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INTRODUCTION

	 Corrosion in ship hulls is one of the greatest 
threats to the aesthetics and safety of critical types of 
machinery [1-4]. Iron alloys are typically used in the 
ship, constituting the main body to the smallest element 
onboard. The outer body of the ship, which is in contact 
with the seawater, is more prone to corrosion. The 
attribuTab. factors to corrosion include the chemical 
activity of iron alloys and the high reactivity of chloride 
ions [5-7]. Also, the difference in the corrosion potential 
of iron alloys (structural members) and copper alloys 
(turbine blades) induces electrochemical corrosion. The 
losses resulting from corrosion in the marine industry 
during construction and operation amount to around 
50-80 billion USD and 3% of global GDP. Statistics 
indicate that 90% of ship breakdowns are caused by 
corrosion. 
	 Industrial practices for reducing the effects of corro- 
sion include painting, anti-corrosion coatings, and catho-
dic protection through sacrificial anodes or impressed 

current methods [8-10]. The sacrificial anodes provide 
effective corrosion protection to marine structures. The 
sacrificial anodes divert corrosive processes away from 
critical components by serving as sacrificial electrodes. 
The sacrificial anodes operate independently of any exter-
nal power source. Also, the sacrificial anodes are simple 
to install and much easier to inspect. The commonly used 
sacrificial anode materials include highly active metals 
such as magnesium (Mg), aluminum (Al), and zinc (Zn) 
[11, 12]. 
	 Magnesium is the lightweight metal [13-15] and has 
the highest driving voltage (−2.373 VSHE) of any material 
utilized to create sacrificial anodes [16-22]. However, 
the corrosion rate of magnesium varies between 4 and 
8 mm/year in marine environments [23-26]. Hence, the 
corrosion mandates frequent replacement of magnesium 
anodes. This highlights the need to improve the life of 
anodes without compromising the anodic efficiency.
	 Loto et al. [27] studied the anodic behavior of gal-
vanized magnesium anode for cathodic protection of 
mild steel in seawater and 0.5M H2SO4 with different 
cross-sectional areas. The anode size was inversely pro-
portional to the corrosion rate of mild steel in seawater 
and H2SO4. For an increase of 50 mm2 area, the corrosion 
rate was decreased from 0.062-0.007 mm2/yr, which was 
88.71% efficient. Azzeddine et al. [28] studied the corro-
sion behavior of binary magnesium-rare earth alloys 
through electrochemical tests in a 3.5% wt NaCl solu- 
tion. Mg-0.41Dy alloy had the highest corrosion resis-
tance of 5.58 Ω.cm2, as the Dy2O3 layer formed prevented 
pitting corrosion. However, Mg-1.43La alloy exhibited 
severe pitting corrosion and had a low corrosion 
resistance of 2.89 Ω.cm2.
	 May et al. [29] assessed the performance of magne-
sium anodes manufactured under the sintering process. 
Corrosion potential and electrochemical impedance spect- 
roscopy tests were carried out to test the anodic behavior 
of Mg, Mg-1Nb, and Mg-1Cr anodes. Mg-Nb/X52 system 
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	 This study successfully conducted a comprehensive ana- 
lysis of the AZ91D magnesium alloy, encompassing micro- 
structural, mechanical, and corrosion assessments. The mic- 
rostructure consisted of primary α-Mg crystals and an alumi-
num-rich α-Mg/β-Mg17Al12 eutectic phase, with intermetallic 
phases predominantly precipitating at grain boundaries. The 
microhardness was quantified at 49.96 ± 1.76 HV. Thermostatic 
tests unveiled a noTab.  increase in corrosion rates with rising 
temperatures, signaling reduced corrosion resistance at eleva-
ted environments. Conversely, thermos-cyclic tests showed re-
latively lower corrosion rates attributed to the accumulation of 
protective debris on the specimen surface, which could mitiga-
te corrosion during temperature fluctuations. Electrochemical 
corrosion behavior revealed susceptibility to pitting corrosion 
at –1.204 V, limiting its application as a sacrificial anode in 
marine settings.
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had a better result because the current drained by the 
system was constant (480 mA/m2) with a potential of 
–1.2 V throughout the experiment. Zidane et al. [30] 
eva-luated the corrosion of AZ31Mg alloy as a sacrificial 
anode for protecting a tank that had hot water with chlo- 
rine. The alloy was immersed in an aqueous NaCl 
solution of various concentrations at 20 °C to ascertain 
its chemical behavior in environments simulated drin-
king. The formation of Mg(OH)2  reduced the corrosion 
rate of the tank from 46.1 to 13.3 mm/year over 48 hours 
of immersion.
	 Rzychon et al. [31] evaluated the corrosion resis-
tance of Mg-RE-Zr alloys (WE43, WE54, and Elektron 
21). The immersion test was carried out for 7 days in 
3.5% NaCl solution. WE43 (0.26 mg/cm2day) had the 
least corrosion rate, whereas WE54 (0.62 mg/cm2 day) 
and Elektron 21 (1.43 mg/cm2 day) had more corrosion 
rate. Elektron 21 had pitting corrosion, and the other 
alloys had intergranular corrosion. Hence, the grain boun- 
daries of alloys influenced the initiation of corrosion 
sites. Yasakau et al. [32] analyzed the anodic sacrificial 
protection of Mg5Gd alloy coated with Mg5Gd through 
magnetron sputtering. An immersion test in Hank’s balan- 
ced salt solution (HBSS) was performed. The coated 
specimen (>0.5 mm/year) resulted in better corrosion re-
sistance than the uncoated ones (5 mm/year)
	 Umoru et al. [33] investigated the effect of tin in 
Al–Zn–Mg alloy as a sacrificial anode in seawater. The 
alloy with 0%, 0.01%, 0.05% and 0.1% Sn were tested. 
The anodic efficiency increased with an increase in Sn. 
After 336 hours of being immersed in seawater, the alloy 
with 0.1% Sn exhibited 99.53% efficiency, whereas the 
alloy with 0% Sn exhibited 98.32% efficiency. Quevedo 
et al. [34] studied the effect of turbulent flow on the corro-
sion of Al–Zn–Mg alloy in artificial seawater media in 
a rotating cylinder setup. The corrosion, controlled by 
charge transfer kinetics, increased with the rotation rate. 
The availability of oxygen on the surface was attributed 
to the high corrosion rate of the specimens. The charge 
transfer resistance under turbulent conditions decreased 
significantly to 99.39, 70.67, 67.15, and 59.7 Ω·cm2 for the 
different rotation rates 1000, 3000, 5000, and 7000 rpm, 
respectively.
	 The results of extensive laboratory anode efficien-
cy investigations and field tests of Robison et al. [35] 
revealed that 6% Al-3% Zn magnesium alloy cast ano- 
des need low impurity levels. Laboratory testing ad- 
mitted that the impurities (nickel, copper, and silicon) 
decreased the efficiency of Mg alloy. Superior perfor-
mance was provided by the practicable casting compo-
sition of low iron (0.003%) with moderate Mn (<0.15%) 
concentration. Sun et al. [36] evaluated the corrosion be-
havior and working performance of Al–Zn–In–Mg–Ti 
in deep waters as a sacrificial anode through potentiody-
namic polarization, self-discharge, and electrochemical 
impedance spectroscopy. The system’s current efficiency 

of the sacrificial anodes was about 70-80 %. The average 
corrosion rate was 1.6438 ±0.2905 ×10-6 g.cm-2 in simu-
lated deep waters. 
	 Muazu et al. [37] fabricated an Al–Zn–Mg sacrifi- 
cial anode from recycled aluminum and zinc. Characte-
rization results revealed that MgZn2 phases were respon- 
sible for the pitting corrosion. However, heat treatment 
coarsened the sTab. MgZn2 phase particles in the Al 
matrix. The microstructure lowered the corrosion resis-
tance of the alloy, and that, in turn, improved anode 
efficiency. Pathak et al. [38] described that cathodic 
protection technology aims to utilize a structural metal 
surface as the cathode of a galvanic cell to generate an 
electrical circuit to control corrosion. The corrosion rate 
of Mg alloys was fairly low at pH between 4 and 14. 
Small amounts of cerium oxide applied to a Mg-rich 
primer significantly increased the resistance of AZ91D 
magnesium alloy.
	 Sekar et al. [39] investigated the effect of equal 
channel angular pressing on galvanic corrosion of ZE41 
alloy against AA7075 alloy using EIS measurements and 
potentiodynamic polarization. The galvanic corrosion re-
sistance was (0.05 mm/year) 58% and (11.171 mm/year) 
54% with 0 and 1M NaCl respectively. Kajánek et al. 
[40] experimented on corrosion degradation of plasma 
electrolytic oxidation coated AZ31 Mg alloy. The corro-
sion mechanism was evaluated after 24 hours of salt 
spray testing. The polarization resistance of PEO coated 
specimen was 18399 Ω.cm2. The results indicated that 
the corrosion products covered scratches of PEO coating, 
reducing the anodic reaction. 
	 Muazu et al. [41] researched variations in sacrifi-
cial anode stability and polarization potential in 
Al–xZn–xMg alloy in seawater. The alloy was connec- 
ted to a digital multimeter to measure polarization po-
tential. The sacrificial anode degree of protection for 
Al–8%Zn–4%Mg was higher (96.69) during the eighth 

week of exposure to seawater. Radhika et al. [42] expe-
rimented on stress corrosion resistance of friction stir 
processed and micro-arc oxidation coated ZE41 alloy. 
The threshold stress of SCC for BM was 25.8 MPa, 
FSP ZE41 was 60 MPa, MAO ZE41 was 30 MPa, and 
FSP-MAO ZE41 was 120 MPa. The MAO layer de-
layed the SCC crack propagation in the initial stages of 
corrosion.
	 In this study, AZ91D alloy was comprehensively 
assessed for microstructure, microhardness, corrosion 
characteristics, and sacrificial anodic performance. 
AZ91D alloy was exposed to thermal cycles involving 
static and dynamic temperature variations. Subsequently, 
potentiodynamic and galvanostatic tests were conducted 
to assess its electrochemical characteristics (corrosion 
and anodic performance). The findings were substantiated 
using advanced instrumental characterization to deter-
mine the effectiveness of AZ91D alloy as a sacrificial 
anode in marine environments.
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MATERIALS AND METHODS

Materials

	 Commercially available AZ91D alloy, obtained 
from NextGen Steels and Alloys in India, was utilized 
as the base material for the study. The alloy, in its wrought 
form, had a thickness of 4 mm. The composition of the 
as-received AZ91D alloy is shown in Tab. 1, which was 
provided by Perfect Test Services, Coimbatore.

Microstructure

	 A specimen of dimension 10 mm × 10 mm × 5 mm 
was cut from the AZ91D alloy and cold-mounted using 
the standard polymeric compound. The specimen was 
polished per the metallographic specimen preparation 
guidelines of the standard ASTM E3-11 utilizing a bench 
grinder, emery sheets, and disc polishing units. Acetic 
picral etchant was prepared by mixing 5 ml acetic 
acid, 6 g picric acid,10 ml distilled water, and 100 ml 
ethanol. The specimen was immersed in the etchant for 
15 seconds. Then, the specimen was rinsed in acetone 
and air-dried. The etched specimen was examined in an 
optical microscope (Carl Zeiss; Axiovert 25).

Microhardness

	 A specimen of dimension 10 × 10 × 5 mm was cut 
from the AZ91D alloy and polished per the standard 
metallographic preparation guidelines. The microhard-
ness was measured using a Vicker’s microhardness 
tester (Mitutoyo; MVK-H11). The microhardness tester 
utilized a diamond indenter to indent the specimen under 
an axial load of 300 gf for 15 seconds.

Immersion corrosion test

Thermo-static corrosion test
	 Specimens of dimension 10 × 10 × 5 mm were cut 
from the AZ91D alloy and polished in line with the stan- 
dard ASTM E3-11. The polished specimens were degrea-
sed with acetone. The dimensions of the specimens were 
measured using a digital vernier caliper with a least count 
of 0.01 mm. The mass of the specimens was measured 
using a precision weighing balance with a readability 
of 0.0001 g. Then, the specimens were positioned in the 
conical flask (resting on the edges and slanting against 
the wall of the conical flask). The simulated seawater 
solution was prepared by mixing 3.5 g NaCl in 100 ml 
of distilled water. The simulated seawater solution was 

siphoned to a conical flask by maintaining a constant 
volume to exposed surface area ratio. The conical flask 
was closed using a stopper and placed in the corrosion 
test chamber (CM Envirosystems; NBT-80-A-1K-EP). 
The specimen was subjected to thermo-static corrosion 
at room temperature (27 °C), 20 °C, 40 °C, 60 °C, and 
80 °C for 8 hours. After the test duration, the specimens 
were removed from the flask and air-dried. The adherent 
corrosion products were cleaned using boiling chromic 
acid solution (15 g of CrO3 in 100 ml of distilled water) 
for 1 minute and rinsed in acetone. The mass of the 
corroded and cleaned specimens was measured using 
the precision weighing balance. The specimen code and 
testing conditions are shown in Tab. 2.

Thermo-cyclic corrosion test
	 Specimens measuring 10 × 10 × 5 mm were cut from 
the AZ91D alloy and underwent standard ASTM E3-11 
polishing. Subsequently, the polished samples were clea-
ned with acetone to remove the contaminants. The sample 
dimensions were determined using a digital vernier 
caliper with a precision of 0.01 mm. At the same time, 
their mass was assessed with a high-precision weighing 
balance with a readability of 0.0001 g. The specimens 
were carefully positioned within a conical flask, resting 
on their edges and leaning against the inner wall of the 
flask. 3.5 g NaCl was mixed with 100 ml of distilled water 
to create a simulated seawater solution. The solution was 
then transferred to the conical flask, maintaining a con- 
sistent ratio of volume to exposed surface area. The coni- 
cal flask was closed using a stopper and placed in the 
corrosion test chamber (CM Envirosystems; NBT-80- 
-A-1K-EP). The specimen underwent a corrosion test in-
volving continuous exposure to temperatures of 20 °C, 
40 °C, 60 °C, and 80 °C for 8 hours each, sequentially. The 
entire testing cycle was repeated five times, resulting in 
a total test duration of 360 hours. After the test duration, 

Tab. 1.  Composition of AZ91D alloy

Element Mg Al Zn Mn Fe Cu Ni Si

Composition (weight %) 90.4 8.72 0.51 0.31 0.001 0.002 0.001 0.04

Tab. 2.  Specimen code for thermos-static corrosion test

Sl. Specimen 
code Testing condition Corrosion rate

1. BM-RT-8 27°C for 8 hours 6.35 mm/year
2. BM-RT-24 27°C for 24 hours 10.88 mm/year
3. BM-20-8 20°C for 8 hours 4.63 mm/year
4. BM-40-8 40°C for 8 hours 6.99 mm/year 
5. BM-60-8 60°C for 8 hours 8.22 mm/year
6. BM-80-8 80°C for 8 hours 14.00 mm/year
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the specimens were removed from the flask and air-dried. 
The adherent corrosion products were cleaned using 
boiling chromic acid solution (15 g of CrO3 in 100 ml 
of distilled water) for 1 minute and rinsed in acetone. 
The mass of the corroded and cleaned specimens 
(BM-CYC-360) was measured using the precision wei-
ghing balance. The corrosion rate was evaluated using 
equation (1).

(1)

Electrochemical corrosion

	 The electrolyte (simulated seawater solution) was 
prepared by adding 3.5% NaCl in 100 ml of distilled 
water. The specimen, with a dimension of 10 × 50 mm, 
was cut from AZ91 alloy. The specimens were polished 
as per the standard metallographic polishing guidelines 
utilizing a bench grinder, emery sheets, and disc poli-
shing units. The polished specimen was wiped with 
ethanol and dried in hot air. The masking was wound on 
the specimen such that only 0.5 mm2 area was exposed 
to the simulated seawater solution. An electrochemical 
workstation (CH Instruments; CHI604E) was used to 
analyze the electrochemical characteristics of the spe-
cimens. The electrochemical cell setup was established 
using a reference electrode (Ag/AgCl electrode), counter 
electrode (Pt wire), and the working electrode (polished 
specimen). The electrochemical cell setup was positio-
ned inside the cylindrical beaker containing a simulated 
seawater solution. The distance between the reference 
electrode and working electrode was minimized through 
a luggin capillary tube. The open circuit potential (OCP) 
was initially established for the working electrode for 
480 min. The open circuit potential was considered as 
the reference potential for the potentiodynamic polari-
zation test. The potentiodynamic polarization test was 
performed by polarizing the specimen cathodically/ano- 
dically with respect to the OCP. The Tafel region was 
obtained through the plot (log I vs. V), which was uti-
lized to extrapolate the Tafel parameters, corrosion 
current, and corrosion potential. 

Sacrificial anodic performance

	 The sacrificial anodic performance test was perfor-
med per the DNV-RP-B401 standard. Specimens, sized 
50 × 10 × 5 mm, were cut from the workpiece. The po- 
lished side of the working electrode specimen was co-
vered with insulation tape, exposing only 1 mm2. The 
counter electrode was a 40 × 10 × 5 mm SS316LN spe-
cimen, with an exposed area of 20 mm2 left after masking 
with insulation tape. A reference electrode, Ag/AgCl, 
was used. The mass of the specimens was measured with 
a precision balance accurate to 0.0001 g. An artificial 
seawater electrolyte solution was prepared as previously 

described. The galvanostatic test was carried out at room 
temperature using a custom sacrificial anode test rig 
(CH Instruments). The anodic current density was held 
at 15 µA.cm-2, 4 µA.cm-2, 40 µA.cm-2, and 15 µA.cm-2 
for an hour. The potential, time, and mass loss of the 
specimens were recorded to determine electrochemical 
efficiency and anode consumption rate.

(2)

(3)

(4)

Advanced instrumental characterization 

	 Field Emission Scanning Electron Microscopy 
(SEM; Zeiss Sigma; Gemini 300) was used to analyze the 
microstructure and corroded surface morphology of the 
corroded specimens. Energy dispersive X-ray spectro-
scopy (EDS) was used to determine the elemental com-
position and elemental map of the corrosion products 
and corroded areas in the specimens at a high electron 
tension of 20 kV.

RESULTS AND DISCUSSIONS

Microstructure and microhardness 

	 The microstructure obtained for the specimen BM 
is depicted in Fig. 1a,b. The BM displayed a non-equilib-
rium dendritic microstructure comprising primary α-Mg 
(white phase) and an eutectic phase [43, 44]. The eutectic 
consisted of a secondary aluminum-rich α-Mg phase and 
an intermetallic β-Mg17Al12 phase (dark phase). Interme-
tallic phases precipitated in various shapes at grain boun-
daries. The microhardness for the specimen tested is 
49.96 ±1.76 HV. 

Immersion corrosion test

Thermo-static testing
	 During the comprehensive examination at different 
temperatures ranging from 20 °C to 80 °C, precise corro-
sion rates were meticulously recorded for the thermo-
static test in 3.5% NaCl solution. The corrosion rate of 
the specimens is given in Tab. 2. At room temperature 
(27 ℃), the corrosion rate was calculated to be 6.35 mm/ 
/year. The corrosion rates at these distinct temperature 
points were as follows: at 20 °C, the rate measured 
4.63 mm/year, which increased to 6.99 mm/year at 
40 °C, further elevated to 8.22 mm/year at 60 °C and 
dramatically spiked to 14.00 mm/year at 80 °C.

Corrosion rate =
8760 × Mass Loss

Density × Surface area × Time

Electrochem. efficiency =                                      (Ah/kg)
Total current × Time

Mass loss

Anode consumption rate =                                     (kg/Ah)
Mass loss

Total current × Time

Anodic efficiency (%) =                                                × 100
Calculated current capacity

Theoretical current capacity
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	 At 40 °C, the specimen had a 10.14% surge in the 
corrosion rate compared to the rate observed at 20 °C. 
As the temperature continued to rise to 60 °C, the corro-
sion rate displayed a more pronounced acceleration, 
surging by 29.5% relative to the 20 °C baseline. However, 
the most dramatic transformation occurred at a scorching 
80°C, where the corrosion rate rose steeply by 120.472% 
when contrasted with the reference point at 20 °C.

	 Fig. 2a shows the surface morphology with cracks 
and corrosion debris on the surface of the specimen 
BM-RT-8. The hydroxide ions in the electrolyte reacted 
with magnesium to form magnesium hydroxide, as given 
by equation (5). The volume of magnesium hydroxide 
exceeded that of magnesium, leading to the expansion of 
the surface layer. The surpassed surface layer expansion 
crossed the critical strength limit and was ultimately 

	 a)	 b)	 c)	 d)

b)a)

Fig. 1.	 Microstructure of the specimen

Fig. 2.	 Surface morphology of specimens subjected to thermos-static test
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fractured. The cracks exhibited an average width of 
0.5 µm. Also, some corrosion debris was observed on 
the surface. 

Mg2+ + 2OH– → Mg(OH)2                  (5)

	 Fig. 2b shows the surface morphology of the spe-
cimen BM-RT-24. The subsequent reaction of magnesium 
hydroxide with chloride created corrosion debris. The 
corrosion debris particles collectively possessed an ave- 
rage diameter of 2 microns. Also, cracks and a large 
fraction of corrosion debris were observed on the surface. 
The debris formation was higher than BM-RT-8, which 
could be attributed to the increased immersion period. 
Also, the cracks were wider, with an average width of 
10 µm than the specimen BM-RT-8. Fig. 2c shows the 
surface morphology of the specimen BM-40-8 with 
corrosion debris scattered on the surface. Compared to 
BM-RT-8, the debris deposition was higher, which is 
attributable.  to the increase in the corrosion rate. Fig.  
2d shows the large fraction of corrosion debris on the 
surface of the specimen BM-80-8. Compared to the other 
specimens, BM-80-8 had the highest debris depositions. 
	 The elemental composition of the specimens is 
given in Tab. 3. BM-RT-24. BM-RT-24 contained a sig- 
nificant amount of magnesium at 58.88 wt.% and oxygen 
at 38.68%, suggesting a substantial formation of hydro-
xide compound on the surface. Sodium and chlorine con-
centrations were notable at 1.04 wt.% and 1.28 wt.%, 
indicating a degree of corrosion. Similarly, specimen 
BM-40-8 and specimen BM-80-8 exhibited relatively 
similar compositions. BM-40-8 was characterized by 
magnesium at 69.16 wt.%, oxygen at 29.45 wt.%, sodium 
at 0.45 wt.%, and chlorine at 0.76 wt.%. The specimen 
BM-80-8 possessed magnesium at 46.13 wt.%, oxygen at 
50.30 wt.%, sodium at 1.50 wt.%, and chlorine at 1.24%. 
The higher oxygen concentration substantially formed 
a hydroxide compound on the surface, similar to speci-
men BM-RT-24. The elemental map of the corroded 
region of specimen BM-RT-24 and specimen BM-80-8 
is shown in Fig. 4a,b. The major area in the individual 
elemental map of Mg and Cl superimposed with each 
other than Na and Cl. Hence, the composition map 
confirmed that the corrosion debris predominantly 
contained MgCl2. This, in turn, indicated that NaCl was 

not precipitated on the surface during the immersion 
period. Also, the predominance of oxygen indicated the 
formation of Mg(OH)2 on the surface. 
	 The typical surface morphology of the specimen 
(BM-20-8) after removing the corrosion products is 
Fig. 3a. Pits, characterized by small concealed cavities or 
pits, and craters were observed on the surface. Pits were 
formed because of intense localized anodic reactions re-
sulting from a greater electron demand originating from 
a larger cathodic area. The process ultimately leads to 
significant deterioration beneath a thin surface layer of 
oxide layer. The pits had an average diameter of ~7 µm. 
However, the depth of pits differed in each zone. Fig. 
3b shows the surface morphology of the specimen BM-
60-8 that established severe pitting corrosion. Also, the 
average size of the pits was ~15 µm. 
	 The typical elemental composition of specimen 
BM-20-8 and specimen BM-60-8 after removal of corro-
sion products is given in Tab. 3. Both the specimens had 
a predominant concentration of magnesium (>90 wt.%) 
supplemented by small amounts of aluminum and zinc. 
Sodium and chlorine were present in trace amounts, and 
oxygen concentration was relatively lesser. The findings 
confirmed the effectiveness of boiling chromic acid solu- 
tion in removing the adherent corrosion products from 
the surface. The elemental map of specimen BM-20-8 
and specimen BM-60-8 after removal of corrosion pro-
ducts is shown in Fig. 5a,b. The cleaned surface was de- 
void of any corrosion products, as evidenced by the indi-
vidual elemental maps of sodium, aluminum, and zinc. 
	 Alloy composition (aluminum, zinc, and mangane-
se) plays an integral role in the corrosion behavior of 
AZ91D alloy in marine environments. Crucially, AZ91D 
alloy is supposed to have superior corrosion resistance 
because of its higher aluminum content. The advantage 
stems from aluminum forming a protective oxide layer 
on the surface, acting as a robust barrier against further 
corrosion. However, electrochemical reactions underpin 
the corrosion process in seawater. For magnesium alloys, 
two pivotal reactions include the anodic reaction, where 
magnesium undergoes oxidation to form magnesium 
ions (equation (6)), and the cathodic reaction, which 
involves the reduction of water into hydrogen gas and 
hydroxide ions (equation (7)) [45].

Mg → Mg2+ + 2e–                             (6)
2H2O + 2e– → H2 + 2OH–                      (7)

	 The reactions showcase the intricate interplay bet-
ween magnesium and seawater, where magnesium ions 
are produced while water molecules are simultaneously 
reduced, culminating in the formation of corrosion 
products. The formation of a protective oxide layer stood 
as a basis for the corrosion resistance of magnesium alloy 
in seawater. The protective layer primarily consisted of 
magnesium hydroxide (Mg(OH)₂). Additionally, the pre-
sence of aluminum in the alloy contributed to forming 

Tab. 3.  The elemental composition of the corroded specimens

Sl. Specimen
Elemental Concentration (wt. %)
Mg Al Zn Na Cl O

1 BM-RT-24 58.88 0.02 0.10 1.04 1.28 38.68
2 BM-40-8 69.16 0.11 0.07 0.45 0.76 29.45
3 BM-80-8 46.13 0.79 0.04 1.5 1.24 50.3
4 BM-20-8 (clean) 93.66 0.15 0.06 0.28 0.02 5.83
5 BM-60-8 (clean) 97.69 0.02 0.00 0.36 0.00 1.93
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an aluminum oxide (Al₂O₃) layer, further fortifying 
the protective shield. The layer acted as a formidable 
barrier, effectively obstructing the ingress of water and 
corrosive ions, thereby retarding the corrosion process. 

Environmental factors in seawater, including the pre- 
sence of chloride ions (Cl⁻), pose a formidable challenge 
to magnesium alloys. Chloride ions have a notorious 
propensity to deteriorate the protective oxide layer by 

b)

a)

Fig. 3.	 Elemental map of the specimen BM-RT-24 (a) and specimen BM-80-8 (b)

	 a)	 b)	 c)	 d)

Fig. 4.	 Surface morphology of specimen BM-20-8 and specimen BM-60-8 after removal of corrosion products
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forming soluble magnesium chloride (MgCl₂) com-
pounds, thereby exposing fresh metal surfaces to accele-
rated corrosion. Furthermore, the temperature exerted 
a significant influence on corrosion rates. An increase 
in temperatures accelerated the corrosion process, as 
evident in the substantial increases in corrosion rates.

Thermal-cyclic testing
	 The corrosion rate of the specimen subjected to ther-
mal-cyclic testing, spanning a temperature range from 
–20 ℃ to 80 ℃ over a duration of 360 hours, exhibited 
a low value of 0.491 mm/year. The corrosion rate stands in 
marked contrast to the high corrosion rate obtained under 

b)

a)

Fig. 5.	 Elemental map of the specimen BM-20-8 (a) and specimen BM-60-8 (b)

	 a)	 b)	 c)	 d)

Fig. 6.	 Surface morphology of specimen BM-CYC-360-1 and specimen BM-CYC-360-2
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thermostatic conditions. The unique phenomenon was 
attributed to the accumulation of debris, which included 
corrosion products and salts, forming a protective layer 
on the surface of the specimen. The protective layer 
effectively shielded the underlying material from under-
going further corrosion. The protective mechanism has 
led to the observed reduction in the corrosion rate.
	 In Fig. 6 the surface morphology of BM-CYC-360-1 
is described. The specimen displayed cracks and corro- 
sion debris on the surface. The reaction between 
hydroxide ions in the electrolyte and magnesium leads 
to the formation of magnesium hydroxide. Also, the 
debris consisted of magnesium chloride resulting from 
the reaction of magnesium hydroxide with chlorine. The 
longer immersion period likely contributed to the in-
creased debris formation. The BM-CYC-360-2 described 
the surface morphology of the specimen after the removal 
of corrosion debris. Pits and craters were observed, with 
an average pit diameter of approximately 10 µm. The 
elemental maps in Fig. 7 confirmed that the corrosion 
debris predominantly consisted of MgCl2. Additionally, 

the predominance of oxygen indicated the formation of 
Mg(OH)2 on the surface. The corrosion mechanism was 
similar to that of the thermos-static corrosion process.

b)

a)

Fig. 7.	 Elemental map of the specimen BM-CYC-360-1 (a) and specimen BM-CYC-360-2 (b)

Fig. 8.	 Tafel plot of the specimen AZ91D
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Electrochemical corrosion

	 The Tafel plot (Fig. 8), which represents the rela-
tionship between the anodic and cathodic reactions, con-
verged at the corrosion potential of –1.576 V. Tangent 
lines were drawn to both the anodic and cathodic 
curves of the Tafel plot within 20 mV, and the corrosion 
current was calculated. The corrosion was computed 
using equation (2), resulting in a corrosion rate of 1.747 
mm/year. Additionally, the specimen exhibited pitting 
characteristics at –1.204 V. 
	 The change of potential over time is shown in Fig. 
9. The sacrificial anode performance tests yielded an 
electrochemical efficiency of 750 A h/kg for AZ91D 
alloy. The anode consumption rate was determined to be 
11.68 kg/A.yr, and the anodic efficiency was 34.1%.

CONCLUSION 

	 The investigation into AZ91D alloy involved com-
prehensive analyses, encompassing microstructural exa-
mination, microhardness assessment, and thermostatic 
and thermocyclic testing. Advanced instrumental tech-
niques were employed to determine surface morphology 
and composition. The results demonstrated the following:
●	The microstructure of AZ91D alloy was characterized 

by the presence of primary α-Mg and a eutectic phase 
featuring aluminum-rich α-Mg and intermetallic 
β-Mg17Al12. Notably, intermetallic phases precipitated 
at grain boundaries, aligning with the phases identified 
in the Al-Mg phase diagram. The measured micro-
hardness was 49.96 ± 1.76 HV.

●	Thermostatic testing revealed a temperature-depen-
dent increase in corrosion rate. However, thermocyclic 

d)

b)

c)

a)

Fig. 9.	 Change of potential over time for the specimen at an anodic current density of: a) 15 µA.cm-2; b) 4 µA.cm-2; 
c) 40 µA.cm-2; d) 15 µA.cm-2
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testing indicated a relatively low corrosion rate attri-
buted to the accumulation of debris on the specimen 
surface.

●	Electrochemical corrosion assessments demonstrated 
pitting corrosion initiation at -1.204 V. The alloy 
exhibited a sacrificial anodic performance of 37.1%, 
implying limited suitability for sacrificial anode appli-
cations in marine environments. 

	 While the tested alloy demonstrated considerable 
performance, there is a possibility for enhancement to 
better suit the intended sacrificial anode application. 
Modifying corrosion and consumption rates through 
advanced techniques such as heat treatment processes, 
incorporating diverse alloying elements, and potentially 
applying specialized surface treatments hold promise in 
upgrading performance for optimal functionality in the 
marine environment.
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