JMEPEG (2022) 31:1707-1727
https://doi.org/10.1007/s11665-021-06355-2

©ASM International
1059-9495/$19.00

®

Check for
updates

Corrosion, Corrosion Fatigue, and Protection

of Magnesium Alloys: Mechanisms, Measurements,

and Mitigation

Temitope Olumide Olugbade, Babatunde Olamide Omiyale, and Oluwole Timothy Ojo

Submitted: 28 March 2021 / Revised: 23 September 2021 / Accepted: 27 September 2021 / Published online: 29 October 2021

Magnesium (Mg) alloys are non-toxic, biodegradable, and biocompatible special metallic biomaterials for
biomedical applications, but less corrosion-resistant in physiological and chloride-containing environments.
This often limits their use as potential biomedical implants due to loss of their mechanical integrity. This can
be addressed by adopting several approaches such as surface modifications and coatings as well as pre-
treatments including anodization, microarc oxidation, and electrodeposition. To further provide insights
into better ways to improve the corrosion resistance of Mg alloys in saline and physiological environments,
the present work provides a comprehensive overview of the electrochemical properties of Mg alloys as a
biodegradable material. More importantly, the corrosion and corrosion fatigue mechanisms in surface-
modified Mg alloys are explicitly reviewed. The significant influence of alloying on the corrosion resistance
behaviors of biodegradable Mg alloys is also reviewed and discussed explicitly. The different methods of
measuring the corrosion rates of Mg and its alloys are reviewed and summarized. As potential implant
materials, the recent progress and developments on Mg alloys in the biomedical fields and their resulting

corrosion properties are discussed and the research trends for future works are highlighted.

corrosion, corrosion fatigue, crack, implant, Mg alloy,
surface treatment
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1. Introduction

1.1 Corrosion and Fatigue Properties of Mg Alloys

Metallic implant materials such as cobalt-based alloys,
stainless steels, titanium alloys, and magnesium (Mg) alloys are
often used as temporary implants due to their exceptional
properties including high strength and biodegradability (Ref 1-
3). They are primarily used as a temporary internal support for
bones, tissues, etc. (Ref 4, 5) and are usually removed from the
body through surgery when their purpose are fulfilled. Belong-
ing to the family of metallic biomaterials, Mg alloys are the
promising candidates in orthopedics and biomedical fields due
to their biocompatibility and biodegradability (Ref 6-9), and
easy dissolution in the body (Ref 10-13). They are also vital in
human metabolism process; the degradation products of Mg are
thus not toxic or harmful to the body.

However, the poor corrosion resistance of Mg alloys in
saline and physiological environments (Ref 14-18) remain a
constant threat for Mg alloys as potential orthopedic implants
(Ref 2, 4, 11). The Mg alloys corrode rapidly in chloride-
containing environments which limits their use as implants due
to loss of their mechanical integrity and stability before
actualizing their purpose (Ref 5, 14, 15, 18). The chloride-
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Abbreviations

Mg Magnesium

SCE Saturated calomel electrode
OCP Open-circuit potential

CFS Corrosion fatigue strength

CAC Corrosion-assisted cracking
lcorr Corrosion current density
Econ Corrosion potential

i-SBF  Ionized simulated body fluid

r-SBF  Revised simulated body fluid
PBS Phosphate-buffered saline
SBF Simulated body fluid

m-SBF  Modified simulated body fluid

DMEM Dulbecco’s phosphate dehydrate

c-SBF  Conventional simulated body fluid

SCC Stress corrosion cracking

EIS Electrochemical impedance spectroscopy

NaCl Sodium chloride
DIW Deionized water

ATW Artificial tap water

SNC Surface nanocrystallization
HE Hydrogen embrittlement
HA Hydroxyapatite

PSC Perovskite solar cells

Pt Platinum

M-Mg  Milled pure magnesium

containing environments couple with the cyclic loading usually
experienced by the Mg alloy implants can result in corrosion-
assisted cracking (CAC). The poor corrosion resistance of Mg
alloys in aqueous environments may be attributed to their high
chemical and electrochemical reactivity.
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Corrosion-assisted cracking often leads to sudden premature
failure of materials under the combined actions of mechanical
loading and corrosion reaction (corrosion fatigue), and the
failure mode largely depends on the nature of loading (Ref 25).
While the corrosion fatigue is usually induced by cyclic loading
(Ref 19) leading to catastrophic failure of biomedical implants
(Ref 20-22), the stress corrosion cracking (SCC) often results
from tensile loading (Ref 23-27). Interestingly, the corrosion
fatigue failure (Ref 28) of materials can occur even at low stress
amplitude. Stress corrosion cracking of Mg alloys has been a
subject of investigation over the years in different environments
(Ref 29, 30) with dissolution-assisted cracking and hydrogen
embrittlement (HE) as the main two mechanisms.

Apart from exhibiting a good corrosion fatigue strength, an
improvement in the general corrosion properties in corrosive
environments alone (absence of cyclic loading) has been
achieved over the years for alloys (Mg, Ti, etc.,) and metallic
materials including stainless steels (Ref 31-34). Several meth-
ods adopted in the past to enhance the general corrosion
properties and reduce the degradation rate include coat-
ings/electrodepositions (Ref 35-38), laser cladding and thermal
spraying (Ref 39), machining/molding (Ref 40), alloying, and
surface nanocrystallization (SNC) (Ref 41-47).

Under the combined actions of cyclic loading and corrosion
reaction, the corrosion fatigue strength (CES) of Mg alloys is an
important property till date and ways to significantly enhance it
remain a major subject of investigation for many corrosion
experts and material scientists. To give new insight to the
readers, the present review therefore surveys the existing works
on the fatigue and corrosion fatigue mechanisms of Mg alloys,
especially when subjected to surface treatments.

1.2 Contribution of the Present Study

The present review contributes to knowledge in four
different ways.

(1) The different methods of determining the corrosion rates
of Mg and its alloys are reviewed and summarized
including the polarization method via Tafel extrapolation
technique, weight loss method, hydrogen evolution
method, rate of Mg®" leaving the metal surface, electro-
chemical impedance spectroscopy (EIS) analysis, and
immersion test.

(2) The corrosion and corrosion fatigue mechanisms of Mg
alloys are ascertained with the view of identifying the
influencing factors such as rate of exposure to the envi-
ronment, operating conditions, and temperature. Hence,
producing an ultra-high and strong Mg alloy with excel-
lent corrosion and wear resistance is one of the turning
points of the present research. This is necessary to ob-
tain a biocompatible special metallic biomaterial which
can withstand the corrosive environments over time.

(3) To a large extent, alloying elements have a significant
effect on the corrosion resistance behavior of biodegrad-
able Mg alloys. The extent of alloying influence on the
degradation rate of Mg alloy as well as the mix ratios
for the alloying elements is worthy of further investiga-
tion and hence one of the areas of the present work.

(4) As possible solutions to the poor corrosion resistance of
Mg alloys, especially in physiological environments, the
several methods of enhancing the corrosion properties of
Mg alloys including alloying, surface treatment, and
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coating processes are provided, which will be of great
use to many material scientists and corrosion experts.

2. Corrosion Rate Evaluation Methods

Generally speaking, the corrosion rates of Mg alloys can be
evaluated using different methods including (a) polarization
method via Tafel extrapolation technique (P; in mm/y), (b)
weight loss method (Pw in mm/y), (¢) hydrogen evolution
method (Py), (d) rate of Mg®" leaving the metal surface, (e)
electrochemical impedance spectroscopy (EIS) analysis (Pgis),
and (f) immersion test (Ref 5, 7, 16, 17).

By obtaining the value of the corrosion current density (icorr)
from the cathodic branch of polarization curve via Tafel
extrapolation method, the evaluation of the corrosion rates of
Mg and its alloys via polarization technique (P; in mm/y) are
often carried out using the following relationship (the i.o, is
related to the average penetration rate and the constant is a
function of the pH and concentration of the solution) (Ref 5,
17),

P; = 22.85 X icort ((icorr) in mA/cm?) (Eq 1)

Provided the immersion time (¢ in day), surface area (4 in
cm?), sample weight before immersion (W, in g), and sample
weight after immersion (7 in g) are known, the corrosion rates
of Mg alloys can be evaluated using weight loss method (Py in
mm/y) with the relationship below (the constant is a function of
the mol of the Mg metal and the corrosion area for each mol of
Mg metal) (Ref 7, 17),

Wy — W,
X —

Py = 2.1
W At

(Eq 2)

Meanwhile, using the hydrogen evolution method (Py in
mm/y) and provided the immersion time (¢ in day), surface area
(4 in cm?), and the volume of the evolved hydrogen (V) are
given, the corrosion rates of Mg alloys can be easily determined
using the following relationship (Ref 5, 16),

2,088 x Vy

P
H At

(Eq 3)

Furthermore, using the immersion test (P;,) method, the
corrosion rate of Mg alloys can be evaluated via the following
relationship (Ref 7),

P — (K x W) ()

(Ax T x D) (Eq4)

where D is the material density (g/cm3), T is the time of
exposure (h), 4 is the sample surface area, 7 is the mass loss
(g), and K is a constant (87,600).

It is important to note that using only one method to
evaluate the corrosion rate of Mg alloys is not enough and
reliable. To ensure accuracy, reliability, and reproducibility, two
or more measurement methods should be adopted in evaluating
the corrosion rate of Mg alloy. For instance, hydrogen evolution
method and weight loss methods can be adopted to cross-check
the corrosion rates of Mg alloy determined using polarization
and electrochemical methods. Generally speaking, the unit of
mm/y is applicable for the determination of corrosion rate
evaluation on long-term basis. Since heterogeneous corrosion is
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often applicable for Mg alloys, short-term tests such as
polarization and immersion methods are not suitable for the
evaluation of the long-term corrosion rate.

Hence, it is advisable to use different methods in evaluating
the corrosion rates of Mg alloy instead of the independent
measurement. By this, the measurement methods can comple-
ment each other in that the shortcomings experienced with one
method can be overcome with other measurement methods.
Furthermore, for uniformity’s sake, the corrosion measurement
methods should be converted and compared using the same
units.

Some measurement issues related to the corrosion rate
determination has been identified. Using the polarization
method via Tafel extrapolation technique, the curvature of
cathodic curves denotes an increase in polarization results and
hence an increase in resistance (Ref 7, 43, 44). In addition,
measurements at short times may not typically represent the
corrosion mechanism in a steady state; hence, the most
appropriate immersion time should be given much considera-
tion. Furthermore, a condition known as the negative difference
effect is also common with the polarization method. On the
other hand, some challenges are related to hydrogen evolution
method as a means of evaluating the corrosion rate of Mg
alloys. For instance, there is a need to put into consideration the
dissolution of some hydrogen in the Mg sample in solutions
such as Nor’s solution as well as the aftermaths. Furthermore,
careful consideration should be given to the mode of collection
of the evolved hydrogen so as to prevent the introduction of
other gases such as carbon dioxide into the solution. As regards
the weight loss method, there is a possibility of removing the
Mg metal while removing the corrosion products after exposure
to the corrosive environment. In addition, a steady-state
condition may not be reached due to the appreciable error that
might occur as a result of the difference in mass before and after
immersion. In this case, hydrogen evolution method may be the
best option for the corrosion test evaluation because of its long-
term effect and less impurities obtained during the process. In
addition, using the hydrogen method to evaluate the corrosion
rate of Mg alloys, unlike the conventional weight loss and
electrochemical methods, apart from the provision of the final
corrosion information, errors are not likely to be introduced
during the measurements of the corrosion rate though the
weight loss measurement because it is simple and easy to carry
out. However, hydrogen evolution method may be hard to
achieve during the corrosion fatigue measurements due to the
possible dissolution of part of hydrogen into the Mg matrix.

3. Corrosion Fatigue of Mg Alloys

The fatigue crack initiation is rampant at the stress
concentration sites which is caused as a result of some defects
during the manufacturing process including inclusions and
pores, as well as surface defects and depressions during casting.
Depending on the stress intensity factor value (Ref 58), the
environments often influence the corrosion fatigue behavior.
The corrosion fatigue behavior of Mg alloys in different
corrosive environments and applications at different tempera-
tures are summarized in Table 1 (Ref 48-62). The corrosive
environments range from sodium chloride (NaCl), simulated
body fluid (SBF), and modified simulated body fluid (m-SBF).
For instance, in gear oil, the addition of epoxy coating enhances
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the fatigue limit of Mg-3Al-1Zn alloy (Ref 50) making it a
promising candidate for aerospace and automotive applications.
This is because the epoxy coating prevents the direct contact
between the Mg alloy and the corrosion environment, hence
reducing the corrosion rate, though the mechanical property of
the coating tends to reduce too leading to fatigue crack
initiation. However, using gear oil as the corrosive medium
may result in flaking off of the epoxy coating on the Mg alloy.
In sodium sulfate solution, a similar improvement in the
corrosion fatigue limit is observed for AZ31 Mg alloy coated
with epoxy (Ref 59). The enhancement in the fatigue limit as
well as the mechanism behind the fatigue crack initiation may
be attributed to the strain matching action between the Mg alloy
and the pore-free epoxy coating making the alloy less prone to
corrosion. The case is different for Mg-4Al-2Ba-2Ca alloy in
chloride-containing environment where the fatigue limit
decreases with an increase in NaCl concentration. The decrease
in the fatigue limit and corrosion resistance may be linked to
the measurement change in open-circuit potential and plastic
strain (Ref 54). Ensuring stable connection and stability
between the Mg alloy and the chloride solution may address
the issue of decreased fatigue limit and corrosion resistance,
hence maintaining its lightweight applications. However, in
NaCl solution, a decrease in corrosion fatigue resistance is
observed for Mg alloy due to the increase in thickness of the
anodized coating. In short, we can say that the roughness at the
painting/anodized interface is the decisive factor for determin-
ing the corrosion fatigue strength (Ref 60). In other words,
painting and coating as forms of surface treatments can protect
the Mg alloy from the corrosive environment attacks (Ref 51).

The ion concentrations and compositions of the solutions
during corrosion fatigue of Mg alloys are also very important
and need to be properly considered. As a matter of fact, ringers
(Ref 63), ionized simulated body fluid (i-SBF) (Ref 64),
modified simulated body fluid (m-SBF) (Ref 65), or revised
simulated body fluid (r-SBF) (Ref 66, 67) among others (Ref
68-71) are composed of C1~, buffer, SO~ (mmol LY, HPO;~
(mmol L™"), HCO; (mmol L"), Mg*" (mmol L"), Ca*
(mmol L"), Na*, K" (mmol L™1).

Through corrosion potential responses, the cracking process
can be controlled; hence, the corrosion fatigue strength is
directly linked with the corrosion rates of materials (Ref 48). It
is important to note that the level of humidity of the
environment can influence the corrosion fatigue strength of
Mg alloy. For instance, the fatigue strength of AM60 alloy
reduces with increasing level of humidity (Ref 49). This may be
as a result of the presence of corrosion-induced defects on the
material surface. Meanwhile, the fatigue strength of AZ61 alloy
reduces greatly in sodium and calcium chlorides environments
as well as high-humidity environment. The reason for this is not
farfetched; due to the low Ph value and high level of Cl™, the
chloride-containing environment facilitates the formation of pit
and growth as compared with the calcium chloride environment
(Ref 52). If not properly monitored, the pit growth can escalate
until a critical size for crack nucleation is reached. This is
another reason behind the reduction in fatigue strength
experienced by AZ61 alloy.

Studying the fatigue strengths of various Mg alloy, several
factors including coatings, surface finishing, plastic deforma-
tion, heat treatments, and microstructure, cyclic loading, and
sometimes wear (Ref 53, 58) could influence the corrosion
fatigue mechanism. Figure 1 summarizes the fatigue strengths
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Table 1 Corrosion fatigue behavior of Mg alloys in different corrosive environments and applications

S/N Materials Corrosive environments Applications References
1 Mg alloy DieMag422 0, 0.001, 0.01, and 0.1 mol L' NaCl Automotive 48
2 Mg alloy AE42 0, 0.1, 1mol L™" NaCl Automotive 48
3 AM60 Mg alloy (i) Relative humidity 55% RH Automotive construction 49
(i1) Relative humidity 80% RH
(iii) 5% NaCl
4 Mg-3Al-1Zn alloy Gear oil Aerospace 50
Automotive
5 AZ61 Mg alloy (i) Relative humidity 55% RH Lightweight engineering applications 51
(i) Relative humidity 80% RH
(iii) 5% NaCl
6 AZ61 Mg alloy (i) Relative humidity 55% RH Structural materials in automobile 52
(i) Relative humidity 80% RH
(iii) 5% NaCl
7 AZ91D Mg alloy Simulated body fluid (SBF) at 37 °C Biodegradable biomaterials 53
8 WE43 Mg alloy SBF at 37 °C Biodegradable biomaterials 53
9 Mg alloy Mg-4Al-2Ba-2Ca (i) Double distilled water Lightweight applications 54
(i) 0.01 and 0.1 mol L' NaCl
10 Mg alloys Simulated body fluid (SBF) Bioimplants 55
11 Mg alloy Modified simulated body fluid (m-SBF) Biodegradable implants 56
12 Mg alloy (i) Air Bioimplants 57
(ii) Hanks’ solution
13 Biomedical metallic alloys 3.5 wt.% NaCl solution Metallic implants 58
14 AZ31 Mg alloy 3.5 wt.% Na,SOy, solution (i) Aerospace 59
(i) Electronic communications
15 Mg alloy 3% NaCl solution Structural materials 60
16 MgZn1Ca0.3 (ZX10) (i) Air Biodegradable implants 61
(ii) m-SBF
17 Mg alloy (i) Air Structural materials 62

(ii) 3% NaCl

of various Mg alloy with a view to studying the trend of fatigue
strength improvement under fatigue loading conditions (Ref
48-51, 54-57, 59, 72-76). For instance, under the same
environment (low humidity), with the fatigue strength of
140 MPa for coated AZ61 (Ref 51), 135 MPa for bulk AZ61
(Ref 51), 100 MPa for shot-blasted AM60 (Ref 49), and
80 MPa for as-cast AM60, the fatigue strength increases due to
the extent of heat treatment and surface finishing. Similar trend
was observed under high-humidity environment for as-cast
AMO60, shot-blasted AM60, bulk AZ61, and coated AZ61 with
increasing fatigue strengths of 53 MPa (Ref 49), 90 MPa (Ref
49), 105 MPa (Ref 51), and 140 MPa (Ref 51), respectively.
This tendency of increasing fatigue strength across Mg alloys is
illustrated in Fig. 1. It can be deduced from the trend and
pattern that the fatigue strength increases with Mg alloy
materials depending on the type and nature of material
treatment. This indicates that the extent of surface treatment,
plastic deformation, and surface finishing has a great influence
on the fatigue strengths of Mg alloys.

In air, the AZ91D alloy possesses a higher corrosion fatigue
strength as compared with simulated body fluid (SBF). In SBF,
the corrosion pits are responsible for the fatigue crack initiation
while micropores are the main reasons behind the fatigue crack
initiation in air (Ref 53). Likewise in Hanks’ solution, cracks
are initiated from corrosion pits and from inclusions and defects
in air as regards AZ91 Mg alloy (Ref 57) and Mg-Zn-Y-Nd
alloy (Ref 74). Furthermore, hydrogen embrittlement and stress
corrosion can also result in fatigue crack initiation in SBF.
Cracks may also initiate from depressions along the interface
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between the coated layer and Mg alloy and from depression on
the sample surface (Ref 62). The implication of this is that the
fatigue life can be greatly enhanced if the surface defects and
depressions imported during the manufacturing process are
eliminated. Mg alloy ZX50 may find a great application as
biodegradable implants due to its excellent corrosion fatigue
resistance. The exceptional corrosion fatigue resistance may be
linked to the non-appearance of cathodic intermetallic phases
and strengthening of the grain boundary (Ref 61). The fatigue
limits of selected Mg alloys in different media are summarized
in Table 2 while Table 3 shows the mechanical integrity of
selected pre-corroded Mg alloys at room temperature.

In simulated physiological environments, the localized
corrosion and pitting corrosion are the principal mechanisms
of Mg alloys. During the corrosion process, the corrosion
products include the H, gas, large amount of OH-, dissolved
Mg ions, and the corroded surface. To further enhance the
corrosion fatigue behavior and the mechanical properties in
biological medium, Mg composites consisting of matrix and
reinforcement obtained from nutritional elements can be
developed. The enhanced properties exhibited by the composite
can be attributed to the self-healing property of the reinforce-
ment. Furthermore, forming composites from bioactive or
bioinert ceramics results in mechanical strength and biocom-
patibility. In addition, incorporating the use of ternary alloy
systems including Mg/Cu/Au and Mg/Pb/Bi (even though
brittle) and binary systems including platinum, silver, bismuth,
cadmium, and aluminum may also improve the corrosion
resistance properties of Mg alloys. Magnalium which is
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Fig. 1. Summary of the fatigue strengths of various Mg alloy with a view to studying the trend of fatigue strength improvement under fatigue

loading conditions (data compiled from (Ref 48-51, 54-57, 59, 72-76))

obtained from the combination of few amounts of magnesium
and aluminum is also a promising way of improving the overall
corrosion properties of Mg. In studying the corrosion process of
Mg in vivo, it is important to consider the content of the local
water of the surrounding tissue Mg and the content of the local
H, carbonic acid.

From the authors’ point of view, the proneness of Mg alloy
to corrosion limits its application in automobile and other
manufacturing industries. To a large extent, the solution’s
acidity and corrosion medium directly influence the corrosion
fatigue life of Mg alloy. For instance, the fatigue life of Mg
alloy tends to be higher in air than when subjected to chloride-
containing environment or immersed in simulated body fluid
(SBF). Hence, care should be taken in aggressive environments
to prevents corrosion fatigue damage and premature failures.
The corrosion resistance properties of Mg can further be
strengthened by adopting the surface coating method. Surface
treatment tends to create a thick dense surface layer on the
material surface, hence protecting the material from external
attack, especially when exposed to aggressive environments. It
is important to know that the localized corrosion and corrosive
environments can influence the mechanical integrity of Mg
alloys. As indicated in Table 3, the Mg, sZny,Ca alloy
exhibited a lower yield and ultimate tensile strengths of 111
and 217 MPa, respectively, compared to Mg, sZny,Ge alloy
with higher mechanical integrity (yield strength of 166 MPa
and ultimate tensile strength of 241 MPa) (Ref 73). Under the
same conditions, the mechanical integrity in terms of the yield
and ultimate tensile strengths for Mgj sZng,Ca alloy is lower
than that of Mgy sZng,Ge alloy under severe corrosive
environments. The decrease in mechanical integrity can be
linked to the appearance of the localized corrosion as well as
the reduction in areas of the real loading during service lives.
To sum it up, without the proper protection methods via coating
or nanocrystallization, the exposure of Mg alloy to aggressive
environments will result in poor corrosion fatigue strength and
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rapid deterioration in mechanical integrity in terms of tensile
properties.

4. Alloying Element—-Corrosion Behavior Rela-
tionship

Several efforts have been explored in the past to signifi-
cantly enhance the corrosion resistance of Mg alloys since they
remain a potential candidate for many biomedical, automotive,
and aerospace applications. Presently, alloying, surface treat-
ment, and coating processes are receiving wide attentions as
possible solutions to the poor corrosion resistance of Mg alloys,
especially in physiological environments. Due to its texture
weakening effect and grain refinement, alloying elements like
Nd (Ref 75) can effectively enhance the ductility of Mg. In
addition, the addition of other alloying elements such as Sn, Sb,
Si, Ca (Ref 75), La, Ce, Y, and As have been experimented to
effectively quantify the extent the corrosion resistance of Mg
alloys can be enhanced. By making the alloy nobler and
generating a surface protecting layer, Zn can improve the
corrosion potential of Mg as well enhance the mechanical
property through solution hardening mechanism. Al immensely
contributes to corrosion resistance enhancement as regards the
distribution and intermetallic content while an improvement in
the corrosion resistance experienced with the addition of Sn-
Mg alloys can be attributed to the presence of phases in the
alloy.

To a large extent, the presence of certain alloying elements
including Sn, Sr, Nd, Y, Ca, and Zn (Ref 76-82) can enhance
the corrosion resistance behavior (Ref 82, 83) as well as the
mechanical properties (Ref 78, 81) of biodegradable Mg alloys.
An improvement in mechanical properties of Mg alloys can
also be achieved through the addition of reinforced particles
including tricalcium phosphate (Ref 84), calcium polyphos-
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Table 2. Fatigue limits of selected Mg alloys in different media

1

-2

S/N Mg alloys Medium Corrosion rates, mg a~ cm Fatigue strength, MPa  References
1 DieMag422 0.1 mol NaCl 24 -10* 48
2 AE42 0.1 mol NaCl 1.3-10* 48
3 AMO60 (as-cast) (1) Low humidity (55% RH) 80 49
(if) High humidity (80% RH) 53
(iii) 5% NaCl 20
4 AMG60 (shot-blasted) (i) Low humidity (55% RH) 100 49
(i) High humidity (80% RH) 90
(iii) 5% NaCl 50
5 Mg-3Al-1Zn (uncoated) (1) Air 164 50
(i) Gear oil 158
6 Mg-3Al-1Zn (coated) (1) Air 176 50
(ii) Gear oil 179
7 AZ61 (bulk) (1) Low humidity 135 51
(ii) High humidity 105
(iii) NaCl 20
8 AZ61 (coated) (1) Low humidity 140 51
(ii) High humidity 140
(iii) NaCl 120
9 Mg-4Al-2Ba-2Ca (i) 0 mol NaCl 100 61 54
(i) 0.01 mol NaCl 3100 58
(1) 0.1 mol NaCl 7200 54
10 AZ31 (uncoated) (1) Air 164 59
(if) 3.5% NaySO,4 108
11 AZ31 (coated) (1) Air 176 59
(it) 3.5% NaySO,4 178
12 Mg4Zn0.2Sn (1) Air 150 72
(if) 0.5 wt.% NaCl-DIW 120
13 Mg0.5Zn0.2Ca (1) Air 125 73
(ii) 0.5 wt.% NaCl-ATW 115
(iii) 0.5 wt.% NaCl-DIW 105
14 Mg0.5Zn0.2Ge (i) Air 120 73
(ii) 0.5 wt.% NaCl-ATW 115
(iii) 0.5 wt.% NaCl-DIW 110
15 Mg-Zn-Y-Nd Air 65 74,75
Table 3. Mechanical integrity of selected pre-corroded Mg alloys at room temperature
S/N Mg alloys Tensile strength, MPa Yield strength, MPa Elongation, % References
1 Mg4Zn0.2Sn 216 149 7 72
2 AEA42 128 21 6 48
3 AZ31 220 148 7 75
4 Mgo.5Zny,Ge 241 166 10 73
5 AZ61 318 185 18 51,52
6 Mg-0.47Ca 180 90 15 75
7 Mg-2Nd 210 83 18 75
8 Mg-Zn-Y-Nd 229 159 27 74
9 AZ31 275 200 11 60, 62
10 AZ91D 180 105 2 56, 57
11 Die-cast AZ91 71 171 4 53
12 Mg-3Al-1Zn 22 19 2 50, 58
13 AMO60 224 103 9 49
14 Mgp.sZng,Ca 217 111 18 73
15 DieMag422 107 27 1 48

phate (Ref 85), hydroxyapatite (Ref 77, 86), and calcium
phosphate-based ceramics (Ref 86-88). Promising Mg alloys
designed for biomedical applications (Mg-Zr, Mg-Sr, Mg-Si,
Mg-Zn, Mg-Ca, Mg-Sn, Mg-Mn, Mg-Ag, etc.) (Ref 89-92) are

1712—Volume 31(3) March 2022

presently receiving wide attention due to their non-toxic
behavior in physiological environments.

In biodegradable Mg alloys, alloying elements which can be
nutrient-based (Zn, Sn, Mn, Ca, etc.,), allergic (V, Ni, Cu, Cr,
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Al, etc.,), or toxic (Cd, Be, Ba, etc.) (Ref 93-95) play significant
roles like an improvement in corrosion and mechanical
properties, strengthening of solid solution, and enhancement
in grain refinement (Ref 96, 97). For instance, Zn and Mn can
improve the yield stress and corrosion resistance, respectively,
and the corrosion resistance and compressive strength can be
greatly improved with the addition of Sn (Ref 78), whereas the
grain refinement as well as corrosion resistance can be
enhanced with the addition of Ca (Ref 75). The improved
corrosion resistance associated with the addition of Sn can be
attributed to the high rate of hydrogen evolution which greatly
promote passivation behavior (Ref 72, 78, 95).

The relationship between alloying elements and electro-
chemical properties of Mg Alloys is illustrated in Fig. 2 (Ref
75-82, 93-95), showing the influence of alloying elements on
the cathodic and anodic reactions, and the resultant effects on
the corrosion resistance behavior. The graph (Fig. 2) is
constructed from the polarization data obtained from the
literature and the significance level of the alloying elements
is interpreted along the arrows in up, down, left, and right
directions. Due to the suppression of cathodic kinetics, the
addition of As element in minute quantity reduces the corrosion
rate of Mg alloy. Due to their insolubility, Cu, Ni, and Fe are
the most common impurities in Mg alloys leading to acceler-
ated cathodic kinetics. A similar increase in cathodic kinetics
can be observed with Au, Ag, and Zr elements. Zr, Pb, and Sn
improves the anodic reaction rate since they are nobler than
Mg, whereas Ca and Li increases the anodic reaction rate since
they are more electrochemically active than Mg. It can be
deduced that the alloying elements such as Ce, La, Nd, Gd, Ga,
Ti, and Si have minor effects on the anodic kinetics. A similar
case can be said about Mn and Sc with minor effects on the
cathodic kinetics of Mg alloy.

Alloying has been identified as one of the effective
methods of enhancing the corrosion resistance of Mg alloys,
and the influence of the independent alloying elements such as
Ca, Zn and Al on the corrosion resistance behavior has been
extensively discussed in the present paper. However, the

| Pd, Tb, Co
-Fe, Ag, Y .
| [Cu, Zn, Au
Ge, Ni, Ti Decreasing anodic kinetics,
~La, Nd, Ce Sn Pb I
| Bi, Pr, Gd Hg Li Bi Sb Zr C3
Mn, Lu, In T Iroreasing anodic Kinetie
ncreasing anodic kinetics_|

Potential vs SCE (V)

L As l Increasing cathodic kinetics{
=
ey mE———\
Pb, Zr Pb Sn'Y Au
t|Ho, Sn Decreasing cathodic kinetics Tb Ti Gd Sr|q
| |Sr, Li In Ga Pr Pd | |
Gdics R
F Al Bi La Ni
Hg
1
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Fig. 2. Relationship between alloying elements and electrochemical
properties of Mg Alloys showing the impacts of the alloying
elements on the cathodic and anodic reactions and the resultant
effects on the corrosion resistance behavior (data compiled from (Ref
75-82, 93-95))
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combined effects of three or more alloying elements (Al-Sn-
Zn, Ca-Zn-Al-Si, Sn, Sr-Nd-Y-Ca-Zn) on the corrosion
resistance behavior of Mg alloys are yet to be fully explored
and hence will serve as good subjects of investigations in
future research on Mg alloys.

Mg alloys are often used as implants for replacing a
broken or dislocated bone. One good thing about Mg implant
is that once inserted in the human body, the properties are
reliable in the sense that second surgeries are often prevented
which is common to other materials. Despite their good
mechanical and biodegradable properties, Mg alloys are less
corrosion-resistant which put its good implant property under
check because the corroded implant inside the body may lead
to fatal and irredeemable damage. Hence, alloying plays a
vital role in the corrosion enhancement of Mg alloys. With the
presence of elements such as Cr, Ca, Al, Sr, which have a
higher capacity of causing passivation than Mg, the corrosion
resistance property of Mg can be greatly enhanced. This is
made possible because the alloying elements tend to dominate
the material surface. The corrosion properties are not only
enhanced, but some alloying elements such as Ni and Cu also
improve the overall mechanical properties. Hence, alloying
elements can be referred to as corrosion resistance enhancer or
booster. However, it is important to consider the bioproperties
such as bioactivity, biodegradability, and biocompatibility in
alloying of Mg alloys. For instance, NI and Cu are not
adaptable to be used in bio-Mg alloys. In the field of
biomaterials, alloying of Zn and Ca as well as rare elements
such as Gd, Y, Pr, Nd, La, and Ce with Mg can fit perfectly
when considering bioproperties of Mg alloys. In fact, Zn and
Ca are probably the most biocompatible elements with Mg
(Ref 15). Due to its beneficial effects including high
thermodynamic stability, lack of toxicity, and improved
corrosion resistance (Ref 4, 21, 53, 77), alloying of Y with
Mg is now current practice as far as the biocompatibility of
Mg alloys is concerned.

5. Surface-Treated Mg Alloys for Corrosion Pro-
tection

Surface treatment is one of the important methods of
addressing the fast degradation rate and poor corrosion
resistance issues of Mg alloys. This is often achieved by
subjecting the Mg alloys to several surface treatments leading
to the formation of protective layers on the surface, thereby
reducing the rate of corrosion to the minimum. Generally
speaking, anodization, electrodeposition, dip coating, microarc
oxidation, etc. are the common methods of surface treatments
(anticorrosion processing) for the corrosion protection of Mg
alloys.

As reviewed in the schematics of surface-modified Mg
alloys including the properties and applications (Fig. 3), Mg
alloys are obviously non-toxic, biodegradable, and biocompat-
ible (in terms of functionalization and stability) materials which
are often used as biomedical implants. As summarized in
Fig. 3, microarc oxidation, fluoride treatment, dip coating,
electrodeposition, anodization are the common forms of surface
treatments for enhancing the corrosion resistance properties of
Mg alloys which can be microgalvanic, intergranular, or
transgranular.
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Over the years, surface nanocrystallization techniques
including SMAT, shot peening, ultrasonic-assisted surface
mechanical attrition, laser shock processing, air blast shot
peening, etc. (Ref 43, 45-47) have also been adopted to
improve the corrosion resistance. Surface gradient layers of few
nanometers thick are often produced on the material surface as
a result of the continuous bombardment of the material surface
with a high-velocity fast-moving random balls. For instance, in
SMAT and shot peening (Ref 34, 41), the collision of the
material surface with balls induces the compressive residual
stress leading to the dislocation and rearrangement of the
inherent chemical elements of the materials as well as the
general activity of the material, thereby creating a pathway for
nucleation to occur, and hence the free movement of some
protecting elements such as Cr to the material surface. This
creates a Cr-rich surface layers, hence protecting the surface
against external attack, especially when exposed to some
aggressive environments. Furthermore, it is logical to say that
surface nanocrystallization leads to the generation of nanome-
ter-scale passive film resulting in lower corrosion current
density and higher corrosion potential and impedance; hence,
an enhanced corrosion resistance is expected. The corrosion
resistance mechanism may be directly linked to the grain
refinement and lower surface roughness obtained during the
surface treatment (Ref 47).

Furthermore, the extent of surface nanostructuring can be
controlled depending on the various treatment parameters
including the ball size and material as well as the quantities of
the balls. These parameters can be fine-tuned to suit a specific
demand. For instance, using small ball and soft balls tends to
reduce the surface roughness, thereby reducing the rate of
corrosion. Without altering the chemical compositions, the
nanocrystallized surface is often characterized with an
enhanced potential polarization behavior, high interfacial
density, and refined grains (Ref 41, 75).
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Bimetal composites including Mg/Cu, Mg/Mg, Al/Al, Mg/
Al, Cu-steel, etc. (Ref 71, 90-92, 95) are also good promising
candidates for corrosion enhancement in Mg alloys due to their
outstanding strength and properties. This can be attributed to
the combined properties obtained from the metallurgically
bonded metal components which will be difficult to obtain with
the individual constituent element. Ideally, the inclusion of rare
earth (RE) elements in the Mg alloys potentially enhance the
corrosion resistance due to their inherent excellent corrosion-
resistant ability. However, the presence of bimetal composites
obtained from the combination of RE and biocompatible phases
(Ref 71, 95) tends to further strengthen the Mg alloys in terms
of corrosion resistance properties. This is possible in that the
deficiency of one of the combining elements will be addressed
by a superior element. For instance, in Cu-steel bimetal
composites, the presence of Cu tends to increase strength and
passivation ability, hence increasing the corrosion resistance
properties.

5.1 Anodization

Through anodization via several electrolytes such as oxalic
acid, chromic acid, and sulfuric acid solutions (Ref 98, 99), the
surface chemistry of Mg alloy substrate can be changed by the
generation of coating oxide on the surface and hence an
improved esthetic qualities and resistance to most forms of
corrosion including atmospheric and marine corrosions. How-
ever, the very poor thermal conductivity remains the main
bottleneck during the anodization process of Mg alloy.

It is important to note that the anodization processing
parameters or conditions including the anodizing time, voltage,
temperature, current density, and electrolyte concentration (Ref
99-104) have a significant influence on the structure and
morphology of the coating film formed, as well as the overall
properties of the anodized materials. More importantly, the
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coating thickness is directly linked with the anodizing time and
temperature. For instance, low electrolyte solution can increase
the film thickness up to about 8% (Ref 100), although the film
thickness value may reduce if the electrolyte concentration
increases beyond this value. However, this is not always the
case as the maximum film thickness on the substrates can still
be obtained at 10% electrolyte concentration (Ref 101).
Furthermore, increasing the anodizing time up to 60 min (Ref
102) can increase the film thickness, and a further increase
beyond 60 min may not have a noticeable influence on the film
thickness. In aggressive solutions, an increase in the anodizing
time reportedly increases the pore diameters (Ref 103, 104).
The anodizing voltage plays an important part in the film
characteristics including the barrier layer thickness, pore
diameter and cell diameter. With lower anodizing voltages,
thinner barrier layers, larger cell, and pore diameters can be
achieved (Ref 105). Meanwhile, an increase in the current
density can significantly enhance the mechanical properties of
the protective coating on the material surface including the
elastic modulus and hardness (Ref 106, 107). Increasing the
anodizing temperature (not more than 25 °C) reportedly
reduces the wear resistance and hardness of the protective
coatings. However, increasing the anodizing temperature up to
50 °C (Ref 108) can enhance the pore diameter as well as the
porosity and film growth.

5.2 Electrodeposition

As a form of corrosion protection methods for Mg alloys,
the electrodeposition process depends to a large extent on some
factors including the temperature, electrolyte pH, duty cycle,
duration (time), and voltage (Ref 109-111). For instance,
reducing the duty cycle can increase the hydrophobicity and
reduce the coating surface roughness and thickness (Ref 109).
In addition, by increasing the time, the corrosion current
density can be reduced (Ref 112, 113) and the hydrophobicity
and thickness of coating can be increased, whereas an increase
in voltage can lead to reduction in the surface roughness of the
coating (Ref 112).

To improve the corrosion properties of Mg alloys for
biomedical applications, adopting any of the corrosion protec-
tion method is desirable. However, the combination of two or
more corrosion methods can further enhance the corrosion
resistance behavior (Ref 114, 115). Using aqueous electrolytes,
several metals and alloys including Zn-Ni, Zn-Sn, Cu-Ni, and
pure metals (Zn, Ni, Cu) can be electrolytically deposited on
Mg alloy for corrosion protection.

5.3 Dip Coating

The corrosion resistance of Mg and its alloys as well as
other metallic materials including Ti and Zn can also be
improved by adopting dip coating method via the fabrication
and deposition of organic and inorganic thin films/coatings
including TiO,, ZrO,, Al,Os, and silica sol-gel (Ref 112, 116,
117) on the surface of Mg and its alloy with the aim of
significantly increasing their corrosion resistance and adhesive
strength for wider applications. With dip coating process,
different forms of nanometric and homogenous films including
biofilms, multilayer structures, polymeric layers, and sol-gel
can be adequately deposited on the material surface for
corrosion protection purpose.

Although the corrosion resistance and adhesive strength of
Mg alloy can be greatly enhanced by dip coating process via
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the formation of inorganic coatings of the material surface, the
process also suffers some setbacks including the formation of
microcracks and pores on Mg surface resulting from the
inorganic coatings preparation. This is probably attributed to
the drying or sintering process at high temperature (Ref 118).
Meanwhile, the resulting microcracks can be lightly reduced
via ultraviolet-assisted treatment and pre-treatment. In addition,
the process can block the screen creating a great impact in the
final coating layer, and it is also slow. Furthermore, the organic
coatings produced during dip coating process are often
characterized with poor adhesion, thermal instability, and
mechanical strength (Ref 118).

To achieve the formation of optimized active coating layers
for effective corrosion protection, certain processing parameters
such as the temperature, solution concentration, organic solvent
selection (electrolyte), time duration, current mode (direct
current, alternating current, bipolar, and unipolar modes), and
current density, need to be properly considered during the dip
coating process (Ref 119, 120). These processing parameters
directly influence the coating properties including the thickness
and composition, and the resulting corrosion and wear prop-
erties.

5.4 Microarc Oxidation

For corrosion protection of Mg alloys, there is a need to
carefully select the process parameters for the microarc
oxidation (MAO) process, which is also known as electrolytic
plasma oxidation or plasma electrolytic oxidation. The
microarc oxidation process as a means of enhancing the
corrosion properties of Mg alloys offers better surface quality
and enhancement and differs in many ways when compared to
other surface treatment methods including the friction stir
processing (FSP), sol-gel films (SGF) method, chemical and
physical vapor depositions (CVD and PVD), plasma spraying
(PS), laser surface modification (LSF), etc. (Ref 121-126). For
instance, FSP enhances the wear and corrosion resistance, and
biofunctionality, but cannot be applied on complex geometry
due to low flexibility and processing rate (Ref 123). This
limitation can be addressed by adopting MAO technique since
it is suitable for coating of complex geometry and shapes
without jeopardizing the quality and good surface finish (Ref
124). In SGF method, the coating thickness is hard to control
and there is limitation of bioactivity as well as low adhesion
strength between the substrate and the coating. MAO offers
better bonding strength between the coating and the substrate,
and good biocompatibility can be assured. Furthermore, a
strong adhesion between the coating and substrate can be
obtained and high-density coating can be produced with CVD
and PVD. However, there is a problem of mismatch in
mechanical features of the coating and that of the substrate
which sometimes result in delamination (Ref 122). Even
though a coating with an improved thermal stability, wear
resistance, and biocompatibility can be obtained in plasma
spraying (PS) (Ref 125), there is a possibility of experiencing
weaken bonds and cracks as a result of the tensile forces formed
between the coating and substrate. Meanwhile, there is no issue
like delamination and weakened bonds in MAO as experienced
in CVD, PVD, and PS since there is a perfect match and
compatibility between the substate and coating and hence good
mechanical and corrosion properties. In LSF, the corrosion and
wear resistance of metals including Mg and Ti can be achieved,
but there is also a problem of residual stress and low bond
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strength resulting in the formation of cracks in laser-treated
coatings (Ref 126). However, these issues can be adequately
addressed thanks to microarc oxidation method through which
a compact, dense, protective, and gradient-structured coatings
(Ref 127, 128) can be produced on Mg alloys and other
metallic materials.

The common microarc oxidation process parameters neces-
sary to form and control excellent coatings on the surface of Mg
alloys include the electrolyte concentration and compositions,
duty cycle, treatment time, pulse frequency, voltage, and
current density (Ref 121). These processing parameters can
significantly influence the quality, microstructure, surface
wettability and roughness, pore diameter, topography, and
compositions of the microarc oxidation coatings deposited on
Mg alloys, thereby affecting the functional, corrosion, physical,
and mechanical properties of the Mg alloys for biomedical
applications.

The treatment time is another important processing param-
eter influencing the coating properties during microarc oxida-
tion process. Basically, the coating thickness increases with
increasing treatment time up to a critical level, a further
increase in the treatment time beyond the critical level may
decrease the coating thickness and the coatings may become
rougher at higher treatment time. In an investigation involving
the enhancement of the corrosion properties of AZ31 Mg alloy
by adopting microarc oxidation method using several treatment
times (Ref 129), an increase in the treatment time from 1 to 5
min reportedly increased the coating thickness from 5 to 20 pm.
However, the coating thickness decreases when the treatment
time was increased to 8 min. To sum it up, high treatment time
increases the coating roughness and the diameter of the
micropores, thereby increasing the surface area, and hence
reduced corrosion resistance. In addition, the spark discharge
during the MAO process receives more power, thereby moving
slowly on the material surface, and hence the fabrication of
non-uniform coatings. Apart from the applied voltage, current
density, treatment time, and nature of electrolytes, the duty
cycle also influences the general performance and properties of
the coatings in MAO process. Increasing the duty cycle reduces
the coating thickness and increases the porosity. In short, the
spark energy density and the amount of heat expended increase
with an increase in duty cycle (Ref 130). Meanwhile, the
frequency during the microarc oxidation process is directly
linked with the pulse. That is, the strength of cathode pulse can
be enhanced with increase in frequency (Ref 131). Increasing
the frequency reduces the porosity and results in the formation
of a compact and uniform coating with fine surface finish (Ref
132).

The electrolyte concentration and compositions are often
linked with the bioactivity, phase components, and morphology
of the coatings. In a recent study (Ref 133) investigating the
influence of electrolytes on the coating properties via the use of
different electrolytes and compositions, the solution containing
glycerophosphate disodium salt pentahydrate and acetate
monohydrate was reportedly adjudged the best exhibiting
bioactivity with improved surface properties, as compared with
other electrolytes (sodium phosphate and carbonate, and acetate
monohydrate). This can be attributed to the high biocompat-
ibility exhibited by the solution mixtures which enhance the
bonding strength between the coating and the substrate,
promoting rapid metal passivation, and hence reduced rate of
corrosion. Generally speaking, phosphate (Ref 134, 135) and
silicate (Ref 136, 137) electrolytes are the most common types
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of electrolytes used during the microarc oxidation process of
metallic materials. Depending on the reaction between Mg*" in
Mg alloys and ions in electrolytes (Ref 138), there are wide
differences between the two common electrolytes as regards the
microarc oxidation process. While the silicate electrolytes are
associated with the low corrosion resistance, lower coating
thickness, finer surface, thinner size distribution, higher number
of large pores, the phosphate electrolytes exhibit higher
porosity and thickness, higher surface roughness, smaller
number of large pores with wider size distribution, and
improved corrosion resistance (Ref 138-140). The enhancement
in the corrosion resistance of the coatings in phosphate
electrolytes can be attributed to the low hydrophilic nature of
the microarc oxidation coating leading to higher contact angle,
the high chemical stability obtained from the ions in phosphate
electrolytes which strongly support the passivation activities
hence improved corrosion resistance, and the high coating
thickness (Ref 121, 138).

To a large extent, the uniformity and porosity of the
microarc oxidation as well as the thickness of the dense layer
directly determine the extent of corrosion damage in Mg alloys
(Ref 141). Microarc oxidation is a promising means of
improving the corrosion resistance of Mg alloys with many
merits such as high bond strength and the relieve of the residual
stress (Ref 142-150). Despite its good sides, microarc oxidation
also suffers some setbacks including the high porosity induced
by the coatings which is capable of increasing the surface area,
and hence increasing the corrosion rate (Ref 141-143, 149). To
further enhance the corrosion resistance of Mg alloys, the
microarc oxidation process in alkaline silicate solutions (Ref
136) or simulated body fluid (Ref 132) can be combined with
other surface treatments (Table 4) such as electrophoresis
process (Ref 145), polymer layer (Ref 144), and high-intensity
pulsed ion beam (Ref 137). Applying microarc oxidation alone
can improve protect the Mg alloy surface against corrosion,
hence improving its corrosion resistance behavior. However,
combining it with other treatments and solutions can further
enhance the corrosion resistance behavior. The essence of
combining two or more treatments together is that the surface
treatments can complement each other in that the deficiency of
one can be adequately catered for by another.

From the author’s perspective, the structural features
including the size, number of micropore, atomic ration, and
thickness of the microarc coating are directly linked with the
voltage applied during the MAO process. That is, the
structural parameters increase with increasing applied voltage.
However, the coating thickness is only directly affected by the
time processing. Due to the reaction between the Mg alloy
and oxygen, the interface bonding and bonding strength
between the coating layer and the Mg substrate can be greatly
enhanced with an increase in current density and applied
voltage. Furthermore, the oxidation potential tends to increase
with increasing current density and applied voltage resulting
in the formation of dense coating layers with increased
thickness. However, increasing the applied voltage above the
critical limit may increase the porosity in the coating which
may increase the surface roughness and subsequently increase
the corrosion rate.

Anodization is one of the important surface pre-treatment
processes for the corrosion protection of Mg alloy. Though
ideally suited to aluminum (Al) and Al alloys (formation of
protective strong Al,O; on Al surface for corrosion protection
purpose), the process can also be applied on other nonferrous
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metals including Mg. By the formation of thin-layer coating on
electrodes through electrodeposition process, thin layers of
functional materials including alloys and metals can be
electrolytically deposited on the surface of Mg alloys (acting
as the cathode in the electrolytic cell) with the aim of improving
the corrosion properties and the overall mechanical behavior.
Surface treatment by electrodeposition method can be generally
categorized into pulse and direct electrodeposition (Ref 109).
While the latter is performed under direct current where a
constant current is generated in the electrolytes from the power
supply to produce a compact and thin film, the former can be
achieved by significantly reducing the additives in the elec-
trolyte using a pulsed direct current to produce a high-purity
thin-layer crystalline and uniform coating.

Compared to other surface treatment methods such as spray
coating, dip coating process offers many advantages such as
flexibility in adjusting the layer thickness, low cost, rapid and
single pass formation of free pinhole coating layer. In addition,
dip coating process is preferably secure, fast, and simple as
compared to other coating methods. Depending on the
withdrawal speed, immersion time and speed, the dip coating
process can be generally summarized in five ways in sequential
order: (1) immersion of the substrate into a desired solution at a
constant immersion rate, (2) commencement of the pulling up
of the dipped substrate from the solution after some time, (3)
deposition of the film on the substrate after pulling up, (4)
drainage of excess liquid from the material surface, and (5)
evaporation of the solvent from the liquid film that is deposited
on material surface. Dip coating is a well-known method for the
production of stable perovskite solar cells (PSC). Usually, the
surface tension, gravitational force, viscous drag, and force of
inertia are the principal forces that are employed for the dip
coating process. On the other hand, microarc oxidation is one
of the most effective techniques to reducing the rate of
corrosion of Mg/Mg alloys and other metallic materials and is
presently receiving wide attention as an important means of
corrosion protection. The oxide coatings formed on the metal
surface are usually characterized with less defects on surface,
high corrosion resistance and hardness, and excellent wear
resistance.

6. Corrosion of Mg Alloys

The corrosion rates of Mg alloy depend to a large extent on
some important factors including the weak passive hydroxide
film generated on Mg alloy, texture, dislocations, lattice defects
like grain boundaries, impurities or defects, and internal
galvanic corrosion induced by second phases (Ref 5, 88, 151).

The potentiodynamic polarization showing the comparison
between the corrosion current density and potentials of Mg
alloys in 0.6 M NaCl at room temperature (25 °C) is
summarized in Table 5. The corrosion properties of Mg can
be evaluated using the corrosion current density and potential.
As indicated in Table 5, MggsZnsoCay, MgroZn,ysCas, and
AZ91 alloy exhibited the corrosion current densities of
3.53 uA/em?® (Ref 92), 11.2 uA/em? (Ref 92), and 25.5 uA/
cm?® (Ref 151), respectively. It is generally believed that the
lower the corrosion current density, the higher the formation of
the passive films and hence higher corrosion resistance.
Likewise, the higher the corrosion potential the better the
corrosion resistance.
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In addition, the Mg metal with a higher corrosion potential
of 1.620 V (Ref 151) is expected to have an enhanced
corrosion resistance behavior when compared with Mg-Zn-
Ca-0.0Ce/La (Ref 159), Mg alloy ZAXM42 (Ref 160), and
Mg-15HA (Ref 152) with corrosion potentials of — 1.553, —
1.431, and — 0.872, respectively (Table 5). The MggsZnzoCay
alloy is expected to possess high corrosion resistance since it
has the lowest corrosion current density. The corrosion
properties can be determined using the potentiodynamic and
potentiostatic polarizations, the immersion test, or Mott—
Schottky analysis. The reference electrode (RE) during the
electrochemical tests can be saturated calomel electrode (SCE)
or silver/silver chloride (Ag/AgCl) while the counter electrode
(CE) can be platinum (Pt) or graphite rod (Ref 42, 46). It is
worth studying the effects of reference electrode on the
corrosion resistance properties of Mg alloy. This is because
the usage of Ag/AgCl will definitely have a different effect on
the corrosion resistance of Mg alloy as compared to SCE.
Furthermore, using a very small scan rate let us say 0.1 mV/s
tends to capture very well the corrosion resistance process
compared to using large scanning rate of about 1 mV/s.

The corrosion morphology of a typical Mg alloy revealing
the influence of corrosion on the microstructure with the
presence of some corrosion products and cracks on different
parts of the sample after potentiodynamic polarization in
3.5 wt.% NaCl aqueous solution at room temperature is
illustrated in Fig. 4. When exposed to aggressive and physi-
ological environments, Mg alloys tend to degrade with gradual
breaking down of the protective passive layer, leading to the
formation of corrosion products. As observed in Fig. 4, crack
initiation also set in which later propagate to other parts of the
material leading to fracture or total failure.

In an electrochemical property investigations of Mg alloys
(Fig. 5), the Mg alloy subjected to surface treatment by
magnetron sputtering using MgZnCa coating exhibits a higher
corrosion potential than the pure Mg. In addition, compared to
the pure Mg with a corrosion current density of 21.110 mA/
cm?, the coated Mg alloy can exhibit a reduced corrosion
current density of 15.656, 13.678, and 7.712 mA/cm? for Mg
alloy coated for 20, 40, and 60 min, respectively. In addition,
when compared with the pure Mg with a more negative
corrosion potential of — 1.326, the nobler potential of —
0.853 V (Fig. 5) exhibited by the Mg alloy coated for 60 mins
indicates that the corrosion potential is high, hence emphasizing
the vital role played by surface treatment in supporting
passivation and reducing corrosion to the minimum.

It is well known that the lower the corrosion current density,
the more the formation of a compact protective passive film on
the sample surface, and hence the better the corrosion
resistance. Hence, the coated Mg alloys are better in terms of
corrosion resistance and the corrosion resistance increases with
coating thickness. Generally, the corrosion of Mg alloys is
determined to a large extent by the corrosion current density
and potential as well as the electrochemical impedance. It is
generally believed that the more positive and nobler the
corrosion potential (Fig. 6), the higher the corrosion resistance
property because the nobler corrosion potential means the
material sample has a higher tendency of resisting corrosion
attack.

When the corrosion current density is reduced, the electron
mobility tends to reduce, reducing the reaction and interaction
of the material sample with the corrosive medium, hence
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preventing external attack leading to improved corrosion
resistance property. When corrosion sets in, corrosion products
and cracks appear on different parts of the sample leading to
corrosion and corrosion fatigue under the combined action of
repeated stress and corrosion reaction. The corrosion attack
often starts from the surface and edges, and later spread into the
material like a few nanometers thick, thereby affecting the
microstructure of the material. So mostly, many corrosion
experts and material specialists often adopt surface treatment
methods in a bid to improve the corrosion resistance so as to
sustain the application of Mg alloy for biomedical implants.

7. Mechanical Properties: Corrosion Rates Syn-
ergy

Producing an ultra-high and strong Mg alloy with excep-
tional yield strength without jeopardizing the ductility (Fig. 7)
is the dream of many material scientists and corrosion experts.
The yield strength—elongation relationship (Fig. 7) reveals that
some Mg alloys at room temperature like AZ31 (Ref 59, 113),
AZ61 (Ref 51, 52), and Mg-Zn-Ge (Ref 73) can exhibit high
yield strength of about 190, 185, and 160 MPa, respectively,
with good elongation. With elongations of 27% for Mg-Zn-Y-
Nd, and 25% for Mg0.5Zn0.2Ca, both Mg alloys can be
regarded as ductile as indicated by the trend in Fig. 7.
Meanwhile, AE42, Mg-3Al-1Zn, and DieMag422 alloys with
elongations of 6%, 2%, and 1%, respectively, can be regarded
as brittle alloys. More importantly, developing mechanically
sound Mg alloys with excellent corrosion and wear resistance is
of utmost priority. Several efforts have been made in the past to
achieve this including alloying, surface nanocrystallization, and
surface treatments. By this, the mechanical properties of Mg
alloys are improved without trading off the corrosion resis-
tance.

The relationship between the mechanical property (yield
strength (YS)) and the corrosion rates of several Mg alloys
including Mg-Sn-ST (Ref 161), Mg-Zn (Ref 153), Mg-Mn (Ref
161), Mg-Ca-C (Ref 161), Mg-Zn-Ca-Ce (Ref 160), Mg-Sr
(Ref 154), WE43 (Ref 53, 155, 157), AZ91 (Ref 18), etc. has
been investigated in the past and is summarized in Fig. 8.

For instance, the YS of Mg-Zn-Ca alloy (Ref 160) was
reported to be 220.2 MPa with the corrosion rate of 0.41 mm/y,
whereas the corrosion rate of Mg alloy WE43 (Ref 53) is 0.39
mm/y with a YS of 215 MPa. Meanwhile, the Mg-0.3Ca-C,
Mg-1Ca, and Mg-1Zn alloys possessed reduced yield strengths
of 45, 40, and 25.5 MPa, respectively, with corrosion rate of
0.71 mm/year for Mg-0.3Ca-C, 12.56 mm/year for Mg-1Ca,
and 1.52 mm/year for Mg-1Zn. The trends in Fig. 8 show that
Mg-0.3Ca-C, Mg-1Ca, and Mg-1Zn can be regarded as weak
alloys due to low YS, while Mg-Zn-Ca and WE43 are strong
Mg alloys due to high YS. Under the continuous exposure of
Mg alloy to corrosive environments without proper and
adequate protection method in place, localized corrosion sets
in making the corrosion rate of Mg alloy to be on the high side,
hence affecting the surface microstructure as well as the
mechanical properties, thereby leading to gradual deterioration
in mechanical integrity. It is now the dream of many material
scientists to produce an ultra-strong Mg alloy with excellent
corrosion resistance—mechanical properties synergy, which can
stand the test of time.
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Fig. 4. Corrosion morphology of a typical Mg alloy revealing the
influence of corrosion on the microstructure with the presence of
some corrosion products and cracks on different parts of the sample
after potentiodynamic polarization in 3.5 wt.% NaCl aqueous
solution at room temperature
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Fig. 5. Corrosion resistance behavior of pure Mg and coated Mg
alloys for 20, 40, and 60 min, after polarization from their respective
open-circuit potentials in simulated body fluid (SBF) at 37 °C

8. Effect of Texture on Corrosion and Fatigue
Properties

Apart from grain refinement and residual stresses, texture
evolution and orientation to a large extent have a significant
influence on the corrosion and corrosion fatigue properties of
Mg alloys (Ref 165-174). Deformation texture which can be
fiber texture or basal texture is common with Mg alloys and
largely depends on the processing methods. For instance, the
fiber texture can be formed by extrusion and basal texture by
rolling (Ref 167). As observed in extruded AM60 Mg alloy
(Ref 165), due to its high atomic density, the basal plane of
grains exhibits a higher corrosion resistance leading to a lower
surface energy and an increase in the uniformity of surface

1720—Volume 31(3) March 2022

—_
Q
~
N
IS

Corrosion rates (mm/year)

0
RANEISOK S O’b’\}@%}}\;b XA e‘*\v&;% w’”\&%
<'.)

@\@@9 R @9\@ S \sa 9\&9 & Qc?'
¥ \@é © & \49 S
¥ q N
2.0
1.5+ an”
— 1.0
P
8 05+
€ j
[}
S 0.0
a
2 j
.0 -0.5
3 d
5 1.0 wt
o 1 "L
-1.54 ........l..--I-.ll
-
-2.0
I'II\'IéI\' 'b (\ 0I'I l' l\l‘al\l\ll'llllll
K4 q’w @q ,,,Qo,p g’ @%Qb (\%
W~ 4}\0 &N e q Q
S & @‘\* «

Fig. 6. Summary of the corrosion rates and potentials of various
Mg alloys: (a) corrosion rates (mm/year) and (b) corrosion potential
(V) (data compiled from (Ref 92, 145, 153-157, 159-164)

energy, as compared with its non-basal plane counterpart. The
twinning texture improves the protective ability of the corrosion
film and hence an enhanced corrosion resistance of AM60 Mg
alloy. In addition, an improvement in the uniformity of the
surface energy promotes the formation of uniform and compact
oxide corrosion-free film, i.e., the more pronounced the texture
orientation, the higher the uniformity of the surface energy and
the better the corrosion resistance behavior. The influence of
texture on the corrosion and fatigue properties of Mg alloys is
illustrated in Fig. 9 (Ref 171-173).

Attributed to its lower polarization current densities, the
strongly basal-textured grain orientation induced by plastic
deformation significantly improves the corrosion properties of
AZ31B Mg alloy (Ref 171). The depth is directly proportional
to the texture evolution, i.e., the basal texture increases with
increasing depth. As indicated in Fig. 9(a) (Ref 171), the basal
peak reduces when the depth changes from 6 to 2 mm, and no
basal texture is observed when the depth is further reduced to
0.5 mm. The maximum texture intensity (TD) is another
important factor influencing the corrosion properties. The (0 0 0
2) pole figure revealing the crystallographic texture of ZK60
Mg alloy at different TD is shown in Fig. 9(b) (Ref 172). The
dominant texture with basal planes parallel to extrusion
direction (ED) reduces in strength as the TD increases from
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5.7 to 9.2. Investigating the influence of texture on the fatigue
strength of extruded AZ61 Mg alloy (Ref 173) (Fig. 9c), texture
has no significant effect on the fatigue strength at higher stress
amplitude level. However, at < 90 MPa, the longitudinal
AZ61 Mg alloy exhibited a higher fatigue strength of 85 MPa
compared to 67 and 63 MPa possessed by the 45° and
transverse AZ61 Mg alloy samples. By this, the fatigue
properties of AZ61 Mg alloy are significantly affected due to
the dominant basal plane texture.

9. Summary and Future Work

Due to their special attributes such as non-toxicity,
biodegradability, and biocompatibility, Mg alloys are the
promising candidates for orthopedic implants and other
biomedical applications. However, their useful applications
and importance is constantly under threat because of their poor
resistance to corrosion, especially under the combined action of
repeated stress and aggressive corrosive environment. This
often leads to loss of mechanical integrity in terms of tensile
properties, limits the corrosion fatigue strengths and induces
fatigue crack initiation from inclusions and defects in air and

Journal of Materials Engineering and Performance

corrosion pits from solutions like simulated body fluid or
Hank’s solution. The loss in mechanical integrity is attributed to
their weakness to localized corrosion. Hydrogen embrittlement,
stress corrosion, and localized corrosion can also result in
fatigue crack initiation in physiological environments.

Till date, surface treatment (anticorrosion processing)
including microarc oxidation, dip coating, electrodeposition,
anodization, etc., remains an important technique for the
corrosion protection of Mg alloys. In addition, surface treat-
ment does not only enhance the corrosion resistance properties
of Mg alloys but also make them functionalized. Through the
generation of protective layer on Mg surface during surface
treatment, the Mg alloy—environment direct contact can be
prevented. Several factors including the texture regulation,
grain refinement, phase distribution, and grain boundary could
influence the corrosion resistance property as well as the fatigue
strength of Mg alloy whose mechanical properties resemble that
of natural bone. Mg-based non-toxic materials can be integrated
in human body, and by forming combined nanotexture and
microtexture, the bone surface can be imitated.

Polarization method, weight loss method, hydrogen evolu-
tion method, rate of Mg®" leaving the metal surface, EIS
analysis, and immersion test are the common ways of
evaluating the corrosion rates of Mg alloys; at least two or
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more of these methods should be adopted in adequately and
effectively measuring the corrosion rate since the setbacks
using one method say polarization method can be addressed by
other methods such as hydrogen evolution and weight loss
methods.

Ways to enhance the corrosion resistance properties include
the integration of Mg composites with polymers and ceramics,
alloying, and surface treatment. For future developments, the
following can be considered. In our previous work (Ref 40),
biodegradable behavior of perforated cannulated Mg hip stents
was investigated via two treatment methods—machining and
molding. In a bid to further improve the electrochemical
properties, this research can be extended in future by investi-
gating the influence of other surface treatments like rolling on
the biodegradable behavior of Mg hip scents. Furthermore, the
influence of texture with different orientation on the corrosion
and fatigue properties of Mg alloys can be further investigated.
The combined effects of three or more alloying elements (Al-
Sn-Zn, Ca-Zn-Al-Si, Sn, Sr-Nd-Y-Ca-Zn) on the corrosion

1722—Volume 31(3) March 2022

behavior of Mg alloys are yet to be fully explored and hence
will serve as good subjects of investigations in future research
on Mg alloys. This will help in identifying the most influencing
alloying element as well as the optimum compositions of each
element for better corrosion resistance. In addition, an extensive
study is needed to fully investigate the relationship between the
processing parameters during surface treatment and corrosion
resistance behavior as well as the consequential effect on
corrosion resistance. Biocompatible coating application and
their means of overcoming the problem of corrosion fatigue in
Mg alloys as well as the impact of stress corrosion cracking on
corrosion fatigue crack propagation can also be looked into.
Meanwhile, the corrosion fatigue behavior of Mg alloy (free of
Al) in physiological environments which resemble the actual
mechanical properties of human body still need further
investigations. More importantly, the corrosion fatigue crack
propagation investigations of Mg alloys in physiological
environments and the influence of organic molecules on Mg
alloy corrosion-induced cracking process should be carried out.
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