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Cathodic electrodeposition (CED) was used to coat the cast magnesium alloy Mg-9Al-1Zn-xRE with aluminum powder and
epoxy. Immersion and salt spray tests (ASTM B117) at room temperature for a total of 240 hours have been performed to assess
the corrosion performances of AZ91D magnesium alloy. At each 24-hour interval, the samples were checked for any damage or
deterioration of the coating surface morphology. The X-ray diffraction (XRD) analysis confirmed the phases, and scanning
electron microscopy (SEM) with EDS analysis confirmed the phase composition. The electrochemical results show that CED
epoxy coatings have superior adhesiveness and corrosion resistance compared to powder-coated aluminum and cast magnesium.
The salt spray and immersion test results also confirm that CED epoxy coating exhibits good corrosion resistance.

1. Introduction

Modern concerns include the increased usage of lightweight
materials such as Mg, Al, and Ti in constructional applica-
tions with the goal of both mass reduction and energy savings
[1]. The AZ91D Mg alloy is used in specific application fields
such as automobile body construction, marine application,
mechanical engineering, and electrical sectors [2]. Further-
more, rising concerns about environmental protection and
long-term economic development have heightened interest
in lowering greenhouse gas emissions [3]. Because Mg and its
alloys exhibit high specific strength compared to other
structural metallic materials, they have a wide range of uses
due to their high mechanical properties and malleability,

damping characteristics, and better shielding on electro-
magnetic fields [4]. Automobile manufacturers have been
studying the bond between the mass of the vehicle and ef-
ficiency in fuel for periods so that they can encounter
consumer demands for more efficient consumption of fuel
[5]. Hence, emissions can be reduced in an era of increasing
eco-friendly environment [6]. Magnesium and its alloys are
used to replace many parts in various coverings [7]. Mag-
nesium and its alloys, on the other hand, are known to have a
hexagonal crystal structure [8]. The alloy displays poor
formability due to the formation of numerous slip planes and
the consequence of localized slip in the deformed grain
boundaries, which causes the formation of built-up stress [9].
Because of its less dense outer layer of MgO and Mg(OH),,


mailto:manivannan.s@kahedu.edu.in
mailto:thanappansubash@gmail.com
https://orcid.org/0000-0001-8239-8371
https://orcid.org/0000-0002-9057-8185
https://orcid.org/0000-0003-0684-1807
https://orcid.org/0000-0001-9380-2229
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/1891419

Time

(Hr) Mg(AI) Solid Solution

J

AZ91D Substrate

Mg;7AL, - Mg(AI) Solid Solution

AZ91D Substrate

Mg(AI) Solid Solution
Mgy;AL, g(AD

; Mg,Al;

v
AZ91D Substrate

()

International Journal of Chemical Engineering

AZ91D Substrate
Remained Al Local Liquid
AZ91D Substrate
Mg,,AL, a-Mg

AZ91D Substrate

()

FiGure 1: Growth of the surface layers on AZ91D Mg during the coating. (a) Below 437°C and (b) above 437°C.

magnesium and its alloys have poor corrosion [10]. With a
0.81 Pilling-Bed worth ratio, the less dense layer cannot be
entirely coated on the entire magnesium surface [11]. It is
why Mg and its alloys have poor corrosion resistance at
ambient temperature and are unstable when exposed to a
high temperature [12]. Physical treatments such as grinding
and polishing and chemical treatments such as acidic and
alkaline processes are frequently used depending on the need
for corrosion-resistant applications [13]. The following
requisite preliminary treatment has been used for the organic
and inorganic coating processes [14].

2. Different Protective Coatings for Magnesium
Alloys (AZ91D)

Mg and its alloys exhibit better physical and mechanical
properties, making them ideal for various uses [15]. Its ex-
cellent ratio between strength-to-weight makes it ideal for
aviation applications. Unfortunately, they are exceedingly
corrosive, especially when exposed to salt spray [16]. Epoxy
coated on AZ91D substrate kept in contact with the controlled
environment to avoid corrosion [17]. In this study, the coating
and modification in surface level for improved properties such
as corrosion and mechanical strength on magnesium-based
substrates are examined in the present research [18]. Mag-
nesium alloy components might not always meet the demand
for automotive components in hostile environments [19].
AZ91D alloy’s anticorrosion performance is currently a hot
topic in the study [20]. The previous research article’s findings
observed based on the enhancement properties in corrosion
performance of AZ alloys utilizing various coating techniques
will be the subject of this literature review [21].

2.1. Structure of the Diffusion Coatings. Regardless of the
coating method, the presence of an alloy layer is a property

of all diffusion coatings shown in Figure 1. The degree of
alloying is determined by the coating method. Some of the
coatings are formed on the metal substrate that has not been
alloyed [22]. The processing parameters such as methods,
processing temperature, and processing time (treatment
time) have an impact on the microconstituents and ele-
mental composition (phase) of diffusion coatings [23]. The
continuous layer of intermetallic compounds formed on the
surface after diffusion coatings for Mg was produced at lower
temperatures between 200°C and 400°C, regardless of the
coating procedure or treatment period [24]. The higher
temperature treatment, like 420°C-470°C, produces a two-
phase structure enriched in Mg;,Al;;, [25]. The temperatures
chosen were 437°C below the eutectic reaction of Mg-Al,
based on reaction-diffusion principles [26].

The properties of the AZ91D-coated alloy have received
significant attention in this study. Magnesium is a volatile
metal with high reactivity. After coating treatment, Mg;,Al,,
or Mg,Al; intermetallic phases are formed on the surfaces,
which improved the corrosion resistance of AZ91D alloy.
Accelerated methods such as salt spray (ASTM B117
standard) and immersion test (ASTM G14 standard), weight
loss, and electrochemical methods can all be utilized (e.g.,
potentiodynamic tests and electrochemical impedance
spectroscopy) to understand the corrosion performances of
coated AZ91D magnesium alloys [27]. Before and after
coating, the corrosion resistance of AZ91D in Al powders
and epoxy has been done with the CED coatings. The un-
coated AZ91D, Al powder coating, and CED coating ex-
perienced substantial corrosion after being exposed to salt
sparing test for less than 12 hours [28]. In aluminium
coating specimens, the initial pitting has been observed after
increasing the contact duration to more than 72 hours. The
weight loss measurement at various temperatures was cal-
culated to understand the corrosion behaviour of Al coating
on AZ91D alloy. 3.5wt.% of NaCl solution revealed the Al
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TaBLE 1: Composition of AZ91D magnesium alloy.

Aluminum (%) Zinc (%) Manganese (%) Silicon (%) Iron (%) Copper (%) Nickel (%) Magnesium
9.201 0.90 0.15 0.1 0.005 0.03 0.002 Balance

TasLe 2: Thickness of coating. The corrosion rate of coated samples was determined

, using the following formula: the corrosion rate (CR) is equal

§oatc11ng - 1 76AZ?1D to 87.6 XW/(DAT) mm/year. W = weight loss in milligrams

owdaer-coated sample microns , D= d it f teri 1 3 A= 2
CED-coated sample 78 microns (mg) ensity of material (g/cm’), area (cm”), and

powder coating and CED Mg coating had significantly
higher corrosion resistance than pure Mg [29].

3. Experimental Procedure

In the present investigation, AZ91D magnesium alloy has
been selected as the base material. Table 1 presents the
chemical composition of AZ91D magnesium alloy, which is
confirmed by using optical emission spectroscopy (OES),
Test point, Tamil Nadu, India.

3.1. Sample Preparation. Samples for corrosion tests of
AZ91D magnesium alloy were cut from rods and machined
into the required dimensions [30]. After machining, the final
projections were eliminated by emery polishing.

3.2. Macroimages. Table 2 represents the coating thickness
of AZ91D magnesium alloy, which confirms that the Al
powder coating sample is 76 microns and the Mg CED-
coated sample is 78 microns as shown in Figure 2.

3.3. Optical Microscopy. Picral was the etchant used for
microstructural investigation. The samples were prepared
for examination using optical microscopy. For simple pol-
ishing, the cut sample was mounted using a cold setting [31].
The mounted specimens were polished with emery sheets,
disc polishing, and diamond paste polishing to achieve a
mirror finish. After being etched for 10-15 seconds, the
samples were examined under an optical microscope [32].
Microstructures of all samples were photographed at various
magnifications to obtain clear information.

3.4. Salt Spraying (ASTM B117) and Immersion Test (ASTM
G14). The spraying test, also known as the fog test, is used to
determine the rate of corrosion on the coated sample and
uncoated samples through the calculation of weight loss
methods. It is performed in line with the ASTM BI117
standard. The salt spray chamber consists of a fog collector,
reservoir, nozzles, and control units, as shown in Figure 3.

The test conditions for the salt spray test are shown in
Table 3. According to the ASTM G14 standard, the im-
mersion test is performed and its corrosion rate has been
measured on the coated and uncoated samples through the
following formula.

T=time of exposure (hours).

3.5. Potential-Dynamic Polarization and Impedance Test.
The polarization and impedance testing set up is shown in
Figure 4. This test provides information about a material’s
corrosion susceptibility and coating characteristics. The test
conditions for the polarization and impedance tests are
shown in Table 4.

4. Results and Discussions

The study focuses on creating protective coatings for the
AZ91D alloy, enhancing the surface’s corrosion resistance.
The corrosion rate in sodium chloride solution was deter-
mined using a cast sample, a powder-coated sample, and a
cathode electrodeposition (CED)-coated epoxy sample [33].
Salt spray, immersion, potential-dynamic polarization, and
impedance tests were used to examine the specimens. The
samples were taken for metallurgical analysis after testing,
and the results were reviewed in terms of how they differed
from corrosion tests and how they compared to a cast sample
[34]. Figure 5 shows the microstructures for the CED coated
by AZ91D+0.1wt.% Ce+0.1wt.% Li Mg alloy and powder
coated on AZ91D+0.1wt.%Ce+0.1wt.% Li Mg alloy is
characterized by DIC Leica (Leica DM750) optical mi-
croscopy [35].

4.1. Microstructure of AZ91D Magnesium Alloy. Figure 6
shows the cross-section micrograph for (a) Al powder coat-
ing and (b) epoxy coating on AZ91D+0.1wt.% Ce+0.1wt.% Li
Mg alloy. SEM images of epoxy CED samples of
AZ91D+0.1wt.% Ce+0.1wt.% Li Mg alloy are shown in Fig-
ures 7 and 8. The principal constituent is magnesium, with
aluminium and zinc serving as alloying elements. a-Mg and
B-Mg;,Al}; are the main phases found in the microstructure
and have been confirmed in the presence of precipitation of
beta phases along with the coating areas [36].

4.2. Mechanical Property Studies. Figure 9 shows the me-
chanical properties, such as tensile test and Vicker’s micro-
hardness values, of Al powder coating and epoxy coating on
AZ91D samples. Figure 10 shows that Vicker’s microhard-
ness measurement was used to determine the microhardness
of the coated interfaces by applying the minimum loads [37].
A fixed load of 10 g was applied to a diamond cone for 15-20
seconds at the interfaces. The diamond cone is pressed into
the sample’s surface, leaving an indentation mark on the
sample’s surface. The microhardness of the specimen was
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FIGURE 2: Macroimages of (a) powder-coated and (b) epoxy CED samples of AZ91D+0.1wt.%Ce+0.1wt.% Li alloy (5X magnification).
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TaBLE 4: Conditions for polarization and impedance test.

Electrolyte 3.5 wt% NaCl
Reference electrode Saturated calomel electrode (SCH)
pH value 6-7
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FIGURE 3: Salt spray testing setup.

TaBLE 3: Conditions for salt spray test.
Temperature 35°C
Pressure 15-25 Psi
pH value 6-7u

FIGURE 4: Polarization and impedance testing set up.

tested at various locations and an average was calculated [38].
The fractography analysis of different coated AZ91D Mg
alloys was characterized through SEM analysis, as shown in
Figures 9(d) and 9(e). Aluminum powder-coated AZ91D
alloy exhibits the highest elongation with moderate strength,
and fracture mode consisting of more intergranular propa-
gation of the cracks was found [39].

Figure 10 shows the microhardness values of cast
magnesium alloy, aluminum powder-coated magnesium
alloy, and cathode electrodeposition (CED)-coated mag-
nesium alloy. Among all samples, CED-coated sample
showed high hardness due to good adhesion and bonding
strength between substrate and coating [40]. Mg and its
alloys have a low initial hardness (65-85 HV), which varies
based on the strengthening phases and grain refinements.
The increase in hardness on the coated alloy is mainly due to
the formation of intermetallic phases and the rare-earth
intermetallic combination of phases on the alloy substrate.
Based on processing methods, Al powder coating hardness
has been reported to range from 200 to 300 HV [27]. Vicker’s
indentation methods were used to investigate the me-
chanical characteristics of Mg-Al-Zn intermetallic phases. Al
powder coating on AZ91D magnesium alloy produces the
continuous Mg;,Al;, and Mg,Al; layers. The hardness of the
Mg, ;AL , and Mg,Al; layers is 4.350.3 GPa and 4.400.3 GPa,
respectively, which is significantly greater than the pure Mg
(0.90.05 GPa) and Al powder coating on AZ91D (1.240.1 GPa)
layers. The hardness of the AZ91D Mg surface shows a high
value, and the hardness value gradually decreases until it
reaches the hardness of the substrate matrix. The changes in
microhardness value in the coating are related to the variation
in composition on the substrate. Without coating AZ91D alloy
and Al powder coating, CED coatings strength had been
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FIGURE 5: Optical microstructures for the CED by AZ91D+0.1wt.% Ce + 0.1wt.% Li alloy (a, b). Power coated on AZ91D+0.1wt.%
Ce+0.1wt.% Li alloy (c, d).
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FIGURE 6: Cross-section micrograph for (a) Al powder coating and (b) epoxy coating on AZ91D+0.1wt.% Ce+0.1wt.% Li Mg alloy.
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FIGURE 7: SEM images of epoxy CED samples of AZ91D+0.1wt.% Ce+0.1wt.% Li Mg alloy.
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FiGure 8: SEM images of Al powder-coated samples of AZ91D+0.1wt.% Ce+0.1wt.% Li Mg alloy.

understood by tensile testing following ASTM E8 standards
shown in Figure 9. The Al-enriched diffusion coating may
significantly strengthen the AZ91D Mg alloys due to its high
strength.

4.3. Salt Spraying Test Interpretation. The above analysis
clearly states that CED-coated AZ91D shows good corrosion
resistance compared to aluminum powder-coated and cast
AZ91D alloys. Figure 11 shows the samples before the salt
spray test, after 24 hours, and after 120 hours of the salt spray
test. The specimens were taken out from the salt spray
chamber, and all specimens were cleaned with acetone and
then dematerialized in water, and then the samples were
dried in compressed air. In the final step, chromate acid was
used to immerse the samples. Corrosion products formed in
the specimens were completely removed by chromate acid.
The initial sample weight is measured in weighing balance
(Mettler Toledo ME204) which is presented in Table 5. Then,

final specimen weights were measured and mentioned in
Table 6, and then corrosion rate was calculated, which is
presented in Table 7. In the corrosion experiment, the
corrosion rate was measured. The microscopic technique
was performed on the corroded specimens.

4.4. Immersion Test Results. Table 8 shows the weight of
samples before the immersion test. Figure 12 shows samples
before immersion test. The sample initial weight is measured
in weighing balance (Mettler Toledo ME204) which is
presented in Table 9. Then, specimen final weights were
measured after 24 h intervals in accordance with ASTM G31-
72, and then corrosion rate is calculated which is presented
in Table 10. Samples after immersion tests of 24 h, 72 h, 96 h,
and 120h are shown in Figure 13. In the immersion test
experiment, the corrosion rate was found lower
(45.87mm/y) in as-cast samples when compared to CED
(1.65mm/y) and Al powder-coated samples (4.01 mm/y),
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respectively. Subsequently, compared to aluminum powder
coated and cast AZ91D magnesium alloys, the data above
clearly reveal that CED-coated AZ91D magnesium alloy has
good corrosion resistance and the least weight loss in a 3.5%
NaCl environment.

4.5. Potential-Dynamic Polarization Test and Impedance Test.
The polarization curves for the different coated and un-
coated samples are shown in Figure 14, and the impedance
spectrum is shown in Figure 15. The electrochemical test was
examined in a 3.5wt.% NaCl solution as an electrolyte, the
cell with a 3-electrode cell setup (see Figure 4). M/s. ACM
Gill2 instruments, India, provided this electrochemical
setup. The three-electrode cell design incorporates a satu-
rated calomel reference electrode, platinum foil-1020 mm
counterelectrode, and test specimen as a working electrode
(specimen). The electrolyte in the electrolytic cell is 3.5%
NaCl solution, and the exposed surface area of the specimen
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FIGURE 11: Salt spray test samples: (a) before the test, (b) 24 h, and (c) 120h.

TaBLE 5: Weight of samples before salt spray test.

Experimental alloys

Weight before the test (g)

Cast sample
Powder-coated sample
CED-coated sample

3.6085 grams
3.9256 grams
3.6356 grams

TaBLE 6: Weight reduction of samples after 24h, 48h, 72h, 96 h, and 120 h.

Weight after 24 h (g) Weight after 48 h (g) Weight after 72h (g) Weight after 96 h (g) Weight after 120 h (g)

AZ91D
As cast sample 3.5926 3.4738
Powder-coated

3.9163 3.9072
sample
CED-coated sample 3.6323 3.6301

3.3679 3.2742 3.1763
3.8923 3.8861 3.8732
3.6274 3.6244 3.6215

TaBLE 7: Corrosion rate of AZ91D samples.

AZ91D 24h (mm/year) 48h (mm/year) 72h (mm/year) 96 h (mm/year) 120h (mm/year)
As cast sample 38.67 43.29 43.10 42.17 42.31
Powder-coated sample 3.75 3.71 4.47 3.98 4.22
CED-coated sample 1.33 1.19 1.10 1.12 1.13

TaBLE 8: Weight of samples before immersion test.

AZ91
3.3706 grams
4.1533 grams
4.1083 grams

Material

Cast sample
Powder-coated sample
CED-coated sample

AZ91

as cast CED coated

powder coated

FIGURE 12: Samples before immersion test.

is 1cm?® The polarization started at a potential of around
-2000 mV about the corrosion potential and terminated at a
positive potential of 50 mV. The scanning rate was main-
tained at 10 mV/min. Cathodic polarization happens in-
stantaneously when the magnesium electrode (specimen) is
immersed in electrolyte because magnesium is too active in

3.5% NaCl solution. This experiment can be used to describe
the corrosion mechanism by plotting potential and current.
In the electrochemical impedance spectroscopy (EIS) test,
the electrolyte and electrode are the same as in the PDP test.
The frequency range measured was 1 mHz to 1 kHz, and the
applied AC signal had a 5mV amplitude. The apparent
alterations in the plot imposed by coating on the polarization
curve of AZ91D magnesium alloy are pushed to greater
positive potentials than the AZ91D base alloy. The curve on
the CED-coated sample side exhibits a stronger cathodic
reaction than the base alloy. Increased cathodic reaction
rates result in larger i, and E,, values, as shown by Tafel
charting. Table 11 shows the corresponding E.orr VS icorr
values. The CED coating significantly improves the corro-
sion resistance of the AZ91D magnesium alloy. According to
the curve, this alloy’s localized corrosion (pitting corrosion)
occurred when the potential was somewhat higher than the
specimen’s corrosion potential in 3.5 wt % NaCl solution.
The potential is begun at cathodic potential and steadily
increases by 5mV during the PDP test, resulting in a dra-
matic drop in corrosion current followed by anodic current
near the corrosion potential, as shown in Figure 14.
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TaBLE 9: Weight reduction of samples after 24, 48, 72, 96, and 120 hours.

AZ91D

Weight after 24h (g) Weight after 48h (g) Weight after 72h (g) Weight after 96 h (g) Weight after 120 h (g)

As cast sample
Powder-coated

sample

CED-coated sample

3.2512 3.1338 3.0283 2.9176 2.8267
4.1421 41334 4.1229 4.1141 4.1036
4.1041 4.1002 4.0963 4.0925 4.0878

TaBLE 10: Corrosion rate of samples after 24, 48, 72, 96, and 120 hours.

AZ91D 24h (mm/year) 48 h (mm/year) 72h (mm/year) 96 h (mm/year) 120 h (mm/year)
As cast sample 48.15 47.75 46.01 45.67 45.87
Powder-coated sample 4.51 4.02 4.08 3.98 4.01
CED-coated sample 1.69 1.63 1.61 1.61 1.65
After 24 hours After 72 hours
- AZ91
AZ91
as cast powder coated CED coated
as cast powder coated  CED coated
After 96 hours After 120 hours
' “ . - w ' -
as cast powder coated  CED coated as cast powder coated  CED coated

Potential (mV)

FIGURE 14: Variation of current density with applied voltage for
AZ91 samples.

density values with applied voltage and good corrosion

FIGURE 13: Samples after immersion test of 24 h, 72h, 96 h, and 120 h.
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FiGUure 15: Impedance curves for AZ91D alloy samples.

The above electrochemical analysis clearly shows that
CED-coated AZ91D magnesium alloy shows lower current

TaBLE 11: Ecorr and I, values of AZ91 samples.

2
resistance in a 3.5% NaCl environment compared to alu- AZ91D Ecorr (mV) Leorr (MA/cm’)
minum powder-coated and cast AZ91 magnesium alloys. As cast sample —-1328.7 0~009774
Figure 15 represents the evolution of the impedance spectra Powder-coated sample —1537 7.69x10

of cast AZ91D alloy, Al powder coating on AZ91D alloy, and CED-coated sample ~13099 162510
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epoxy coating on AZ91D alloy, respectively. Due to the
creation of a passive coating on the surface of the CED
AZ91D Mg alloy, the impedance magnitude (|z|) increases
with time, from 2 to 10 hours. The impedance magnitude (|
Z|) drops as the passive film deteriorates. In this investi-
gation, the CED AZ91D Mg alloy was an effective barrier,
preventing chlorine ions from penetrating and increasing
corrosion resistance. As seen in the pitting process, when
a-Mg granules corrode, precipitates form in the top layer
and dissolve. As a result, the number of active atoms on the
surface will rise, speeding up the formation of the protective
layer. The electrochemical principle of passive and the
breakdown of the passive film are demonstrated in Figure 15.

5. Conclusions

The following conclusions have been made from the above
analysis. The salt spray test was completed in line with ASTM
B117 standards, and the results confirmed that the im-
mersion test was completed successfully. Impedance and
potential-dynamic polarization tests were satisfactorily
completed. According to the findings, CED epoxy coatings
had better adhesive characteristics and corrosion resistance
than powder-coated aluminum and cast magnesium. The
findings show that CED epoxy coating can withstand the
harsh corrosive environment found in automotive com-
ponents. Compared to cast magnesium alloy, the hardness of
the CED coating has increased dramatically from 71 VHN to
115 VHN. CED-coated magnesium alloy has a higher
corrosion resistance than Al powder-coated magnesium
alloy and casts magnesium alloy. The bonding strength of
CED coating with the substrate is good compared to powder
coating [41].
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