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After several years of research and development, it has been reported that magnesium alloys can be used as degradable metals in
some medical device applications. Over the years, fluoride coatings have received increasing research attention for improving the
corrosion resistance of magnesium. In this paper, different methods for preparing fluoride coatings and the characteristics of these
coatings are reported for the first time. The influence of the preparation conditions of fluoride coatings, including the magnesium
substrate, voltage, and electrolyte, on the coatings is discussed. Various properties of magnesium fluoride coatings are also
summarized, with an emphasis on corrosion resistance, mechanical properties, and biocompatibility. We screened experiments
and papers that planned the application of magnesium fluoride coatings in living organisms. We have selected the literature with
the aim of enhancing the performance of in vivo implants for reading and further detailed classification. The authors searched
PubMed, SCOPUS, Web of Science, and other databases for 688 relevant papers published between 2005 and 2021, citing 105 of
them. The selected time range is the last 16 years. Furthermore, this paper systematically discusses future prospects and challenges

related to the application of magnesium fluoride coatings to medical products.

1. Introduction

Recently, with the rapid increase in the number of tissue
injury repair procedures, metals have been widely used for
the replacement and regeneration of injured tissues owing to
their high mechanical properties [1]. Their common ap-
plications include scaffolds [2, 3], bone plates [4, 5], bone
nails [6], wound closing devices [7], artificial joint prostheses
[8], and guided tissue/bone regeneration membranes [9].
Nonbiodegradable metals used in traditional metal implants
include stainless steel, titanium, and cobalt-chromium alloys
[7, 10]. Despite their excellent biocompatibility and me-
chanical properties, they can cause inflammatory reactions
because of the release of toxic ions, which often require
secondary surgical removal [11, 12]. Moreover, the stress
shielding effect of conventional bone implants often impedes

healing because of the disparity in elastic modulus between
the conventional metals and bone [10].

Fortunately, as a biodegradable metal, magnesium is
preferred as a biologically essential trace element, with an
elastic modulus similar to bone in fracture healing, elimi-
nating the need for a secondary surgical removal [13]. The
ideal clinical biodegradable metals must be perfectly suited
for the injured tissue reconstruction in a biologically non-
toxic precondition, providing absolute mechanical protec-
tion in the early stages and gradually degrading at an
acceptable rate as the tissue heals [7]. Despite the devel-
opments in the research on magnesium alloys over the past
decades, clinical studies on magnesium alloys can be traced
back to 1878; at that time, Edward C. Huse first used
magnesium wires to ligate blood vessels [14]. Nevertheless,
the current bottleneck limiting the clinical application of
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magnesium is its extremely rapid degradation rate in vivo,
which may result in the accumulation of local air pockets, an
alkalinization effect, an osmotic pressure increase, and even a
rapid decrease in the mechanical strength of the implants
[2, 15]. Currently, there are two ways to control the degradation
rate of magnesium: composition modification and alloy surface
treatment. The properties of magnesium alloys can be influ-
enced by changing the amount and percentage of alloying
elements, like Al, Li, Ca, Y, Mn, Zn, Zr, and rare earth [16].

The ideal magnesium alloy coating has properties such as
corrosion resistance, degradability, and biocompatibility for
clinical applications [17]. Surface modifications are known to
be classified according to the method of coating preparation,
which include mechanical [18], physical [19], chemical [20],
and biological or biomimetic. Chemical coating is formed by
the reaction between the magnesium substrate and coating
solution, which makes the chemical coating strongly bonded
to the substrate [21]. Since the formation is based on chemical
reactions, it is more sensitive to thermodynamics and kinetics
[17]. Typical chemical coating techniques include chemical
conversion, plasma electrolytic oxidation (PEO), thermal
treatment, and electrodeposition [15]. Among them, chemical
conversion is often used as a pretreatment [12]. PEO, also
known as microarc oxidation (MAO), is the use of plasma arc
discharge at the electrolyte/electrolyte interface to react with
the electrolyte and sinter the substrate surface to form a
coating [10]. The PEO layer is usually more stable than the
chemical conversion layer, but its porous surface may lead to
pit corrosion [12]. Fluoride coating, tightly bonded to the
substrate and insoluble in water, is formed via chemical re-
actions between fluorine and magnesium by the specific
methods listed above. The main degradation products, Mg*+
and low concentrations F~ have both been shown to enhance
osteogenesis [5, 22]. Furthermore, F~ ions have been proved
to have antibacterial properties in dentistry [23]. As a bur-
geoning coating, fluoride coating has been validated to im-
prove the corrosion resistance of magnesium to a certain
extent while also meeting the requirements of an ideal
coating, such as self-degradability and biocompatibility,
making it a promising coating [24-27].

Currently, there is only one review of immersed fluoride
conversion coatings for medical magnesium alloys [28];
however, no review for fluoride coatings is available. Therefore,
this paper reviews the advances in fluoride coatings for medical
magnesium alloys, with the aim of discussing the pros and cons
of existing fluoride coatings from the perspectives of prepa-
ration methods, coating structures and properties, and chal-
lenges and suggestions for further research.

2. Growth of Fluorinated Coatings

The fabrication of a dense, homogeneous, and biocompatible
fluorinated coating on the surface of magnesium alloys by
chemical transformation is a widely used treatment to en-
hance the corrosion resistance of magnesium alloys [29, 30],
that is, HF acid immersion treatment.

When the magnesium alloy is immersed in the HF
solution, the magnesium alloy substrate is heavily corroded,
producing Mg2+, H,, and OH™ (equations (1)-(3)).
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Subsequently, Mg>* reacts with F~ and OH™ in the solution
to form a compound on the surface of the substrate
(equations (4)-(6)). Because Mg(OH), is extremely unstable
under acidic conditions, it can undergo an exchange reaction
(equation (7)), in which the OH™ within the Mg(OH), Fy
coating is replaced by F~ (Figure 1) [31]. The above reaction
was also accelerated by increasing the concentration of HF in
the conversion solution [31].

Mg — Mg™* +2¢” (1)
2H" +2¢ — H*T (2)
2H,0+2¢ — 20H +H,] (3)
Mg*" +2F — MgF, (4)
Mg’ + 20H” — Mg(OH), (5)

Mg** + XF~ +(2 - X)OH — Mg(OH), .F, (6)

Mg(OH),+2F — MgF, + 20H" (7)

Fluoride coatings have received more attention in recent
years, particularly for methods such as immersion fluori-
nation, microarc fluorination [32], and ultrasonic immer-
sion fluorination [24] based on the composite fluoride
coatings derived from the abovementioned methods, such as
hydroxyapatite/magnesium fluoride composite coatings
[33], fluoride-treated and sol-gel film composite coatings
[34], and composite coatings with fluoride as a pretreatment,
an electrolyte, or additives [35-41]; these composite and
multilayer coatings are not discussed in detail in this paper
because there are no strict standards for their conceptual
classification.

3. Technology

Currently, there are four main technologies for preparation
of magnesium-based magnesium fluoride coatings: anodic
fluorination (AF), immersion fluorination (HF), ultrasonic
immersion fluorination (UHF), and microarc fluorination
(MAF).

3.1. Anodic Fluorination. Anodic fluorination is the re-
placement of the normal electrolyte with an electrolyte con-
taining the element fluorine on the basis of anodic oxidation.
Anodic fluorination uses the metal as an anode and forms a
porous coating on the metal surface by means of electrolytic
oxidation. After AF treatment, the surface of the sample forms
a coral-like and shale-like surface morphology. Compared with
untreated specimens, the treated specimens performed better
in corrosion resistance. A better coating impedance effect
appeared at relatively low voltages, which is consistent with the
experimental expectations. In the low-voltage treatment group,
the corrosion resistance of AF10, AF30, and AF20 showed a
high to low level. 10V treated samples showed the lowest
current density and relatively high corrosion voltage. The
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FIGURE 1: Mechanism of formation of the fluoride coating on the AZ31 magnesium alloy [31].

thickness of the magnesium fluoride film increases with the
increase of the voltage, reaching a peak at AF60. However, the
bond between the coating and the substrate is not strong
enough, and the coating tends to peel off as the coating
thickness increases. Therefore, samples treated at 10 V have the
best corrosion resistance [32].

In the same way as microarc fluoridation, the thickness
and microstructure of the coating can be changed by varying
the applied voltage under fixed electrolyte conditions. It is
also more environmentally friendly and economical than
microarc fluorination due to the lower applied voltage and
lower electrolyte concentration [26].

3.2. Immersion Fluorination. Immersion is a popular tech-
nique for preparing coatings. The desired properties can be

Mg(OH)Z(s) + ZHZF(aq) e MgFZ(S) + 2H20(1)’

obtained by modifying the composition of the deposited
layer. The traditional method of immersion fluorination
involves immersing magnesium in a certain concentration of
HF solution at a specific temperature for a certain amount of
time before removing it [42]. Table 1 shows the charac-
teristics of different HF-coated magnesium alloys prepared
under various parameters. A thin fluoride film with MgF, as
the main component was formed on the surface of mag-
nesium alloys [43]. The coating obtained by immersion
fluorination can effectively decrease the degradation rate of
magnesium alloys in vivo. Meanwhile, the coating showed
good biocompatibility [44-46]. This method is appreciated
for its simplicity, low cost, and easy control, while the
coating formed is loose and porous and may easily peel oft
[47].

o

A,G’ = -476.6kJ/mol (8)

AG" = -359.3kJ/mol (9)

T

A.G" = -117.3KkJ/mol (10)
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TaBLE 1: Characteristics of different HF-coated magnesium alloys prepared under various parameters.
Reference Alloys Treatmegt Tregtment Thlckne§s of Special structure Compos%tlon of Special
concentration time the coatings coating pretreatment
Tower-shaped Mg, Zn, and F
[48] Mg-Zn alloys HF 40 wt% 72h 1-2um P elements; MgF, —
pores
was not detected
[49] AZ31B HF 50 wt% 48h 1.9 um — MgO and MgF, —
Treating in 5M
3] Mg-Znp-Y-Nd  y1 006 (vyw) 24h 1.5-1.6 ym Smooth surface MgF, and MgO boiled NaOH for
alloys without pits 3h
Boiling in NaOH
[46] LAE442 HF 40% 96 h 150-200 ym — MgF, under slow
stirring
Boiling in NaOH
(¢=200g/1) for
- 9 - —
[50] Mg-Ca alloys HF 40% 96h 10-20 um MgF, 3h under slow
stirring
24h 3um — MgF, —
[44] High-purity Mg~ HF 40 wt% 48h 3.5um
96h 4um
Rough surface of
particles with spots
(uneven
6h Nearly 3.82 ym precipitates) MgF,
scattered on the
surface
12h —
Spots completely
[51] AZ61 particles HF 40% wrapping around
24h the surface of
spherical particles
were observed
Significant
deformation and
48h cracking of the
particles were
observed
WE43 (aerosolized 1, 24, and Irregular, related to MgF, and YF
. HF 40% ] — the YF; phase %2 3 —
particulate) 9h . phase
between grains
[52] 3.4-3.8um Continuous
HP Mg (aerosolized (maximum  uniformity (for 24 MoF
particulate) thickness was and 96 h instead of g2
reached at 8h) 1h)
HF 4 vol% or 24, 72, and Shown in Cracks were
[31] AZ31 10 vol% 168h Figure 2 [31] observed MgF, -
Mg powder (Merck:
CAS 7439-95-4);
(53] crystal powder of g g (orog 15h 1.4pm — MgF, and MgO —
sucrose
(C12H220111 Merck:
1076531)

Under different treatment conditions, the coating ob-
tained may comprise Mg(OH),, MgF,, and other substances,
as shown in equations (8)-(10). Among them, the hydroxide
in the coating was validated to have a negative impact on the
corrosion resistance of the coating [54]. Since equations (8)
and (9) have similar thermodynamic tendencies, it is assumed
that both reactions will occur spontaneously and

simultaneously when magnesium alloys are in contact with
water and hydrofluoric acid. Thus, the rate of each reaction
depends on the HF concentration [42]. When the acid
concentration was too low, the Mg(OH), level in the coating
was too high to lose the protective effect of the coating.
According to equation (10), a higher concentration of HF
converted the Mg(OH), generated during the treatment into
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MgF,. Barajas et al. [31] found that the layer obtained at 10 vol
% HF (approximately 2.2 ym) was thicker and had higher F
content than that obtained at 4 vol% HF (approximately
1.9 ym). The authors concluded that although the 10% HEF-
treated coating had more cracks, the higher F content of the
coating might be a reasonable explanation for the corrosion
resistance of the 10% HF-treated coating. However, an overly
high concentration of HF may lead to thinning of the coating,
which may be attributed to the fact that the dissolution rate of
the magnesium substrate is faster than the generation rate of
the conversion coating [55]. Additionally, treatment time has
also been proven to affect the coating thickness [31, 44], which
in turn affects the corrosion resistance of magnesium alloys by
changing the probability of defects or “active spots” on the
surface of the magnesium substrate, that is, the number of
through-holes [56]. Usually, the thickness curve rises with
treatment time and eventually flattens out (Figure 2) [31], but
the formation rate of the coating gradually decreases, which
may be related to the thickening of the coating that prevents
the HF from reacting with the internal magnesium [57]. da
Conceicao et al. [54] treated AZ31 at HF acid concentrations
at a concentration gradient from 12 to 49 vol%. It was found
that the coating thickness of the samples treated with high
concentrations of HF acid was thinner and formed more
slowly than those treated with low concentrations of HF acid,
leading to a lower corrosion resistance due to the slower
formation rate. The low concentration for a long time resulted
in a high hydroxide content in the transformed layer,
explaining the low corrosion resistance of the 12 vol% HF-
treated coatings. Nevertheless, some studies have shown that
magnesium alloys after alkaline pretreatment, which com-
monly refers to the reaction of magnesium alloys with high
concentrations of NaOH to produce Mg(OH),, can develop
thicker MgF, coatings than those without the alkaline pre-
treatment [3, 46, 50].

Furthermore, the crystalline phase on the alloy surface is
also an essential factor affecting the formation of fluorinated
magnesium coatings. Casanova et al. [58] analyzed the
morphology of fluoride conversion coatings synthesized on
Elektron 21 and AZ91D alloys. In a hydrofluoric acid (HF)
solution, AZ91D and Elektron 21 alloys form MgF2 coatings,
which provide good corrosion protection, where the pres-
ence and nature of different intermetallic phases play a
pivotal role in its growth. The preferential dissolution of the
reactive 3-phase (Mgl7Al12) in the AZ91D alloy promoted
the growth of MgF2 coatings. Conversely, the microstruc-
ture of Elektron 21 alloys was more homogeneous, and the
intermetallic compound Mgl12(NdxGd1-x) phase remained
stable, allowing the formation of continuous and homoge-
neous coatings. The microstructure of fluoride conversion
coatings on AZ31 in relation to the degradation mechanism
was studied by Barajas et al. The authors performed chemical
conversion coating of AZ31 Mg alloy at 4 and 10% HF
concentration with an immersion time of 24-168 hours [31].
During the conversion process, most of the metal particles in
the a-Mg matrix on the surface of AZ31 were dissolved, but
SEM observation revealed undissolved metal particles, and
then EDX analysis revealed that the undissolved metal
particles corresponded to rare earth-containing dispersions
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FIGURE 2: Variation of fluoride coating thickness on the AZ31 alloy
as a function of treatment time [31].

(La, Ce, and Nd). It may be due to the fact that Al is active
under HF treatment conditions, and the preferred phase
dissolved easily during the transformation process is
AlxMny particles.

3.3. Ultrasonic Immersion Fluorination. One of the surface
improvement methods that are both effective and environ-
mentally friendly is HF. It enhances the corrosion and
abrasion resistance of magnesium alloys by forming a thin
and uniform fluoride coating that adheres to the alloy surface.
However, this method is not applicable to clinical settings.
Previous studies have shown that ultrasonic treatment of
fluoride coatings can improve the corrosion resistance of Mg
alloys and prepare denser and smoother coatings; this method
is called ultrasonic immersion fluorination [24].

When immersed in an environment of 28 kHz ultra-
sound, the coatings of HF and UHF are identical in thickness
and composition; however, UHF can reduce the porosity
and cracks, exhibiting better corrosion resistance. The
electrochemical tests showed that UHF had the highest
electronic impedance and corrosion potential difference, as
well as the lowest corrosion current density. Similarly, the
mass loss test showed that the UHF-coated alloy exhibited a
lower mass loss than the HF-coated and bare samples.
Therefore, the ultrasonic treatment of magnesium alloy with
fluoride coating is promising as a biomaterial in various
medical applications [24].

Lellouche et al. reported on the antimicrobial and
antibiofilm activities of nanosized magnesium fluoride
(MgF2) nanoparticles (NPs) synthesized in ionic liquid
using microwave chemistry [59]. Compounds nanosized
MgF, nanoparticles (MgF,NPs) by water-based synthesis of
MgF,NPs using ultrasonic immersion. Ultrasonic chemical
irradiation of aqueous solutions of ([Mg(Ac),(H,O)4])
containing hydrofluoric acid resulted in well-crystallized



spherical MgF,NPs. Antimicrobial properties against two
common bacteria (Escherichia coli and Staphylococcus au-
reus) were greatly improved. Using the ultrasonic chemical
process described, the glass surface was coated, and the
ultrasonically prepared magnesium fluoride crystals were
shown to have an inhibitory effect on bacterial colonization
within seven days.

3.4. MAF. The treatment of magnesium alloys in highly
concentrated fluoride solutions using the microarc oxidation
technique, also known as MAF, has the advantages of short
treatment time and almost no crack formation. When MAF
was performed, ammonium hydrogen fluoride and hydro-
fluoric acid were selected as the electrolytes. The higher the
concentration of fluoride ions in the electrolyte, the more
corrosion-resistant the fluoride coating; thus, a high con-
centration of HF (46%) is preferred as the electrolyte [26, 27].
In the electrolyte, a current is applied at a constant voltage for
very short duration using magnesium alloy as the cathode and
a graphite rod as the anode. According to the electrochemical
and immersion tests, the best stability and corrosion resis-
tance of the fluoride coating are achieved at 200 V, while too
high voltage leads to the flaking of the coating [25].

The coatings prepared by MAF are dense and porous,
with MgF, as the main component; further, the corrosion
resistance of the alloy is determined by factors such as pore
size and surface roughness of the coating. Compared to HF
and UHEF, the coating structure of MAF is much denser and
forms a coral-like structure on the surface of the alloys,
resulting in a higher surface roughness that is proportional
to the voltage [32]. Cell proliferation was significantly more
enhanced in the treated samples than that in the bare Mg
alloys [25, 60].

4. Properties

Magnesium alloys show promising biomedical applications
owing to their biodegradability [61], with Young’s modulus
similar to that of bone, good biocompatibility, and osteo-
genesis. The ideal magnesium alloy implant maintains
mechanical integrity during early implantation, provides
absolute support, and eventually degrades as a bone defect or
fracture repair without the requirement for secondary
surgical removal [62]. In particular, magnesium, known to
be one of the most essential substances in the human body,
exists on human bone and soft tissue without obvious
toxicity [25, 63-67] and is easily excreted in excess.

The extremely high rate of magnesium alloy degradation
in humans severely limits their clinical applications. Based
on the different properties of magnesium alloy fluoride
coatings, the following is a comprehensive review of the
effect of fluoride coatings on magnesium alloys, regardless of
the limiting preparation techniques and experimental types
(in vivo/in vitro). We hope to offer some valuable sugges-
tions for improving the corrosion resistance, mechanical
properties, substrate bonding strength, biocompatibility,
bone integration and osteogenic activity, and antimicrobial
properties of magnesium alloy fluoride coatings.

Bioinorganic Chemistry and Applications

4.1. Corrosion Resistance. Poor corrosion resistance is a
significant issue in magnesium implants. Electron micro-
scopic fluoride films consist of fine particles, which improve
problems such as voids and cracks on the metal surface.
Thus, fluoride coatings can improve corrosion resistance by
surface modification.

The fluoride coating of magnesium alloys demonstrated
excellent corrosion resistance in in vitro immersion ex-
periments. Li et al. [68] made screws and tensile specimens
from magnesium alloys as substrates and HF to obtain HF-
coated magnesium alloy samples. After immersing the HF-
coated and bare magnesium alloy samples in a simulated
body fluid (HBSS), the immersed screw samples were
subjected to scanning electron microscopy (SEM) (Figure 3)
[68] and mass loss detection. The calculations showed that
the corrosion rate of the coated screw samples was only one-
quarter that of the uncoated samples because of the pro-
tection of the uniform and dense MgF, coating. They also
performed tensile tests and corrosion rate tests on tensile
specimens after immersion, and the MgF,-coated samples
showed a lower pitting corrosion rate than the bare samples,
resulting in good mechanical properties even after one
month of immersion.

In addition to HF-coated magnesium alloys, varying the
parameters of different surface modification methods can
also affect the corrosion resistance of magnesium alloys by
changing the coating characteristics (Table 2).

The majority of the findings indicate that the electrical
parameters have the greatest influence on the coating
morphology and phase composition [72-80]. Heydarian
et al. [70] used magnesium alloy as the substrate; the coating
generated at a high voltage maintained corrosion resistance
for 28 days without significant substrate corrosion. The
study also reported that applying higher voltages to the
coatings was more conducive to increasing the thickness of
the coatings, and the further incorporation of fluoride in the
coatings resulted in an increase in the MgF, content in the
inner layer of the coating, which contributed to the for-
mation of coatings with stronger barrier properties.

Anodic polarization experiments were performed on
untreated and 4.10 vol% HF immersion treated AZ31
magnesium alloy, and the electrochemical parameters were
extracted as shown in Table 3 [31]; the majority of the
coatings provided a scope of protection (Epit-Ecorr) to the
metal substrate, and the fluoride coatings reduced the
corrosion current density and enhanced the corrosion re-
sistance of the alloy. Compared to previous studies [26], Dai
et al. [32] used a low-voltage fluorination method to obtain
coatings with controlled corrosion rates under safer con-
ditions. This further confirms that MAF technology still has
broad application prospects and research value in the use of
magnesium alloy coatings. The above results show that the
operating voltage has a significant influence on coating
thickness.

Additionally, the preparation of fluoride coatings in an
ultrasonic environment shows promise in the medical field.
Sun et al. [24] used an AZ31 magnesium alloy for HF in a
28 kHz ultrasonic environment. The ultrasonic treatment of
the coating allowed hydrogen to escape, resulting in a
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3 days

FIGURE 3: Scanning electron micrographs of the surface morphologies of uncoated MZZ screws (a—d) and MgF,-coated MZZ screws (e-h)

after immersion in SBF for different durations [68].

reduction in scratches and microporosity, as well as a sig-
nificant increase in the corrosion resistance of the HFU-
coating over the HF-coating. The electrochemical corrosion
test results are represented in the curves shown in Figure 6
[24]. The HFU-coating had the lowest corrosion current
density, highest corrosion potential, and highest electronic
impedance, showing a noticeably higher corrosion resistance
in the mass loss tests.

In summary, the formation conditions of the fluoride
coating, such as voltage, current, and external conditions,
determine its characterization and corrosion resistance.

4.2. Mechanical Property. Magnesium alloys must have
mechanical properties to meet the bone-healing process in
the human body during degradation. The mechanical
properties of medical magnesium alloy implants are critical
for the success of fracture fixation and cardiovascular sur-
gery [63]. The more widely used metal implants, such as
titanium, stainless steel, and cobalt-chromium alloys, re-
quire secondary surgical removal. The higher Young’s
modulus leads to a mechanical mismatch between the bone
and implant, triggering a stress shielding phenomenon,
which causes reabsorption of the surrounding bone [81].
Compared to polymeric materials, magnesium alloys have
better mechanical properties and Young’s modulus (44 GPa)
closer to natural human bone (7-25GPa) [82]. The pro-
tective effect of fluoride coatings on the mechanical prop-
erties (compressive, tensile, and bending properties) of
biodegradable magnesium alloys in recent years is reviewed
as follows [83].

Drynda et al. [84] demonstrated the protective effect of
MgF, coating by conducting four-point bending corrosion
tests. They found MgF,-coated Mg-Ca alloys to be more
suitable for biodegradable cardiovascular scaffolds than the
currently available Mg alloys. Under constant load, the
passivation of MgF, coating occurred by forming Mg(OH),

layer. Due to the small crack size (width <10um; length
<250 um), no large tensile stress is generated, and the
Mg(OH), formed is relatively dense, which can separate
magnesium alloy from the electrolyte and delay the cor-
rosion process.

Dvorsky et al. [52] measured the compressive, tensile,
and flexural properties of different magnesium-based ma-
terials after HF, as shown in Figure 7 [52]. The mechanical
properties of pure magnesium samples improved after
fluorination, with the best mechanical properties achieved
after 24 h of fluorination. The MgF, coating formed after 1 h
of immersion was thin and provided only a slight im-
provement in the mechanical properties; after 96 h of im-
mersion, the coating was thicker, and brittleness increased.
For the WE43 magnesium alloy, the exact opposite result
was observed; a significant deterioration of the mechanical
properties as the immersion time increased, which could be
relevant to the inhomogeneous fluoride layer and YF3 phase.
Therefore, the interaction between the substrate and the
coating is also a vital factor affecting the mechanical
properties.

Li et al. [68] compared the mechanical properties of Mg-
Zn-Zr (MZZ) alloy samples after immersion in SBF solution
for various durations before and after the fluorination
treatment, as shown in Figure 8 [68]. The yield strength (YS),
ultimate tensile strength (UTS), and elongation (EL) of the
fluorinated samples were much higher than those of the bare
sample from day 3 to day 20 of the immersion, whereas the
maximum corrosion rate (CRmax) of the coated samples
was only approximately 50% that of the bare sample. These
results indicate that the MgF, coating can mitigate the effects
of pitting corrosion on the magnesium matrix and con-
tribute to maintaining preferable mechanical integrity.

4.3. Bonding with the Substrate. The prerequisite for a
qualified coating to perform its excellent surface
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TaBLE 2: Characteristics of different HF-coated magnesium alloys prepared under various parameters.

The reference

Thickness of . Composition . 2, electrode and
Reference Alloys Treatment the coatings Special structure of coating Ecorr (V) corr (Alcm®) the
electrolyte
Treating by
unconventional .
. . Primary layer:
fluoride conversion .
in Na[BF,] molten Shpwn n No porosity or Mg-Fs
[69] AZ61 salts at 410, 420, Flf’glgrf 4 structural defects sizczilid;rz o o -
430, 440, and 450°C : [1{4 3]
for0.5,1,2,4, 8, 12, &
24, and 36 h
. Reference
Ireating .by electrode: Ag/
ultrasonic AgCl/Sat-
immersion Nanocrystalline HFU: HFU:
[24] AZ31 fluorination in HF 7.7pm structure MgF, -1.298 9.231x1077 (+1 ;<7Cri1V)
46% solution for Electrolyte:
24h HBSS
Reference
Treating by 1573 (the 0.301x10°° electrode: Ag/
microare MAF120: MAF120: long-slot .ure M (t}'le ure M AgCl/Sat-
fluorination (MAF) ' - long MgF, pure Vg bure Mg KCl
. 2.5um shape structure group is group is
Pure in saturated 1.842) 5.064x10°°) (+197 mV).
[27] M NH,HF, solution ' ’ Electrolyte:
8 by constant SBF
voltages of 120, 160, MAF160: MAF160: uniform 6
200, and 210V for 3.5um and porous 1.558 0.238x10
3 min MAF200:  MAF200: uniform —1.547 0.187 x 10~
5.5 um and porous
PEF100, PEF110, Ref.
and PEF120: a elerence
rough structure electrode: Ag/
roug . ~1.363 (the 6.811x10°  AgCl/Sat-
PEF100: 1  with a nonuniform .
. MgF, bare group  (the bare is KCl
Treating by plasma  and 3 uym texture. PEF130 . 5
) is ~1.543) 2.470x107%)  (+197mV).
electrolytic and PEF140: Electrolvte:
fluorination in the porous and HBSSYt ’
[26] AZ31 pure NH,HF, uniform structure
(150°C) by voltages  PEF110: 1403 6.498 X 10~
of 100, 110, 120, 2.7 um ’ ’
130, and 140V for PEF120: 1388 3.975 % 10-5
30s 5.6um
PEF130: 7
13.6 ym —1.358 8.533x 10
PEF140: 1334  4360x10°°

13.9 ym
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TaBLE 2: Continued.

Thickness of

Composition

The reference
electrode and

. . 2
Reference Alloys Treatment the coatings Special structure of coating Ecorr (V) dcorr (Alcm®) the
electrolyte
AF10:
6.37x107°
(the pure Mg
group is
—5
. . AF10: a dot-like 2251077
Treating by anodic morpholoav. AF30 AF20:
fluorination (AF) at I;l d AI:%ZO 4.13%x107° Reference
0.1 mol/L NH,HF, haomo enec.);ls No specific AF30: electrode: Ag/
solution by direct . gen b 7.15x107° AgCl/Sat-
32] Pure current (CD) Shown in matte-like MgF data are AF50: Kal
Mg power supply at 10 Figure 5 [32] appearance (as the 2 mentioned 261 x1 (')_5 (+197 mV)
20, 30, 40, 50, 60, (oltage increased, inthearticle " 4ps0.  Electrolyte:
70, 80, and 90V for b arI;) p 3.83x107° HBSS
3 min shale-like) AF70:
8.55x107°
AF80:
6.98x107°
AF90:
7.72%x107°
~6
Treating b —1.318 (the 0.(2t1212 Eil(r)e
aung by 150 V: The coral-like bare AZ31
feroare 0.5um structure appeared MgF: roup is AZ31 group
fluorination (MAF) ~H PP g—l 581) is
anodized by ’ 342.4%107°%)
[25] AZ31 constant volta : i
ge at 200V: The coral-like _1262 0177 x 10~
100, 150, 200, 250, 0.6 ym structure ’ ’
and 300V for 30s 250 V: The coral-like
in 46% HF solution 0.7 m structure -1.293 0.199x107°
S disappeared
. Obvious
Treating by plasma microcracks and
electrolytic The coatings microporosity were
oxidation (PEQ) at are all thick obseEv od OZ the MgO
an aluminate-based on the surface. Double-  MgAlO,, and — — —
electrolyte outside and laver str ¢ MoF
A . Y ucture o gk,
containing thin on the coating: porous
NaAlO,, NaF, and inside . iyz oo
KOH at pH 12.20 at .
32+2°C for 10 min den[sjen‘irf‘;lrerill;‘yer
at W.VO constant distributed pores
[70] AZ91 anodic voltages of .
Unipolar ~ were observed on
350 and 400V
usine three waveform: the surface,
di fgge rent 4pm showing regular
waveforms of circular holes with
. . different sizes
unipolar, bipolar Surface cavities
with 20% cathodic . .
. with a crater-like
duty cycle and Bipolar moroholoey alon
bipolar with 40%  waveform: with zomegyranulegs
cathodic duty cycle 15um &

for 10 min

of oxide were
observed
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TaBLE 2: Continued.

The reference

Thickness of Composition 2, electrode and
Reference Alloys Treatment . Special structure . E \% i Alcm
¥ the coatings p of coating corr (V) corr (Afem’) the
electrolyte
Treati . >
eatl.ng bY The inner KMgFs
potentiostatic Mg(OH),, and
- layer: Compact — — —
polarization 300 nm MgF, are not
measurements detected
using a
1 AZ31 .
(711 3 potentiostat/ The outer
Galvanostat 273 A
. layer: Rough
at —1.4V in 260 nm
0.IM KF solution at
room temperature
_ 160 70
i 2.5+ ) + L o Le0
= i 3
: . . g [0 <2
By 2 g 100 S 9
5 53 L 40 2 E
— 20 F . -~ ] 2 w80 bS]
> X 2 X ==
5 AT : 8.5 L3 8§32
g y 28 60 52
E= -4 (] ¢ E o 40 20 ~ %D
E L5 4 i Y 5y Lo 7
e § 0 - . . . 0
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'Eu 5 Voltage (V)
il
0.5~ —a— Thickness
1 1 1 1 1 1 1 1 J
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time of immersion [h]

—=— 410°C —w— 440°C
—e— 420°C —4— 450°C
—a— 430°C

FiGure 4: Coating thickness dependence on the coating time [69].

modification is a strong bond with the substrate. Chemical
conversion methods are currently used for coating prepa-
ration, and the obtained coatings have a high bonding
strength. Zhu et al. [85] compared the bonding strength of
fluoride coatings with the substrate at different processing
times, as shown in Figure 9 [85], and confirmed that the
highest bonding strength was achieved at 50's. Dai et al. [32]
prepared fluoride coatings on magnesium alloy substrates.
The surface morphologies of the generated coatings were
compared at different voltages, and SEM images were ob-
tained, as shown in Figure 10 [32]. Large areas of coating
peeling appeared on the surface of the samples at voltages
higher than 50 V. As stated in the study, the release of the
plasma causes microporosity on the surface of the coating,
leading to a coral-like appearance, which is required for the
adhesion of the coating to the substrate. Excessively high
voltages can roughen the coral-like structure, reducing
adhesion. Furthermore, Heydarian et al. [70] used the PEO
technique in their study to treat AZ91 magnesium alloy in an
aluminate electrolyte. Comparing the magnesium fluoride

—B— Weight

—@— Atomic

FIGURE 5: Variation of coating thickness and chemical composi-
tions with processing voltage. In the figure, the blue triangle data
point curve corresponds to the variation of coating thickness with
the voltage [32].

coatings prepared at different voltages and observing the
denseness and peeling of the coatings under SEM, it was
confirmed that the voltage significantly affects the bond
strength of the coating to the substrate. Consequently, it is
possible to control the conditions during fluorination
treatment to obtain fluoride coatings with better bond
strength, which will have tremendous significance in clinical
applications.

4.4. Biocompatibility. Magnesium alloy has good biocom-
patibility as a medical implant material [22, 68, 86-88].
Fluorine coating degrades and releases fluorine ions to
surrounding tissues. A moderate amount of fluoride pro-
motes teeth and bone growth and healing. In contrast,
excessive fluoride in the body can lead to dental and skeletal
fluorosis and affect the intellectual development of adoles-
cents and the function of endocrine glands, damaging the
gonads and other soft tissues such as the heart, liver, lungs,
and kidneys. Therefore, while using fluoride as an implant
coating, the advantages of fluoride in enhancing bone quality
and accelerating calcification should be exploited as much as
possible to avoid any harm to the body.
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TaBLE 3: Electrochemical parameters obtained from the anodic polarization curves [31].
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Immersion

4 vol% HF-treated sample

10 vol% HF-treated sample
time in HF (h) Ecorr (V) Epit (V) Icorr (A/cm®) Protection range (V) Ecorr (V) Epit (V) Icorr (A/cm?®) Protection range (V)

0 -1.51 - 2.21 x10-5 — -1.51 — 2.21 x10-5 —
24 -1.29 -1.14 1.70 x10-7 0.15 —1.45 -1.19 1.19x10-7 0.26
48 -1.48 -1.26 5.84 x10-7 0.22 -1.36 -1.11 1.69 x10-7 0.25
72 -1.36 -1.19 2.28 x10-7 0.17 -1.34 -1.21 1.23x10-7 0.13
168 -1.27 — 1.51 x 10-7 — -1.24 -1.17 6.05x10-8 0.07
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FIGURE 6: Electrochemical corrosion results. OCP (a), PDP (b), Nyquist (c), and bode (d) curves of the bare and HF- and HFU-coated AZ31

alloys [24].
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FIGURE 7: Mechanical properties of Mg and WE43 alloys: (a) compressive, (b) tensile, and (c) bending (compressive yield strength (CYS),

ultimate compressive strength (UCS), tensile yield strength (TYS),

ultimate bending strength (UBS)) [52].

Extensive in vivo and in vitro experiments lay the
foundation for the clinical application of magnesium fluo-
ride implants. The MgF,-coated alloy improves its own
corrosion resistance while maintaining the advantages of
noncytotoxicity, favoring cell adhesion and proliferation,
and not causing inflammation. In vitro cytotoxicity tests
confirmed that the fluoride-coated AZ31B alloy is not toxic
to human bone marrow mesenchymal stem cells (BMMSC)
[49]. Jo et al. [89] performed an in vitro cellular response
examination of preosteoblasts using cell proliferation assays
and alkaline phosphatase (ALP) assays, indicating that hy-
droxyapatite coatings with MgF, as an intermediate layer
also enhanced the level of cell proliferation and differenti-
ation. HA/MgF,-coated magnesium had higher corrosion
resistance than bare magnesium and the bone-to-implant
contact (BIC) ratio in the cortical bone region of the rabbit
femur at 4 weeks after implantation. Durisin et al. [90]
observed nonspecific inflammation and mucosal thickening
in an in vivo study using a novel magnesium alloy scaffold
placed in the paranasal sinus, confirming that the Mg-2 wt%
Nd alloy scaffold coated with MgF, has excellent biocom-
patibility while retaining functionality. These advantages
make MgF,-coated magnesium alloys promising for long-
term therapeutic applications in various medical fields.
Regarding in vivo experiments, Constantin Carboneras et al.
[91] observed the performance of nasal MgNd, implants
coated with MgF, over 6 months and found slow histo-
compatible degradation of the implants without repeated
bacterial infections. Drynda et al. [84] observed the bio-
compatibility of fluoride-coated magnesium-calcium alloy
scaffolds in a subcutaneous mouse model, and none of the
samples showed tissue inflammatory reactions or extensive
proliferative effects compared to bare magnesium implants
while improving corrosion resistance in vivo, suggesting that

ultimate tensile strength (UTS), bending yield strength (BYS), and

magnesium fluoride coating may be a good strategy to re-
duce biodegradation of magnesium-based alloys.

4.5. Bone Integration and Osteogenic Activity. Jiang et al. [22]
prepared an MgF, coating on an Mg-Zn-Zr alloy and
implanted it into the femoral condyles of rabbits. The
changes in corrosion resistance, biocompatibility, and os-
teogenic activity of the coated alloy were observed at the
histological and micromorphological levels. It was con-
cluded that the MgF, coating was effective in reducing the
rate of in vivo degradation of the Mg-Zn-Zr alloy. The bone
tissue and mineral content gradually increased, demon-
strating that the MgF,/Mg-Zn-Zr alloy promotes the for-
mation of new bone on the alloy surface in vivo.
Furthermore, the biological properties of the coating
exhibited excellent biocompatibility and bioactivity.

Sun et al. [92] conducted a similar work, coating de-
gradable Mg-3Zn-0.8Zr cylinders with a Ca-P layer or an
MgF, layer; an uncoated Mg-3Zn-0.8zr alloy was used as a
control group. Both specimens were implanted in the bone
marrow of the white rabbits. During postoperative obser-
vation, SEM results showed a large number of cells, ample
fibrillar collagen, and Ca-P products on the surface of the
MgF,-coated implants. Also, micro-CT results revealed a
slight decrease in volume (23.85%) and an increase in new
bone volume (new bone volume fraction of 11.56% and
tissue mineral density of 248.81 mg/cm®) in MgF,-coated
implants after 3 months when compared to uncoated and
Ca-P composite-coated implants. As the samples degraded,
new bone trabeculae gradually formed, which was associated
with a large number of active osteoblasts and osteocytes. The
arrangement of newly formed bone trabeculae in the MgF,-
coated samples (Figure 11(f)) [92] was much greater and
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FIGURE 9: Average values of adhesive strength against the detached area for epoxy-coated aluminum samples with different Ti/Zr/V
conversion treatment times [85].
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FIGURE 10: Optical observations of coated samples of (a) pure Mg, (b) AF10, (c) AF20, (d) AF30, (e) AF40, (f) AF50, (g) AF60, (h) AF70,
(i) AF80, and (j) AF90 [32].

® (8) (h)

Ficure 11: Continued.



Bioinorganic Chemistry and Applications

(e)

15

®

F1Gurk 11: Histological photographs of the implant/bone interfaces around uncoated (a, b), Ca-P coating (c, d), and MgF, coating (e, f) after
3 months after the operation (I: implant; N: newly formed trabecular bone; circle: magnesium granules) [92].

more compact than the rest of the specimens. The bone
trabeculae were well-structured and largely consistent with
the original bone, which is in full accordance with Parfitt’s
study on the morphology of bone remodeling units [93].

Sun et al. [6] implanted fluorine-coated AZ31B mag-
nesium alloy screws in rabbit mandibles and femurs and
discussed how fluorine coating enhances corrosion resis-
tance and promotes bone formation of AZ31B magnesium
alloy at the histological and immunohistochemical levels
(Figure 12) [6]. Fluorine coating has been shown to enhance
the corrosion resistance and bone formation of AZ31B
magnesium alloy by upregulating type I collagen and BMP-2
expression (BMP-2 stimulates osteoclast differentiation and
participates in bone tissue reconstruction) [94]. Neverthe-
less, due to the short observation time and complexity in
vivo, further studies are required to clarify the exact
mechanism by which degradation products affect
osteogenesis.

4.6. Antibacterial Properties. When fluoride-coated mag-
nesium alloys are used as surgical implants, the antibacterial
requirements of the implants are strict due to the complexity
of antibiotic treatment and wounds and the repetitive nature
of surgery [95, 96]. There are various methods to improve
the antimicrobial properties of the surface, such as reducing
the generation of surface biofilm by coating properties,
special coating space structure, and adding antimicrobial
elements to the coating to change the environment or
physiological function in which bacteria are located. The
antimicrobial research of fluorinated coatings mainly fo-
cuses on the porous structure to change the surface PH
antimicrobial and fluorine release antimicrobial.

Ren et al. [97] investigated the behavior of pure Mg and
AZ31 alloys against Escherichia coli and Staphylococcus
aureus with and without surface coatings. This paper focuses
on the effects of surface pH, porosity, cracking, and coating

density on surface antibacterial ability. The antimicrobial
ability of pure Mg is high because of the very rapid rate of
degradation, resulting in a significant increase in the sur-
rounding pH to 10. Alkaline environments are not con-
ducive to the growth and reproduction of Escherichia coli
and Staphylococcus aureus. Robinson et al. [98] suggest that
the degradable nature of Mg in physiological solutions
causes a rapid increase in the Mg”* concentration and the
pH of the solution, with the latter supposedly being the cause
of the bacterial inhibitory effect of Mg. Interestingly, if the
Mg-based metal surface is covered with a porous layer, a
relatively low degradation rate can not only be obtained but
also acquire an antibacterial function to some extent.
However, outside the fluorine-containing coatings of pure
Mg and AZ31 alloys, the antimicrobial capacity is lost as the
surface coating is too dense, slowing down the release of
Mg** and leaving the pH of the surrounding tissue almost
unchanged.

Due to the degradable nature of fluoride coatings, their
fluoride-releasing properties are unquestionable. In oral
studies, fluoride has been combined with other substances to
release fluoride to improve its antimicrobial properties and
prevent secondary caries. Although there are few studies
related to the antimicrobial properties of MgF, coatings
associated with magnesium alloys, the study of fluoride
releases to improve antimicrobial properties can provide a
reference for the antimicrobial properties of fluorinated
coatings. Zheng et al. [99] combined zirconia nanoparticles
with fluorine (F-ZrO,) and investigated the effect of fluorine
content on surface colonization. As shown in Figure 13 [99],
the number of colonies decreased significantly with the
addition of fluorine, indicating that F-ZrO, has a significant
antibacterial effect on Streptococcus pyogenes. Since the 20th
century, fluoride has been shown to reduce the acid resis-
tance of bacteria [100], and the application of fluoride-re-
leasing materials has become a way to apply fluoride
topically.
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FIGURE 12: (a) Specimens of bone tissue reaction around implantations in different groups after various intervals of implantation. (b) Hard
tissue section of the interface of implantation and bone in different groups after various intervals of implantation. (c) HE-stained sections
around the implantations in different groups after various intervals of implantation. Group A, untreated AZ31 magnesium alloy screw;
group T, titanium alloy screw; group F, AZ31 magnesium alloy screw coated with fluorine. These results showed that fluorine coating might
promote the formation of new bone without obvious inflammatory reaction and fluorine-coated magnesium [6].
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(the red arrows differentiate the bacteria plaques on the surfaces of specimens) [99].
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5. Challenges and Perspectives

Magnesium-based materials are limited in clinical applica-
tions because of the progressive decrease in mechanical
properties caused by their fast degradation rate in the body
fluid environment. Fluorination techniques are currently the
most efficient and feasible solution for the surface modifi-
cation of magnesium alloys.

Although many studies have been reported on the use of
magnesium and its alloys, more extensive studies are still
necessary to better evaluate the potential of fluoride coatings.
The mechanical properties of magnesium materials, as well
as their increased resistance to corrosion changes, must be
thoroughly evaluated. Further optimization of corrosion-
resistant fluoride coating technology is also a subject for
turther research. In addition, the effects of elemental fluorine
entering human tissue fluids on biological organisms require
extensive research data to support their safety.
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