomial can be expressed as

Table 3 Design matrix and experimental results

Expt Coded values Original value Corrosion rate
No (mm/yr)
P C T pH CI'(M)  Time (h)
1 -1 -1 -1 4.82 0.36 2.42 0.047
2 1 -1 -1 10.18 0.36 2.42 0.030
3 -1 1 -1 4.82 0.84 2.42 0.034
4 1 1 -1 10.18 0.84 2.42 0.011
5 -1 -1 1 4.82 0.36 6.58 0.058
6 1 -1 1 10.18 0.36 6.58 0.035
7 -1 1 1 4.82 0.84 6.58 0.052
8 1 1 1 10.18 0.84 6.58 0.032
9 -1.682 0 0 3 0.6 4.5 0.061
10 1.682 0 0 12 0.6 4.5 0.020
11 0 -1.682 0 7.5 0.2 4.5 0.018
12 0 1.682 0 7.5 1 4.5 0.053
13 0 0 -1.682 75 0.6 1 0.051
14 0 0 1.682 75 0.6 8 0.028
15 0 0 0 7.5 0.6 4.5 0.041
16 0 0 0 7.5 0.6 4.5 0.040
17 0 0 0 7.5 0.6 4.5 0.039
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18 0 0 0 7.5 0.6 4.5 0.036
19 0 0 0 7.5 0.6 4.5 0.032
20 0 0 0 7.5 0.6 4.5 0.038

Corrosion Rate (CR) = bo +b1 (P) + bz (C) +bs (T) + b11 (P?) + baz (C?) + bas (T?) + b1z
(PC) + D13 (PT) + D23 (CT) cvineiiiiiie e 3)

To estimate the regression coefficients, a number of experimental design techniques are
available. In this work, a three-factor five-level central composite rotatable design was
used. The regression coefficients were calculated with the help of Design Expert V 8.0
statistical software. After determining the coefficients (at a 95% confidence level), the
final empirical relationship was developed using these coefficients. The final statistical
model to estimate the response is given below

Corrosion Rate = 0.055 - 7.31 x 10-3 * (P) + 0.015 * (C) + 2.74 x 10-3 * (T) + 4.25x10°3
*(PC) - 4.23 X 103 * (PT) + 4.5 X 103 *(CT) - 3.73 X 10-4*(T2) mm/yr............ ()

2.3 Checking the adequacy of empirical relationship

In this investigation, analysis of variance (ANOVA) was used to check the adequacy of
the developed empirical relationship. Test results of ANOVA of the response, namely,
the corrosion rate, is presented in Table 4. The determination coefficient R? indicates the
goodness of fit for the formulated empirical relationship. In all the considered cases, the
value of the determination coefficient (R>0.99) indicates that, 1% of the total variations
are not explained by the empirical relationship. The value of the adjusted determination
coefficient is also high, which indicates the high significance of the empirical
relationship. The predicted R? values also show good agreement with the adjusted R?
values. The value of probability >F in Table 4 for the empirical relationship is <0.05,

which indicates that the empirical relationship is significant. In this corrosion test P, C, T,
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CT and C? are significant model terms. Lack of fit was not significant for all the
developed empirical relationship, as it is desired [9]. The normal probability plot for the
response corrosion rate is shown in Fig. 3. From the figure, it could be inferred that the
residuals fall on the straight line, which shows that the errors are distributed normally
[10]. Collectively, these results indicate the excellent capability of the regression model.
Furthermore, each observed value matches its experimental value well, as shown in  Fig.
4. The developed empirical relationship can be effectively used to predict the response by
substituting the process parameter values in coded form.

Table 4 ANOVA test results for response

F p-value
Source
Value Prob>F
Model 27.66* < 0.0001
P 92.93* < 0.0001
C 117.12* < 0.0001
T 10.64* 0.0085
PC 473 0.0547
PT 4.67 0.0559
CT 5.67* 0.0385
P2 2.82 0.1238
C? 3.09 0.1091
T2 6.51* 0.0287
Lack of Fit 0.1808
Std. Dev. 3.15x10°
Mean 0037
R2 0.9611
Adj.R2 0.9260
Pred.R2 0.7745

* Values of “Prob>F" less than 0.0500 indicate that the model terms are significant
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Fig.3 Normal probability plot for the response
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3 Results and Discussion

3.1 Effect of pH value on corrosion rate

0.07
0.06 —
0.05 —
0.04 —
0.03 —
0.02 —
0.01 —

0

0.061 Cl'=06M
Time = 4.5 hours

0.036

0.020

Corrosion rate (mml/year)

3 7.5 12
pH Value

Fig. 5 Effect of pH on corrosion rate

The influence of the pH on the corrosion rate for during the galvanic corrosion test is
presented in Fig. 5. It was found that, the galvanic current density decreases with the
increase in the pH value. This means, that the anodic and cathodic activity between the
magnesium base alloy and the HVOF sprayed titania coatings on AZ91D magnesium
alloy decreases on increasing the pH value of the solution [11, 12]. In acidic solutions,
the corrosion activity between the galvanic couple is enhanced, causing a higher galvanic
current density, and this in turn, causes a higher corrosion rate.

The surface morphologies of scanned and SEM images of the uncoated and TiO>-HVOF
coatings after galvanic test are displayed in Figs.6 and 7. The corroded surface of native
magnesium had a great amount of corrosion pits with big size and deep depth in some
areas as an indication of intergranular corrosion shown in Fig. 7a. Beyond that, the
structure of this layer has shown the characteristics of loose and porous, but the surface of

coated sample still maintain uniform and a small amount of porous, there were only
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slightly less corrosion pits formed (Fig. 7d). From the examination of the photographs of
Fig. 7b it is obvious that the exposure of the uncoated coupons at the formation of

voluminous corrosion products.

pH7.5 pH12

Fig. 6 Scanned images of the uncoated (a,b&c) and HVOF sprayed titania coated
specimens (d,e&f) after galvanic corrosion test in NaCl solution

In comparison with the un-coated AZ91D, most areas on the coated samples are smooth
without showing severe corrosion attack and there are only small amounts of corrosion
products with a larger size which is schematically depicted in Fig.7e. Fig. 7c exhibits the
typical morphology of the uncoated magnesium with localized corrosion. It is
characterized by inhomogeneous white corrosion products and round corrosion pits. The
coated sample surface is quite uniform and smooth and only small quantities of corrosion
pits and white round particles are visible in the localized regions (Fig. 7f). The better
corrosion resistance of the coated alloys may be attributed to the chemical stability of the
ceramic oxide coating which acts as a barrier between the corrosion environment and

substrate.

VOLUME 33 : ISSUE 02 - 2020 Page N0:2673



GEDRAG & ORGANISATIE REVIEW - ISSN:0921-5077 http://lemma-tijdschriften.nl/

pH12

Fig.7 Effect of pH value on corrosion behavior of uncoated (a,b&c) and HVOF
sprayed titania coated specimens (d,e&f) after galvanic corrosion test in NaCl

solution
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3.2 Effect of chloride ion concentration on corrosion rate
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Fig. 8 Effect of chloride ion concentration on corrosion rate

Clr0.2™M Cl-0.6M Cl-iM

Fig. 9 Scanned images of the uncoated (a,b&c) and HVOF sprayed titania coated

specimens (d,e&f) after galvanic corrosion test in NaCl solution
Fig. 8 reveals the effect of the chloride ion concentration on the corrosion rate during the
galvanic corrosion test. With the increase in the chloride ion concentration, the corrosion

rate increases. The galvanic current density increases with the increase in the
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Cl'1M

Fig.10 Effect of chloride ion concentration on corrosion behavior of uncoated
(a,b&c) and HVOF sprayed titania coated specimens (d,e&f) after galvanic

corrosion test in NaCl solution

chloride ion concentration, causing the corrosion rate to be increased. It is observed that,

the rising rate of corrosion was reduced during galvanic corrosion. This is due to the
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formation of the metal-hydroxyl-chloride layer, which retards the migration of ions on
the surface. It reduces the pace of the electrochemical corrosion rate to some extent [13,
14].

Figs. 9 and 10 illustrate the surface morphology of uncoated and TiO2-HVOF coated Mg
alloy after galvanic corrosion test. At lower chloride ion concentration no noticeable
change was observed in the TiO2-HVOF coating (Fig. 10d), but corrosion products were
found on the surface of uncoated AZ31 Mg alloy (Fig. 10.9a). From the Fig.10.9e it can
be clearly seen that the extent of corrosion damage is significantly reduced for HVOF
sprayed titania coating as compared to uncoated AZ31 Mg alloy (Fig.10.9b). This result
is consistent with the electrochemical results. The corroded surface of the TiO2-HVOF
coating in 1M NaCl solution reveals much smoother with few local corrosion pits
occured on the sample (Fig. 10.9f). However, the SEM micrograph shown in Fig. 10.9c
revealed localized corrosion damage was observed on the corroded surface. It was
reported that the pitting of Mg occurs as a result of CI™ adsorption and simultaneous Mg
dissolution when CI~ concentration exceeds 0.6M, and the needle-shaped corrosion
products such as MgCl> or Mg(OH). are formed around the pits. Thus, it is believed that
the corrosion products were Mg(OH)2 or MgCl> resulting from the pitting corrosion.

3.3 Effect of exposure time on corrosion rate

Fig.11 exhibits the effect of the exposure time on the corrosion rate for during the
galvanic corrosion test. The galvanic current density decreases with the increasing
exposure time. With the increase in exposure time, the anodic activity of the coating zone
of the AZ91D magnesium alloy seems retarded, and the magnesium base alloy as a
cathode dominates over it. Usually, the cathodic process liberates hydrogen, which tends
to increase the concentration of OH™ ions, strengthening the surface from further

corrosion. The rate of hydrogen evolution initially increased with increasing exposure
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time. This is attributed to corrosion occurring over increasing fraction of the surface,

which are the insoluble corrosion products.

0.07
pH Value =7.5

0.06— -
Sa—— CI'=0.6 M

0.05—
0.04 — 0.039
0.03— 0.028
0.02—
0.01—
0
1 4.5 8

Time (hours)

Corrosion rate (mm/year)

Fig.11Effect of exposure time on corrosion rate

1h 4.5h 8h

Fig. 12 Scanned images of the uncoated (a,b&c) and HVOF sprayed titania coated

specimens (d,e&f) after galvanic corrosion test in NaCl solution
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4.5h

8h

Fig.13 Effect of exposure time on corrosion behavior of uncoated (a,b&c) and
HVOF sprayed titania coated specimens (d,e&f) after galvanic corrosion test in
NaCl solution
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The SEM surface morphologies of uncoated and as-coated specimens are presented in
Figs. 12 and 13 for comparison purposes. The surface of the coated substrate shows some
clear and shallow corrosion stains (Fig.13d), while the uncoated sample shows severe
corroded surface as shown in Fig.13a. Fig. 13b exhibits SEM morphology of the stacked
corrosion products of the sample after immersed in NaCl solution for 4.5h. It is obvious
that the corrosion products and thus provide nearly no protection against further
corrosion. Referred to the literature [15], the main corrosion product is Mg(OH).. In the
case of the TiO2-HVOF coated specimen, slight dissolution had occurred at the pores on
the corroded surface, as represented in Fig. 13e. When magnesium alloy was immersed in
NaCl solution for 8 h as shown in Fig.13c, the filiform attacks got further aggravated.
The surface was covered with a large number of corrosion filaments, resulting in that the
tracks of corrosion filaments were difficult to be identified and the corrosion pits
continued to grow in depth direction. With increasing the immersion time, the SEM
micrograph shown in Fig.13f shows the higher amount of pores and cracks occurred on
the corroded surface.

3.4 Corrosion products characteristics

Fig. 14 shows the XRD analysis to predict the composition of corrosion products and
phase in the uncoated AZ91D specimen subjected to galvanic corrosion tests. All the
characteristic peaks originate from the metallic Mg substrate and the 3 Phase. However,
Mg(OH). and MgO phases are detected in the specimen. Besides, many small peaks are
present in the patterns from 10 to 30 degree, which could not be attributed to a single
compound. They are mostly likely associated with Mgs(C0Oz3)s(OH)..8H20O considering
that CO> naturally present. Mg(OH)2 is the dominant product in the corrosion zone.
Mg(OH)2 (brucite) has a hexagonal crystal structure and undergoes easily basal cleavage

causing cracking and curling in the film [17].
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Fig. 15a and b displays the cross section and EDS analysis of as-sprayed titania coating
on AZ91D magnesium alloy after 4.5 h of immersion in NaCl solution. The cross section
images of as-sprayed coatings revealed significant signs of degradation in the

coating/substrate interface. Fig. 15a evidences the extent of the corrosion

1

0000 0O O-Mg
= 8000 L -' Mgf’A"z
a O- Mg(OH):
< - @ - Mgs(CO:s)«
2 6000 0 g
e
£ 4000}
=

2000 O O .

o® | - B OO0

0
20 40 60 80
2 theta (deg.)

Fig. 14 XRD pattern for anodic specimen underwent galvanic corrosion
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Fig. 15 (a) Cross section of as-sprayed titania coating on AZ91D magnesium alloy
after 4.5 h of immersion in NaCl solution and (b) EDX analysis of coating—substrate
interface.
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process that occurs in the chloride medium, since the as-sprayed titania coating was
detached from the AZ91D substrate after 4.5h of immersion. Examination of the
coating/substrate interface showed the presence of corrosion products in this area,
although only a part of them remained over the substrate or in the coating after the
galvanic tests. According to EDX analysis (Fig. 15b), corrosion products rich in Mg and
O were mainly detected in the interface area, along with a small amount of Al and of CI.

4 Summary

The effects of corrosion test parameters such as pH value, chloride ion concentration and
exposure time on the galvanic corrosion rate of the couple in NaCl solution have been
analysed in detail. From the detailed analysis, the following conclusions have been

drawn:

I. It is found that the galvanic couple exhibited an improved corrosion resistance
with the increase in pH. The corrosion rate was higher at the acidic media than at
the alkaline and neutral media with same concentrations and immersion time
period.

Il.  Itis also found that the galvanic couple corroded more seriously with the increase
in CI" concentrations. More the CI- promoted the corrosion along with the rise in
corrosion rate.

I1l.  The investigation proved that, a corrosion resistivity with the increase of
immersion time, resulting with the formation of hydroxide layer as a dominant
factor to avoid the corrosion further.
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