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Abstract 

The clinic applications of bioabsorbable magnesium (Mg) and its alloys have been significantly restricted owing to their poor corrosion 
resistance. Besides elemental alloying, surface modification and functionality is a major approach to increasing corrosion resistance for 
magnesium alloys. This article reviews the cutting-edge advances and progress of biodegradable surface coatings upon Mg alloys over 
the last decades, aims to build up a knowledge framework of surface modification on biodegradable Mg alloys. A considerable number 
of conversion, deposition, mechanical and functional coatings and their preparation methods are discussed. The emphasis has been placed 
on the composition of chemical conversion and deposited coatings to overcome the disadvantages of adhesion, corrosion resistance and 
biocompatibility of a single coating for biomedical materials. The issues have been addressed on the integration of the structural and 
functional factors of the composite coatings. 
© 2020 Published by Elsevier B.V. on behalf of Chongqing University. 
This is an open access article under the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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1. Introduction 

Magnesium (Mg) and its alloys, exhibiting low density,
high specific strength and superior hydrogen storage capacity
and biocompatibility [1–6] , are promising light-weight met-
als for transportation, 3C, aerospace, hydrogen storage and
biomedical [7–12] . One of the bottle necks for the extensive
applications for Mg alloys, however, is the low corrosion re-
sistance [13–16] and rapid degradation rate [17–19] . Mg is
susceptible to corrosion in chlorine-containing solutions, i.e.,
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uman body fluids [20–22] . Therefore, the faster degradation
ate for Mg alloys causes following problems: 

(1) Excess hydrogen evolution occurs as cavities near the
wound parts after implantation treatment [2] . Fortu-
nately, the evolved hydrogen bubbles will disappear af-
ter several weeks, and are not a major concern in clin-
ical cases [23 , 24] . 

(2) The local alkalization around the surface of Mg-based
implants, resulting from the degradation of Mg, leads
to the high hemolysis of red blood cells [25] . Maxi-
mum pH value reaching up to an extremely alkaline
microenvironments is harmful to living organisms [2] . 

(3) With increasing [Mg 

2 + ], osmotic pressure of the human
body fluid will be elevated. Therefore, maintaining the
. This is an open access article under the CC BY-NC-ND license. 
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Fig. 1. Scheme of coatings for biodegradable Mg alloys. 

 

 

 

 

 

 

 

c  

u  

T  

c  

p  

t  

[  

i  

p  

t  

i  

b  

i  

[  

p  

d  

o  

t

2

 

c  

m  

F

 

 

 

local ionic concentration below a certain limit value is
of great significance [25] . In general, extracts containing
[Mg 

2 + ] over the range of 150–300 μg/mL is associated
with low cell viability ( < 80%) [26 , 27] . 

(4) The structural imperfections of Mg alloys give rise to
a rapid reduction in the mechanical strength of the im-
plants with long-term in vivo degradation [28] , which
results in mechanical pre-failure. 

The history on the development of degradable Mg alloys
ould trace back to 1878 by physician Edward C. Huse who
sed Mg wires as ligature to manage bleeding vessels [23] .
hough subcutaneous gas bubbles were created by a high
orrosion rate of Mg wires, it was rarely reported that the
atients felt pain or suffered infections during the postopera-
ive follow-ups [23] . Over the last two decades, Witte et al.
24 , 29] has made pioneering investigations on in vivo and
n vitro degradation of Mg alloys. Later, alloying and post-
rocessing for enhanced corrosion resistance draw much at-
entions [3 , 9 , 30 , 31] . Recently, a considerable number of stud-
es have reported the progress of surface modification on
iomedical Mg alloys [10 , 32 , 33] , regarding the improvement
n corrosion resistance [16] and multi-functions of bioadaption
34] , bioactivity and biodegradability [35] along with biocom-
atibility [36] . This review aims to highlight the cutting-edge
evelopment and scientific issues of coatings on Mg alloys
ver the last decade from methodological, structural and func-
ional perspectives. 

. Classification of coatings 

Coatings can be prepared on Mg alloys by means of me-
hanical, physical, chemical and biological or biomimetic
ethods. The scheme and details of coatings are shown in
ig. 1 . 

(1) Mechanical coatings can be made by shot peening
[37] and friction or attrition [38 , 39] . 

(2) Physical coatings are fabricated by magnetron sputtering
[40] , laser cladding [41] , electron beam [42] , and ion
implant technologies [43] . 
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Fig. 2. Functions of coatings on Mg alloys. 
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(3) Chemical coatings are obtained by chemical conversion,
electro-deposition [44 , 45] , sol-gel [46] , electro-less plat-
ing [47] , micro-arc oxidation (MAO) [48] or plasma
electrolyte oxidation (PEO) [49] , layer-by-layer assem-
bly [50] and ionic liquid [51] . 

(4) Biological methods involve bio-mineralization and
molecular recognition. 

In addition, surface coatings can be classified into two
generic categories: chemical conversion and deposited coat-
ings according to the coating formation mechanisms [18] .
Based on their chemical nature and atomic structure, surface
coatings for Mg alloys can be classified into metallic, ceramic
and polymeric coatings. 

(1) Aluminum (Al) [52] , titanium (Ti) [40] , nickel (Ni)
[53] and tantalum (Ta) [54 , 55] are the main compo-
nents of metallic coatings. Noticeably, some of them
are toxic elements and unsuitable for biomedical ap-
plication from a biosafety perspective. Al is neurotoxic
and leads to the pathogenesis of Alzheimer’s disease
due to its accumulation in nervous system [56] . Ni is
an allergic element to skin. The release of Ni 2 + ions
is responsible for the cause of allergic contact dermati-
tis [57] . The major disadvantage of metallic coating is
that severe galvanic corrosion will occur once the water
molecules penetrate into the interface of metallic coat-
ing/the substrate due to the big difference in initial open
circuit potentials (OCPs). 

(2) Ceramic and inorganic coatings are composed of oxides
(e.g., TiO 2 [58] , ZrO 2 [59 , 60] , SiO 2 , CeO 2 [61] and
Al 2 O 3 [62] ), phosphates (Ca-P salts) [44 , 63] and sili-
cates [64] , layered double hydroxide (LDH) [65 , 66] and
montmorillonite [67] . 

(3) Organic and polymeric coatings involve DNA [68] ,
dopamine [69] , tannic acid [70] , PLA [71] or PLGA
[72 , 73] , chitosan [74 , 75] , and so on. Moreover, there
are a number of composite or hybrid coatings that are
combinations of two or more distinct coatings on Mg
alloys. 

Surface coatings can be cathodic and anodic, according to
the free open potential or OCP relative to their substrates.
In most cases, the surface coatings on Mg alloys are ca-
thodic coatings, i.e., metallic and MAO coatings. There are
fewer coatings which are anodic for Mg alloys, for instance,
pure Mg film on AZ91 alloy [76] , LiC 6 coating on pure
Mg [77] and chitosan/MAO coating on Mg–Li–Ca alloy [74] .
These anodic coatings can be defined as self-degradation coat-
ing or self-sacrificing coatings [74 , 76] , which can preferen-
tially degrade to its substrate. As a result, the mechanical
property and integrity of the alloy substrate can remain com-
pletely before the outer coating diminishes. 

Furthermore, there are different kinds of coatings for
biomedical Mg alloys on the basis of functions ( Fig. 2 ).
The examples include bio-functionalized coatings (i.e.,
drug-loading and anti-bacterial coatings) [78–80] , super-
ydrophobic coatings or self-cleaning coatings, self-healing or
elf-repairing coatings [81] , self-sacrificing coatings. Of these,
elf-cleaning, self-healing coatings are categorized into smart
oatings. Biologic coatings contain bioactive, biodegradable,
iocompatible and bioadaptable coatings. So-called concept
f bioadaptability emphasizes both the materials characteris-
ics and biological aspects within a certain micro-environment
nd molecular mechanism [82] . 

Additionally, coating preparation techniques based on dif-
erent energy sources can be further subdivided into elec-
ric energy (i.e., MAO, electrolytic deposition (ED) [83] and
ayer-by-layer (LBL) assembling) [84–86] , chemical energy
i.e., chemical conversion and sol-gel) [87] , and thermal, mag-
etic and mechanical energy (i.e., physical vapor deposition,
riction, and peening) ( Fig. 3 ). 

Surface coatings on Mg alloys can be prepared in various
cidic, alkaline and organic additives (i.e., EDTA) solutions.
xamples include fluoride and Mg(OH) 2 coatings [88 , 89] pre-
ared in HF, NaOH and NaHCO 3 solutions as well as ionic
iquid (IL) [90] . 

.1. Conversion coatings 

Conversion coatings are defined as in-situ coatings that
re formed through chemical reactions between Mg substrate
nd coating solution. Conversion coatings arise in a complex
nteraction of metal dissolution and precipitation, usually car-
ied out in aqueous solutions. The native metallic substrate
urface is converted during chemical or electrochemical pro-
esses into a layer of oxide or other salts [91] , so the adhesion
etween the substrate and the coatings is pretty good. That
s the primary distinction between conversion coating and de-
osited coating. The morphology and properties of conversion
oating are related to the substrate alloy. It is necessary to
roceed a series of surface activation as pretreatment [92] . It
hould be noticed that the composition of conversion coating
s rigidly restricted in insoluble Mg salt by thermodynam-
cs and kinetics, which prefers to be an interlayer between a
unctional coating and its substrate rather than an outermost
oating per se [93] . 
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Fig. 3. Classifications and interconnections of surface coating methods on biomedical Mg alloys. 
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.1.1. Chemical conversion coatings 
Chemical conversion coatings are generated through inter-

ctions of chemical dissolution and precipitation, the coating
ath usually includes fluoride, phosphate, carbonate and chro-
ate [18] . Chemical conversion coatings, with the advantages

f simplicity to be operated and low cost, can be widely used
n biomedical fields. Although providing striking corrosion
rotection to Mg alloys, chromate-based coatings have been
anned due to the concerns over environment and toxicity
o human body. Therefore, the focus has been predominately
oncentrated on fluoride [94] , phosphate conversion coatings
95 , 96] and MAO coating, etc. for biomedical applications.
sually, supersaturated solution is used to produce the sed-

ments for preparing coatings in the case of changing pH
f solution. MEDUSA is a necessary software to measure the
orms of ions in solutions at different pH values. Fig. 4 shows
a) predominance area diagram for different Ca–P phases (i.e.,
icalcium phosphate dihydrate (CaHPO 4 • 2H 2 O, DCPD), HA
nd Ca(OH) 2 ) in presence of 10 mM PO 4 

3 − and (b) solubil-
ty of 17 mM Ca 2 + and 10 mM PO 4 

3 − substances calculated
sing MEDUSA for preparing Ca-P coating 

Fig. 5 lists several phosphate-based conversion coatings,
hich are usually the phosphates of Ca, Zn, Mg, Mn, Sr and
e. Some are the Ca, Ce, Sr, K and F-doped phosphates.
he detailed processing parameters can be seen in Table 1 .
nfortunately, most conversion coatings exhibit riverbed-like 
t  
orphologies on their surfaces, which restricts the resistance
f coatings. Thus, it’s necessary to further modify the coating.

Phosphate conversion coating : Over recent years, phos-
hate conversion coatings ( Table 1 ) such as zinc phosphate
97] , calcium phosphate [98] have been reported as a fea-
ible alternative to chromate coating as biomedical coating
ince they are insoluble in water and have high temperature
esistance, chemical stability and excellent biocompatibility. 
he morphology and composition of those layers highly de-
ends on the processing temperature, pH value and compo-
ition of the conversion baths [87] . Plenty of methods have
een used for getting a better Mg-based biomedical devices.
or instance, aiding by external magnetic field, it is readily

o produce uniform and smooth phosphate conversion coating
99] . 

Calcium phosphate (Ca-P) coatings possess excellent bio-
ompatibility, osteoconductivity, and non-toxicity. Hence, lots
f studies have focused on Ca-P coatings for biomedical ap-
lication in bone substitution and orthopedic. The Ca and
 elements can form a hydroxyapatite (HA) layer, which is

he main composition of nature bone. But the most difficult
art is to adjust the phase and increase the content because
he Ca-P coatings are often mainly amorphous and have lit-
le HA content. According to the thermodynamic calculations
f chemical reactions [96] , HA is only formed over a par-
icular range of Ca/P ratio in neutral and sub-alkaline condi-
ions. On one hand, the formation of Ca-P coating would be
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Fig. 4. (a) Predominance area diagram for different Ca–P phases in presence of 10 mM PO 4 
3 − and (b) solubility of 17 mM Ca 2 + and 10 mM PO 4 

3 − substances 
calculated using MEDUSA [96] . 

Fig. 5. Phosphate based conversion coatings on Mg alloys. 
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Ca 3 (PO 4 ) 2 if the Ca 2 + concentration is high (specify the limit
pls) [100 , 101] ; on the other hand, excessive PO 4 

3 − brings
the tendency to precipitate CaHPO 4 •H 2 O. However, the ex-
istence of Mg 

2 + deteriorates the indeterminacy of Ca/P ra-
tio, because Mg 

2 + ions would be more favorable to combine
with PO 4 

3 − than Ca 2 + and the products could be Mg 2 PO 4 OH
[100] , Mg 3 (PO 4 ) 2 [102] or their mixture, depending on pH
and Mg/P ratio of the baths [96] . 
Wang et al. [103] deposited a Ca-P coating, containing
g(H 2 PO 4 ) 2 , Ca(H 2 PO 4 ) 2 , and Ca 3 (PO 4 ) 2 and Mg 3 (PO 4 ) 2 to
itigate the high degradation rate of Mg alloy AZ31B in

imulated body fluid (SBF). The surface morphology, EDS
esult, and the cross section of the Ca–P coating were shown
n Fig. 6 . Regular petal-like crystals composed of small long
lock structure were formed on the surface with a thickness
f approximately 20 μm. The corrosion current density of the
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Table 1 
Parameters of phosphate conversion coatings on Mg alloys [106] . 

Coatings Composition pH value Temp., °C Duration, min Refs. 

Mn-P 30 g/L Mn(NO 3 ) 2 
40 g/L NaH 2 PO 4 

2.0 60–85 30–40 [107] 

Mn-P 0.1 M Mn(NO 3 ) 2 
0.06 M NH 4 H 2 PO 4 

3.0 (HNO 3 ) 65 2 [95] 

Ca-P 7 mL/L H 3 PO 4 

7.92 g/LCa(H 2 PO 4 ) 2 �H 2 O 

1.55 g/L Zn(H 2 PO 4 ) 2 �2H 2 O 

1.5 g/L NaNO 3 

3.6 g/L NaNO 2 

— — 6 [108] 

Ca-P 0.1MCa(NO 3 ) 2 
0.06MNH 4 H 2 PO 4 

3.0 (HNO 3 ) 65 2 [95] 

Ca-P 25 g/L Ca(NO 3 ) 2 
25 g/L NH 4 H 2 PO 4 

3.0 40 5 [109] 

Ce-P 5 g/L Ce(NO 3 ) 3 • 6H 2 O 

1 g/L citric acid 
Na 3 PO 4 

Room temp. 120 [110] 

Sr-P 0.1 M Sr(NO 3 ) 2 
0.06 M NH 4 H 2 PO 4 

3.0 (HNO 3 ) 65 2 [95] 

Mg-P 0.24 M H 3 PO 4 

0.1 M Mg(OH) 2 

[111] 

Zn-P 0.24 M H 3 PO 4 

0.08 M ZnO 

0.028 M NaF 
0.042 M NaNO 2 

0.021 M NaNO 3 

3.2 45 [111] 

Zn-P 10.0 g/L NaH 2 PO 4 

6.0 g/L Zn(NO 3 ) 2 

2.5 50 20 [112] 

Zn-Ca-P 10.0 g/L Na 2 HPO 4 

4.0 g/L NaNO 2 

6.0 g/L Zn(NO 3 ) 2 
2.0 g/L NaF 

2.5(H 3 PO 4 ) 50 10–20 [112] 

Zn-Ca-Ce-P 10.0 g/L Na 2 HPO 4 

4.0 g/L NaNO 2 

6.0 g/L Zn(NO 3 ) 2 
2.0 g/L NaF 
1.0 g/L Ce(NO 3 ) 3 

2.5(H 3 PO 4 ) 50 20 [113] 
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a-P coating decreased two orders of magnitude in compar-
son to its substrate. The hemolytic rate of AZ31B with and
ithout coating increased at the early stage of immersion and

educed to an acceptable lower level with the immersion time
n SBF. A slight decrease in the loading capacity of the Ca-P
oated AZ31B occurred during the immersion and the load-
ng capacity was reduced to 85% after 120 days’ immersion
n SBF. Even so, it’s hard to tell which component plays the
rimary role in the corrosion resistance progress. 

Liu et al. [104] produced a Ca-P coating on micro-arc
xidized (MAO) Mg to seal the porous structure by im-
ersing in Ca-P solution. The results showed that the upper

oating consists of HA and dicalcium phosphate dihydrate
DCPD). Flake-like and spherical-shaped morphologies were
bserved on the substrate surfaces at different temperatures
hich proved temperature had a great influence on the struc-

ure of coatings. The hydrogen evolution volume of MAO
nd soaked MAO was about 17.75 and 1.11 mL/cm 

2 in 300 h
f immersion in SBF. After immersing in SBF, bone-like ap-
tite was formed on the coated sample. After Ca-P treatment
oatings reached around 42 μm in thickness after 4 weeks of
mmersion in SBF. The corrosion performance of the coating
mproved and exhibited self-adjustment. 

Zeng et al. [97] designed a Ca-doped zinc phosphate (Zn-
a-P) coating on Mg alloy AZ31, which displayed a flower-

ike morphology rather than the dry-riverbed-like morphology
f the neat Zn-P coating. Further investigation [105] showed
orphology of the Zn-Ca-P coating was related to the mi-

rostructure (grain size and secondary phases) and chemi-
al composition of the substrates (i.e., extruded plate AZ31,
ipe AZ31 and pipe AM30). The heterogeneous microstruc-
ure with relatively large secondary phase AlMn particles may
rigger the formation of deep corrosion pits, which was as-
ribed to the micro-galvanic corrosion between the AlMn par-
icles and surrounding α-Mg matrix. Hereby, the size, shape
nd orientation of the AlMn particles may have a critical im-
act on the quality of the Zn-Ca-P coating. It was likely that
orrosion of the α-Mg matrix adjacent to an erect AlMnSi
article produced a deeper and occluded pit. On the contrary,
 horizontal particle may generate an open, flat or shallow
it. As such, phosphate nucleus can readily deposit onto the
ide wall surface of the shallow pits rather than the deep pits.



48 Z.-Z. Yin, W.-C. Qi and R.-C. Zeng et al. / Journal of Magnesium and Alloys 8 (2020) 42–65 

Fig. 6. Surface and cross section morphologies of Ca–P coated AZ31B Mg alloy sample (a) surface; (b) high magnification of (a); (c) cross section; (d) EDS 
analysis on surface [103] . 
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As a result, a coarse grain coating formed on the surface of
AM30. 

Zhao et al. [99] synthesized a Mn-P conversion coating on
Mg alloy AZ91D under magnetic field. Results indicated that
the superposition of magnetic field can promote the genera-
tion of small hydrogen gas bubbles and accelerate the desorp-
tion from the surface during the phosphate conversion coating
process. As a result, Mg 

2 + cations are dispersed compara-
tively uniformly, regardless of the microstructure of the alloy.
A uniform and smooth phosphate conversion coating can be
prepared by immersion in the treatment solution when mag-
netic field was imposed perpendicular to Mg alloy substrate
in contrast to parallel to the specimen. 

It is noteworthy that the biocompatibility of Mn-P, Ce-
P and Zn-Ca-Ce-P coatings has not been demonstrated yet.
However, Ca-P, Sr-P and Zn-Ca-P coatings possess excellent
biocompatibility [95 , 108 , 114] . 

Fluoride conversion coating : Fluoride conversion coatings
seem to be an effective way for the applications of Mg alloys
as the biomaterials [115 , 116] . Conventionally, fluoride conver-
sion coating is conducted in hydrofluoric acid (HF) solutions
through the chemical reactions with Mg alloys. Fluorine in
bones can mediate the metabolism of Ca and P, and bene-
fit bone strength. Magnesium fluoride (MgF 2 ), as the main
component of the fluoride conversion coatings, is insoluble in
ater and easily deposited on Mg alloy surface. MgF 2 film,
ith good corrosion resistance, improved cell response and
iocompatibility, has been utilized on biomedical Mg alloys
117 , 118] . The character and protective efficiency of the cre-
ted coating depend on the preparation conditions, mainly on
he HF concentration. Witte et al. [119] claimed that MgF 2 

oating can mitigate in vivo corrosion rate of LAE442 al-
oy. Although the substrate was protected to some extent,

gF 2 layer degraded completely after 4 weeks of implan-
ation. However, fluoride content in the neighboring bone did
ot increase during the initial 6 weeks of implantation. Lo-
alized pitting corrosion occurred but no subcutaneous gas
avities were observed in MgF 2 coated Mg implants. So to
ay, although fluoride conversion coating can provide protec-
ion in the early stages of implantation, it has a long way to
o for the long-term application due to the fact of very thin
oating. Simultaneously, the release of F 

− during the degra-
ation of Mg implant and its toxicity for implanted tissue are
ot clear because excess fluoride will have negative effect not
nly for bone in body. 

Fintová et al. [120] prepared fluoride conversion coatings
hough unconventionally way by dipping of AZ61 specimens
nto Na [BF 4 ] molten salt with various treatment time under
30 °C and 450 °C, followed by a boiling process in distilled
ater to remove the residual salts and the outer layer. The
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- μm thick coating had a double layer structure: a thick in-
er MgF 2 layer and a thin outer NaMgF 3 layer [120] . The
orrosion current density, i corr of the coatings decreased with
he extension of treatment time except for 2 h at 450 °C,
hich indicated an improved corrosion resistance in SBF so-

ution. The i corr of the untreated substrate were about four
rders of magnitude lower than the sample treated for 12 h at
50 °C. Although some defects are seen on the coating sur-
ace, these defects do not reach the substrate. The coatings are
moother than conventional conversion coatings which make
t a better choice for fluoride treatment of Mg alloy. It is noted
hat the biocompatibility of the coating remains unclear. 

To further promote the corrosion resistance of conver-
ion coatings, Liu et al. [117] created a uniform and thin
gF 2 /polydopamine (PDA) coating on Mg-Zn-Y-Nd alloy via

 simple two-step immersion method. Mg alloy immersed in
F solution, followed by the treatment in dopamine and tris-
ydrochloric acid (tris-HCl) solution. The coating contains
wo layers: an upper layer of PDA and an inner layer of

gF 2 with an average thickness of about 100 nm. After PDA
reatment the contact angle increased from 15.64 ° ± 0.33 ° to
8.01 ° ± 2.98 °. The HF-PDA-treatment contributes to higher
ree corrosion potential, E corr and lower i corr by two orders of
agnitude than the bare Mg–Zn–Y–Nd alloy after an immer-

ion in (DMEM + 40 g/L BSA) solution for 1 h. 
Phytic acid conversion coating : Phytic acid (C 6 H 18 O 24 P 6 ,

A), as a hexaphosphoric acid ester of inositol, can chelate
a, Mg, and Zn to form stable metal-phytic complexes such

hat a coating is deposited on the surface, and thus the cor-
osion resistance of Mg alloys is improved. Zhang et al.
121] fabricated a crack self-healing PA conversion coating
y dipping Mg alloy AZ31 samples into PA solution, fol-
owed by a heat-treatment at a temperature of 150, 300 and
00 °C in air for 1 h. PA conversion coating is composed of
, O, Zn, Mg, Al and P elements and presents a bulk feature
ith plenty of distributed mesh-like cracks. It was interest-

ng to find that the width of cracks on the conversion coat-
ngs gradually narrowed after the heat-treating. Meanwhile,
he surface structure seemed more and more compact, re-
ardless of the coating thickness decreased from 4.82 μm to
.04 μm. The tensile adhesion strength became much stronger
from 20.4 ±3.1 MPa to 37.9 ±1.5 MPa) between the conver-
ion coating and its substrate. This scenario was ascribed
o the change in coatings from amorphous magnesium phy-
ate into crystalline Mg 2 P 2 O 7 at heat-treated temperature of
00 °C. The findings demonstrated that the compact coat-
ngs were more effective to improve the protection of the
ubstrate. 

Also, a cracked surface was observed by Liu et al. [122] on
 PA/Ca 2 + conversion coating through LBL method on Mg–
r alloy. The defects such as cracks and pits occurred in the
A film can decrease the corrosion resistance and biocom-
atibility. These problems can be solved by adjusting the pH
alue of PA, and followed by chelating the PA coating with
a 2 + . The Ca 2 + -modified PA film promoted the expression of
lkaline phosphatase activity markedly in comparison to the
are Mg–Sr alloy. 
.1.2. Ionic liquid conversion coating 

Ionic liquids (ILs) refer to room-temperature molten or-
anic salts that are composed entirely of ions [123] . The
alts are characterized by weak interactions, owing to the
ombination of a large cation and a charge-delocalized an-
on. Numerous ILs have been categorized as biocompatible
r green chemicals. Mg and its alloys can remain stable for
 long time without being corroded in specific ILs owing to
o free H 

+ or other metal cations, which provides favorable
onditions for the control of film formation on active met-
ls [124] . Forsyth’s group explored “IL films” based on the
eaction of ILs with pure Mg [125] , which initiated the po-
ential application of ILs in film/coating formation on Mg al-
oys. Various ILs conversion films have been proposed before
90 , 126–128 ]. In particular, P-containing coatings (i.e., phos-
honate derivatives) had been investigated as novel chemicals
n corrosion protection of Mg alloys due to their biocompat-
bility. M. Forsyth’s group proposed a surface treatment of
he AZ31 Mg alloy in biocompatible phosphate-based ionic
iquids to mitigate its degradation in human body [129] . The
ytotoxicity and corrosion resistance of the IL films were
valuated and it was found the corrosion resistance highly de-
ended on treatment times. When a potential bias of −200 mV
as applied on the ZE41 Mg alloy during exposure to the

L of trihexyl(tetradecyl)phosphonium diphenylphosphate, a 
ore uniform IL film would be formed [127] . It was sug-

ested that ILs based on the protic ammonium-phosphate
nd the trihexyltetrade-cylphosphonium cation coupled with 

rganophosphate, organophosphinate, or (CF 3 SO 2 ) 2 N 

− anions
ould react with Mg alloy on the surface to form an ef-
ective corrosion-protective film [125 , 130] . Elsentriecy et al.
51] demonstrated corrosion resistance was substantially en-
anced through an aprotic ammonium-phosphate IL treatment
t 300 °C (IL_300C) compared to the treatment at room tem-
erature. The IL_300C conversion coating, possibly consisting
f metal oxides, metal phosphates, and carbonaceous com-
ounds, exhibited a two-layer structure with 70–80 nm thick-
ess and strong passivation behavior in a 1 wt.% NaCl solu-
ion saturated with Mg(OH) 2 . 

Deep eutectic solvents (DESs) are a new type of envi-
onmentally green ILs based on eutectic mixtures of choline
hloride (ChCl) with a hydrogen bond donor species [131] .
nlike the conventional ILs, DESs are easy to prepare in
 pure state and non-reactive with water. Many of them
re biodegradable and the toxicological properties of the
omponents are well characterized [131] . Recently, Gu’s
roup [132] explored the formation of chemical conver-
ion coatings on Mg alloys with DESs. A novel ionother-
al method was proposed to fabricate a corrosion-resistant
lm by the interaction of the ChCl-urea mixture-based DES
ith the AZ31B Mg alloy at 160 °C. The reaction between

he DES and Mg alloy surface formed the desired conver-
ion coating composed of MgH 2 and MgCO 3 , which re-
laced a hazardous process. Moreover, upon further reaction
ith stearic acid/ethanol, the conversion film was found to
e superhydrophobic. The electrochemical polarization mea-
urements indicated that the DESs-conversion films could
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improve the corrosion resistance of the Mg alloys [132] . The
same group also applied an electric field to stimulate the de-
composition of DES, facilitating the reaction of DES/Mg al-
loy interface [124] . Interestingly, conversion films with var-
ious nanostructures were formed on the Mg alloy substrates
by the proposed anodic treatment in DESs. It was found that
a higher anodic current density produces a better corrosion
resistant conversion film. Superhydrophobic and slippery sur-
faces can be also achieved on the as-prepared conversion films
to further improve the corrosion resistance [124] . In the DES-
based media, smart conversion coatings with dual function of
superhydrophobicity and self-healing can be also fabricated
on the AZ31B Mg alloy [133] . It would be promising that
more effective coatings or films might be produced on Mg
alloys by adopting different external fields at the IL/substrate
interface. 

2.1.3. Biomimetic and biomineralization coating 

Biomineralization is a process by which living organisms
produce minerals such as Ca-P compounds, including HA, to
harden or stiffen existing tissues [134] . Ca-P-based coatings
on Mg alloys feature excellent biocompatibility, osteoconduc-
tivity and non-toxicity in in vivo environments. Scientists have
employed various organic molecules i.e., ethylenediaminete-
traacetic acid (EDTA) [135] , dopamine [136] and arginine-
glycine-aspartic acid-cysteine (RGDC) peptide [134] to pro-
mote mineralization of Ca-P coatings on Mg alloys. These
organic molecules have a common function that is the so
called molecular recognition. Namely, a specific interaction
arises between two or more molecules via noncovalent bond-
ing such as metal coordination, hydrogen bonding, van der
Waals forces and π - π interactions together with electro-
static effects [137] . For example, HA coating can be suc-
cessfully fabricated on AZ31 by hydrothermal treatment with
C 10 H 16 N 2 O 8 ( EDTA, from the added EDTA-Ca) acted as
chelating agent [135] . The HA coating with plate-shaped
grains was accumulated on the surface of Mg alloys and
some of the grains were stacked to form a flower-like struc-
ture. In accordance with the result of immersion tests, the
electrochemical corrosion tests in Hank’s balanced salt so-
lution (HBSS) with i corr values for AZ31 and HA coat-
ing were equal to 1.84 ×10 

−5 and 1.77 ×10 

−6 A/cm 

2 , re-
spectively. But the biological properties of the coating were
absence. 

Cui et al. [138] prepared a dicalcium phosphate (DCP)
coating on Mg alloy AZ31 with the aid of EDTA-2Na. The
carboxyl groups in EDTA could identify Ca 2 + ions in SBF
solution; simultaneously, Ca 2 + ions combined with the PO 4 

3 −

ions. As a result, Ca-P coatings with a higher Ca/P ratio could
be obtained. Similarly, the principle of molecular recognition
was utilized by Fan et al. [88] and Li et al. [89] , who de-
veloped a compact Mg(OH) 2 coating on AZ31 and anodized
AZ31 substrate with the assistance of EDTA-2Na. The ob-
tained Mg(OH) 2 layer exhibited higher compactness and cor-
rosion resistance. The denser biomimetic coating with the
help of organic chelate agents plays a central role in contribu-
tion to the corrosion resistance of Mg alloys. The subsequent
ection can give the answer to the good biocompatibility of
g(OH) 2 coating. 

.1.4. Alkali-heat treated conversion coating 

Alkali-heat treated is an essential step of Mg and Mg al-
oy for removing oil and other impurities. As for coatings,
t usually acts as pre-treatment for better corrosion resistance
nd the middle layer for strengthening the adhesion between
he substrate and the outer layer. Alkali-heat treatments were
arried out through immersing the substrate alloys in a su-
er saturated NaHCO 3 -MgCO 3 solution with an initial pH of
.3 for 24 h, followed by a heat-treatment at 500 °C for 10 h
139] . The coating shows high corrosion resistance in SBF.
imultaneously it displays no cytotoxicity by cell growth in
reliminary cytotoxicity study with no signs of morpholog-
cal changes on cells or inhibitory effect. Kunjukunju et al.
140] prepared LbL assembled coatings by alkali-heat pre-
reatment which not only improved the corrosion resistance
ut also enhanced binding force between LbL layer and the
ubstrate. The advantages of the alkali-heat treated conversion
oating are their good corrosion resistance and biocompatibil-
ty. But the shortcomings are that the coatings are very thin
nd cannot act as the topcoat, usually be the primer. 

.1.5. MAO coating 

MAO, also referred to plasma electrolytic oxidation (PEO),
s a high voltage plasma-assisted anodic oxidation process,
nd a potential process derived from conventional anodizing
o form ceramic-like coatings, extensively employed for the
urface modification of Mg alloys [33 , 141] . 

Typically, the quality and chemistry of MAO coatings are
etermined by the electrolyte and alloy properties and also
y the processing parameters such as pulse frequency [142] ,
eaction time and potential [33] . As electrical discharges arise
ue to electric currents locally breaking through the growing
ayer, the characteristic craters are produced on the coating
urface [18] . Such porous coatings provide considerable cor-
osion resistance to the substrate which can also play as an
nterlayer for improving binding force of a composite coating
71] . 

Corrosion behavior of MAO/HA-coated Mg–Zn–Ca alloy
nder constant compressive stress close to that of human tibia
as investigated under in vitro condition [143] . Results in-
icated that the applied stress could change the degradation
ode of coated samples and accelerate corrosion rate, causing

eeling-off locations on the coating. 
As mentioned above, besides the restricted chemical com-

ositions and high energy consumption, the numerous micro-
ores or high porosity is main disadvantage for MAO coat-
ngs to achieve long-term protection or multifunctional sur-
aces [141] . The porous MAO coating may provide the path
f the solution and caustic ions passes into, contact and react
ith the substrate. Sealing are necessary approaches to the

mprovement in the physical barrier role of MAO coatings
or Mg alloys. The common pore-sealing methods include in-
itu sealing or self-sealing [48] and ex-situ sealing such as
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Fig. 7. Schematic illustrations of the degradation mechanism of porous MAO/PLLA composite coatings on Mg-1Li-1Ca alloys in HBSS: (a) swelling of PLLA 

and corrosion of the substrate at the initial stage, and (b) blistering and final peeling-off of PLLA under the pressure of hydrogen gas and corrosion products 
[147] . 
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ilicate and phosphate [144] , sol–gel [46] and alkaline treat-
ents [145] and additional polymeric coating [81] as well. 
Li et al. [146] attempted to obtain a compact MAO coating

ia in-situ sealing of carbon sphere. The introduction of car-
on sphere in the electrolyte leads to an increase in coating
hickness, hardness and corrosion and wear resistance due to
he formation of SiC. 

Alkaline treatment is the post-treatment of MAO coat-
ng performed by immersing the coated samples in an al-
aline solution [145] . As a result, the formation of Mg(OH) 2 
nd (Mg 2 SiO 4 ) 2 (Mg(OH) 2 ) 3 leads to the sealing of the small
ores. The decrease in the medium and large pores size and
he pore-density is due to the converting of the MgO film into

g(OH) 2 . 
Polymer coating is a preferential choice for the topcoat.

he pores in MAO coating can interlock with polymer for
nhanced bonding strength. Thus, numerous MAO/polymer 
omposite coatings have been developed. Yu et al. [74] em-
loyed chitosan on MAO coating. Wei et al. [72] obtained a
EO/PLLA composite coating on Mg alloy AZ31 by means
f sealing PEO with PLLA. After PLLA treatment, the porous
urface is completely covered. The results from in vitro tests
ndicate significant reduction in degradation kinetics, a low
emolysis ratio of 0.80%, and good adhesion and prolifer-
tion of MC3T3-E1 cells on the composite coating. Zeng
t al. [147] fabricated MAO/PLA composite coatings on Mg–
i–Ca–(Y) alloys. Results disclose that the MAO coatings
ould only protect the substrate at the initial limited immer-
ion stage; whilst in the subsequent immersion, an acceler-
tion in corrosion rate occurs due to the presence of pores
nd micro-cracks in the coating, which offer pathways for
he permeable ingress of corrosive components onto the sur-
ace of substrate. The difference in free corrosion potentials
etween MAO coating and its substrate gives rise to galvanic
orrosion. In addition, the top layer of PLLA on the MAO
oating is subject to swelling and subsequent delamination or
eeling off under the pressure of hydrogen gas and corrosion
roducts ( Fig. 7 ). 
Table 2 presents some examples about the corrosion resis-
ance of MAO coatings on Mg alloys. The values of i corr and
 corr differ in every research group due to different substrates,
lectrolytes and immersion periods. However, the reduction in
 corr , regardless of MAO or MAO-composite coatings, is over
 range of 1–6 orders of magnitude than the substrates. 

MAO coating is not only biodegradable but also biocom-
atible, indicating that it is promising coating for orthopaedi-
al surgery. It has been reported that MAO coating on Mg–Ca
lloy exhibits beneficial effects on corrosion resistance and
G63 cell adhesion, proliferation and differentiation [91] .
urrently, research focus has shifted to the improvement of
AO coating on corrosion resistance, biocompatibility and

yto-compatibility [92] . Ren et al. [156] claimed that porous
i-containing MAO coating on pure Mg not only enhanced
orrosion resistance but also sustained antibacterial function,
hich was attributed to the direct exposure of bacteria to the

eleased Mg 

2 + ions as a result of corrosion of the underlying
ubstrate through the existing channels in MAO coatings. 

Nevertheless, the influence of the microstructure (espe-
ially, the intermetallic compounds) in substrate alloy on the
ormation of MAO coating cannot be ignored. Our previous
tudy [157] shows that the presence of the second phase

g 2 Ca in Mg–Li–Ca alloy results in the defects of MAO
oating, which deteriorates the quality of MAO coating. Basi-
ally, three types of the imperfections are found in MAO coat-
ng. They are open micro-pores on the surface, isolated pores
n the middle and through-cracks from the surface to the sub-
trate [158] . These pores can exchange with each other. E.g.,
pen pores and isolated pores can be changed into through-
racks and open pores, respectively, with the degradation. As
 result, two degradation mechanisms exist for the MAO coat-
ng on Mg alloy [158] . One is chemical dissolution, caused by
pen pores, in which no electrons join the chemical reactions.
he other is electrochemical corrosion, produced by through-
racks, through which the ingress of water molecules into the
nterface of coating/substrate leads to preferential dissolution
f Mg matrix and release of electrons. Spontaneously, they
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Table 2 
Electrochemical parameters of MAO and its composite coatings on Mg alloys. 

Substrates Coating Solution E corr (V/SCE) i corr ( μA/cm 

2 ) ∗ Refs 

Substrate MAO Composite Substrate MAO Composite 

AZ31 MAO SBF −1.31 −1.12 / 106.00 1.44 / [148] 
AZ31 MAO SBF −1.64 −1.52 / 214.00 2.73 / [149] 
AZ31B MAO 3.5% NaCl −1.50 −1.32 / 46.03 0.000780 / [150] 
Pure Mg MAO SBF −1.85 −1.69 / 13.50 0.173 / [151] 
ZK60 nMAO + EPD SBF −1.63 ±0.05 1.42 ±0.03 1.29 ±0.02 660 ±59 12.8 ±1.2 0.438 ±0.031 [152] 
Mg-4Zn-0.6Zr-0.4Sr MAO + PLGA SBF −1.66 −1.57 −1.54 195.00 1.87 0.139 [153] 
AZ31B MAO + HA SBF −1.59 −1.73 −1.51 132.00 10.6 0.387 [154] 
AZ31B MAO + sol-gel SBF / / / 3750 650 0.00125 [155] 

∗ The electrochemical data listed are the best among the samples with different test parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Schematic representation of the LDH [161] . 

i  

r  

i  

s  

p  

a  

t  

T  

t  

a  

f  

w
 

L  

s  

i  

a  

s  

a

2

 

s  

c  
are caught by water molecules to form hydrogen gas and hy-
droxide ions. 

The major advantages for MAO coating are improved cor-
rosion and wear resistance, biocompatibility and biodegrad-
ability and so on. The porous surface morphology plays dual
role. On one hand, the pores have a positive impact on top-
coat for adhesion strength and cell adhesion for the implants.
On the other hand, the pores play a negative role such as
the origin of fatigue cracks and the paths for the ingress of
aggressive medium. 

2.1.6. Hydrothermal coating 

Hydrothermal coating is developed by applying a liquidus
synthetic technique to put the precursor into an autoclave un-
der high pressure at suitable temperature. The advantage is the
promotion in crystallization, easy to operate and low cost. 

The example for hydrothermal coating is layered double
hydroxide (LDH). It is a class of anionic clays with a highly
tunable brucite structure [159] . The general formula of LDH
can be represented as M 

2 + 

1- x Mg 

3 + 

x (OH) 2 A 

n −
x /n • mH 2 O,

where M 

2 + and M 

3 + are di- and tri-valent metal cations,
respectively; x is defined as the molar ratio of M 

3 + /(M 

2 + +
M 

3 + ) and generally has a value ranging from 0.2 to 0.33; A 

n −

are the interlayer anions, i.e., NO 

3 −, Cl −, PO 4 
3 −, MO 4 

2 − and
CO 3 

2 − [65 , 160] . The typical structure of LDH is shown in
Fig. 8 [161] . 

The crystal structure parameters of LDH, bond strength
and anion exchange capacity were determined by size, charge
and ratio of metal cations, charge and orientation of anions. In
the synthesis process, cations occupy the octahedral holes in
the brucite (Mg(OH) 2 )-like layer and gradually release from
this intercalated structure [65 , 162 , 163] . The anions in the dou-
ble layer structure are replaced by the anions in the environ-
ment and further bind with metal ions to form precipitation on
the coating surface. The concentration of aggressive anions,
such as chloride ions in the environment, decreases as the
ion-exchange emerges in the coating; thus protective effect
on the substrate is achieved. 

A molybdate intercalated hydrotalcite coating with a lamel-
lar structure was synthesized by a combination of the co-
precipitation and hydrothermal processes [164] . The experi-
ments demonstrated that such an interlocking plate-like coat-
ng has ion-exchangeable and self-healing ability, which can
espond to the stimuli from the environment as “smart” coat-
ng. Zeng et al. [165] synthesized a Zn-Al-LDH coating con-
isted of uniform and compact hexagonal nano-plates by co-
recipitation and hydrothermal treatment on Mg alloy AZ31;
nd then a porous poly(lactic acid) (PLA) coating was applied
o seal the Zn-Al-LDH coating using vacuum freeze-drying.
he composite coating possesses excellent corrosion resis-

ance, which is ascribed to its barrier function, ion-exchange
nd self-healing ability. Zhang et al. [166–168] prepared dif-
erent LDH coatings by various methods. Self-healing ability
as also achieved on PA/LDH/Mg(OH) 2 coating [168] . 
As for the biocompatibility of LDH coating on Mg alloys,

i et al. [69] prepared a LDH/PDA composite coating with
urface heparinization on AZ31 Mg alloys. The findings des-
gnate that the LDH/PDA coating with heparinization can be
 candidate for the coating on biodegradable Mg alloys with
ignificantly enhanced corrosion resistance, endothelialization
nd hemocompatibility. 

.2. Deposited coating 

Deposited coatings are defined as ex-situ coatings whose
ubstrates do not participate in the formation of coatings. The
onstituents of deposited coatings are flexible [169] . The bind-
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ng force between the substrate and its coating is guaranteed
y intermolecular forces (such as electrostatic force, hydro-
en bond, etc.) and mechanical force [170] . Deposited coat-
ngs are generally regarded as the outmost layer or functional
ayer because of its feeblish adhesion with substrate and not
uitable for the intermediate layer [171] . 

Most of them are organic materials or polymer coatings
i.e., PLLA). This type of coating can provide both enhanced
orrosion resistance and functions, especially for biomedical
pplication. The major drawback for polymer coating is the
onding strength between the coating and the underlying layer
r substrate, is not good enough as expected. The problem of
eeling-off under the stress (hydrogen bubbling) and corro-
ion needs to be solved. Therefore, the future focus may be
oncentrated on the improvement of barrier effect and binding
orce for a full-life corrosion resistant service [18] . 

.2.1. Co-precipitation 

Co-precipitation (CPT) designates simultaneous precipita- 
ion of more than one substance normally dissolved in solu-
ion. For example, CPT is an applicable method for prepar-
ng LDH coatings with features such as precisely controlled
hemical composition, low cost and high reaction activity.
n general, the combination of CPT and hydrothermal pro-
ess can readily produce various LDH coatings. Zeng et al.
163 , 164] prepared molybdate intercalated hydrotalcite (HT-

oO 4 
2 −-LDH) and Mg-Al-LDH coatings on Mg alloy AZ31

sing the combination of CPT and hydrothermal process.
he advantages of LDHs coatings exhibit interlocking plate-

ike nanostructure, ion-exchangeable and self-healing ability
s well as good corrosion resistance. However, the disadvan-
ages of LDH coatings are the difficult preparation processes
ith a strict temperature and time conditions. 

.2.2. Physical vapor deposition 

Physical vapor deposition (PVD) is an alternative technol-
gy to confront the high chemical reactivity and low elec-
rode potential of Mg [172] . According to Wu et al. [173] ,
 metallic-inorganic composite coating was prepared by PVD
o reduce the electrochemical in vitro activity. An Al or Ti
nterlayer was deposited on the surface of Mg alloy AZ31 to
mprove the adhesion between AlO x N y ceramic coating and
ubstrate. The AlO x N y ceramic coating significantly improved
he bio-corrosion resistance of the magnesium alloy. The Al
nterlayer could impede corrosion effectively with a deficiency
f smaller enhancement in the surface mechanical properties
f the AlO x N y coating compared with the Ti layer. Unfortu-
ately, there is a risk for its application; if surface coating
s locally damaged, galvanic corrosion will occur and conse-
uently, the corrosion of the underlying Mg alloys speed up
174] . Another issue is the neurotoxicity of Al, as mentioned
bove. 

Graphene oxide (GO), analogy to graphene, consisting of
onomolecular sheets, can be applied as coating material,

ue to its unique surface properties, ease of chemical func-
ionalization, and good biocompatibility. GO films are op-
ically transparent and impermeable, comprising millions of
andomly stacked flakes and leaving nano-sized capillaries be-
ween them. Bakhsheshi-Rad [175] obtained a novel nano-
ilica (SiO 2 )/GO composite coating on Mg–1Ca–6 Zn alloy
sing PVD followed by dip coating. The nano-SiO 2 inter-
ayer, deposited via radio frequency (RF) magnetron sputter-
ng (MS), designates a dense columnar microstructure with
 thickness of 1 μm; whilst the outer dip coating of GO
as a sheet-like morphology with a thickness of approximate
0 μm. The nano-SiO 2/ GO coating reveals enhanced in vitro
orrosion resistance and antibacterial ability. 

Magnetron sputtering : In generic sputtering process, a tar-
et (or cathode) plate is bombarded by energetic ions, which
re generated in a glow discharge plasma in front of the target.
he bombardment process generates sputtering of the target
toms, which may then deposit on the substrate as a thin film.
n addition, secondary electrons are emitted from the target
urface as a result of the ion bombardment. A magnetic field
s configured parallel to the target surface so that secondary
lectron motion is constrained to the vicinity of the target
176] . The advantage of MS lies on the formation of uniform
oating and good adhesion between the yielded coatings to
he substrate. 

MS has become optional process for the deposition of
orrosion-resistant (i.e., metallic and polymeric) coatings on
g alloys. As mentioned above, Al, Ti and Al/Ti film have

e deposited on Mg alloys via MS. Wu et al. [177] de-
osited fluorocarbon polymeric film on pure Mg by means of
S. The coating was transparent with a thickness of about

20 nm after deposition for 30 min. EDS showed the presence
f C and F after depositing and the water contact angle in-
reased from 61.5 ° to 107.3 °, indicated that formation of hy-
rophobic fluorocarbon-based coating on Mg alloy. The cor-
osion potential positively shifted from −1.625 to −1.576 V
nd the corrosion current density significantly decreased from
.14 × 10 

−5 A/cm 

2 to 2.80 × 10 

−8 A/cm 

2 . However, the
oatings had random defects, which might cause the pre-
ailure of coatings. 

Microwave assisted deposition : Microwave assisted depo-
ition can occur over a short time and accelerate the coat-
ng deposition kinetics under microwave irradiation, with no-
able features such as manipulation of thickness and unifor-

ity of the coatings along with irregular contour. Ren et al.
178] fabricated a calcium-deficient HA coating on Mg al-
oy AZ31 through microwave irradiation of Ca-P solutions
ith various Ca/P ratios. The obtained coating resulted in an

nhancement of corrosion resistance and biological response.
u et al. [179] developed a strontium (Sr)-doped HA (Sr-HA)
oating on AZ31 via microwave assisted deposition. The Sr-
A coating possesses a double-layer structure with excellent
ineralization ability and long-term protection in corrosive

nvironments. 

.2.3. Atomic layer deposition 

Atomic layer deposition (ALD), a recently developed sur-
ace covering technique, regarded as a kind of chemical va-
or deposition is being used in various fields such as semi-
onductor [180] , biomedicine [60] and corrosion protection
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Fig. 9. Schematic illustration of formation mechanism of ZrO 2 coating deposited through ALD and the followed PLGA covering [181] . 
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[181] . The ALD deposits atoms layer by layer utilizing spe-
cial self-limitation characteristics which can meet the needs
for atomic layer control and conformal deposition [182] .
Films made by ALD have excellent reproducibility, simplic-
ity, and conformality and accurate thickness control as well
[183 , 184] . What’s more, without surface defects during and
after growth, the films tend to be very continuous and pinhole-
free [182] Therefore, they can effectively improve the corro-
sion resistance of Mg alloys [185] . ALD technique has great
advantages over traditional methods such as porous MAO
coatings and cracked chemical conversion coatings. 

Basically, the ALD coating and its corrosion resistance
can be regulated by changing the number of cycles of the
ALD processes. Liu et al. [181] prepared ZrO 2 nanofilm on
Mg substrate by ALD and subsequently adhered to a PLGA
layer through a spin-coating process to further improve the
corrosion resistance. ZrO 2 cycles from 25 to 100 lead to
two or three orders of magnitude increase in corrosion re-
sistance of coatings. The E corr of the untreated, ZrO 2 (25cy-
cles), and PLGA/ZrO 2 (25 cycles) were −1.557, −1.523, and
−1.518 V, respectively. During the immersion period from 72
to 96 h, hydrogen evolution rate followed in the decreasing
order: PLGA/ZrO 2 (25 cycles) > ZrO 2 (25 cycles) > Un-
treated > ZrO 2 (100 cycles) > PLGA/ZrO 2 (100 cycles). In
addition, nano-scratch tests showed that the hybrid coating
had good bonding strength with the substrate. The schematic
illustration of formation mechanism of ZrO 2 ALD and PGA
coating is shown in Fig. 9 . 

Yang et al. [60] deposited ZrO 2 nano-film on Mg–Sr alloy
for enhanced corrosion resistance and biocompatibility. The
ZrO 2 film can not only enhances the corrosion resistance of
Mg–Sr alloy but also benefits for the growth of cells and tis-
ues in vitro studies. Unfortunately, this method is relatively
igh time-consuming, especially for increasing the cycle num-
er. Nevertheless, the ceramic coatings like Al 2 O 3 , TiO 2 and
rO 2 might be the possibility of degradation and accelerated
ttack on the substrate resulted from galvanic corrosion be-
ween the coating and its substrate. 

.2.4. Electrolytic deposition 

Electrolytic deposition (ED) mainly concerns the depo-
ition of inorganic phases on bare or pre-coated surface of
etallic substrate by an electric field [85] . The composition

f Ca-P coating can be delicately controlled via the regulation
f Ca/P ratio and current mode in the ED process [186] . 

In general, the inorganic products exhibit flake-like
187] or bundle-like [188] morphology. When the Ca/P ratio
s set at 1.67 with a pulse potential (duty cycle of 0.2), the for-
ation of coating is unitary HA [189 , 190] . Meanwhile, alkali-

eat pretreatment could transform dicalcium phosphate de-
ydrate (DCPD, CaHPO 4 • 2H 2 O) precipitates into HA [188] .
heoretical analyses [191] illustrate that the precipitation of
A, octacalcium phosphate and DCPD are all possible when
H is higher than 6 at 80 °C. High pH value is favorable for
he formation of HA. 

Currently, various interlayers were introduced to improve
he adhesion between EDed coating and its substrate. Alabbasi
t al. [192] applied a two-step process to prepared dual layer
norganic coating on Mg. A layer of silicate-based coating
as formed on the base metal using PEO method, and then a

econd layer of Ca-P was formed on the PEO coating using
D preparation. 

ED also can be applied to other composite coatings. A
-glutamic acid-g-amino-4-methylcoumarin ( γ -PGA-g-AMC)
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oating with encapsulation of vitamin was prepared on the
urface of Mg–Ca alloy [193] , which can controllably release
ioactive agents or drugs and endow Mg implants with ex-
ellent functionality. Wu et al. [194] electrochemically de-
osited Mg(OH) 2 /GO composite coating on AZ91D alloy at
onstant potential. The Mg(OH) 2 /GO hybrid coating exhibits
ore uniform and dense structure than Mg(OH) 2 film. Hence,

t enhances the corrosion resistance of Mg(OH) 2 coating by
ore than one order of magnitude. 

.2.5. Dipping and immersion 

Dipping and immersion are both extensively applied coat-
ng methods for desired corrosion resistance and functionality
hrough regulating composition of the deposited layers [171] .
n recent years, organic biopolymer coatings on Mg alloy sub-
trates have received wider attention than inorganic coatings
hrough dipping preparation [18] . 

Organic coating : Organic coatings feature corrosion pro-
ection, bioactivity, and drug-loading together with biodegrad-
bility. Due to the versatility of polymers, chemical compo-
ition and structure, the coatings can be fabricated with a
umber of chemical and physical properties and functions.
n addition, polymeric coatings are able to deliver drugs by
ssembling these polymers into functional materials. These
oatings include polymer-derived active coatings [195] and
olymer-derived antibacterial coatings [196] . There are sev-
ral typical organic coatings, i.e., silane, dopamine and stearic
cid (SA) besides PLA and chitosan, on biomedical Mg al-
oys. 

Silanes are a series of silicon substitutes for carbon alka-
es, which consisting of multiple silicon atoms linked to each
ther as the main chain and hydrogen atoms or other chemical
lements linked with the main chain. This chemical structure
urnishes silanes with very reactive and moderate biological
ctivity. Thus, the silane coating could be a feasible techni-
al route to improve the biological performance of Mg alloys
135 , 197] . A triethoxy(octyl) silane coating was prepared by
lectric deposition to improve the corrosion resistance and
iocompatibility of AZ31B alloy [198] . It demonstrated sig-
ificant performance on cell viability, hemolysis and platelet
dhesion. The first step involves treating the NaOH-activated
g with bis(triethoxysilyl)ethane (BTSE) to immobilize a

ayer of densely cross-linked silane coating with good cor-
osion resistance. The second step is to impart amine func-
ionality to the surface by treating the modified Mg with 3-
mino-propyltrimethoxysilane. Heparin was covalently con- 
ugated onto the silane treated AZ31 to render the coating
aemocompatible, as demonstrated by reduced platelet ad-
esion on the heparinized surface [199] . Compared to bare
Z31 Mg alloy, Mg-B (1 h)-A (0.5 h)-Heparin exhibits both

mproved corrosion resistance and reduced platelet adhesion.
he development of a surface modification strategy that can
imultaneously control corrosion resistance and inhibit platelet
dhesion will inevitably have major significance for improv-
ng the blood compatibility of biodegradable metallic implants

The fluoroalkylsilane (FAS)-modified hierarchical hydrox- 
de zinc carbonate (HZC) film was fabricated on AZ31
g alloy via dipping method [197] . This FAS/HZC film
xhibited a significantly hydrophobic property for sub-
trate and improved the corrosion resistance of the AZ31
lloy. Cui et al. [81] deposited a micro-arc oxidation
MAO)/polymethyltrimethoxysilane (PMTMS) hybrid coating 

ia MAO processing. It was subsequent sealed with alkaline
reatment and PMTMS ( Fig. 10 ). The MAO coating has a
orous morphology with some cracks ( Fig. 10 b). Compared
ith the partial coverage of alkaline treatment ( Fig. 10 d),

he coating of PMTMS ( Fig. 10 f) reveals a compact and
mooth surface with circular self-condensation silane spheres.
he results indicate that the alkaline treatment is benefi-
ial for the silane treatment. The MAO coating was effi-
iently sealed by the PMTMS film. The E corr of the substrate,
AO and MAO/PMTMS coating is positively shifted from
1.51 V/SCE to −1.46 V/SCE and to −1.41 V/SCE. The i corr 

f the substrate, MAO and MAO/PMTMS coated samples is
.37 ×10 

−5 , 2.40 ×10 

−7 , 2.86 ×10 

−8 A/cm 

−2 , respectively.
he findings demonstrate that the corrosion resistance of the
Z31alloy is significantly enhanced by the MAO/PMTMS

oating due to its self-healing function. 
Dopamine (DA, contracted from 3, 4- 

ihydroxyphenethylamine) is a hormone which is made
aturally in the body. Namely, it is an organic chemical of
he catecholamine and phenethylamine families that plays
everal important roles in the brain and body. A dopamine
olecule consists of a catechol structure (a benzene ring
ith two hydroxyl side groups) with one amine group

ttached via an ethyl chain. Chen et al. [200] produced
 TiO 2 /polydopamine (PDA) composite coating on pure
g. Firstly, the PDA layer was covalently immobilized on
g, and subsequently the TiO 2 was deposited by liquid

hase deposition on it. The hybrid TiO 2 /PDA coated Mg
hows much smaller corrosion current density as well as a
emarkably lower degradation rate in vitro (up to 21 days)
n phosphate buffered saline compared to direct TiO 2 coated
nd untreated Mg. The result relates to the organic PDA layer
hich inhibits the electric pathway of galvanic corrosion

ell between the TiO 2 coating and Mg so as to suppress the
orrosion of Mg. Herein, the PDA acted as an anchoring
ayer to the Mg substrate, template for the TiO 2 deposition,
nd barrier layer isolating the electric pathway for electron
otion. 
SA is an environmentally-friendly saturated fatty acid with

n 18-carbon chain and has the International Union of Pure
nd Applied Chemistry (IUPAC) name octadecanoic acid
chemical formula, C 17 H 35 CO 2 H) with a low surface energy.
A was used on the top of Mg(OH) 2 [201] and MAO coatings
ith Mg alloy [202] . All studies indicated SA-modified sur-

ace can provide a long-term corrosion protection for the Mg
lloy owing to the formation of superhydrophobic surface. 

Zhang et al. [203] prepared an HA/SA composite coat-
ng using the combination of ED and dipping method. It was
ound that the HA/SA coating was porous, which may pro-
ide abundant sites for the growth of osseous tissue. Gupta
t al. [204] obtained a chemical conversion coating with a
A solution. They further improved it by soaking in SA
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Fig. 10. FE-SEM micrographs of the (a and b) MAO coating, (c and d) the NaOH-treated MAO coating, and (e and f) the MAO/PMTMS coating [81] . 
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solution to provide effective corrosion protection for Mg sam-
ples. 

Preparation methods for organic coatings : LbL assembling
is a versatile, simple method based on the alternating ex-
posure of a charged substrate to solutions of positively and
negatively charged polyelectrolytes on the basis of the elec-
trostatic attraction between the opposite charges [205 , 206] . In
spite of little even detrimental for corrosion resistance in the
long run, the film with different deposition cycles and types of
polyelectrolytes realizes multi-functionalization (biomedicine
etc.) [207 , 208] . For instance, Schmidt et al. [209] fabricated a
nanoscale thin films by LbL using negatively charged Prussian
Blue nanoparticles and positively charged gentamicin, demon-
strating an systematic electro-activated drug release property.
LbL assembling films by polyelectrolytes can protect the sub-
strate to some degree. Cui et al. [68] assembled DNA coatings
on Mg alloy by LBL method lead to one order of magnitude
decrease in corrosion current density. 

Ostrowski et al. [210] employed LBL to fabri-
cate a silane/poly(allylamine hydrochloride)/poly(sodium 4-
styrenesulfonate) multilayer coating on alkaline-treated Mg
alloy. The composite coating revealed good corrosion protec-
tion for degradable Mg alloys. Fan et al. [211] prepared a self-
healing coating which contained a cerium conversion layer
s primary layer, then followed by a graphene oxide (GO)
ayer and a branched poly(ethylene imine) (PEI)/poly(acrylic
cid) (PAA) multilayer. Here GO was a corrosion inhibitor
nd PEI/PAA multilayers offer the self-healing ability for the
oating systems. The results showed that GO acted as the
arrier layer by hindering the penetration of aggressive elec-
rolyte. Kunjukunju et al. [212] reported the biocompatible
rganic natural polymer-based coatings on the AZ31 alloy
repared by LbL. They first obtained alkaline-and fluoride-
retreated AZ31 substrates. Then the multi-layered coatings
f alginate and poly-L-lysine on the substrates were fabri-
ated using LbL technique under physiological conditions.
he coatings were surface functionalized by chemical cross-

inking and fibronectin immobilization. The modification in
urface properties exerts a beneficial influence on cellular ac-
ivity. The alginate and poly-L-lysine multi-layered coatings
id not alter the degradation kinetics of the substrates but
mproved their surface bioactivity. 

The major disadvantage of LBL assembled coatings relates
o the processing acidic solutions, which may attack the Mg
ubstrates, to some extent. Thus, it is better for the Mg sub-
trates to experience a pretreatment and make them possess
ood corrosion resistance. In addition, the LBL method is a
ittle complicated; and the coating is very thin, regardless of
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Fig. 11. Schematic representation of the spinning technique used for the coating production [86] . 
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he functionality. Hence, complicated or hybrid coatings with
bL, i.e., dipping and spinning, have been developed on Mg
lloys. 

Dipping or spinning coating is widely used for produc-
ng thin polymer films with a homogeneous thickness. The

ajority of spin assembly is performed by either casting the
olution onto a spinning substrate [213] or casting the solu-
ion onto a stationary substrate that is then spun [214 , 215] .
or fabricating a biodegradable esophageal stent, Yuan et al.
216] coated polycaprolactone (PCL) and poly(trimethylene 
arbonate) (PTMC) on Mg alloy stents by means of the com-
ination of dipping and spinning method. The hybrid coat-
ng demonstrated good flexibility, elasticity and an ability to
rolong the service life of the stent. It can also maintain me-
hanical capacity and nontoxicity in the long term. 

A composite coating was fabricated using MAO coating
n Mg–Zn–Ca alloy and dip-coating in chitosan solution to
mprove its biodegradation resistance in SBF [75] . Another
xample for PCL coated porous Mg scaffold designates that
CL coating significantly enhances the compressive strength
nd degradation resistance of Mg scaffolds [217] . 

There are still insuperable defects for organic biopolymer
oating in long-term degradation [218] . On one hand, polymer
ould absorb water and swell at its first step of degradation.
his process generates an internal stress which leads to the
eeling off or delamination of the organic layer from the sub-
trate. On the other hand, the water permeable rate of polymer
s much higher than its absorbent rate. The accumulation of
ydrogen and corrosion products result from Mg corrosion
lso triggers the peeling-off of the organic layer [71] . 
A spin coating method has been used to prepare PLA coat-
ng on the Ca-P-coated alloy. This composite coating has
 better performance such as biocompatibility in long-term
est [219] . Alabbasi et al. [220] performed a silicate-based

AO coating on pure Mg using a pulsed constant current
ethod, then the PLA was coated using a two-step spin coat-

ng method as sealing process to delay the localized degrada-
ion in body fluid for better in-service mechanical integrity.
herefore, the composite coating could be a feasible means

o improve the binding force of organic biopolymer coating. 
Zhao et al. [86] fabricated a polyvinylpyrrolidone 

PVP)/polyacrylic acid (PAA) composite coating with a mul-
ilayer structure on AZ31 alloy by LbL-assembling and spin-
asting method ( Fig. 11 ). A (PVP/PAA) 10 hybrid coating
n Mg alloy has a defect-free, dense and uniform morphol-
gy and exhibits excellent corrosion resistance and adhesion
trength. 

Different adsorption mechanisms resulted in significant dif-
erence between the dipping and the spinning methods. In the
ipping method, electrostatic interaction leads to the adsorp-
ion and rearrangement of polyelectrolytes on the substrate.
n the spinning process, nevertheless, air shear force and the
entrifugal force forces the polyelectrolytes to be absorbed
nd rearranged in a short time and the water molecules to
e removed rapidly. As a result, the corrosion resistance and
dhesive bonding can be enhanced. 

Sol-gel method is a practical process to synthesize meso-
orous bioactive glass (MBG) coating on the surface of
iodegradable Mg [221] . In a typical synthesis, silicon-based
ster, phosphorus ester, polyol and calcium salt were dissolved
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Fig. 12. Schematic drawings of FSP technique: (a) FSP tool, (b) FSP pro- 
cedure [226] . 

Table 3 
Results of tensile tests of the samples obtained by different treatment methods 
[227] . 

Processing mode UTS, MPa YS, MPa EL,% 

Untreated 178 ±3.5 172 ±3 3.4 ±0.5 
NSFP treated 291 ±4.6 270 ±5 7.5 ±0.5 
SFSP treated 297 ±6.9 281 ±3.9 20.3 ±1.8 
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in ethanol solution in a certain Si/Ca/P ratio; then Mg sub-
strates were dried and dipped into this MBG sol, and finally
aged, repeated and heat treated. Another example is the depo-
sition of a titanium sol–gel layer on the MAO film on Mg-Li
alloy [222] . The long run immersion testing showed that the
composite coating, with higher compactness and fewer de-
fects, exhibits a corrosion-resistant property superior to the
MAO film alone. 

2.3. Mechanical coatings 

Mechanical coatings refer to the deformed surface and
subsurface emerged by a severe plastic deformation process-
ing. As a result, a layer of refined structure, different from
the original surface, is obtained without introducing any sub-
stances, such as deposited minerals and attached organics. The
mechanical processing improves the physical properties and
corrosion resistance of Mg alloys by refining grains, improv-
ing the hardness, and optimizing the distribution of second
phases or intermetallic compounds [223] . Normally, chemi-
cal reactions are not involved in the procedure. Friction stir
processing (FSP) and shot peening (SP) are introduced here
for improving the practical properties of medical Mg alloys.
Compared with the traditional chemical coatings, the mechan-
ical layer has better binding force with the substrate. In addi-
tion, post processing of chemical coatings on the surface of
mechanical layer can be considered to further realize various
functions. 

2.3.1. FSP 

FSP has a marked effect on the physical and chemical
properties of Mg alloy surface. The FSP for microstructural
modification is based on the basic principles of friction stir
welding (FSW), which has been originally developed for the
joint of aluminum alloys [224] . FSW is considered to be the
most significant development in green metal joining, espe-
cially for Mg and Al alloys due to its energy efficiency, en-
vironment friendliness, and versatility [225] . In the FSP pro-
cedure, a non-consumable rotating tool with a specially de-
signed pin and shoulder ( Fig. 12 a) is inserted into the mate-
rial [226] . Friction-induced high-temperature plastic deforma-
tion severely occurs onto the material near the tool. Partially-
overlapped multi-pass FSP is used to enlarge the processed
surface region of the alloy, where the tool traverses along
a predetermined route to cover the material over the target
region ( Fig. 12 b). 

Intense plastic deformation can be introduced into the base
material without additional heating by FSP. Therefore it has
been proved to be an effective technique for producing uni-
form structure, adjusting surface composites [227 , 228] , mod-
ifying the microstructure of Mg-based alloys and improving
the corrosion-resistant properties to some degree [226] . 

Cao et al. [227] investigated microstructure evolution and
its effect on the mechanical properties of Mg–Nd–Y alloy
during normal friction stir processing (NFSP) and submerged
friction stir processing (SFSP). After NFSP and SFSP, α-
Mg dendrites were greatly refined with an average grain size
f 2.7 μm and 1.9 μm, respectively. Another net-shaped in-
ermetallic compound Mg 12 Nd was smashed into small par-
icles and the SFSP specimen had more homogeneous mi-
rostructure than that of the NSFP. Ultimate tensile strength
UTS), yield strength (YS) and elongation to failure (EL)
ave been improved significantly and the results are list in
able 3 . 

Zhu et al. [229] employed FSP on biodegradable Mg-Zn-
-Nd alloy. The result indicates that the microstructure of the
SPed Mg alloy is characterized by homogeneously equiax-

al refined grains with a size of approximately 5 μm and the
ispersively distributed intermetallic compound particles in a
ano scale due to the dynamic recrystalliztion. 

Liu et al. [226] studied the corrosion resistance of
Z91 Mg alloy through refinement and homogenization
f surface microstructure through FSP. They found the
ormation of a compact and continuous β phase layer
n the FSPed surface owing to the segregation of fine β

hase effectively enhances the stability and passivity of
orrosion product film. The E corr of as-cast AZ91, the
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a  
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o  
ross-sectional and top surface of the FSPed sam-
les is positively enhanced from −1.3 ±0.03 V/SCE to
1.17 ±0.05 V/SCE and to −1.16 ±0.03 V/SCE. And

he i corr of the corresponding samples decreases from
.76 ±0.65 μA/cm 

2 to 3.01 ±0.07 μA/cm 

2 and to
.05 ±0.13 μA/cm 

2 . For as-cast sample, the hydrogen
volution volume increases more rapidly than the FSPed
amples. The hydrogen evolution volume of the top surface
nd cross-section surface is almost three-fold higher than
hat of the FSPed samples after one-week immersion. That
s to say, FSP process is beneficial for the enhancement in
orrosion resistance but not remarkable for this work. 

FSP is a post treatment; while laser cladding (LC), with
ocalized heating input from the high-energy laser beam, leads
o a small thermal deformation and heat affected zone. The
icrostructure of the surface may be refined and homog-

nized together with increasing mechanical properties such
s micro-hardness, wear and corrosion resistance [230 , 231] .
ut LC coatings, sometimes, could be rough, cracked and
orous. FSP is an effective method to modify the LC coat-
ng. Laser cladding (LC) and FSP hybrid method was adopted
o modify Al-Si coatings on AZ31B by Liu et al. [228] .
he OCP of AZ31B, LC, and LC + FSP is 1.563, 1.272, and
.085 V/SCE, respectively. The maximum OCP of the LC-
SP specimen is 0.478 V/SCE, much higher than that of the
are AZ31B specimen. A large number of intermetallic com-
ounds β (Al 12 Mg 17 ) and Mg 2 Si with a continuous network in
he Al-Si coatings is the mainly reasons for the improvement
f corrosion resistance. So, it is feasible to further improve
he comprehensive properties of Mg alloys by combining sur-
ace treatment such as FSP and LC and coating preparation
rocess. 

.3.2. SP 

SP is a powerful mechanical treatment to modify surface
nd enhance the fatigue performance of structural metallic
aterials such as steel, aluminum, titanium and magnesium

lloys [232–235] . The improvement in fatigue life stems from
 combination of work hardening of the surface and an in-
reased dislocation density, and the introduction of a near-
urface compressive residual stress [236] . A plastically de-
ormed zone formed by SP processes have extended and re-
ned grain structure [237] . 

Effect of SP on enhancing the fatigue performance is
ne of the most popular direction of research [236 , 238 , 239] .
hang and Lindemann [239] studied the influence of SP on fa-

igue properties of the high-strength wrought Mg alloy AZ80.
he result was the fatigue strength increased about 60% from
00 to 160 MPa at the optimum condition. Simultaneously, the
imited deformability of the hexagonal crystal structure makes
he Mg alloy sensitive to SP. Jamalian et al. [240] conducted
 study on the effect of the severe shot peening (SSP) param-
ters on the microstructural variation and plastic deformation
f AZ31. The optimum parameters of SSP lead to a thicker
ne-structured layer in the material surface. Higher pressure
r shot mass intensity results in finer grains at the surface
hile an increase in shot size only controls the thickness of
he layer. The SSP with optimized parameters gives rise to an
ncreased YS and UTS, but a loss of ductility. As the average
rain size of the treated and untreated samples reduces from
4 μm to 3.42 μm, the micro-hardness increases from 50 HV
o 92 HV. 

Also, the impact of SP on corrosion resistance and bio-
ompatibility have been studied [237 , 241 , 242] beside fatigue
erformance. Bagherifard et al. [242] investigated the effects
f nano features, developed by SSP, on mechanical, corro-
ion and cytocompatibility properties of Mg alloy AZ31. The
 corr of unpeened, conventional SP, severe SP, and repeened-
evere SPed samples is -1542 ±25, -1503 ±23, -1479 ±26,
nd -1483 ±27 mV, respectively; and the corresponding i corr 

s 21 ±2, 325 ±5, 326 ±4, and 321 ±6 μA cm 

−2 . This dis-
dvantage could be attributed to the rough surface layer after
P with a high density of crystallographic lattice defects. The
SP treatment leads to an increased surface roughness (up to
50%), enhanced micro-hardness (up to 133%) and surface
ettability (up to 20%), and compressive residual stresses in
 deep surface layer (max compressive stress of −56 MPa).
ytocompatibility tests certify that SSP has no adverse effects
n the growth of osteoblasts. Although the electrochemical
roperties of the samples were tested, there was no immer-
ion test which could not fully reflect the corrosion resistance.

SP generates a rough layer with high density of crystallo-
raphic imperfections or dislocations, which are deteriorated
o the corrosion resistance of Mg alloys. If the rough surface
ayer is removed without the entire nano-crystallized layer,
he corrosion resistance might be improved. Chemical con-
ersion film as an effective method, combined with SP, can
issolve the outer surface and the better internal structure can
e retained. 

.4. Functional coatings 

The ideal functional coatings on biodegradable Mg alloys
or clinic applications may be self-degradable, bioactive or
iocompatible, antibacterial and drug-loading coatings. In ad-
ition, corrosion resistance and controllability of corrosion
ate are also critical standards. Much work had been done for
ne or multiple functional coatings. 

.4.1. Self-sacrificing or self-degradable coating 

Since Mg alloy has very active chemical character, few
ethods can prevent its corrosion, such that a novel idea is

roposed to enhance the corrosion resistance by self-sacrificial
oating. Originally, self-sacrificial coating is a typical metal
oating with a lower potential relative to the protected metal.
ne of the example of this kind of coating is Zn-coated steel
r galvanized steel. Another type of composite coating is Zn,
l and Mg-loading polymer coating on steels. As a result,

he electrons, released from the dissolution of Zn, Al and
g, flow to that part of the protected metal or the substrate.
It is noted that the existing coatings on Mg alloys are

lmost nobler than their substrates. The ideal coatings have to
e uniform, strongly adherent and pore-free for applications;
therwise, the pores or micro-cracks in the coatings offer a
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path for the ingress of water onto the coating/Mg substrate
interface to form micro-galvanic cells; thus, the substrate acts
as a local anode, the degradation of it will be accelerated. 

One of the challenges for the coating applications is that
the presence of defects such as pinholes, pores and micro-
cracks in the coating or developed during operation often re-
sult in the formation of galvanic cells between the coating
and its substrate, leading to accelerated corrosion of Mg. An
ideal and effective coating should be anodic relative to its sub-
strate. That is, a sacrificial anode-based cathodic protection,
active corrosion protection to minimize corrosion at defects
(for example by releasing active inhibitors), and formation of
a self-healing protective barrier layer on the substrate surface.
Developing a protective coating which could fulfill the above
requirements is extremely challenging. 

Song et al. [77] suggested that Mg is too active to be pro-
tected by a sacrificial anode coating. It is extremely difficult
to form a metallic sacrificial anode layer on Mg. The standard
equilibrium potential of pure Mg is as negative as –2.644 V
vs. SCE. Although active alkaline or alkali earth metallic el-
ements such as Ca, Li, K and Na, may have potentials more
negative than Mg, their self-dissolution/corrosion is too rapid
[77] . They are too reactive to form a stable and durable coat-
ing on Mg. However, Yu et al. [76] fabricated pure Mg film
with a thickness of 20–35 μm on an AZ91D sample by means
of PVD. The sacrificial Mg film uniformly forms and cathod-
ically protects the AZ91D substrate due to the fact that the
mixed potential of the Mg coating/AZ91D couple was more
anodic than the free corrosion potential of the substrate. 

Interestingly, Song et al. [77] obtained lithiated C (LiC 6 )
and metaphosphate coatings with a complicated metallurgi-
cal powder process, exhibiting a sacrificial anode coating be-
havior on Mg in saturated Mg(OH) 2 . But these films are not
continuously covered on the substrate, implying that they may
not effectively protect Mg in a very corrosive environment.
Although the self-sacrificial coatings have many drawbacks,
they can effectively reduce the biodegradation rate and fur-
ther slowdown the hydrogen evolution and alkalization of the
surrounding. 

Wang et al. [243] reported Ca-P self-sealing MAO coating
on pure Mg from a solution of 0.8 g/L calcium hydroxide,
3.5 g/L sodium hexametaphosphate and 8 g/L potassium fluo-
ride in distilled water. This coating mainly comprises MgO,
Ca, P and F. Their polarization curves indicate that the MAO
coating has a more negative potential than pure Mg. How-
ever, this phenomenon is ignored regarding the formation of
anodic coating and reason. 

2.4.2. Bioactive and biocompatible coating 

Bioactive coating refers to the coating containing bioac-
tive components for bone replacements and promoting early
bone growth. Biocompatible coating means that the coating is
nontoxic and harmless to tissues, i.e., must not cause adverse
biological reactions. For example, Xu et al. [108] utilized
a phosphating process to develop a Ca–P coating on Mg–
1.2 wt.%Mn–1.0 wt.% Zn alloy. It is characterized by a porous
and net-like CaHPO 4 • 2H 2 O layer with traces of Mg 

2 + and
n 

2 + . The in-vitro cell tests disclosed significantly good ad-
erence, high growth rate and proliferation for cells L929
n the Ca–P coated Mg alloy ( p < 0.05). That is, the Ca–
 coating significantly improved the cytocompatibility. Both
outine pathological examination and immunohistochemical
nalysis demonstrated that the Ca–P coated Mg alloy was en-
owed with a significantly good surface bioactivity (a better
ell response) and promoted early bone growth at the im-
lant/bone interface. The Ca–P coating might be an effective
pproach to improved surface bioactivity of Mg alloy. Pan
t al. [244] prepared calcium phosphate coating on Mg–Zn–
r Mg alloy though micro-arc oxidation (MAO) technology
ith diverse phosphate source. Mouse acute systemic toxicity

est was performed which demonstrated the excellent biocom-
atibility of the coatings. 

.4.3. Antibacterial coating 

As mentioned before, the Mg alloy itself has antibacterial
roperties due to the increase of pH value during its degra-
ation in the bacterial solution. It has significant meaning in
linical areas to restrain the infections associated with surgical
mplants [245] . On one hand, rapid degradation rate means the
ailure of the biomedical Mg facility which conflicts with our
nitial intention. A feasible route is to prepare coatings with
ntibacterial property. Bakhsheshi-Rad et al. [246] prepared
anostructured silver-doped zinc oxide (Ag–ZnO) coating on
g–2Ca–0.5Mn–6 Zn alloy by PVD along with the antimi-

robial and other examinations. According to disc diffusion
ntibiotic sensitivity and colony forming units, with alculating
scherichia coli and Staphylococcus aureus, the results indi-
ated that the Ag-ZnO coating considerably improves antimi-
robial performance of the Mg alloy substrate. At the same
ime, the coating leads to reduced corrosion rate of the sub-
trate. Yang et al. [247] introduced copper (Cu)-containing
ioactive glass nanoparticles (Cu-BGNs) into polycaprolac-
one (PCL) coating aiming to improve the bioactivity, an-
ibacterial property, and corrosion resistance of Mg alloys in
hysiological condition. Cyto-compatibility experiments were
onducted by MG-63 cells which proved the increased vi-
bility and proliferation on Cu-BGN coatings compared to
g substrates. Recently, Zou et al. [67] hydrothermally pre-

ared a Zn-loaded montmorillonite (Zn-MMT) coating using
n 

2 + ion intercalated sodium MMT upon Mg alloy AZ31 as
one repairing materials. This coating exhibits an improved
orrosion resistance, cytocompatibility and higher suppression
oward both E. coli and S. aureus. It is designated that Zn-

MT coating destroys bacterial membrane and leads to the
eakage of cytoplasmic materials from the bacterial cells due
o the slow but sustainable Zn 

2 + release. 

.4.4. Drug-loading 

Drug-loading can be another applied direction for biomed-
cal Mg alloys [79] . Li et al. [248] studied in vitro drug
oading and release of enoxacin (Enox)-loaded poly(lactic-
o-glycolic acid) (PLGA) coating on Mg scaffold. The load-
ng and release efficiency were appraised by ratio of loaded
s. initial enoxacin amount and spectrophotometrically. The
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oading efficiency of Enox-PLGA-Mg was (52.2% ± 7.7% to
6.9% ± 6.7%) about ten times higher than that of Enox-Mg
4.0% ± 1.5% to 5.8% ± 1.7%). At the same time, Enox-
LGA-Mg had slower and more sustained liberative perfor-
ance. Shi et al. [195] prepared a rapamycin drug-loading
LGA coating on Mg–Nd–Zn–Zr based drug-eluting stents.
he H 2 evolution from substrate degradation accelerated the
rug release in the drug diffusion-controlled phase. Although
hysiochemical stability of the released rapamycin has par-
ially been deteriorated by the degradation of Mg, the smooth
uscle cell proliferation has better inhibition than drug-loaded

n stainless steel. The preparation of drug-loading coatings
an not only improve the corrosion resistance of Mg al-
oys, but also make Mg alloys have antimicrobial properties
hrough the release of antibacterial agents [78] . The focus
hould on the regulation and the influence factors of drug
elease rate. 

.5. Composite coatings 

Single coating cannot bear comprehensive requirements for
orrosion resistance and multi-function due to its pinholes or
orous structure. Conversion coatings are defined as in-situ
oatings. The metallic substrate participates in the interfacial
eactions with satisfactory adhesion, however, the composi-
ions of coating are limited by dynamics of conversed reac-
ions and substrates. It can be regarded as an interlayer to
mprove the binding force between the outer layer and its
ubstrate. Deposited coatings are defined as ex-situ coatings
hich the weak adhesion is based on electrostatic interac-

ion or mechanical bond. However, the flexible and multiple
ompositions of the coating could confer favorable biologi-
al activity. It can be served as final layer to improve the
unctionality of the substrate. The composition of conversion
oating and deposited coating is the research emphasis for Mg
iomaterial, because this composite coating could overcome
he shortcoming of limited corrosion resistance, poor binding
dhesion and lacking bioactivity for the single coating. Nev-
rtheless, the degradation behavior of composite coatings is
ore complicated. The variation in degradation rate is uncon-

rollable and susceptible. It should be further researched and
erified under in vitro and in vivo conditions. 

For realizing the multifunctional demands and conquer-
ng the drawbacks of one single coating, multilayer coat-
ng is applied. As a matter of fact, most of the methods
an be classified into multilayer coatings on layer number.
uch as the alkali pretreatment by NaOH forms the Mg(OH) 2 

ayer and acid pretreatment, e.g., HF and other pre-treatment
or specific purposes are all multilayer coatings. Kunjukunju
t al. [140] prepared and made comparison the LbL coatings
ith diverse pretreatment of NaOH and HF. Cytocompati-
ility studies using MC3T3-E1 osteoblasts demonstrated the
uoride-pretreated, cross-linked and fibronectin-immobilized 

bL-coated substrates are more bioactive and less cytotoxic
han the hydroxide pretreated. The bottom layer can provide
orrosion resistance properties and the LbL coating can im-
rove the biological properties for Mg alloys. 
In conclusion, even if the biomedical Mg alloys and their
oatings have many deficiencies, the advantages of them can
ot be neglected. With the continually work of researcher,
hortcoming will be decreased even eliminated. 

. Summary and concluding remarks 

The major challenge for biomedical applications is to
repare gradient, degradation-controllable and multifunctional 
oatings and interfaces between the coating and substrate. As
or biodegradable Mg alloys, a controllable degradation ve-
ocity is also vital. 

Degradation of Mg alloys depends on their alloying ele-
ents, chemical composition and microstructure. Usually, the

econdary or intermetallic phases are nobler than α-Mg ma-
rix. This could cause micro-galvanic cells between them. The
resence of secondary or intermetallic phases may facilitate
verall corrosion dependent on their distribution, size, and
mount. Therefore, chemical conversion coatings, MAO coat-
ngs etc. have been utilized to improve the corrosion resis-
ance of Mg alloys. There still exist huge challenges for the
evelopment of advanced coatings on biomedical Mg alloys.
he previous studies reveal that the morphology, roughness,
nd corrosion resistance of the phosphate chemical conver-
ion coating, MAO coating and ED coating, are affected by
he intermetallic compounds (i.e., Mg 17 Al 12 , AlMnSi) of the
ubstrate alloys. 

(1) Conversion coatings are defined as in-situ coatings
which the metallic substrate participates in the inter-
facial reactions with a satisfactory adhesion. It can be
regarded as an interlayer to improve the binding force
between outer layer and the substrate. 

(2) Deposited coatings are defined as ex-situ coatings which
the weak adhesion is based on electrostatic interaction
or mechanical bond. The flexible and multiple composi-
tions of the coatings could possess favorable biological
activity. It can be served as final layer to improve the
functionality of the substrate. 

(3) Mechanical coatings lead to refined grains and re-
distribution of the second phase of the surface, improve-
ment in mechanical properties and corrosion resistance
of Mg alloys due to severe plastic deformation in me-
chanical procedure. 

(4) The composition of conversion coating and deposited
coating are the research emphasis of Mg biomaterials,
because this composite coating could manage the con-
flict of binding force and bioactivity of single coating.
However, the degradation behavior of composite coat-
ing is more complicated and the variation in degradation
rate is uncontrollable and impressionable. It should be
further researched and verified under in vitro and in vivo
conditions. 

There still are huge challenges for the development of ad-
anced coatings on biomedical Mg alloys. The ideal coat-
ngs on biodegradable Mg alloys for clinic applications may
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be corrosion-resistant, self-degradable, and biocompatible as
well as drug-loading etc. But it’s almost impossible to fab-
ricate coatings with all properties mentioned before so far.
Especially for achieving the effectiveness of controllable cor-
rosion rate is quite difficult for degradable biomedical Mg
alloys as implant materials. 

Anodic gradient coatings might be the choice of Mg-based
implants. The outer anodic coating preferentially degrades and
its substrate alloy can be well-kept so that the integrity and
mechanical properties can be maintained. While for the con-
ventional cathodic coatings, the substrate will be the anodic,
and preferentially be attacked. Thus, its strength will be lost.
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