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Magnesium alloys have achieved a good balance between biocompatibility and mechanical properties, and
have great potential for clinical application, and their performance as implant materials has been
continuously improved in recent years. However, a high degradation rate of Mg alloys in a physiological
environment remains a major limitation before clinical application. In this review, according to the
human body's intake of elements, the current mainstream implanted magnesium alloy system is
classified and discussed, and the corrosion mechanism of magnesium alloy in vivo and in vitro is
described, including general corrosion, localized corrosion, pitting corrosion, and degradation of body
fluid environment impact etc. The introduction of methods to improve the mechanical properties and
biocorrosion resistance of magnesium alloys is divided into two parts: the alloying part mainly discusses

the strengthening mechanisms of alloying elements, including grain refinement strengthening, solid
Received 11th December 2022 uti t theni disl ti ¢ theni d initati t theni e th .
Accepted 1st March 2023 solution strengthening, dislocation strengthening and precipitation strengthening etc.; the surface

modification part introduces the ideas and applications of novel materials with excellent properties such

DOI: 10.1039/d2ra07829e as graphene and biomimetic materials in the development of functional coatings. Finally, the existing
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1. Introduction

The history of magnesium as a biomedical material can be
traced back to 1878. Dr Huse used magnesium wire to suture
a patient's blood vessels. However, since the rapid degradation
rate of pure magnesium in the body could not be effectively
controlled at that time, pure magnesium gradually faded out of
the field of biomedical materials." Magnesium alloys have great
application potential in the field of biomedicine due to their
mechanical properties and degradability. By alloying with
a variety of metal elements of different groups, a huge magne-
sium alloy system has been developed and widely used in
cardiovascular stents, bone implant materials (bone nails, bone
plates, etc.) and other fields.>? However, controllable degradation
is the most basic and critical issue for medical magnesium
alloys. The balance between local corrosion factors, mechanical
strength, biodegradation rate and biocompatibility is still
a research hotspot and difficult point in this field.?

As a biomedical implant material, magnesium alloy has both
unique advantages and some disadvantages. Some properties of
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problems are summarized, and the future development direction is prospected.

magnesium its alloys make them suitable for application in the
biomedical field.

(1) Mg is an essential mineral for the human body. The
recommended daily intake of magnesium for adults is 300-
420 mg, and the concentration of magnesium in serum is 0.7—
1.1 mmol L~ ".* Magnesium participates in a large number of
human physiological activities, such as affecting the activity of
more than 300 kinds of enzymes, maintaining a low resting
calcium ion concentration in cells, cellular energy metabolism,
protein synthesis, etc.’

(2) Mg has better mechanical properties: as shown in Table 1,
compared with DL-PLA, mg alloys have higher mechanical
strength; compared with inert metal materials such as 316L
stainless steel, Co-Cr-(Ni)}-Mo and TicALV, the elasticity
modulus of Mg and its alloys (41-45 GPa) is closer to that of
cortical bone (5-23 GPa), effectively reducing the stress shield-
ing effect; Mg is a particularly light metal, with a density of
1.74 g cm 3, which is 64% of that of aluminum and 22% of that
of steel, and this density is very close to that of human bone
(1.75 g em ™ ?). The fracture toughness of Mg is greater than that
of ceramic biomaterials such as hydroxyapatite, while the
compressive yield strength of magnesium alloy (21-170 MPa) is
closer to that of cortical bone (105-115 MPa) than other listed
metal implants. Mg alloys have a large range of ultimate tensile
strength and elongation, from 86 to 280 MPa and from 3% to
12%, respectively, which results in a rapid loss of strength
during early degradation stages in vivo. The intrinsic strength of

RSC Adv, 2023, 13, 8427-8463 | 8427


http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra07829e&domain=pdf&date_stamp=2023-03-14
http://orcid.org/0009-0003-4548-6200
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra07829e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013012

Open Access Article. Published on 14 March 2023. Downloaded on 3/15/2026 12:06:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Review
Table 1 Summary of physical and mechanical properties of common alloy implant materials compared with natural bone®-**

Elastic modulus  Tensile strength Compressive strength
Tissue/material ~ Density (g cm ™)  (GPa) (MPa) Yield strength (MPa) (MPa) Elongation  Ref.
Cortical bone 1.8-2.0 5-23 35-280 104.9-114.3 164-240 1.07-2.10 6
Cancellous bone  1.0-1.4 0.01-0.57 1.5-38 — — — 6
Mg-Zn-Ca—(Sr) 1.74-2.0 41-45 87-300 21-100 40-140 12 7
316L SS 7.9-8.0 190-205 540-1000 170-300 480-620 40 8
WE43 1.84 44.2 280 170 195 10 9
AZ91D 1.81 45 230 150 160 3 10
TigAl,V 4.43 110-120 860-965 760-1103 896-1120 12 11
Mg-cast 1.74 41 86.8 20.9 — 13 12
Co-Cr—(Ni)-Mo 8.3-8.9 230-240 860-1540 500-1500 450-1000 — 13
AM60B 1.78 45 220 — 130 6-8 14
DL-PLA — 1.9-2.4 29-35 — — 15

magnesium alloy as a stent material is not ideal. However,
internal fixation does not require high strength or stiffness as it
provides only temporary support.®™**

(3) Biodegradability: the degradation products of magne-
sium alloy in the human body environment are Mg(OH), and
H,, which are harmless to the human body and will not intro-
duce other harmful substances.*®

Currently, large-scale application of Mg alloys in the clinical
field still has the following obvious problems:

(1) Mg has a low standard potential of —2.37 V, which cannot
generate an effective protective film to slow down the corrosion
process. Corrosion continues to occur in the blood dynamic
environment due to the inability to reach an electrochemical
steady state."”

(2) Although the hydrogen as corrosion product of magne-
sium alloy is harmless to human body, cavitation which may
delay wound healing and cause tissue necrosis, increasing the
risk of blood flow blockage will be produced. The problem can
be solved by subcutaneous puncture.'® Simultaneously, the
rapid degradation of magnesium in the body is accompanied by
an increase in the pH of local body fluids. The change of pH has
potential harm to the growth of human bones and tissues, for
example, it may cause the protein in human tissues to reach the
isoelectric point and cause protein deposition or inflammation.
In addition, hemolysis and local osteolysis may occur.”

The recent research focuses on improving the corrosion
resistance of Mg and its alloys and expanding the biomedical
field of Mg alloys. The following areas are more frequently re-
ported: (1) preparation of new magnesium alloys by alloying; (2)
surface treatment or deformation processing of existing
magnesium alloys; (3) research and development of new forms
of magnesium alloys (ultra-fine grain structure, glass metal,
etc.). The research on Mg-based metal implant materials
focuses on binary systems and ternary systems, and gradually
develops towards multi-component alloys.>

Heat treatment, plastic deformation and the addition of
alloying elements are all common means to optimize the
mechanical properties and corrosion resistance of magnesium
alloys. A summary of the corrosion rate and tensile yield
strength of recently reported magnesium alloys is shown in
Fig. 1.>*** It is not easy to achieve both corrosion resistance and
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mechanical properties by adjusting the type and quantity of
alloying elements and changing the processing methods.

The active chemical properties of magnesium alloys cause an
oxide film to form on the surface when exposed to air. The
thickness of the oxide film formed in dry air is about 20-40 nm,
showing an amorphous structure;** the oxide film formed in
humid air (about 65% RH, 30 °C) has a double-layer structure,
including the outer oxide layer and inner oxide layer;* the oxide
film formed in aqueous solution has a three-layer structure,
including an outer oxide layer, an intermediate layer and an
inner oxide layer. The outer oxide layer is a sheet structure,
composed of Mg(OH), and a small amount of MgO, with
a thickness of about 1.8-2.2 pm. The structure of the middle
layer and the inner oxide layer is similar to the double layer
structure formed in humid air.** The Pilling-Bedworth ratio
(oxide/metal volume ratio) of MgO/Mg was 0.81. Therefore, the
MgO layer structure is loose.’” When water molecules are
adsorbed on the surface of the MgO film, the water molecules
will dissociate into OH~ and H', leading to the surface
hydroxylation of MgO, which in turn forms a fragile loose oxide
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film Mg(OH),. It is unstable in aqueous solution and is easy to
dissolve the MgO/Mg(OH), film, exposing the metal to the
solution and causing localized corrosion.?*>*

Due to the existence of diverse and complex corrosion
mechanisms, clarifying the corrosion mechanism of Mg and its
alloys in the human body plays a vital role in solving the
problem of excessive and uncontrollable corrosion rates. The
scale of research on the in vivo corrosion behavior of Mg alloys is
limited, and there is no unified conclusion on the factors
affecting the corrosion of magnesium alloys, such as grain size,
composition and distribution of second phase. Chemical
experiments, immersion experiments or implantation experi-
ments are carried out in an intuitive way, and part of their
conclusions is contradictory, therefore, special analysis should
be carried out in some special cases.*

Although alloying and deformation processing can signifi-
cantly improve corrosion resistance, implants put forward
higher requirements. Therefore, surface modification has
become an idea that is expected to further break through the
corrosion resistance limit of Mg alloys. The surface properties
(morphology, microstructure and composition) of implants will
regulate the adhesion of different cells, and thus the growth of
different tissues.** The basic principle of surface modification is
to add a barrier layer between the Mg alloy and the corrosive
medium through certain technical means, to reduce the
corrosion tendency thermodynamically, and to hinder the
diffusion of the corrosive medium kinetically. Surface coatings
can be divided into inorganic and organic coatings. Common
surface modification methods for preparing inorganic coatings
include chemical conversion, anodization, micro-arc oxidation,
chemical deposition, ion implantation and sol-gel. Organic
coatings include degradable polymer coatings, and the
common preparation methods include dip coating, spin
coating and self-assembly.** The formed inorganic coatings or
degradable polymer coatings on the surface of Mg and its alloys
can improve the corrosion resistance of magnesium alloys,
which is conducive to maintaining the structure and perfor-
mance of magnesium alloy implants in the early stage of
implantation stability.*®

Graphene materials have been widely used in the field of
surface protection due to their excellent impermeability,
oxidation resistance, high strength and lubricity. Graphene
oxide (GO) has abundant oxygen-containing functional groups,
which overcomes the problems of high chemical inertness and
easy aggregation of graphene. In the past five years, graphene-
based single-layer coatings, graphene/organic composite anti-
corrosion coatings, graphene self-assembled coatings and
multifunctional coatings have been reported. The emergence of
graphene may break the performance and functional limita-
tions of coating materials, however, the degree of crosslinking,
bonding, the insertion of the cerium-based interlayer, the pre-
alkali reduction of GO and the post-heat treatment reduction
of the coating will all have an impact on the microstructure and
corrosion and wear resistance of the biomimetic coating, which
needs further discussion.*

Many properties of biomimetic materials broaden the design
ideas of anti-corrosion coatings. Inspired by many natural

© 2023 The Author(s). Published by the Royal Society of Chemistry
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species such as desert beetles, lotus leaves, and butterfly wings,
the preparation of artificial superhydrophobic coatings has
been rapidly developed.***” The two key factors for the prepa-
ration of superhydrophobic surfaces are chemical composition
energy with low surface energy and suitable surface micro-nano
hierarchical structure.”® The application of the super-
hydrophobic coating can reduce the contact area between the
corrosive liquid and the surface to inhibit the corrosion devel-
opment of the magnesium alloy in the solution environment.*
The excellent adhesion of polydopamine (PDA) coatings
inspired by the strong adhesion of marine mussels provides
multiple possibilities for subsequent surface modification, such
as hydrophobic monolayers and protein adsorption.*® Similar
biomimetic materials are showing potential as functional
coatings for implanted magnesium alloys.

Based on the above research hotspots and trends, this review
will start with the introduction of existing medical Mg alloy
systems and their applications that have been widely reported
in recent years, and then discuss the corrosion mechanism,
influencing factors and evaluation methods of magnesium
alloys in vivo and in vitro. Next, methods for improving the
corrosion resistance of Mg alloys are introduced: alloying and
surface treatment, and some new coating materials with
impressive characteristics will be inventoried. Finally, the
problems to be overcome are summarized, and the outlook is
put forward.

2. Magnesium alloy system classified
from the perspective of human body
elements

2.1 Mg alloy developed based on essential elements of life

From Fig. 2, the intake of metal elements in the human body
needs to be strictly assessed. The total content of important
physiological elements Ca, K, Na, Mg, Fe, Zn in the human body
exceeds 1 g, which can be prioritized as alloying elements. Ca, K
and Na are very active and cannot exist stably in the air, thus
they are not suitable as matrix components, but can be added as
alloying elements. During the design of the implant, take a bone
nail as an example, assuming its weight is about 1 g, if the
elements Li, Cs, Mo and Co are used as alloying elements (the
total amount in the human body is between 1 and 10 mg), the
bone when the material used for the nail is added with a mass
fraction of 0.1%, the amount of such elements introduced into
the human body through the implant is 1 mg, which is close to
the total intake of the human body, so vigilance is required. For
elements such as Sc and Re, the human intake is less than 1 mg,
and it is easy to exceed the human intake after degradation,
strict biosafety evaluation (pharmacokinetics, toxicokinetics,
etc.) is needed before clinic trail.

Based on this principle, a series of alloys have been issued,
including a series of typical binary alloys such as Mg-Ca, Mg-
Zn, Mg-Mn, Mg-Li, Mg-Sr, Mg-Si, etc.

Mg-Zn alloys have good plasticity and biocompatibility.
Frequently reported models are: Mg-6Zn, Mg-Zn-Zr, Mg-Zn-
Ca, Mg-Zn-Fe, Mg-Zn-Ca-Fe, Mg-Zn-Mn-Ca, Mg-Zn-Mn-Ca-
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Fig. 2 Contents of metal elements in human body and suggestions on alloying of each element.>

Fe, etc. Ternary and quaternary alloys containing rare earth
elements include Mg-Zn-Y (such as WZ21 (2 wt% Y, 1 wt% Zn)
and ZW21 (2 wt% Zn, 1 wt% Y)), Mg-Zn-Gd, Mg-Zn-x-RE (such
as ZEK100 (1 wt% Zn, 0-0.5 wt% Zr, 0-0.5 wt% RE)), etc.”> The
addition of rare earth elements forms a uniform microstructure
with uniform grain size and dispersed second phase composi-
tion, which effectively improves the mechanical properties of
the alloy and reduces the degradation rate. Special phases in
Mg-RE alloys, such as the long-period stacked order (LPSO)
phase (Mg-Zn-Y), show high strength, usable ductility and
good corrosion resistance.”

The amount of Sr added in Mg-Sr binary alloys is generally
0.3 wt% to 4 wt%. The Mg-Sr alloy is mainly composed of o-Mg
and Mg;,Sr, phases, and galvanic corrosion exists between the
two phases, which accelerates the degradation. The addition of
1.5-2 wt% Sr helps to improve the corrosion resistance, while
further addition will have the opposite effect due to the increase
of the second phase and the formation of galvanic cells.** After
in vivo and cytotoxicity tests on Mg-0.5Sr,*> Mg-1.5Sr** and Mg-
281, they showed that the cell viability of the samples after 7
days was higher than that of the control group WE43; also, they
had good osteogenesis capacity, slight host reaction and safe
residual Sr element for human body after 4-8 weeks of
implantation. In short-term in vivo experiments, Mg-Sr alloys
exhibit good biocompatibility and bioactivity, making them
promising for orthopaedic applications. Long-term in vivo
experiments are needed to verify the reliability of these
properties.

The Mg-Li binary alloy has good plasticity, but the a lower
strength compared to pure Mg. Al, Ca and Y are effective
alloying elements for this type of alloy, and ternary and
quaternary alloy systems have been developed. Typical Mg-Li
ternary alloy systems include Mg-Li-Al: LA33, LA63, LA93; Mg-
Li-Ca: Mg-1Li-1Ca, Mg-4Li-1Ca, Mg-9Li-1Ca and LAE442
(4 wt% Li, 4 wt% Al, 2 wt% RE). LAE442 has been tested in
various in vivo studies such as dowel, full body cylinder or plate
screw systems, and a small number of stents. Processing the
LAE422 alloy by severe plastic deformation represents an option
to improve its mechanical properties and corrosion resistance.”®
In the microscopic observation of LAE442 treated with equal

8430 | RSC Adv, 2023, 13, 8427-8463

channel angular pressure (ECAP), FCC nano-aluminum parti-
cles were formed in the magnesium matrix, and the Al at
dislocations was strongly segregated. The ECAP-treated alloys
were tested for in vitro degradation in physiological saline, and
their degradation rates decreased significantly. In vitro cyto-
toxicity tests showed that the 7 day viability of ECV304 and
VSMC cells could reach 80% for the ECAP-treated material.> In
in vivo tests with Mg-La2 stents, LAE442 showed a homoge-
neous and slower degradation and achieved better osseointe-
gration values in the first few weeks. Due to the excessively fast
degradation rate, the BMD, bone volume, trabecular number
and thickness displayed by La2 were smaller than those of
LAE422, and the value of trabecular spacing was also larger.
Although bone growth conditions were improved after almost
complete degradation of La2 and cessation of gas production,
the overall growth quality was still suboptimal due to the fast
degradation (Fig. 3).*°

2.2 Industrial magnesium alloy

Some implant Mg alloys can be transformed from industrial
magnesium alloys. The research of these alloy system mainly
focuses on Mg-RE system and Mg-Al based magnesium alloys.
Binary Mg-RE alloys containing rare earth elements lanthanum
(La), cerium (Ce), neodymium (Nd), gadolinium (Gd), dyspro-
sium (Dy), yttrium (Y) and scandium (Sc) have been widely re-
ported. The addition of these elements has played a role in grain
refinement, improving the corrosion resistance and mechanical
properties. The binary RE phase diagrams is similar for the Mg-
rich regions, they all have simple eutectic reactions to form
Mg,,Ys or Mg;,RE.**

Although a large number of research reports, currently, the
only Mg-RE implants with valid clinical trial data are the
MAGNEZIX series of orthopaedic prosthetic devices (screws,
pins and arthrodesis) by Syntellix AG and the Magmaris series
stent (DREAMS-2G) by Biotronik.

2.2.1 Mg-RE alloy as a cardiovascular stent. Among the
Mg-RE alloys, the Mg-Y-RE-Zr quaternary alloy WE43 is more
representative. Screws, pins and brackets made of WE43 (W for
Y element, E for RE element, 4 wt% Y, 3 wt% RE) are currently
receiving extensive clinical and testing. Gualter et al. evaluated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 uCT images of longitudinal sections of La2 and LAE422 degradation evolution at 36 weeks.®°

the corrosion performance of WE43 in 0.6%NacCl solution and
found that the precipitation second phase was Mg,;Nds and
Mg,,Ys, and the corrosion resistance was greatly improved
compared with pure Mg. In the later stage of corrosion, the
protective corrosion product layer composed of Mg(OH),, Y,05
and Nd,O; covers the surface of the alloy, and at the same time
hinders the charge transfer between precipitate and matrix,
making corrosion uniform and slow.®> However, the biocom-
patibility issues brought about by the rare earth elements
introduced by the alloying of WE43 need further long-term
evaluation.

Biotronik developed a degradable Mg alloy stent based on
WE43 and carried out technical updates, its stents have
undergone the evolution from AMS to DREAMS. After three
iterations, the radial support force was further enhanced while
the degradation rate was reduced, and the intimal hyperplasia
was reduced by improving the drug-loaded coating.

In 2005, Peeters et al. treated with Biotronik's AMS stent and
found symptoms of significant limb ischemia. Three-month
follow-up showed a cure rate of 89.5% (17/19); the stent was
completely degraded after six weeks.*® The degradation rate is
fast and cannot meet the needs of rehabilitation. In view of this,
AMS's improved DREAMS 1-G stent adopts optimized alloy
composition and structural design to further enhance radial
support force and reduce degradation rate, and prepare
paclitaxel-loaded PLGA coating on the stent surface to reduce
intimal hyperplasia. The clinical trial of BIOSOLVE-I showed
that DREAMS 1-G had good safety after implantation. The angle
of the blood vessel at the implanted position recovered at 6
months, indicating that the stent had lost its supporting func-
tion. The IVUS results also showed that the stent had signifi-
cantly degraded at 6 months. There was no difference in in-stent
LLL (0.65 £+ 0.50 mm) at 6 months and results at 12 months
(0.52 + 0.39 mm). Although both were significantly lower than
the 4 month results for the AMS stent (1.08 + 0.49 mm), they
were still significantly higher than the conventional DES stent.**
In order to further reduce the in-stent LLL of DREAMS 1-G,
DREAMS 2-G takes PLLA as the drug-loading layer, it contains
rapamycin which is generally believed to have better anti-

© 2023 The Author(s). Published by the Royal Society of Chemistry

intimal hyperplasia effect. X-ray markers made of tantalum is
placed at both ends of the stent for more accurate positioning.
The clinical trial results showed that the target lesion failure
rate (TLF) of the DREAMS 2-G was only 3.3% after 6 months of
implantation, and no definite or probable stent thrombosis
occurred. The in-stent LLL at 6 months was (0.44 + 0.36) mm,
which was lower than the in-stent LLL at 6 months of DREAMS-
1G (0.65 £ 0.50 mm); the area of intimal hyperplasia (0.08 +
0.09 mm?®) was also lower than that of DREAMS 1-G (0.30
mm?).% Based on the excellent clinical performance of DREAMS
2-G, the product has obtained CE certification in June 2016,
which is also the world's first approved biodegradable Mg alloy
vascular stent product (Table 2).

The main problems faced in the research of magnesium
alloy vascular stents are as follows:

@® The difference between in vitro and in vivo degradation
rates. The degradation rate is one of the most important indi-
cators of biomedical magnesium alloys, which not only deter-
mines the decay rate of mechanical properties, but also
determines the local pH value and ion concentration of alloying
elements at the implantation site, thereby affecting the
biocompatibility. However, the degradation rates obtained from
in vitro and in vivo experiments are usually inconsistent because
in vitro experiments are difficult to simulate the real human
environment. Usually, the simulated body fluid (SBF) used in
experiments only contains inorganic salt ion concentrations
(Na¥, K*, Mg>*, Ca**, Cl~, HCO; ~, HPO,> ", SO,* ), while human
blood also includes amino acids, proteins, lipids, cells and
other components. Dulbecco's modified eagle's medium
(DMEM) with inorganic salt ions and amino acid concentra-
tions is more like human plasma and is recommended as
a corrosion medium for in vitro experiments.®’”

The effect of protein on the degradation of magnesium alloys
is not well established, as it may inhibit or promote the
degradation, depending on the type of protein and the proper-
ties of the alloy surface. Johnson et al. studied the effect of fetal
bovine serum (FBS) on the degradation of pure Mg and MgY and
found that FBS had no obvious effect on the degradation of pure
Mg, (with or without oxide film) but accelerated the degradation
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Table 2 Parameters of AMS and DREAMS stent®®
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Product name AMS

DREAMS 1-G

DREAMS 2-G

PRI T I VT

SOOI PO X)) .

Structure cleicci e

,x\x\\\\\\\ﬂsﬁb

Matrix material WE43 Refined magnesium alloy Refined magnesium alloy
Dimension (pum) 80 x 165 130 x 120 150 x 150

Coating — PLGA PLLA

Drug — Paclitaxel Sirolimus

Design 4-Crown 4-link 6-Crown 3-link 6-Crown 2-link

X-ray markers — —
4 weeks

Implantation time 1 week

rate of MgY (even with the protection of oxide film), which may
be due to sequestration of metal ions and oxides or promotion
of local galvanic cells.®® Liu et al. found that addition of albumin
to normal saline could reduce the degradation rate of Mg-
1.5Ca. Electrochemical impedance spectroscopy (EIS) tests
showed that albumin could improve charge transfer resistance
and surface layer resistance at open circuit potential, while at
the same time the effect of albumin in reducing the degradation
rate increases with increasing concentration.®® Other factors
include the body's pH buffer system, fluid flow, substance
transport, metabolism, cellular and tissue effects. Among them,
the effect of cells on the degradation behavior of biomedical
magnesium alloys is rarely reported.

Due to the biodegradation characteristics of magnesium
alloys, the ISO10993 in vitro evaluation standard is not fully
applicable to degradable magnesium alloys, and related exper-
imental method improvement and standard formulation
(including alloy preparation, material screening, and full-device
performance testing, etc.) are still in progress.”®”?

®@ The mechanism of further transformation and degrada-
tion products is not clear. The degradation process of polymer
drug-eluting stents has been clearly studied. Taking the BVS 1.1
stent as an example, the degradation process of the PLLA stent
includes autocatalytic ester bond hydrolysis, molecular weight
reduction, and the diffusion of the hydrophilic water product
lactic acid monomer into surrounding tissues and blood, and
finally metabolized to CO, and water through the pyruvate and
tricarboxylic acid cycles. After 36 months, the stent was
completely degraded and the stent site was occupied by
collagen, proteoglycans and a small amount of smooth muscle
cells.”

Compared with polymer vascular stents, the entire degra-
dation process of Mg alloy vascular stents and the trans-
formation and metabolism mechanism of degradation
products have not been systematically studied. The results of
the PROGRESS-AMS clinical trial showed that 4 months after
the AMS stent was implanted, the echo reflection signal of the
stent wall had been significantly reduced and there was no
shadow caused by the metal when it was just implanted, but the
wall could still be distinguished from the surrounding tissue.
After 16 months of implantation, the reflected signal was no
longer detectable. From this, it was indirectly inferred that the
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stent was completely degraded at 4 months, and there was no
residue at the implantation site after 16 months.”

The degradation products of DREAMS-1 are mainly
composed of Mg and O elements, which may be Mg(OH), or
MgCO;. The DREAMS-1 degraded uniformly in vitro, and in vivo
results showed that the degradation occurred preferentially on
the side, which may be related to hemodynamics; after 90 days,
the stent was significantly degraded, and the degradation
products of the outer layer were converted into calcium phos-
phate; after 180 days, the magnesium alloy was completely
degraded, the degradation products were completely converted
to amorphous calcium phosphate.”

The BIOSOLVE II clinical trial using the DREAMS-2 stent was
reported as one of the themes at the 2015 TCT (Transcatheter
Cardiovascular Therapeutics of the Cardiovascular Research
Foundation) conference. Degradation and absorption model of
DREAMS-2 stent magnesium (Fig. 4): in the early stage after
implantation, Mg and H,O react to form Mg(OH), (the blue part
of the stent periphery); 3-12 months later, there are Mg(OH),
around the degradation product with the deposition of phos-
phates, Mg(OH), is gradually converted into more insoluble
Mg(H,PO,), (the cyan part of the periphery of the stent), and
due to the deposition of Ca, Mg(H,PO,), is gradually converted
into Ca(H,PO,),; after 12 months, the degradation products are
completely converted to Ca(H,PO,),, and Mg ions diffuse into
the blood and finally excrete through the urine.”

2.2.2 Mg-RE alloy as bone fixation materials. Because the
elastic modulus of magnesium alloy is close to that of human
bone, it can effectively alleviate the stress shielding effect.
Magnesium alloys can provide stable mechanical properties in
the early stage of fracture healing, gradually reduce its stress
shielding effect, and prevent the occurrence of local osteopo-
rosis and refractures.”” The bone fixation materials involved in
the experiment mainly include alloy rods, metal laths and
screws, etc. Although many Mg alloys have been applied to
orthopedic research, only the MAGNEZIX cannulated
compression screw from Germany's SYNTELLIX company has
obtained EU certification, and the K-MET cortical bone screw
and headless screw from South Korea's U&i company have ob-
tained marketing approval from the Korean Food and Drug
Administration.” MAGNEZIX® is an absorbing compression
screw modified from Mg-Y-RE-Zr alloy and is the first implant
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Fig. 4 Degradation model of DREAMS-2 stent.”®

of its kind to receive CE certification. These products have
a yield strength (YS) greater than 260 MPa, an ultimate tensile
strength (UTS) greater than 290 MPa, an elongation of 8%, and
an elastic modulus of approximately 45 GPa. The screw has
been developed in different models with diameters of 2.0 mm,
2.7 mm, 3.2 mm and 4.8 mm, and thousands of them are sold
worldwide.” Waizy et al. conducted an in vivo study in New
Zealand white rabbits using Mg-Y-RE-Zr, which has a similar
composition to WE43. pCT-stained tissue showed essentially
complete degradation of the metal portion of the implant 52
weeks after implantation.*® The Nuremberg General Hospital
reported a case of postoperative medial malleolus fixation with

v

6 months 9 months

MAGNEZIX® CS 3.2 in a 43 year-old patient with a bi-ankle
fracture.®* From Fig. 5, at 6 weeks post-operatively (Fig. 5(c)),
a distinct radiolucent area appeared in the proximal end of the
MAGNEZIX® screw. At 3 months postoperatively (Fig. 5(d)), the
radiolucent area was unchanged. The degradable properties
and good strength of Mg-Y-RE-Zr alloy provide reliable support
for metal removal, allowing it to be removed smoothly without
residue. After removal at the eighth month (Fig. 5(d)), the area
of X-rays passing through the damaged area was greatly
reduced, indicating that the bone rehabilitation was progress-
ing smoothly. Fig. 5(f) shows the almost complete disappear-
ance of X-ray transparency at 17 month postoperative follow-up.

Fig. 5

(@) MAGNEZIX® compression screws: from left to right: MAGNEZIX® CS 2.0, MAGNEZIX® CS 2.7, MAGNEZIX® CS 3.2, MAGNEZIX® CS

4.8. (b—f) X-ray of ankle fracture: (b) ankle fracture type AO-ASIF 44-A2.3; before surgery (c) six weeks after surgery; (d) 3 months after surgery; (e)

8 months after surgery, metal removal; (f) 17 months after surgery.®
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The patient had no pain, swelling, or other functional deficits.
Although the light transmittance around the MAGNEZIX®
screw deviates from previously reported osteoconductivity,
results at both 8 and 17 months post-surgery demonstrated that
the screw did not cause allergic reactions or other disturbances
to bone healing.

Also, there are studies on the degradation behavior of WE54
magnesium alloy (die-cast, 1.58 wt% Nd, 4.85 wt% Y, 0.28 wt%
Zr, 0.08 wt% Ce, 0.13 wt% Gd, 0.16 wt% Er, 0.13 wt% Yb). The
degradation rate of the solutionised (200 pA cm™>) and peak-
aged (160 pA cm™?) WE54 alloy is lower than that of pure
magnesium (250 pA cm™2), but significantly higher than that of
the AZ91 alloy (50 pA cm™?). The passivation film resistance
formation of WE54 is not ideal.*> EW62 (Mg-6%Nd-2%Y-0.5%
Zr) magnesium alloy has improved corrosion resistance and
mechanical properties compared to its conventional counter-
part (CC), and rapid solidification properties also reduce its
cytotoxicity.®® Increased Nd solubility in passivated substrates
and outer layers helps reduce hydrogen formation and
hydrogen embrittlement.* EW10X04 (1.16 wt% Nd, 0.48 wt% Y,
0.48 wt% Zr, 0.43 wt% Ca) developed by adding a small amount
of Ca to EW10 (1.15 wt% Nd, 0.43 wt% Y, 0.46 wt% Zr), the
corrosion test in 0.9% NaCl solution found that the corrosion
rate of EW10X04 (about 0.5 mm year ) was significantly slower
than that of EW10 (more than 1 mm year '), however, the
mechanical properties of EW10X04 decreased.®

2.2.3 Mg-Al alloy and unclassified modified Mg-RE alloy.
Mg-Al alloys commonly used in industry are represented by as-
cast AZ91 and extruded AZ80, AZ63, AZ31, AM60, AE21, etc.
According to the Mg-Al alloy phase diagram, at 710 K, the solid
solubility of Al in Mg reaches a peak of 12.7 wt%j; when it drops
to room temperature, the solubility of Al in Mg decreases to
about 2 wt%, and the eutectic reaction is: L — o(Mg) +
B(Mg;,Al;,). However, under actual solidification conditions,
such as AZ91 magnesium alloy, a dissociated eutectic structure
or a non-equilibrium eutectic structure will be formed.*® For
AZ31, Al is completely dissolved in o-Mg without the formation
of B-phase.*” Since excessive Al may cause neurotoxicity, which
is closely related to the occurrence of Alzheimer's disease, Mg-
Al medical magnesium alloys are gradually being replaced by
other series of alloys.

2.2.3.1 JDBM. Yuan et al. developed JDBM-1 for orthopedics
with “high strength and moderate toughness” and JDBM-2 for
cardiovascular use with “high plasticity and medium strength”,
both of which are Mg-Nd-Zn-Zr quaternary alloy (Nd 3.0, Zn
0.2, Zr 0.5). The alloy adds a small amount of light RE element
Nd with mild cytotoxicity. The addition of Nd can ensure that
alloy has good aging precipitation strengthening and solid
solution strengthening performance, also, it brings more
uniform corrosion by greatly increasing the electrode potential
of the alloy matrix and reducing the galvanic corrosion potential
difference between the matrix and the second phase, the bio-
corrosion resistance and mechanical properties of JDBM in SBF
is significantly better than that of AZ31 and WE43.%®

In the evaluation of in vitro cytocompatibility, JDBM showed
good compatibility with endothelial cells and smooth muscle
cells, and had no adverse effect on the activity, apoptosis and

8434 | RSC Adv, 2023,13, 8427-8463

View Article Online

Review

cytoskeleton of HUVEC cells; adhesion morphology and
apoptosis were not adversely affected. In in vitro test, the 72 h
corrosion rate of JDBM stent was calculated to be (0.23 +
0.02) mm y ' by weight loss method. Proteins can reduce this
corrosion rate by enhancing the protection of the degradation
product layer, whereas HUVEC cells and macrophages can
accelerate the degradation of JDBM, where the promotion by
macrophages is uniform and does not accelerate localized
corrosion.*”” In the in vivo experiment (New Zealand white
rabbit), the JDBM implantation process had good compliance,
and the stent did not fall off from the balloon. JDBM adhered
well after expansion and had good biosafety after implantation.
Complete endothelialization of JDBM took 4 weeks and the
progress was similar to that of 316L SS. It took about 3 months
for Mg in JDBM to degrade completely. Mg and Zn showed no
continuous enrichment in the main organs of rabbits. Part of
Nd existed in the blood vessel wall in the form of Nd(OH); and
Nd phosphate particles, the other part was metastasized to the
spleen, liver and lung, and there was no persistent enrichment
in the organs, which is a relatively safe signal. Several months
after implantation, the content of Zr in the spleen and liver was
higher than that in the control group without implantation. The
problem JDBM needed to face is that stress corrosion occurs in
only one month after implantation, resulting in a significant
decrease in the support of the blood vessel. Related stent
structure needs to be further optimized.®® Surface treatment
technology may effectively improve this defect. It is currently
reported that the Ca-P coating JDBM screw used for the treat-
ment of fractures prolonged the complete degradation time to
3-6 months, and no infection, internal fixation failure, mal-
union or other complications occurred in any patient.”

2.3 Other medical magnesium alloys

Y, Sc and W are also trace elements in the human body, and
their intake should be strictly evaluated. The application of
their multi-component alloys in the field of implants has also
been reported.

2.3.1 Mg-Y. Compared with pure magnesium, the binary
alloy Mg-Y has refined grains and improved corrosion resis-
tance.”” Ternary alloy Mg-Y-Zn significantly improves the
uniformity of degradation and biocompatibility.”** Quaternary
alloy Mg-Y-Ca-Zr*”®, Mg-Y-RE-Zr*® significantly improves
mechanical properties while maintaining in vitro cell
compatibility.

2.3.2 Mg-Sc. Ogawa et al. found that there is a bee structure
(B-type) in Mg-Sc alloys. The B-type Mg-Sc alloy caused revers-
ible martensitic transformation and exhibit shape memory
properties. Shape memory magnesium alloys are very suitable
for stents.®” A study on Mg-3Sc-3Y found that the addition of Sc
and Y could moderate the corrosion rate in the form of passive
films. The oxide layer was mainly composed of Sc,0; and Y,O3,
and the content of Sc,O; was higher than that of Y,O;.
Compared to the polished surface, the oxide layer reduced the
degradation rate by a factor of nearly 100 for up to 3 weeks. The
compressive strength of this alloy also reached the level of AZ91
and WE43.”® Ternary Mg-Sc-Sr alloys showed significantly
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higher angiogenic and osteogenic differentiation compared to
pure magnesium and controls, demonstrating potential for
bone implants.*

2.3.3 Mg-W. To date, there are few reports on multi-
component medical alloys with Mg-W as the main alloying
element. In view of the potential harm of W to the human body,
it should be carefully evaluated.

The above discussion is all about the Mg alloy produced by
alloying. Also, researchers use surface modification methods to
build a corrosion barrier layer on the surface of Mg alloys for
degradation regulation and control. Common methods mainly
include the preparation of chemical conversion coatings, elec-
trochemical coatings, Ca-P-based coatings, degradable polymer
coatings, bioinert ceramic coatings and composite coatings.'*
From this, a more diverse and huge medical magnesium alloy
system is derived. Looking forward to more comprehensive and
systematic reports in related fields in the future.

3. Corrosion mechanism of Mg alloys
3.1 Corrosion types of Mg alloys

Mg is an active metal element. In acid and neutral solutions,
especially in solutions containing Cl~, Mg is prone to electro-
chemical corrosion after contacting with H,0, and Mg(OH), is
formed on the surface and H, is released at the same time.
Human body fluid is a complex environment of a variety of
anions, cells, proteins, glucose and pH, and the degradation is
more complicated than that in the natural environment.
According to the mainstream view, the explanation is as follows:
(1) the oxide film and corrosion layer on the alloy surface are
loose in structure and chemically unstable; (2) galvanic corro-
sion caused by impurities and secondary phases in the alloy.***
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The corrosion types that are prone to occur in the aqueous
solution are mainly general corrosion, pitting corrosion and
localized corrosion. The process of general corrosion is uniform
and occurs over the entire metal surface. This type of corrosion
is less detrimental to the implant material and is common in
the self-dissolution of pure metals and homogeneous alloys.
During localized corrosion, the corrosion rate of local area of
the alloy is much greater than that of the rest of the alloy, and
the corrosion is more destructive than general corrosion.
Common localized corrosion include intergranular corrosion,
filiform corrosion, stress corrosion cracking and corrosion
fatigue etc. (Table 3).'*

3.1.1 Galvanic corrosion. In NaCl solution, the corrosion
potential of Mg is more than 600 mV negative than that of the
second active engineering metal Zn, and Mg alloy implants are
always quite active anodes when they are in contact with other
implanted metals such as stainless steel and titanium alloys.
Galvanic corrosion can occur between the matrix phase and the
second phase even within the same material.**

Magnesium alloys are not uniform in composition, micro-
structure and crystallographic orientation. These differences
lead to various electrochemical activities, resulting in
microscopic-scale galvanic couples. The potential difference
between the Mg alloy and the coupled metal is positively related
to degradation rate when it is used as an anode. Therefore,
when choosing a galvanic pair, making the potential difference
between the coupling metal and Mg alloy less than 0.25 V.
Changes in pH may alter the electrolytic reaction as well as the
polarity of the galvanic metals. For example, in a neutral or
weakly acidic low-concentration NaCl solution, AlI-Mg galvanic
couple is initially using Mg as anode, but with dissolution of
Mg, the solution becomes alkaline, and Al is converted into

Table 3 Common corrosion types of magnesium alloys in simulated physiological fluids!©3-*28

Corrosion types Corrosion morphology Predisposing factors Typical cases Reference
General corrosion Uniform corrosion Aqueous electrolyte Almost all magnesium 103-105
characteristics (chloride, perchlorate, alloys, such as AZ91, AZ31,
sulfate, nitrate anions) AE44, etc.
Pitting corrosion Pits Electrode potential Common in most 106-111
difference, grain size, pH magnesium alloys, such as
AZ31, WE43, ZK60, ZE41,
GW93, AM60, Mg-Zn-Y-Nd,
Mg-Nb, Mg-La, Mg-Ca, Mg-
Sr, Mg-Nb, Mg-Al-Ti, etc.
Localized corrosion: Blowholes, cracks Potential difference, pH, AZ91D, Mg-Dy-Gd-Zr, Mg- 112-117
galvanic corrosion galvanic pair spacing Gd-Ca, Mg-Y-Zn, Mg-Zn,
Mg-Ca, etc.
Localized corrosion: Pearly pitting, grain off Microgalvanic corrosion AZ80, ZK60, etc. 118 and 119
intergranular induced
Localized corrosion: filiform Corrosion wire on alloy Originating from pitting Mg-Li, Mg-Zn, WE43, etc. 120-122
corrosion surface corrosion, induced by
corroded microbatteries
Localized corrosion: Fatigue crack Microstructure, loading AZ791D, WE43, AZ80, ZX10, 123-126
corrosion fatigue frequency, temperature, Mg-Zn-Zr-Y, etc.
humidity, and pH
Localized corrosion: stress Crack Electrochemistry, tensile Al-containing magnesium 126-128

corrosion cracking

mechanics, alloying
elements, pH

© 2023 The Author(s). Published by the Royal Society of Chemistry

alloy (AZ31, AZ61 and AZ91),
ZK21, ZX10, etc.
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anode. Therefore, in alkaline medium (pH > 8.5), the corrosion
process of alloy is greatly inhibited.*°

Anode/cathode area ratio, anode/anode insulation distance,
depth of the dissolved film overlying the galvanic pair and
distance between the galvanic pairs all affect the behavior of
galvanic degradation. The galvanic current action distance of
Mg alloys is limited, and corrosion generally occurs near the
edge of test piece. Song et al. used a specially designed “sand-
wich” galvanic corrosion probe to measure galvanic currents at
different distances between two pieces of metal, high-strength
steel and AZ91D under standard salt spray conditions. From
them, under theoretical relationship, the galvanic current
decreases with the increase of distance between cathode and
anode, and the relationship is exponential, and the larger the
distance, the smaller the reduction. The experimental values are
basically in line with the theoretical relationship.'*”

The activity of galvanic reactions can vary by region, particle
and phase. Specifically, Mg often acts as a microanode in alloys
due to its activity. However, there are many substances that can
be microcathode, such as intermetallic compound particles,
impurity particles, secondary phase and matrix phase with
higher solid solute concentration. Fig. 6 summarizes the
microcurrent process and various galvanic corrosion behaviors
of Mg alloys. Internal galvanic corrosion or microgalvanic
corrosion is due to the presence of impurity grains and cathodic
phases on grain boundaries, and the corrosion current flows
from a to B, as shown in Fig. 6(a). External galvanic corrosion is
caused by contact with noble metal. o grains are pure Mg grains
or solid solutions of Mg and its alloying elements (Al, Zn, Ca,
Mn and some RE elements). B phase is the second phase formed
between grain boundaries and grains.”® In general, the

Cr cr

P

Mg(OH),

Cl
MgO MgO

Cr

Fig. 7 Schematic of pitting corrosion.***
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(a) Schematic of internal micro-galvanic corrosion. (b) External galvanic corrosion.***

electrode potential of B phase is generally higher than that of
substrate, which is easy to cause microgalvanic corrosion, so
that the surrounding o-Mg phase is preferentially corroded,
resulting in serious local corrosion. But this cannot be used as
the only judgment of corrosion resistance of B phase. For
example, the self-corrosion potential of Mg,Ca phase is higher
than that of a-Mg phase, but its degradation rate is much higher
than that of a-Mg phase. At the same time, anodic § phases with
electrode potential lower than a-Mg, such as Mg,4(Gd, Y)s and
Mgs(Gd, Y), also exist in Mg alloys.**> In addition, the LPSO
second phase present in Mg—-RE-Zn-based alloys was also found
to induce galvanic corrosion in certain alloys, despite this phase
having a uniform oxide film and rapid film repair capability. In
the as-cast Mgioo_3:(Zn1Y3); (1% = x = 3%, atomic fraction)
alloy, the coarse rhombic 18R-LPSO phase located at the grain
boundary induces microgalvanic corrosion between grains.
With the increase of x, the grain size of o-Mg dendrites
decreases, the volume fraction of 18R-type LPSO phase
increases, and degradation rate accelerates.'*?

3.1.2 Pitting corrosion. Pitting corrosion is dominant. The
research of pitting corrosion starts from the microstructure.
The alloy structure verified by SEM characterization, electro-
chemical measurement and local scanning electrochemical
technology is usually a-Mg matrix phase + B phase/second
phase (e.g. Mg,,Al;,, AIMn(Fe), Mg,Zn, Mg,Ca, MgSi,, Mg,Cu,
AlgMns, etc.)/intermetallic compounds. As shown in Fig. 7,
a typical Mg alloy pitting morphology is shallow pits formed at
the rupture of protective passivation layer MgO on the alloy
surface after immersion in an aqueous environment with
corrosive ions like C1™. The micro-galvanic cells formed in the
impurities or the second phase of Mg alloys will continue to
accelerate the expansion of corrosion pits until a large number
of passivation corrosion products such as Mg(OH), are precip-
itated to fill the pits.”*

It was found that the corrosion pits tended to be in the
second phase, because their electrode potential was usually
higher than that of the o-Mg substrate.”** In the study of RE Mg
alloy GW93 (Fig. 8),"*° researchers found that the pitting
corrosion of the alloy could be divided into three stages. In the
first stage, the lower potential lead to preferential dissolution of
the anodic second phase, which then formed a rare earth oxide
film and become inert; in the second stage, corrosion propa-
gated horizontally around the dissolved second phase; in the
third stage, corrosion pits were formed and developed deep in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 SEM corrosion morphology of cast Mg alloy GW93 immersed in 3.5% NaCl for 30 min (a and b); 48 h (c and d); 72 h (e and f).1*°

the direction of dissolving the second phase, forming pitting
corrosion.

Currently, there are two disputes in the pitting corrosion
process:

(1) Control steps of pitting corrosion: Williams et al. found
that the hydrogen evolution rate of the cathode had a strong
correlation with the corrosion rate through the corrosion test of
AZ31 alloy, so the cathode was judged as a pitting control
step.”®

(2) The pH of anode in pitting zone: one study inferred that
the hydrolysis of Mg>" resulted in acidification of the solution
by observing the pH value of anode zone to be acidic;"*® while
another study using the scanning vibrating electrode technique
found that, according to theoretical calculations, the migration
of C1™ accelerated the corrosion in the anodic region, while the
hydrolysis of Mg>* did not create an acidic environment.*¥’

Pitting corrosion is related to grain size, solution environ-
ment, chemical composition and the second phase. Among
them: smaller the grain size brings fine grain structure and
effectively reduce the number of pitting pits. In AZ31B alloy, it is
found that when the grain size is very small, the corrosion
morphology of the magnesium alloy develops from pitting
corrosion to uniform corrosion;*** ion concentration in the
solution promote the development of pitting corrosion. For

© 2023 The Author(s). Published by the Royal Society of Chemistry

example, the degree of pitting corrosion caused by Cl™ usually
has a logarithmic relationship with the concentration;'** The
influence of pH on pitting corrosion is divided into acid and
alkali conditions. The general rules currently summarized are:
when pH < 0.5, solution is acidic, and the acceleration of pitting
corrosion is achieved by dissolving surface film; when 10.5 < pH
< 12, the self-corrosion potential and corrosion current are
relatively stable, the surface film begins to become stable, and
pitting corrosion is inhibited; when pH > 12, the self-corrosion
potential rises again, self-corrosion current drops to a very low
value, and the protective effect on the surface film is further
enhanced.**® During corrosion of extruded AM60 at different
PH, in acidic and neutral NaCl solutions, the corrosion type of
the matrix around the AIMn phase on the alloy surface was
pitting corrosion, while the corrosion at the same position in
alkaline solution was very uniform and honeycomb-like distri-
bution. The surface of sample at pH 12 was smooth and flat with
only a few pits.***

3.1.3 Filiform corrosion. The initial process of pitting
corrosion and filiform corrosion is the formation of small
corrosion pits from Mg matrix. Therefore, these two kinds of
corrosion often occur together, but in different propagation
paths. The development of pitting corrosion extends into the
interior of Mg matrix, and has a lager depth with smaller area.
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Fig. 9 Schematic representation of the mechanism of filiform
corrosion under immersion conditions, showing how the regions of
the localised corrosion cell correspond with empirically derived SVET
J, versus distance profiles.**?

Filiform corrosion is spread on the alloy surface according to
a certain path, and the corrosion depth is shallower with
a larger area. Compared with Fe and Al alloys, Mg alloys have
narrower corrosion wires and slower growth rates.**

Taking the corrosion behaviour of pure Mg in salt water as an
example, Williams G. et al. proposed that the development of
corrosion wire is caused by corrosion microbatteries, the head
of corrosion wire is anode, while the tail of corrosion wire is
cathode. The corrosion wire of cathode is electrically coupled
with anode Mg matrix through extension, resulting in a disso-
lution reaction of anode Mg and the destruction of oxide film.
Corrosion product Mg(OH), of the anode is deposited and lost
its activity, and turns into an inert cathode, which can form
a new micro-couple with the uncorroded Mg matrix to diffuse
filiform corrosion (Fig. 9).**

Filiform corrosion is closely related to the corrosion
medium, microstructure, oxide film and product film. Corrosive
medias change the type of corrosion and create conditions for
filiform corrosion by forming different surface films. Song et al.
found that Mg-3Zn alloy exhibited pitting corrosion in Na,SO,
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solution, but filiform corrosion in NaCl solution. When excess
Na,SO, was added to Nacl, filiform corrosion was transformed
into pitting corrosion. The surface film formed in Na,SO,
solution was denser and more protective than that formed in
NaCl solution. The loose corrosion product film formed by C1™
makes it easy to migrate in the film, resulting in non-uniform
Cl™ dispersion concentration. The high-concentration Cl™
accumulation area acts as the filament head, and corrosion
tends to extend toward the filament head, and the low-
concentration Cl~ area left after that forms the filament tail,
so the filiform corrosion grows along the horizontal direction.
The influence of microstructure on the corrosion development
is mainly in the second phase. It was found that the extension
direction of corrosion wire is related to the difference between
matrix and second phase. In the Mg-8Li alloy, the electro-
chemical properties of second phase and Mg matrix are less
different, and corrosion wire will continue to develop through
second phase after the initiation of the boundary. In contrast,
the corrosion wires of Mg-Zn-Y-Zr alloys with large differences
in electrochemical properties do not pass through the second
phase and only stay in Mg matrix."””"*** In addition, the devel-
opment direction of corrosion wire is related to the substrate
grain size, orientation, surface oxide film and other factors
(Fig. 10).

3.1.4 Stress corrosion cracking. Implants are exposed to
complex biochemical and dynamic environment in the human
body, and are continuously affected by tensile stress,
compressive stress and internal stress. Stress corrosion
cracking (SCC) can easily occur under the effects of stress and
corrosive internal environment, leading to further complica-
tions of sudden fracture.

SCC in Mg alloys can be classified as intergranular (IGSCC)
or transgranular (TGSCC). IGSCC is widespread, and current
explanations are based on the view that the matrix is continu-
ously dissolved and eventually fractured due to local preferen-
tial corrosion. Most second phase has a more positive corrosion
potential than the matrix o-Mg and can form galvanic corrosion
with matrix. TGSCC is most likely caused by the interaction of
hydrogen with microstructure. The hydrogen generated during
the reaction between alloy and liquid can easily enter the matrix
and undergo hydrogen embrittlement reaction: weakening the

S
Magn  Det F——— 200 ym
100x  SE

Fig. 10 Typical filamentary corrosion morphologies of Mg—3Zn immersed in 0.01 mol per L NaCl solution for 6 h at different scales (50 um and

200 pm) 2t
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Fig. 11 Fracture surfaces of AZ80: (a) transgranular cleavage (arrow) and a few fine dimples; ZE41: (b) predominant IGSCC and isolated TGSCC
(arrows) cracking; QE22: (c) IGSCC and TGSCC (arrow); EV31A: (d) IGSCC and TGSCC (arrow).*4®

bonding of adjacent atoms, reducing the strengthening effect of
dislocations and accelerating tip cracking. Fig. 11 below shows
the corrosion morphologies of SCC fractures of some Mg-RE
alloys and AZ80 in 0.5 wt% NacCl solution at a strain rate of 1.0 x
1077 s 1

Material, tensile stress and environment are the main factors
that determine the stress corrosion. Alloying has a significant
contribution to SCC resistance, and the effects of Al and Zn on
the SCC susceptibility of Mg are very obvious. Catar et al. tested
the SCC performance of AZ31, AZ61 and AZ91 alloys at different

E325

E400

Localized corrosion

pH. In the air and acid/alkaline environment, the stress corro-
sion index rank is AZ91 < AZ31 < AZ61, indicating that the effect
of Al on the SCC resistance of Mg alloys increases first and then
decreases. Mg alloys are most affected by SCC at 6 wt% Al
(AZ61)."” Therefore, the application of AZ alloys containing Al
and Zn should be strictly limited. Al is known to cause various
neurological diseases such as dementia or Alzheimer's disease;
both Al and Zn are elements that significantly promote SCC. Mg
alloys containing these two elements can suppress the promo-
tion of SCC by adding other elements, such as adding Zr or RE

(Mg,Zn),Ca

©

(4]

2 Crack

T

2

2 Twinning
<

—_—

Crack propagation direction

Fig. 12 Schematic diagram of fatigue cracking of ZX10 extruded at 325 °C and 400 °C when tested in air and m-SBF.*2¢
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to Mg-Zn alloys (ZK60 and ZE10). The influence of environment
on SCC is mainly reflected in its Mg(OH), film. Therefore, the
corrosion properties of Mg alloys will have great differences in
different pH solutions, and in the stress corrosion test, the
effect of pH on Mg alloys is also significant. He et al. studied the
effect of different pH on the stress corrosion susceptibility of
AZ31 the test adopted the method of slow strain rate stretching.
In three Na,SO, solutions with pH = 2, 7, and 12, it was found
that the stress corrosion susceptibility of Mg alloys increases
with decrease of pH.*** Similarly, the effect of CI~ on SCC is also
through the dissolution of the protective film. Temperature, on
the other hand, affects SCC by affecting the corrosion rate.

3.1.5 Corrosion fatigue. Based on the corrosion fatigue
behavior under complex loading conditions, there are currently
several theoretical explanations: (1) pitting corrosion acceler-
ates crack formation; (2) the surface passivation film (protective
film) is destroyed under alternating loads and acts as an anode;
(3) the precipitated hydrogen is adsorbed on the alloy surface,
which weakens the bonding energy strength of the surface,
produces hydrogen embrittlement, and accelerates the initia-
tion of corrosion fatigue cracks. (4) The damage evolution
model driven by coupling of microstructure and corrosion
morphology. (5) The degree of intrusion/extrusion and retar-
dation of oxide film on cyclic slip (competitive relationship).
Among them, pitting-induced corrosion fatigue has been widely
reported.'*®

The pitting pits formed during corrosion process accelerate
the generation of fatigue cracks, especially in the body fluid
environment rich in Cl7, the cracks are easy to expand to
a critical state, and fracture or failure occur. Gu et al. conducted
corrosion fatigue tests on AZ91D and WE43 alloys in SBF solu-
tion, and found that the initial cracks of both alloys originated
from corrosion pits."”® As shown in Fig. 12, Jafari et al. also
found that the initial crack source was corrosion pit when ZX10
was subjected to corrosion fatigue test in m-SBF solution, and
the anodic dissolution of noble intermetallic phases (Mg,
Zn),Ca accelerated short fatigue crack growth by providing
a more convenient path for crack growth."® This theory is
usually used to explain the phenomenon of localized corrosion;
however, it cannot explain the corrosion fatigue phenomenon
that occurs in the absence of corrosion pits on the surface of the
alloy.

The factors affecting corrosion fatigue cracks and their
propagation can be classified as follows:

(1) Material properties, including alloy composition and
processing technology (improving grain size and secondary
phases); for example, alloying, high purification, surface
coating, processing technology such as forging or aging treat-
ment are used to improve the corrosion performance of the
alloy.*¢

(2) External factors, including mechanical factors (maximum
fatigue load, stress, stress ratio, loading frequency) and corro-
sive factors (corrosive medium, temperature, etc.). Implants
experience complex multiaxial loads in the human body,
including tension, compression, bending and torsion. The
loading frequency and amplitude are the most significant
mechanical indicators of corrosion fatigue properties. Zeng

8440 | RSC Adv, 2023, 13, 8427-8463

View Article Online

Review

et al. found that the fatigue life of extruded AZ61 decreased with
the decrease of loading frequency at 1-10 Hz in air. This is
because at low frequency, the oxygen in the air has enough time
to react with the matrix to generate oxidation products, result-
ing in irreversible plastic deformation during corrosion fatigue.
And above 10 Hz, the fatigue life is independent of frequency.**
When loading frequency is constant, the stress amplitude also
has an influence on the fatigue test results. In the high-cycle
rotational bending fatigue test of AZ80, Shiozawa et al
pointed out that the irreversibility of twinning deformation
could be used to control the initiation of fatigue cracks under
high stress amplitude, and at low stress amplitudes, the initi-
ation of fatigue cracks could be controlled by adjusting the slip
deformation mechanism.” In a study on corrosion fatigue of
AZ80-T5, Bhuiyan et al. showed that under high stress ampli-
tude, crack nucleation was formed by the growth of a single pit
to a critical size; at low stress amplitude, the surface of the
sample appeared multiple etch pits grow and coalesce to form
one large pit. According to the previous discussion, pits are the
main cracking source of corrosion fatigue, and the application
of stress has an important effect on pit formation, nucleation
and crack nucleation.**® Temperature and humidity also affect
fatigue crack growth. Generally, when the relative humidity is
less than 60%, it has no effect on the fatigue strength. When the
relative humidity is larger than 90%, the fatigue strength is
significantly reduced.'*®

3.2 Dissolution of magnesium alloys in body fluids

Due to the complexity in body fluid environment (anions,
glucose, protein, flow rate, microorganisms, etc.), the degrada-
tion behavior of alloys in body fluids is diverse. In vivo testing
has high cost and ethical burden, most studies on the effects of
body fluids on Mg corrosion have been conducted through in
vitro simulations. Simulated body fluids containing different
types and amounts of ionic and organic components create
sufficient variable conditions for corrosion tests. From Table 4,
there are significant differences in the composition and ion
concentration of these simulated body fluids.

3.2.1 Effects of inorganic salt ions. In corrosive environ-
ments containing chlorine solutions, such as 0.9% NaCl
(physiological saline), 3.5% NaCl (simulated sea water), the
oxide film of Mg alloy is easily attacked by Cl~ and serious
corrosion occurs. C1™ has small volume, fast moving speed, low
degree of hydration and strong penetrating power to oxide film,
which make it easy to cause continuous corrosion (usually
pitting corrosion). Similarly, in simulated human body fluids,
increased Cl~ concentration accelerates the degradation of the
alloy.** Taltavull et al. studied the effect of ClI” concentration
(0 mol dm™3, 1 mol dm™?) on the corrosion behavior of pure
Mg, AZ91 and ZE41 in modified HBSS. The increase of Cl~
induced localized corrosion in all tested materials, among
them, the local corrosion of AZ91 and ZE41 containing the
second phase was more serious.'® $0,>~, NO;~ and Br~ can
also be adsorbed on the surface of Mg(OH), film, changing the
electric field distribution of adsorbed electric double layer on
the alloy surface and accelerating the corrosion.'

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of the composition of plasma and several commonly used in vitro simulated body fluids**°*

0.9% Ringer's
Component Units Plasma NaCl PBS HBSS D-HBSS solution EBSS MEM DMEM SBF SBF-T SBF-H SBF-L
Na* 142 154 146 141.6 141.6 113.6 144 143 127.3 142 142 142 142
K" 5 — 4.1 5.81 5.81 1.88 5.4 5.4 5.4 5 5 5 5
Mg2+ 1.5 — — 0.81 — — 0.4 0.4 0.8 1.5 1.5 1.5 1.5
Ca** mmol dm™ 2.5 — — 126 — 1.08 1.8 1.8 1.8 2.5 2.5 2.5 2.5
HPO427 1 — 9.5 0.78 0.78 — 1 0.9 0.9 1 1 1 1
HCO; 27 — — 4.065 4.065 2.38 26 26 44.1 4.2 27 27 27
Cl™ 103 154 140.6 144.8 143 1153 125 125 90.8 147.8 125 103 103
SO427 0.5 — — 0.81 0.81 — 0.4 0.4 0.8 0.5 0.5 0.5 0.5
Protein 35-80 — — — — — — — — — — — —
Glucose gdm™ 0.9-1.1 — — 1.0 1.0 1.0 1.0 1.0 4.5 — — — —
Amino acids 0.25-0.40 — — — — — — 0.95 1.6 — — — —
Vitamins Unknown — — — — — — 0.008 — — — — —
Buffer — — — — — — — — Tris-HCl HEPES Tris-HCl HEPES —

“ PBS: phosphate-buffered saline; HBSS: Hank's balanced salt solution; D-HBSS: Dulbecco’s-Hank's balanced salt solution; EBSS: Earle's balanced
salt solution; MEM: minimum essential medium; DMEM: Dulbecco's modified Eagle's medium; SBF: simulated body fluid; SBF-T: 50 mM Tris-
27 mM HCOj3; ; SBF-H: 50 mM HEPES-27 mM HCO; ; SBF-L: 22 mM Na-L4actate-27 mM HCO; ™.

When there is no moisture in the gas, fluorine, chlorine,
bromine and iodine have no corrosive effect at not too high or
normal temperature. When the gas contains a small amount of
water (below the dew point), fluorine is still non-corrosive,
bromine is corrosive to a certain extent, and wet iodine has
serious corrosion to Mg alloys. Chloride salt has strong pene-
trating ability and can be deposited on the alloy surface pattern,
reducing the relative humidity of water condensation, thereby
accelerating electrochemical corrosion.

HCO;™ is anion that provides buffering in simulated fluids.
HCO;™ accelerates corrosion of AZ91 in the early stage of
immersion, and later due to precipitation of MgCO; and CaCOs,

154

the passivation alloy surface formed and slowed down the
corrosion rate and localized corrosion is suppressed.***

Liang et al. studied the effect of different anions on AZ80,
which exhibited localized corrosion in solutions containing Cl -,
HCO; ™, and SO,*>~ during short-term immersion. After adding
HPO,>~, AZ80 exhibited uniform corrosion. As the soaking time
increases, the corrosion rate decreased due to the reduction of
active surface. Among these anions, SO,>~ had good nucleo-
philicity similar to Cl™, which could be easily adsorbed on thin
film and had the most obvious corrosion promoting effect.
HPO,>~ prevents pitting corrosion and surface passivation by
forming Mg precipitation which can inhibit the corrosion effect
of SO, to a certain extent.'*

Inorganic salt cations may also affect the corrosion behavior
in simulated fluids. Song et al. reported that phosphate ions
usually combine with Mg>* and Ca>* to form a (Mg, Ca)-P layer
in HBSS solution, which can significantly inhibit corrosion, and
this corrosion layer was also found in in vivo studies.”” The
same CaCOj; precipitation can also inhibit magnesium corro-
sion. Marco et al. studied the corrosion behaviors in D-HBSS
solution and in vivo, and found that due to the lack of Ca*",
the corrosion layer formed was significantly different from that
in vivo samples. Therefore, Ca>" is crucial to the formation of
the corrosion product layer, which in turn affects the corrosion
mechanism of Mg implants in vitro and in vivo."®

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.2.2 Effects of organic ingredients. Although the simu-
lated fluids used in most in vitro studies do not contain organic
components, actual plasma contains a considerable amount of
organic components, such as proteins, amino acids, vitamins
and glucose.

3.2.2.1 Effects of protein and amino acids. Proteins, especially
albumin, are essential substances in human plasma. Corrosion
of Mg alloys by biomacromolecular proteins needs to be further
considered. Proteins mainly participate in and affect the
degradation through adsorption and chelation, and their
molecules bind to the alloy surface through electrostatic inter-
actions of bonds to form a layered structure.'® These processes
are affected by the alloy properties, the composition of the
solution and protein concentration. The effect of protein
adsorption on the degradation has both promoting and inhib-
iting effects. When the protein layer adsorbed on the alloy
surface plays a protective role, the corrosion process is inhibi-
ted. Furthermore, inhibitory effect is proportional to albumin
concentration; when certain groups in the protein (such as
COOH ) release ions and change the pH of solution, instead,
the corrosion process is promoted.'®® Zhang et al. found that the
corrosion rate of Mg-Nd-Zn-Zr alloy decreased slightly after
adding 10% protein to SBF. This may be due to the protein
adsorbing on the implant surface, which acts as a corrosion
shield to reduce the corrosion rate of implants.'®® However,
Harandi et al. found that bovine serum albumin adsorbed on
the implant surface and played a protective role only in the first
few hours. As the immersion time increases, the protein and
corrosion products formed chelates, and the protective film of
alloy become invalid.*** Li et al. used albumin-containing hank
solution to soak Mg-1.5Zn-0.6Zr-0.2Sc (ZK21-0.2Sc), and came
to a similar conclusion that the corrosion rate of alloy first
decreased with the increase of protein concentration, but this
protective effect lasted only six hours. As shown in Fig. 13(a-c),
the corrosion continued to increase after 6 h in Hank's solution,
and the thickness of the deposited corrosion film also
increased. In contrast, Fig. 13(d-f) are alloys in Hank's + BSA
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Fig. 13 Surface morphologies of ZK21-0.2Sc alloy after immersion: (a—c) Hank's, (d—f) Hank's + BSA; (a and d) 6 h, (b and e) 12 h, (c and f)

168 h.1e*

with many albumin crystals attached. The corrosion product is
a passivated translucent film. Corrosion below the attached
albumin crystals in panel (d) is relatively weak, indicating the
corrosion protection in the early stage of albumin. This was
followed by more severe corrosion than in Hank's solution as
albumin aggregated and decomposed.'®

Although the concentration of amino acids in plasma is
much lower than that of proteins, the corrosion mechanism of
amino acids on Mg alloys is still unclear due to their wide
variety and synergistic mechanism with other components of
plasma, and amino acids are also present in some simulated
body fluids such as MEM and DMEM. Yamamoto et al. used an
EMEM solution containing amino acids to immerse pure Mg
and found that amino acids reduced the barrier effect of the
insoluble salt layer on Mg dissolution, thereby accelerating the
corrosion of pure Mg.'** However, Wang et al. studied the
synergistic effect of amino acid (i-cysteine) and glucose on the
corrosion of pure Mg and found that r-cysteine alone could
inhibit the corrosion of CI™ on pure Mg. The functional group of
Schiff base formed by the combination of amino acid and
glucose inhibits the formation of insoluble salt barrier and
accelerates the corrosion process.'® In addition to the syner-
gistic effect, the effect of amino acid concentration on the
corrosion rate of magnesium alloys is also complex, and the
type of amino acid and corrosion environment may change the
effect of concentration on corrosion. In general, low concen-
trations of amino acids may have a protective effect, while high
concentrations may accelerate the rate of corrosion.'*® In
a study, the corrosion current IE of CP Mg and Mg-0.5Ca was
tested using cysteine at three concentrations of 107, 10> and
10* M. In CP Mg, it was observed that low concentration of
cysteine had an inhibitory effect on corrosion. As concentration
increased, the IE of both Mgs increased significantly. However,
in CP Mg, the IE first increased and then decreased with the
increase of concentration. In the test of other types of amino
acids, it was found that they can basically accelerate the

8442 | RSC Adv, 2023, 13, 8427-8463

corrosion of Mg-0.8Ca, but half of them (13/24) also showed
a high-concentration inhibitory effect on CP Mg similar to the
above.'” Therefore, it is more common for the increase of
amino acid within a certain concentration range to accelerate
the corrosion of magnesium alloys.

3.2.2.2 Effects of glucose. In patients with diabetes, the effect
of glucose levels on the degradation cannot be ignored. The
corrosion effect of glucose mainly depends on its conversion to
gluconic acid. Glucose protects Mg alloy samples, while glu-
conic acid destroys them. Cui et al. found that the corrosion
rates of pure Mg matrix and Mg-1.35Ca samples increased with
the increase of glucose concentration in simulated body fluid
saline.'®® The team then studied the corrosion behavior of AZ31
in unbuffered saline solution and Tris salt solution, and found
that low concentration of glucose could inhibit the corrosion of
magnesium alloys. Low concentrations (1.0 g L") of glucose
complexed with Mg®" ions and hindered the further erosion of
Cl™ ions; while high concentrations (2.0 and 3.0 g L") of
glucose were converted into gluconic acid, which promoted the
adsorption of ClI” on the sample surface. The hydrolysis of
amino groups in Tris increases the initial pH of the salt solu-
tion, promotes the conversion process of glucose to gluconic
acid, and reduces the corrosion resistance of magnesium
alloys.**® The corrosion morphology caused by glucose is shown
in Fig. 14. The corrosion of solutions containing low concen-
trations of glucose (Fig. 14(d) and (e)) was more uniform and
flatter than the other three groups, showing the protective effect
of glucose. The two groups of high-concentration glucose
solutions formed wider and deeper crack fracture corrosion
products. The element content of EDS showed that the corro-
sion products are mainly Mg(OH),. In above studies, the type of
solution also had a significant effect on the reaction between
glucose and substrate. In physiological saline solution, gluconic
acid destroyed the protective magnesium hydroxide corrosion
product film, promoted Cl™ ions to the surface of the sample,
and accelerated the corrosion; while in Hank's solution,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.14 SEM and EDS analyses of AZ31 alloy after immersion in 0.9% NaCl and 6.118 g per L Tris solutions with different glucose contents for 18 h:

(@a—c) 0 g per L glucose; (d-f) 1 g per L glucose; (g—

gluconic acid could chelate Ca®" in the solution, ions accumu-
lated on the surface of the sample, promoted the deposition of
calcium and phosphorus products, and reduced the degrada-
tion rate.

3.2.3 Effects of experimental parameters

3.2.3.1 Effect of pH. Changes in pH may significantly affect
the corrosion of Mg alloys. At low pH (acidic conditions), the
corrosion rate increases due to hydrogen evolution reactions at
the material surface. This reaction leads to the formation of
hydrogen bubbles on the surface of the alloy, which causes
pitting corrosion and accelerates the corrosion rate."”® In addi-
tion, low pH conditions also lead to the dissolution of the
protective oxide layer formed on the surface of the alloy, further
accelerating the corrosion process.'”* As the pH value decreases,
the corrosion potential moves to a more negative (more active)
direction, which is the same law as the increase of chloride ion
concentration on corrosion. However, at pH 2, AZ63 reached the
maximum corrosion rate, and the change of chloride ion
concentration did not significantly affect the corrosion poten-
tial.'”> On the other hand, at high pH values (alkaline condi-
tions), the corrosion rate of Mg alloys can decrease due to the
formation of a passive film on the surface of the material. This
film is a complex oxide that provides a protective barrier against
further corrosion. However, if the pH is too high, the passive
film may dissolve, leading to an increase in the corrosion rate.'”
Li et al. explained the corrosion behavior of AZ31B in a highly
alkaline environment: at pH = 13, although a thin and thick
oxide film is formed on the substrate, AlI-Mn intermetallic
compounds undergo dealloying dissolution at high pH values,
the passivation film at the oxide interface between the primary
a-matrix and the eutectic o phase is broken down; a uniform
and stable passivation film is formed when the pH is 12; when
the pH is between 10-11, the corrosion mainly occurs in the
primary a-matrix.”* The main corrosion product of magnesium

© 2023 The Author(s). Published by the Royal Society of Chemistry

i) 2 g per L glucose; (j—1) 3 g per L glucose **®

in neutral and alkaline solutions is Mg(OH),, however, in
neutral solutions, Mg(OH), is formed by dissolution-precipi-
tation reactions; while in alkaline solutions, formed by solid
anode reaction. The Mg(OH), surface film formed under neutral
conditions is less tolerant and cannot exist stably when the pH
value is lower than 10.5.”> The pH of human blood is about
7.40, and the dissolution of the Mg(OH), corrosion layer will
lead to accelerated corrosion of implants. In simulated body
fluids in an unbuffered system, the pH of the solution is usually
higher than the normal physiological pH of human body when
corrosion occurs. The solubility of the corrosion layer decreases
with the increase of pH, and the protective effect also increases.
Sun et al. performed cyclic sine wave experiments of corrosion
and fatigue crack growth of ZK60 in PBS at pH values of 5.2, 7.4
and 9.0, and found that with the increase of pH, the integrity
and density of the protective layer increased. Over time, the
protective layer had an obvious and then weak inhibitory effect
on pitting corrosion and crack propagation.’”® As shown in
Fig. 15, pitting corrosion is the main corrosion mechanism in
PpH 5.2 solution, and filiform corrosion exists in pH 7.4 solution.
Corrosion is shallower and more uniform in pH 9.0 solutions.
The depths of corrosion pits for these types of corrosion
decrease sequentially.

3.2.3.2 Effect of temperature. Temperature changes the
corrosion resistance properties by altering their chemical reac-
tivity as well as microstructure. Therefore, the conclusions
drawn from the corrosion tests carried out at room temperature
may be in error with the situation at the actual body tempera-
ture (37 °C). Temperature is positively correlated with corrosion
because it brings more activation energy. Kirkland et al. found
that the corrosion rates of CP-Mg, Mg-0.8Ca and Mg-1Zn
increased significantly when the immersion temperature of the
HBSS solution was increased from 20 °C to 37 °C.*”” Also, the AZ
alloys have the characteristic of negative shift of the self-
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Fig. 15 Pits of ZK60 on the fractures in three solutions. (a) pH 5.2, (b) pH 7.4 and (c) pH 9.0.77¢

corrosion candle potential with the increase of the ambient
temperature, resulting in an increase in the corrosion rate.
3.2.3.3 Influence of flow field environment. In blood vessels,
the blood flow velocity varies between 0.1 and 1.0 m s ',
depending on the diameter of vessel. With the advancement of
experimental conditions, the effect of blood flow on degrada-
tion is being extensively studied. It has been widely recognized
that the degradation rate of Mg alloys in flowing state is
significantly higher than that in static state. The flow field can
change the corrosion rate through the action of shear force and
mass transfer process.'”® Corrosion at low flow rates is mainly
controlled by the mass transfer process. Shear force at high flow
rates will destroy the surface layer to form erosion corrosion,
but there is no precise critical flow rate to define high and low
flow rates. Levesque et al. conducted a simulation of the
degradation in cardiovascular systems and found that the
corrosion rate and corrosion mechanism of AM60B varied with
the flow rate. Under the action of low shear stress of AM60B, the
surface of the sample was uniformly corroded; when in high the
shear stress, uniform corrosion and local corrosion occurred at
the same time.'” If there is no effective corrosion product
protection, the acceleration effect of the flow field on corrosion
will be more obvious. Mirco Peron et al. used simulated body
fluid to flush AZ31 and found that its corrosion rate increased
with the increase of liquid flow rate, and the corrosion
continued to accelerate with time until the sample was basically
degraded. The main reason is that the surface of the sample is
uneven, and the shear force caused by the flow field scouring
the surface is larger. The oxide layer of the surface degradation
product can be taken away in time and the local pH can be
balanced, so that the corrosion rate can be maintained.
However, the change of surface topography brought about by
the flow field reduces the probability of perforation of the
sample due to localized corrosion.’® The flow field environ-
ments are more difficult to form pitting pits than on the static
environment alloy surface. The reason could be: (1) the flow
medium is easier to transport oxygen to the metal surface,
which promotes the formation of oxide passivation film. (2) The
flow field can wash away deposits and protective film layers on
the metal surface, making the surface smoother and creating
conditions for uniform corrosion. In the above studies, it was
also found that the temperature can act together with the flow
field to affect corrosion, and the corrosion rate is proportional
to the temperature of the flow field. Also, the orientation of the
sample changes the corrosion resistance in the flow field. Zhu
et al. tested AZ80 specimens with three orientations of ND,
ND45 and TD. The specimens were tested in static (TD > ND45 >
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ND) and dynamic (TD > ND) environments and showed aniso-
tropic corrosion performance which is related to the peak
intensities of the crystal planes with different orientations.
From the dynamic test device in Fig. 16, the sample size is
10 mm x 9 x 10 mm, the pH of the SBF solution was 7.4 and
the temperature was maintained at 37 & 0.5 °C. Three flow rates
of 0,1 and 1.5 ml s~ * can be achieved by adjusting the power of
the peristaltic pump.*®*

3.2.4 Corrosion rate difference of magnesium alloy in vitro
and in vivo. The evaluation of the difference in the corrosion
rate of Mg alloys in vivo and in vitro cannot be accurate and
uniform, because the experimental conditions and corrosion
rate evaluation methods are diverse. In vitro corrosion tests are
designed to replicate the specific environmental conditions to
which a material may be exposed in vivo, but they may not fully
capture the complexity and variability of the in vivo environ-
ment. In addition, in vivo corrosion rates may also vary
depending on the specific implant site. In vitro corrosion rate
evaluation methods include immersion test and electro-
chemical test, etc., while in vivo tests include weight loss
method, pCT, etc.'® At the same time, it is very difficult to
establish the correlation between in vitro and in vivo corrosion
rates under the existing experimental conditions.'®

Although the evaluation methods are multivariate and
complex, in the reported data, the overall corrosion rate of Mg
alloys in vitro is generally higher than that obtained in vivo, and
the corrosion factors are similar when considering some media
used for in vitro degradation evaluation.'®* Waizy et al. reported
the difference in in vivo and in vitro corrosion of a series of Mg
alloys. Corrosion conditions in vitro and in vivo were controlled.
For AZ31, the average corrosion rate in vivo is 0.3 mm year '
(weight loss, rat subcutaneous), and the average corrosion rate
invitro is 0.85 mm year ' (immersion, EBSS/MEM/MEM + BSA);
for Mg1Zn, the average corrosion rate in vivo and in vitro is
0.26 mm year ' and 0.96 mm year ' respectively; for Mg-Mn,
the average corrosion rate in vivo and in vitro is 0.298 mm year ™'
and 1.19 mm year ' respectively; for Mg-1.34Ca-3Zn, the
average corrosion rates in vivo and in vitro are 0.92 mm year '
and 4.47 mm year ' respectively.'® Another study tested AZ91
under similar conditions, the average corrosion rate in vivo
(weight loss, rat intramuscular) was 0.56 mm year ', and the
average corrosion rate in vitro (Notr's solution) was 6.23 mm
year 1% The surface treatment significantly improves the
corrosion resistance, and the average corrosion rate of PCL
coating AZ91 in vivo is reduced to below 0.01 mm year ', and
the average corrosion rate in vitro is reduced to about 0.2 mm

year .17
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Fig. 16 Schematic diagram of a dynamic flow field test device.’s*

In vivo and in vitro corrosion rates vary in magnitude.
Generally, the in vivo corrosion rate is low, and some are even
lower by several orders of magnitude. The reasons may be as
follows: (1) the tissue environment in the body is complex, and
there may be errors in the existing calculation method of
corrosion rate; (2) the temperature used to determine the
corrosion rate exceeds the physiological range; (3) the corrosion
medium and buffer system of the corrosion solution tested in
vitro is quite different from the physiological environment;**® (4)
as discussed in Section 3.2.2, the organic components in the
physiological environment, such as protein adsorption and
chelation, the type and concentration of amino acids, etc., will
change the corrosion behaviour; (5) dynamic corrosion in
physiological environment: when the concentration of ions in
the surrounding fluid reaches equilibrium, the corrosion of Mg
alloys will stop. The electrolyte concentration in the organism is
in a steady state and cannot meet the chemical equilibrium
conditions, which may have a continuous impact on the
corrosion.'®’

4. Alloying
4.1 Elements selection

Solution and grain refinement strengthening are the main
strengthening methods in Mg alloying. Therefore, the elements
with better solid solution with Mg should be given priority
during elements selection. According to the Hume-Rothery
solid solubility criterion, when the radius difference between
the solvent atom and the solute atom exceeds 15%, it is not
conducive to the formation of a solid solution, and the solid
solubility will be very small. With the application of rapid
solidification technique, the difference in radius between atoms
can be increased to 30%, alloying of more elements becomes

© 2023 The Author(s). Published by the Royal Society of Chemistry

available.®® The atomic radius of Mg is 0.160 nm. Among the
metal elements, K, Rb, Cs, Sc, Ba, etc. are not suitable for solid
solution strengthening due to their large radius, which is more
than 30% different. Similarly, elements Cr, Fe, Co, Ni, Cu, etc.
are not suitable because their radius is smaller than that of Mg
by more than 30%. Also, chemical affinity affects the strength-
ening mechanism. The bonds between atoms with an electro-
negativity difference of less than 0.5 are non-polar covalent
bonds, which are conducive to the formation of solid solutions.
The electronegativity of Mg (1.2) is quite different from the
electronegativity of metal elements K, Rb, Cs, Fe, Co, Ni, Cu,
Mo, Tc, Ge, Sn, Sb, etc., which is not conducive to the formation
of solid solutions. Since the implanted metal needs to be
completely degraded eventually, from the viewpoint of degrad-
ability, the metal elements Ti, Ge, Zr, Tc, Ru, Os, Rh, Ir, Pt, Pd,
Cu, Ag and Au are not suitable for biodegradation; considering
biocompatibility, Be, Ga, Cd, V, Nb, Ta, Cr, Co, Ni, Pb and Ti etc.
are excluded.

After the above screening process, Li, Na, Zn, Sn, Sc, Ca, Y,
Mn, St, Ba and Re are finally thought to be suitable as candidate
elements for magnesium alloying (Fig. 17).

The addition of alloying elements can change the composi-
tion and structure of the second phase, as well as their
morphology and distribution. The following will be classified
and discussed according to the characteristics of alloying
elements affecting the microstructure, mechanical properties,
corrosion resistance and biocompatibility of Mg alloys.

4.2 Biofunctional elements

(1) Ca: Ca can significantly improve the oxidation resistance of
Mg alloys at high temperatures, and the equilibrium partition
coefficient of Ca in Mg is less than 1, which can refine the
structure and inhibit degradation. The newly formed Mg,Ca

RSC Adv, 2023, 13, 8427-8463 | 8445
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magnesium alloying and their

phase is the key to control the microstructure and strength.
However, there are also reported examples of microgalvanic
corrosion induced by the second phase.** On the outer surfaces
of pure Mg, AZ31, AZ80 and AZ91D, Ca element enriches as an
impurity and forms CaO thin films. Ca in Mg-Li alloy plays
a better protective role by promoting the formation of Ca(OH),,
CaCO;, Caz(PO,), surface film, and increasing the density of
Mg(OH), outer layer'®®

The solubility limit of Ca in Mg is 1.34 wt%, in general, the
corrosion resistance of alloys increases with the increase of Ca
content. Harandi et al. found that the corrosion rate of Mg-xCa
(x=10.7,1, 2, 3, 4) increased uniformly with increasing calcium
content."® However, Zeng et al. found that the highest hard-
ness, ultimate tensile, yield strength and corrosion resistance of
Mg-0.79Ca were higher than those of Mg-0.54Ca and Mg-
1.35Ca. This situation is attributed to the homogeneity of the
microstructure. The contribution of Ca to corrosion resistance
increases first and then decreases, and they believe that there
are two sides: (1) the introduction of Ca leads to grain size
refinement, which improves corrosion resistance. (2) Ca also
leads to an increase in the volume fraction of the Mg,Ca phase
(as shown in Fig. 18(c), there are obvious Mg,Ca phases), which
can form galvanic corrosion with the a-Mg matrix to corrode the
alloy.*”” With the increase of Ca, the effect of the formation of

10 um
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the second phase on corrosion will be more obvious. A series of
Mg-xCa (x = 0.5, 1.25, 2.5, 5, 10, wt%) were tested, and it was
found that with the increase of Ca, the Mg,Ca second phase
distributed at the grain boundary would also increase, and Mg-
10Ca showed the fastest degradation.'*®

(2) Sr: Sris a trace element in the body, and 99% of it exists in
bones. Sr has an osteoinductive effect to help induce the
formation of osteoblasts and promote the rapid integration of
implants with bones. The Sr-containing drug strontium rane-
late (SR) has been used to treat osteoporosis. The addition of Sr
can refine the grains in two ways. On one hand, Sr increases the
degree of supercooling before the solid-liquid interface, thereby
promoting the nucleation of the a-Mg phase; on the other hand,
the solid solubility of Sr in Mg is low, only 0.11 wt%, which
easily leads to the segregation of Sr. The excess Sr will accu-
mulate at the solid/liquid interface and may damage the grain
surface or change the direction of grain growth. Therefore, the
grain growth becomes slow and the grains are refined."®® The
improvement of mechanical properties after fine grains and
biocompatibility brought about by Sr are remarkable. Gu et al.
studied a series of hot-rolled degradable Mg—(1-4 wt%)Sr binary
alloys, and the study showed that the Mg-2Sr hot-rolled alloy
had the lowest corrosion resistance and the highest strength. In
vitro and in vivo experiments show that the Mg-2Sr has good
biocompatibility. Implantation experiments in mice showed
that Mg-2Sr promoted new bone formation and bone miner-
alization without any side effects.””® Another study showed that
the as-cast Mg—0.5Sr had the lowest degradation rate in simu-
lated body fluids, and its leaching solution had no toxicity on
human vascular endothelial cells. Three-week animal implan-
tation experiments show that Mg-0.5S alloy does not cause any
harm to animals.**

4.3 Biocompatible elements

(1) Zr: Zr has low in vitro toxicity and good vivo biocompatibility,
degradability, non-mutagenicity and carcinogenicity. In blood
compatibility tests, it shows good platelet adhesion and no
significant cytotoxicity to osteoblasts. The limit solid solubility
of Zr in Mg is very small (3.8 wt%), which cannot form
compounds with Mg, and its strengthening effect is also
limited. Zr mainly occurs peritectic reaction in Mg alloys: L —
o-Mg + B(Zr). Zr can be added together with Zn, Ag, RE, Th and

Fig. 18 SEM images of the (a) Mg—0.54Ca alloy; (b) Mg—0.79Ca alloy; (c) Mg—1.35Ca alloy.**®
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other elements in Mg-RE alloys that do not contain Al and Mn,
as a grain refiner to improve the toughness and corrosion
resistance.?** Li et al. prepared Mg—(0-5)Zr—(0-5)Sr binary and
ternary alloys. The alloy has a compressive strength (200-290
MPa) matching natural cortical bone and good biocompati-
bility. Excessive Zr will introduce unalloyed Mg;,Sr, phase,
which may lead to reduced corrosion resistance and biocom-
patibility, so Zr content was suggested to be controlled within
5 wt%. The biocompatibility advantage of Zr can be more
obvious by adding with Sr at the same time. Therefore, Mg-xZr-
ySr and its modifications are more concerned in Zr-containing
Mg alloys.”” Kiani et al. prepared as-extruded Mg-Zr-Sr alloy
and found that Sr had a greater effect on grain refinement than
Zr. Zr particles are not uniformly distributed in the Mg matrix
and the Zr/Mg matrix interface is highly sensitive to corro-
sion.”** The effect of Zr on the grain refinement is shown in
Fig. 19. Zr refines the grains of pure Mg, but due to its low
solubility, some unalloyed Zr black particles can be observed in
the microstructure of Mg-5Zr (Fig. 19(b)). On this basis, 2 wt%
Sr further refined grains, but continuous addition of Sr to 5 wt%
lead to coarsening of the grains.

Although Zr has been widely used in dental implants and
bone implants, its safety still needs further discussion, because
its biocompatibility depends on the dose and the valence state
of Zr ions.

4.4 Essential trace elements

(1) Mn: the concentrations of Mn in whole blood and serum are
200 nmol L™ and 20 nmol L™, respectively. Mn can maintain
the normal development of bones, and has the effect of

View Article Online

RSC Advances

promoting sugar, fat metabolism and anti-oxidation. Excessive
Mn lead to Mn poisoning and even psychotic symptoms, such
as irritability and hallucinations. The medical term is called
manganese mania.**

The limiting solid solubility of Mn in Mg is 3.4 wt%, and the
contribution to solid solution strengthening is also very small.
The mechanism by which Mn improves the corrosion resistance
is controversial, and there are two main theories: ® Mn and Fe
will form intermetallic compounds and precipitate during the
smelting process, thereby reducing the content of Fe in Mg
alloys; @ in the process of alloy solidification, Mn can surround
Fe, thereby reducing the effect of local cathode. Mn can refine
grains and remove Fe, so it is often added in Mg-Al alloys, such
as AZ series. The addition of Mn to AZ61,>°° AZ31 (ref. 207) and
AZ21 (ref. 208) has all observed the results of grain refinement,
tensile strength and fatigue life improvement. It is believed that
Mn itself does not improve the corrosion resistance. The role of
Mn in AZ series alloys is mainly to convert Fe and other alloying
elements that are harmful to the corrosion resistance into
harmless intermediate compounds. Studies have observed that
adding 0.2 wt% Mn can inhibit the degradation and stress
corrosion.”” However, high content of Mn is unfavorable,
because Mn and Al can form a large amount of second phase
AlMn(Fe) phase with very high electrode potential. Due to the
galvanic cell effect, the AIMn(Fe) phase can lead to the occur-
rence of pitting corrosion, and reduce the fatigue properties.**

(2) Zn: Zn is the most widely used alloying element after Al
Like the strengthening mechanism of Mn, Zn improves the
corrosion resistance by reducing the common impurities Fe, Ni,
Cu, etc. in magnesium alloys. The limit solid solubility of Zn in
Mg alloys is 6.2 wt%, and decreases significantly with the

(b)

Fig. 19 Refinement effect of Zr and Sr on magnesium alloys (a) Mg; (b) Mg—5Zr; (c) Mg—5Zr—2Sr; (d) Mg—5Zr—5Sr.2%4
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decrease of temperature. The solid solubility can produce both
aging strengthening and solid solution strengthening.*** Zn has
antibacterial and anti-inflammatory properties, but in vitro cell
experiments show that excessive intake are toxic to cells in
contact. Although Mg-Zn implants do not introduce such large
doses, the safe intake needs to be carefully evaluated. One study
showed that as-extruded Mg-6Zn alloy aged for 72 h was
harmless to L-929 cells in a cytotoxicity test.**?

Cai et al. cast a series of Mg-x wt% Zn (x = 1, 5, 7) alloys, the
experiments show that the corrosion resistance increases with
the increase of Zn (1-5 wt%), and the highest 5 wt% Zn had the
best performance. As shown in Fig. 20, the grains were also
refined with the addition of Zn. When Zn increased from 5 wt%
to 7 wt%, the refining effect became not obvious, and the
second phase reticulated MgZn intermediate compounds
formed dendrites along the grain boundaries. MgZn interme-
tallics act as the network structure of the cathode, resulting in
accelerated microgalvanic corrosion.”** Similar results were
obtained in another study using a series of Mg-Zn alloys
prepared by powder metallurgy. The tensile strength and elon-
gation of Mg-6Zn meet the implant standards with both good in
vivo biocompatibility and low in vitro degradation rate.”**

To date, the concentrations of Mn and Zn in degradable
magnesium alloys vary greatly due to the difference in the added
components, and there is no systematic study of the concen-
tration extremes. Further research is needed on the optimal
contents of Mg and Zn in regulating the corrosion resistance,
mechanical properties, biocompatibility and biodegradability
of biomedical load-bearing Mg alloys.

View Article Online
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4.5 Harmful elements

Although some alloying elements are classified as “harmful
elements”, such as Al, Ce, Nd, etc., excessive intake can lead to
mental retardation, convulsions, ataxia, asthma and even
death. However, many of them have been successfully used in
biological applications, and toxicity tests have shown that these
elements cannot be completely excluded from biomedical
materials. Therefore, the associated toxicity depends on their
content. There are no substances that are absolutely harmful or
beneficial to the human body.**

(1) Al: as the main alloying element of widely reported AZ
series alloys, Al effectively improves the strength through solid
solution and precipitation strengthening. The element is
partially dissolved in the Mg solid solution, and the rest forms
the network Mg;-Al;, or (Mg, Al),Ca phase distributed along the
grain boundary, and can also form the granular AIMn(Fe)
phase.?*® Al-added magnesium alloys can form an Al,O; film on
the surface that is different from Mg(OH),, the film is insoluble
in the solution containing Cr to protect the alloy matrix.
Another strengthening mechanism is that Al can be partially
dissolved in Mg solid solution, and part of it can be precipitated
as a continuous network structure or a Mg,,Al,, second phase
grown in flakes. AZ91D contains an «-Mg matrix and a f-phase
consisting mainly of Mg,,Al,, and eutectic Mg distributed along
the dendrite boundaries. These phases have different electrode
potentials. When Mg alloy is in contact with corrosive medium,
Mg;,Aly, is the positive electrode of the primary battery relative
to the Mg matrix, which can accelerate the corrosion. However,
due to the inertness of Mg;,Al;, phase, it can resist corrosion in

Fig. 20 Optical microstructure changes of Mg—Zn alloys (a) pure Mg, (b) Mg—-1Zn, (c) Mg-5Zn and (d) Mg—-7Zn.2*#
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AZ91D.*" Observations show that a relatively large amount of
reticulated B-phase existing at the grain boundary can effec-
tively hinder the erosion of the corrosive medium. Once the
networked B-phase is decomposed, destroyed or not continu-
ously distributed in the Mg matrix during deformation, this
protective effect will disappear.”*® Although Al can effectively
refine the structure and improve the corrosion resistance, the
harmfulness of excessive intake of Al has become a consensus.
The daily intake of adults is about 30-50 mg, and the high Al
content will lead to bone calcium deficiency. Al can accumulate
in the nervous system, causing neurological disorders and Alz-
heimer's disease.””® Therefore, the use of Al-containing
implants should be carefully selected until the long-term
effects on the human body are elucidated.

(2) RE: rare earth elements are the collective name of 15
lanthanides, scandium and yttrium, a total of 17 elements.
According to the arrangement of the spin directions of the
outermost electrons and the size of the ionic radius, rare earth
elements can be divided into light rare earth elements (LRE;
from La to Eu) and heavy rare earth elements (HRE; from Gd to
Lu).ZZO

RE elements play a role in solid solution strengthening
(impeding the movement of dislocations, the diffusion rate of
atoms, strengthening the matrix), fine-grain strengthening
(achieving the effect of supercooling the composition,
promoting the formation of new nuclei, and inhibiting the
growth of o-Mg grains), dispersion strengthening (the forma-
tion of fine and dispersed metal compounds during solidifica-
tion), etc.>**

The elements commonly used for alloying include Ce, La, Sn,
Y, Nd and Er. Zhang et al. studied the effect of Ce/La micro-
alloying on the microstructure changes of solution-treated Mg-
Zn—-Ca alloys, and found that the addition of Ce/La formed
stable CeMg;, and Mg;,La, phases, which effectively inhibited
grain growth, and achieved obvious grain refinement effect.>*
Wang et al. added Ce and Sn elements to AZ80. A small amount
of Ce improved the hardness, tensile strength and impact
toughness of the alloy, and the continuous network coarse
B phase becomes fine and uniformly distributed in the grain
boundaries. Sn formed a Mg,Sn strengthening phase with finer
grains, which improves the elongation and tensile strength. The
strength, elongation and impact toughness of the alloy
decreased with increasing Ce and Sn.*” Y and Nd refine grains
and improve toughness by changing the deformation (slip and
twinning) mechanism, they also bring grain refinement
strengthening, dispersion strengthening, solid solution
strengthening and precipitation hardening.”** The calculated
results of the solubility of RE in hcp Mg and Mg-RE interme-
tallic phases are shown in Fig. 21. The solubility of Y and Nd at
400 °C are 1.95 wt% and 0.11 wt%, respectively. The solubility of
LRE is generally lower than that of HRE, and the solubility
increases with increasing atomic weight.**

The biocompatibility of Mg-RE alloy is the key to determine
its large-scale clinical application. Some chronic harmful
mechanisms, such as radioactivity of Pm; obvious hepatotox-
icity of La, Ce, Pr, Ld; teratogenicity of Nd, Sm, Yb, etc., these
REEs bring long-term exposure problems when used as implant

© 2023 The Author(s). Published by the Royal Society of Chemistry
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materials, limiting the scale of their clinical trials.**® ISO 10993-
5:2009 stipulates that the retention of more than 70% of cell
viability after implantation is considered safe for cells. RE alloys
JDBM,**” LAE422,**® WE43,%° ZK21-xSc,>*° etc. have all been
reported to have 80-100% cell viability on mouse fibroblasts (L-
929). However, the only implants based on Mg-RE alloys that
have obtained valid clinical test data are the MAGNEZIX series
of orthopaedic repair devices (screws, pins and arthrodesis)
produced by Syntellix AG, and the Magmaris series (DREAMS) of
stents produced by Biotronik.>*' They have become represen-
tatives of successful cases of alloying RE elements.

In summary, RE elements have outstanding advantages and
inherent biocompatibility defects in alloying. The toxicity of RE
is closely related to its existing state and dose. After being
absorbed by the body, the transportation, distribution and
excretion of RE depend on its content, compound properties
and body's own physiological state. Studies have found that low
levels of RE are in an ionic state in the blood, and will be
transported to various soft tissues in combination with phos-
phates, proteins and red blood cell walls. At higher levels of RE,
a difficult-to-diffuse colloid or precipitate forms and is excreted
in the reticuloendothelial system or in the spleen. The mecha-
nism of excretion is closely related to the element radius, lighter
lanthanides are mainly excreted in feces and are therefore
processed by the liver, while heavier lanthanides are processed
through the urethra (i.e. kidneys).>** Low levels of RE (La, Gd,
Yb, etc.) has also been shown to have an activating effect on the
sarcoplasmic reticulum Ca®*-ATPase, but the increase content
of these elements will inhibit enzyme activity.>**

5. Novel coating materials
5.1 Graphene-based coating

Graphene has a barrier effect on corrosive media such as water
and air. Graphene film is known as the thinnest protective
coating, with excellent barrier properties and chemical stability,
so it has the potential for metal anti-corrosion coating. The
corrosion protection effect of graphene materials mainly comes
from the following aspects:

(1) Barrier effect: the pure graphene coating covering the
surface of the metal substrate plays a role in corrosion protec-
tion mainly by the impermeability of graphene, thereby block-
ing the diffusion of O,, water molecules and other corrosive
media, as shown in Fig. 22(a). And multilayer graphene will
enhance this barrier effect. The corrosion resistance of gra-
phene is mainly affected by the coating and the intrinsic defects
of graphene sheets. Corrosive media usually preferentially
attack the cracks and defect areas generated during the prepa-
ration of the coating, and further diffuse through these areas.”®*

The barrier effect of graphene can also be applied to polymer
coatings. The lamellae are dispersed in the polymer matrix,
forming complex barriers to prolong the diffusion path of
corrosive media, resulting in coatings exhibiting low perme-
ability and slow corrosion rates. Therefore, this phenomenon is
called the “maze effect”, as shown in Fig. 22(b). The graphene
surface lacks active functional groups, which is easy to
agglomerate in the polymer matrix and generate a large number
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Fig. 21 Maximum solubility RE in hcp Mg in the binary Mg—RE alloy systems.??®

of pores, which weakens the overall protective performance of
the coating. While GO or chemically modified RGO showed
better dispersion and compatibility with the polymer matrix,
resulting in reduced coating porosity.>***

(2) Enhance the role of sacrificial anode and low standard
electrode potential: when graphene is added to a coating that
acts as a sacrificial anode, it can act as a cathode phase in the
coating and form a conductive network, which can prevent
further penetration of the electrolyte. The polymers in the
coating can also generate insulating corrosion products, which
can reduce the rate of wear of the coating.*®” Graphite has
a lower standard electrode potential than most common metals,
making it a cathode material for most metals, as shown in
Fig. 23. The high electrical conductivity of graphene is favorable
for electron transport in the coating, so corrosion galvanic cells
are prone to occur at the graphene-metal interface. The metal is
oxidized as the anode, and the electrochemically weak graphene

( a) Corrosive media

©

Pure graphene coating

is used as the cathode, and the dissolved oxygen on its surface is
reduced. Therefore, the long-term protective effect of graphene-
based coatings on metal surfaces is still a hot research topic.>*®

5.1.1 Pure graphene coating. The mainstream graphene
film preparation methods include mechanical exfoliation, SiC
epitaxial growth, chemical vapor deposition (CVD) and redox
processes. Among them, the CVD method has the advantages of
simple operation, large product size and high yield. Schriver
et al. studied the protective effect of single-layer CVD graphene
on the Cu surface on the substrate and found that the protective
effect of the graphene coating can only last for a short time, and
the coating over time accelerates the oxidation and corrosion of
the substrate. The reason may be the galvanic corrosion prop-
agation at the machining defects mentioned earlier.”* After-
wards, the researchers prepared a multi-layer CVD graphene
coating on the surface of Cu for the defects of the single-layer
film, and selectively passivated the defects by atomic layer

(b)

Corrosive Electrolyte
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Fig. 22
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deposition (ALD), and the protection time was effectively elon-
gated. However, since Mg generally have lower melting points
than copper, they cannot withstand the high temperatures
during deposition, other coating methods should be
explored.**®

5.1.2 Graphene composite anti-corrosion coating. Beyond
the single-layer and multilayer pure graphene coatings, gra-
phene is also dispersed into the organic coating matrix as a filler
to form a graphene composite anti-corrosion coating. Organic
coating is more closely combined with the substrate, and the
structure is more complete and denser, while the addition of
graphene enhances the barrier property of the coating.>*' The
difficulty in preparing such coatings is to overcome the
agglomeration properties of graphene and make it as dispersed
as possible. Pure graphene has no functional groups on the
surface but a high specific surface area, van der Waals forces
between lamellae and w-7 interactions, making it easy to
agglomerate in aqueous solutions or organics.***> To date, there
are three main methods to improve the dispersibility of gra-
phene in the coating matrix: physical dispersion, chemical
modification and nanoparticle modification of graphene
surface, among which chemical modification has achieved
better results.

Surface modification of graphene and GO is mainly divided
into covalent bonding modification and non-covalent bonding
modification.

Covalent modification is to combine graphene and newly
introduced groups in the form of covalent bonds to enhance its
performance. The oxygen-containing groups on the surface of
GO make it easier to perform covalent functionalization reac-
tions such as epoxy ring opening, carboxyl acylation, diazoti-
zation and addition reactions. Palaniappan et al. designed
octylamine covalently grafted GO materials, and prepared
a composite coating of octylamine graphene oxide reinforced
epoxy resin on the surface of AZ31B. In the corrosion test, the
electrochemical stability of the new coating was improved, and
the corrosion rate was alleviated by more than 70%.>** Chen
et al. developed a sandwich structure coating of PDA + 8-HQ +
GO, which introduced 8-hydroxyquinoline (8-HQ) on the surface
of GO through a ring-opening reaction, followed by dopamine

© 2023 The Author(s). Published by the Royal Society of Chemistry

(PDA) through self-reaction. The polymerization was grafted
onto the surface of GO/8-HQ to form GO/8-HQ/PDA, as shown in
Fig. 24. The coating effectively alleviates the agglomeration of
graphene and significantly improves the corrosion resistance of
AZ31B in static salt solution.***

The non-covalent chemical modification of graphene and
GO mainly relies on non-covalent bonds such as -7 interac-
tion force, hydrogen bond, electrostatic force (ionic bond) and
van der Waals force. The non-covalent functionalization process
is simple and mild, while maintaining the structure and prop-
erties of graphene. Zhang et al. prepared in situ reduced gra-
phene oxide-polyvinyl alcohol composite (GO-PVA) coatings on
the surface of magnesium substrates. Hydrogen-bonding
interactions were generated between GO and PVA, which were
subsequently reduced by low-temperature (120 °C) heat treat-
ment. The prepared coating has a relatively uniform structure,
and reduces the corrosion current density of the magnesium
matrix to 4% in 3.5 wt% NaCl solution.>** However, the non-
covalent treatment can change the hybridization of the carbon
structure from sp” to sp, which increases the number of defects
on the basal plane and affects the mechanical properties of GO
nanosheets.

5.1.3 Graphene-based self-assembled coatings. Bio-
mimicry is a method of engineering design by analogy to the
characteristics of biological systems. The commonly used
biomimetic surface modification of biodegradable Mg alloys is
mainly to form an inorganic mineralized calcium phosphate
coating close to the inorganic matter of human bone on the
surface of the matrix material in the simulated body fluid. The
process simulates the mineral apatite in nature. Calcium
phosphate is deposited on the surface of Mg substrate. The
biomimetic method needs to control a certain temperature and
pH value through pretreatment (currently commonly used
alkaline  washing, acid washing and self-assembly
techniques).>*®

As a part of biomimetic modification, self-assembly is
a technology that enables materials with different charges to
form a protective film layer-by-layer on the alloy surface through
the interaction of positive and negative electricity. Graphene
and GO have a lamellar structure and large specific surface area,
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which are very suitable for layer-by-layer self-assembly. At the
same time, GO exhibits negative charge in aqueous solution,
and chemically modified graphene can also exhibit different
charge characteristics. Al Zoubi et al. developed a self-
assembled graphene oxide (GO)/8-hydroxyquinoline (8-Hq)/
inorganic coating (IC) hybrid material as a protective material
to inhibit the corrosion of the underlying metal (Fig. 25). This
organic-inorganic complex has a petal-like structure, and 8-Hq
molecules form coordination complexes with metal ions Mg(u)
and Al(m) in the porous IC coating, which in turn act as

View Article Online

Review

(a) The synthesis process of sandwich-like GO/8-HQ/PDA structures and (b) schematic illustration of the synthesis of the GO/8-HQ/

junctions for the molecular self-assembly of 8-Hq and GO
particles. The physical adsorption between the molecular self-
assembly of 8-Hq and GO particles leads to the growth of
micron-scale particles with nanoscale features. Compared with
bare magnesium, the corrosion rate of the magnesium
substrate covered with the composite coating immersed in 3.5%
NaCl aqueous solution is greatly slowed down, and the elec-
trochemical stability is significantly enhanced.**” Chen et al.
constructed a phytic acid (PA)-esterified polyethyleneimine
(bPEI)-GO multilayer film on the surface of a Mg-1Zn alloy

Fig. 25 Schematic diagram of the fabrication steps for GO/8-Hq/IC materials.?*®
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using a hierarchical assembly technique. The self-assembled
film has a smooth surface and uniform morphology, which
significantly improves the degradation resistance and stress
corrosion cracking resistance in Dulbecco's Modified Eagle
Medium (DMEM).>*®

5.1.4 Key issues in the application of graphene-based
protective coatings. Graphite-based coatings show broad
application prospects in metal surface protection, and current
research has produced some coatings with excellent corrosion
resistance and versatility. But some key questions remain.

(1) Graphene has high chemical inertness and lacks chem-
ical bonding in the coating. Although GO has high chemical
activity, its barrier to corrosive media is reduced. Therefore,
balancing the reduction degree of graphene and the interfacial
bonding of the coating is still a key issue in the construction of
corrosion-resistant coatings.>*

(2) Graphene sheets are very easy to agglomerate in aqueous
solutions or organic solvents. Through different structural
design or layer modification, the orderly arrangement of gra-
phene or GO sheets can not only reduce coating defects, but also
enable the coating to effectively exhibit corrosion resistance.
Therefore, dense and ordered graphene-based coatings with
high barrier abilities are still the focus of recent research.>°

(3) Since graphene or GO has a relatively positive electrode
potential, when the graphene-based coating is damaged or an
electrolyte diffusion channel appears inside, it will cause
galvanic corrosion on the metal surface and accelerate the
corrosion of the substrate. Therefore, inhibiting galvanic
corrosion and prolonging the service life of coatings are still
technical challenges.**

5.2 Polydopamine coating

Traditional alloy surface treatment methods, such as micro-arc
oxidation, polymer coating, etc., have poor biocompatibility or
poor adhesion to substrates, which hinders the development of
related products. In recent years, some methods use high
molecular polymers with good bonding properties to combine
other functional/bioactive macromolecules to form biomimetic
functional layers on the surface of substrate materials through
self-assembly. The process is simple, efficient and cost-effective.
Inspired by the strong adhesion of marine mussels, polydop-
amine (PDA) coating has received extensive research attention
as a surface modification technology for biomedical
materials.>

Polydopamine coating is a tightly bound and densely struc-
tured polydopamine thin layer. The formation process is as
follows: dopamine (DA) contained in the cohesin secreted by
marine mussels undergoes self-oxidation, intramolecular/
intermolecular rearrangement, cross-linking and other
processes in an alkaline aqueous solution, and finally self-
polymerizes on the surface of many substrates (precious
metals, metal oxides, semiconductors, polymers, ceramics, etc.).
PDA has the advantages of facile preparation, controllable
thickness, strong adhesion to various substrates and degrad-
ability. Compared to synthetic polymers such as PCL, PLA and
PLGA, DA exhibits enhanced biocompatibility as a natural

© 2023 The Author(s). Published by the Royal Society of Chemistry
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polymer, mainly due to the absence of highly acidic degradation
products. The self-polymerization of DA in aqueous solution
was first discovered in 2007 (Fig. 26).>*

When used as a coating material on the surface of magne-
sium implants, PDA coating has the following significant
advantages.”?

(1) Enhancement in the corrosion resistance of the substrate.
Dopamine self-polymerizes on the substrate material to form
a dense polydopamine coating, which forms a cross-linked
network structure between molecules; Yu et al. reported that
the PDA layer has the characteristics of hydrophobicity and
negative surface charge in physiological environment. This is
theoretically beneficial to reduce water penetration and inhibit
Cl™ attack on the alloy base, thereby greatly reducing the
corrosion rate.**

(2) The thickness of the polydopamine coating can be
adjusted by controlling the time of the self-polymerization
reaction in the solution, and then the adjustment of the
different corrosion resistance time of the substrate material can
be realized.

(3) Polydopamine grows in situ on the surface of the
substrate, which is suitable for surface modification of
substrate materials with complex surface shapes such as
vascular stents.>**

(4) The PDA layer can effectively enhance the attachment,
proliferation and migration of ECs. Pan et al. developed a self-
assembled PDA coating and used it for AZ31B. The PDA
coating effectively reduces the corrosion current by three orders
of magnitude. Compared with those grown on unmodified Mg
alloys, the value-added curves of ECs were significantly
improved, which demonstrated the good compatibility of PDA
coatings with ECs.>*®

(5) Strong adhesion and ultra-thin properties (nano-scale).
The study shows that the strong adhesion behavior of poly-
dopamine on the sample surface originates from the catechol
and amino functional groups of dopamine, and this structure
can establish covalent and non-covalent interactions with the
organic-inorganic surface, thereby making the polydopamine
cross-linked layer to form strong adhesion to material surfaces.
This ability to withstand deformation is suitable for the appli-
cation of materials such as stents that need to withstand large
plastic deformation.>*”

Although polydopamine has been extensively studied and
applied as a surface modification method, various factors such
as preparation conditions restrict the large-scale application of
PDA. The PDA coating produced by self-assembly has good
properties, but the Mg alloy PDA coating prepared by the
traditional method is cumbersome and introduces agglomera-
tion problems.**®* The commonly used method of preparing PDA
coating in Tris-HCI aqueous solution is not suitable for highly
chemically active magnesium alloys, and the preparation
process will lead to serious corrosion of the substrate. The study
by F. Singer et al. also showed that the pure PDA coating could
not be prepared in the traditional aqueous solution, and the
mixture of Mg(OH),/MgO and PDA was obtained.>*®

It should be noted that the blood compatibility of the PDA
coating is poor because the imino and quinine groups rapidly
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Fig. 26 The discovery process of PDA and the structure of DA.

adsorb proteins, leading to adverse reactions such as platelet
adhesion, aggregation, and coagulation. The researchers miti-
gated this unfavorable feature by adding heparin.>*

5.3 Bionic superhydrophobic surface

Biomimetic superhydrophobic surfaces have received intense
attention from researchers due to numerous potential applica-
tions. From the wettability point of view, superhydrophobic
surfaces provide an ingenious strategy to solve the corrosion
problems. Mg alloys and most of their coatings are hydrophilic,
and the contact angles of aqueous solutions at different pH are
less than 90°. Therefore, corrosive solutions (such as acids,
bases and brine solutions) can easily spread over magnesium or
magnesium coatings and corrode the substrate or attack the
coating. The spherical water droplets on the superhydrophobic
surface can not only prevent the water droplets from spreading
or make the water droplets roll away on the macroscopic level,
but also form a solid-liquid-gas three-phase contact state at the
solid-liquid interface on the microscopic level, which can
greatly reduce the contact between substrate, coating and the
corrosive liquid.>**

Early research on superhydrophobic surfaces of Mg alloys
mainly focused on the preparation of the surfaces by chemical
etching, hydrothermal synthesis, anodization, electrodeposi-
tion and micro-arc oxidation. However, the superhydrophobic
surfaces prepared by these methods suffer from poor mecha-
nochemical  stability. =~ With  the  development of

8454 | RSC Adv, 2023, 13, 8427-8463

superhydrophobic coating. The mechanochemical stability of
superhydrophobic organic coatings has been significantly
improved. Meanwhile, organic superhydrophobic coatings for
magnesium alloys have also been developed to further control
the degradation process.**>

5.3.1 Preparation method of superhydrophobic surface

5.3.1.1 Chemical etching. Electroless plating is to replace the
metal whose activity sequence is behind Mg to form a micro-
nano structure; chemical etching is to prepare the micro-nano
structure by acid or chemical oxidation. Corrosive liquid may be
involved in the preparation process, and attention should be
paid to production protection and waste liquid recovery.

Xun et al. sequentially immersed AZ31B flakes in 0.01 M
MnSQO,, 0.1 M MnSO, and 0.02 M stearic acid in ethanol to
prepare a superhydrophobic surface with low adhesion
(Fig. 27(a)). As shown in Fig. 27(b), the surface has a large
number of randomly and vertically distributed porous wrinkles
and stearic acid nanosheets. The superhydrophobic coating
reduced the corrosion current of the alloy by two orders of
magnitude, indicating that the superhydrophobic surface
significantly improves the corrosion resistance of the alloy.
WCA was still greater than 150° under UV light and different pH
(2-14).2%

Zang et al. used a Mg alloy matrix to react with FeSO,
aqueous solution to prepare a rough Fe(OH); sheet-like struc-
ture, and then used stearic acid solution for surface modifica-
tion to construct a superhydrophobic surface. The measured
WCAs on this surface with droplets from pH 1 to 13 were all

© 2023 The Author(s). Published by the Royal Society of Chemistry
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>160°. The superhydrophobic coating reduces the corrosion
current density of alloys by three orders of magnitude.”**

5.3.1.2  Electrochemical deposition. The process of electro-
chemical deposition is to first deposit a magnesium alloy in an
electrolyte to deposit a micro-nano structure, and then modify
it to prepare a superhydrophobic surface. The later improve-
ment is convenient for preparing superhydrophobic surfaces by
one-step deposition in electrolytes of low surface energy
substances. The advantages of the electrodeposition are simple
operation, low cost, high efficiency and large-area fabrication.***

Liu et al prepared a stearic acid/CeO, bilayer super-
hydrophobic coating on AZ31B. By using a solution of ethanol :
water = 7:3 as solvent, the electrolyte containing Ce(NO3);-
-6H,0 and NH;NO;, at current densities of 0.65 mA cm ™2, 1.95
mA cm 2 and 3.25 mA cm 2, oxidized cerium films were
deposited on magnesium alloy samples. Finally, it was modified
in 0.05 mol per L stearic acid ethanol solution for 1 h, rinsed
with absolute ethanol and dried at room temperature to obtain
the coating. The I, of the superhydrophobic coating
decreased by two orders of magnitude in the short-term
immersion compared with that of the uncoated one, and after
immersion in 3.5 wt% NaCl solution for 100 h, the I of the
superhydrophobic coating increased but was still lower than the
Iorr values of uncoated AZ31B in the short-term immersion. The
protective performance of the superhydrophobic coating on
AZ31B was proved to be over 100 h (Fig. 28).>°¢

Liu et al. fabricated a superhydrophobic surface by one-step
electrodeposition of cerium(m) nitrate hexahydrate and myristic
acid in an ethanol electrolyte solution. The superhydrophobic
surface could reduce the I ., of magnesium alloys by two orders
of magnitude in NaCl, Na,SO,, NaNO;, and NaClO; solutions.
The contact angles tested by water droplets with a concentration
of 0-5 mol per L NaCl were all greater than 150°. In addition, the

© 2023 The Author(s). Published by the Royal Society of Chemistry

WCA tested with water droplets at pH 3 to 13 was in the range of
150° to 157°. The superhydrophobic surface was moved on
1000-grit sandpaper under a pressure of 1.3 kPa. After 400 mm
of wear, the WCA of the prepared surface was still higher than
150°. The above results indicate that the superhydrophobic
coating not only improves the corrosion performance but also
the mechanical properties.>®”

5.3.1.3 Micro-arc oxidation. Micro-arc oxidation (MAO) is
a technology in which an alloy is placed in a specific electrolyte
and a ceramic film layer is grown in situ through micro-plasma
discharge. MAO is widely used as a surface treatment due to its
low cost, high adhesion of the coating to the substrate and good
corrosion and wear resistance.

Zhang et al. constructed the surface microstructure through
micro-arc oxidation, and finally modified the micro-arc oxida-
tion samples with stearic acid at 99 °C for 0.5 h, 1 h,3 hand 7 h,
and prepared samples with contact angles of 139.5° 142.5°,
144.5° and 155.5° samples. Among them, the sample modified
for 7 hours has superhydrophobicity and the best corrosion
resistance, and the I.,, is reduced by three orders of
magnitude.”*®

5.3.1.4 Organic coating. Organic superhydrophobic coating
has good mechanochemical stability, repairability and excellent
anti-corrosion ability. It breaks the limitation of substrate and
can prepare superhydrophobic surfaces on different materials
under the same preparation process. The organic coating of Mg
alloy is relatively specific, and it is often not universal among
different alloys, which makes the development more difficult.>®

Li et al. proposed a simple and low-cost method to prepare
fluorine-free, mechanochemically durable superhydrophobic
coatings by one-step spray coating. The coating composition is
epoxy resin, low surface energy material polydimethylsiloxane
and modified SiO,. The WCA of the coating was 159.5° and the
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SA was 3.8°. The superhydrophobic coating exhibits excellent
mechanochemical durability, high and low temperature
stability, and self-healing properties. The I.,, of the super-
hydrophobic coating is about 2 orders of magnitude lower than
that of the magnesium alloy. After immersion in 3.5 wt% NaCl
solution for 336 h, the diameter and impedance modulus of the
coated capacitor ring still larger than the original magnesium
alloy. Therefore, the coating can provide long-term corrosion
protection.>”

A self-healing superhydrophobic coating was prepared by
Zhao et al. The superhydrophobic coating consists of a dense
self-healing epoxy resin (SHEP) primer and a super-
amphiphobic coating topcoat of perfluorodecyl polysiloxane
(FD-POS) modified silica (PF-POS@silica). The coatings exhibi-
ted good self-healing ability, as shown in Fig. 29, after low-
temperature heat treatment, the scratches on SHEP and

SHEP/PF-POS@silica coatings could be repaired to a great
extent to regain resistance to corrosion. This is because the
SHEP layer can effectively drive the repair of the super-
hydrophobic microstructure, thereby restoring the super-
hydrophobic properties. This mechanism can effectively reduce
the contact area and contact time between the coating and
water droplets, thereby effectively preventing the diffusion of
corrosive substances such as water, chloride ions and oxygen.””*

5.3.2 Porous surface. From Fig. 30, in 2011, Wong et al.,
inspired by the unique wetting properties of the pitcher edge of
Nepenthes, used micro/nanostructured storage lubricants to
prepare excellently smooth liquid-injected porous surfaces
(SLIPS). The SLIPS combines self-healing, hydrophobicity,
pressure stability and many other properties. SLIPS is consid-
ered a promising multifunctional surface technology with
potential applications in liquid repellency, antibacterial, anti-

Fig. 29 SEM images of the (a) scratched SHEP coating, (b) healed SHEP coating, (c) healed PF-POSa@silica coating, and (d) healed SHEP/PF-

POSa@silica coating.?
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icing and antifouling. It is also of great interest in the field of
corrosion protection. Unlike superhydrophobic surfaces, SLIPS
forms a solid-oil-water composite interface, and the oil layer
greatly reduces the direct contact of water with the solid surface
and repels erosive liquids, acting as a corrosion barrier. And
because the oil is fluid, it can achieve self-healing properties.>”
However, in the atmospheric environment, the lubricating oil is
easy to evaporate, resulting in a decrease in the non-wetting
ability of the surface. This is also one of the factors that limit
the widespread application of SLIPS.

Jiang et al. designed a novel anti-corrosion system, including
plasma electrolytic oxidation (PEO) film, layered double
hydroxide (LDH) film, and SLIPS-based magnesium alloy
protection system. The PEO film grown in situ on the surface of
magnesium alloy had moderate corrosion resistance, and the
interlayer LDH film loaded with corrosion inhibitors molybdate
and SLIPS could seal the PEO film defects. SLIPS provided
superior barrier capabilities while improving coating corrosion
resistance by refilling damaged areas with lubricating oil. C1™
triggered the release of molybdate in the LDH film for further
corrosion inhibition. The system could withstand immersion in
3.5 wt% NacCl solution for 20 days.*”*

Zhang et al. prepared a coating with a porous top layer and
a dense bottom layer on the surface of AZ31 by a hydrothermal
synthesis method. Superhydrophobic surfaces and SLIPS were
prepared by modifying the top porous structure and injecting
lubricating oil into the porous structure, respectively. The I.o
of the superhydrophobic surface and SLIPS is 4 and 6 orders of
magnitude lower than that of the magnesium alloy, respectively.
After prolonged immersion in 3.5 wt% NaCl solution, the
superhydrophobic coating can inhibit corrosion for 3 days, and
SLIPS can inhibit corrosion for at least 15 days. SLIPS have
begun to exhibit significantly better anticorrosion properties
than superhydrophobic surfaces.>”*

5.3.3 Development trend of magnesium alloy super-
hydrophobic coatings. In recent years, the focus of super-
hydrophobic coatings is on overcoming the durability problems
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of superhydrophobic coatings, preparing superhydrophobic
multifunctional materials, and preparing smart surfaces with
tunable wettability, etc.

Zang et al. reported the preparation of a lotus-like protective
superhydrophobic coating on AZ91D. The coating exhibits
excellent superhydrophobicity, which can effectively prevent the
penetration damage of the coating by water and corrosive ions.
Between two extreme wetting behaviors (superhydrophilic and
superhydrophobic) was achieved by removing the hydrophobic
material (n-dodecanethiol) at high temperature (350 °C) and
modifying it at room temperature convert. This process can be
performed for 18 cycles. The corrosion resistance can be well
controlled by the wettability switch, and the corrosion resis-
tance of superhydrophobic surfaces is significantly better than
that of superhydrophilic surfaces.?”® This kind of surface with
intelligent regulation of wettability through external stimuli has
become one of the important development directions of
biomimetic surfaces. During the wettability conversion process,
maintaining the long-term corrosion resistance of the coating is
crucial for the service of magnesium alloys. Therefore, there is
awide demand for biomimetic surfaces with excellent corrosion
resistance and controllable wettability.

From an environmental point of view, superhydrophobic
surfaces have made some progress in overcoming traditional
problems such as mechanochemical stability and potential
environmental pollution. The design of superhydrophobic
surfaces that take into account environmental protection,
mechanochemical durability, and long-term corrosion resis-
tance can further promote the development of magnesium
alloys.

6. Challenges and future
development

Magnesium-based implants have broad clinical application
prospects and great market potential in the fields of bone repair
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and cardiovascular stents. To overcome the relatively fast
degradation rate and inhomogeneity of alloy structures after
implantation, there are still many problems with different
modification methods. Elements that negatively affect the
mechanical properties and corrosion rate of the alloy should be
discarded under the action of complex alloying mechanism,
and the long-term toxicity of human trace elements (such as Li,
Al, Sc, RE elements, etc.) must be evaluated. The contribution of
biomimetic materials and graphene to the corrosion resistance
of alloys has not yet been fully explored, while their biosafety
has also to be evaluated.

The development trend of medical magnesium alloys in the
future may go through the process of alloying — microalloying/
plain — high purification in terms of composition.

After several years of research on alloying, breakthroughs
and attempts have been made in the types and quantities of
alloys added, more complex microstructures have been ob-
tained, and the types and volume fractions of the second phases
formed have also increased. Alloying often has a significant
effect on improving mechanical properties, but also brings the
side effect of corrosion, especially pitting susceptibility. The
pros and cons of over-alloying are now evident. Therefore, the
process of microalloying is to explore the interference on the
original performance after appropriately reducing the element
content. Plain is to manufacture sustainable materials by
regulating the defects of different scales of materials without
changing the composition. Both methods are significant for
material cost control and sustainable development.

High purification means that impurity elements such as Fe,
Co, Ni, Cu, etc. are controlled in the amount that interferes with
the performance of the alloy with the least amount. The purpose
can be achieved by the following means: (1) the peritectic
reaction is used to replace the eutectic reaction as much as
possible. The peritectic reaction of Mg is promoted by adding
certain alloying elements such as Mn, Zr, Ti, etc. in an amount
not exceeding the solid solution limit. (2) When eutectic
elements must be selected for alloying, the higher the solid
solubility of the metals of the other components, the better. The
compound adjacent to the solid solution phase region is better
with higher stability, and it is suggested to control the eutectic
point to be far away from Mg in the phase diagram. (3) Adding
specific alloying elements to remove impurities, such as adding
Mn to remove Fe.

In terms of function, the development trend of medical Mg
alloys is to change from a purely structural consideration to an
integrated design of structure and function. For example, the
DREAMS series stents have added a drug-loading layer to reduce
intimal hyperplasia.

In the research of medical Mg alloy coating materials, the
issues that need to be paid more attention in the future are: (1)
the surface coating material should have both biocompatibility
and long-term protection against corrosion, and can inhibit the
excessive release of hydrogen during the degradation of
magnesium alloys. (2) According to the specific requirements of
different implanted parts of the human body, develop specific
modified coatings and preparation technologies. For example,
the environments of human bone and blood are very different.

8458 | RSC Adv, 2023, 13, 8427-8463

View Article Online

Review

Generally, the requirements for material properties in the blood
environment are significantly higher than those in the bone
environment. Both animal and human experiments have shown
that the corrosion rate of magnesium alloys in blood is signif-
icantly higher than that in the bone environment, so it is
necessary to develop different types of coating materials. (3) The
coating materials should have controlled biodegradability. In-
depth and meticulous research and scientific evaluation must
be carried out for the metabolism and absorption pathways of
coating material degradation products in the human body and
their effects on major internal organs.
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