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Abstract—Fluoride conversion layer was produced on AZ31 magnesium alloy by soaking in hydrofluoric acid
solution and poly(L-lactic acid) (PLLA) film was prepared by spin-coating the PLLA solution. The as-pre-
pared samples were comparatively characterized in phase structure, elements profile, morphology, adhesion
force, and corrosion resistance. The results show that more MgF, was formed in the outer layer than at the
interface which is likely to be composed of MgF, and Mg(OH),. The MgF, layer is of labyrinthine porosity
with fine pores interconnected to larger ones, while the spin-coated PLLA film is dense and adhere to the
substrate seamlessly. PLLA showed a higher adhesion force between the coating and AZ31 substrate than flu-
oride layer because of its ductility and higher contact area. PLLA was infused into the porous fluoride con-
version layer forming an integrated inorganic/organic composite coating. Infiltration of PLLA into MgF,
layer sealing pores and flaws contributes to reinforcement of the composite coating in favor of improvement
of the interfacial adhesion force as well as corrosion resistance. The composite PLLA/MgF, coating outper-
forms either of the solely applied coatings with respect to anticorrosion and adhesion properties under the

same condition.
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INTRODUCTION

Magnesium alloys have been generally viewed as
competitive candidates for substitution of conven-
tional bone implant materials thanks to their perfect
mechanical properties, easy biodegradation and bio-
compatibility. However their inherent rapid corrosion
rate in physiological environment places hurdle on
their extensive clinical applications because the resul-
tant drastic rise in pH value severely deteriorates cell
proliferation, differentiation and viability on the
implants surface and even trigger chronic tissue
inflammatory reaction and blood clots [ 1, 2]. In recent
years, higher requirements on cytocompatibility of
implant materials are put forward in addition to their
bioactivity, biodegradation and match of mechanical
properties. As such, the emerging prerequisite for the
extensive biomedical application of magnesium alloy
implants increasingly demands minimized corrosion
rate, enhanced interfacial adhesion and improved
cytocompatibility that facilitates the growth and heal-
ing of host tissue.

! The article is published in the original.
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So far, alloying and surface modification are the
two main methods commonly used to improve the
corrosion resistance of magnesium alloys. The
approach of adding alloying elements like rare earth to
host magnesium may inevitablely leave potential tox-
icity affecting the prothesis’ biocompatibility and
endangering clinical safety [3]. Surface modification
however represents a promising alternative solution to
this problem, which is implemented just by encrusting
the substrate a bioactive degradable coating with more
easiness and cost efficiency compared to other techni-
cal routes. Inorganic coating e.g. hydroxyapatite (HA)
has popularly been applied to magnesium alloy
implants in virtue of its outstanding bioactivity, bio-
degradation, biocompitability and osteoconduction,
nevertheless, owing to its brittleness, HA coating may
suffer fracturing and peeling off under load. Biode-
gradable polymer Poly(lactic acid) (PLA), has been
widely used as a biomaterial thanks to its notable mer-
its like high ductility, controllable degradation rate,
outstanding biocompatibility and versatility to be
composited with inorganic fillers. Homogeneous and
smooth PLA coatings can be successfully prepared on
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the surface of magnesium substrate, but dynamic deg-
radation tests indicated that there was probably an
interaction between the magnesium substrate and the
PLA coatings undermining the corrosion resistance
[4]. However, increase in the PLA coating thickness
was found to increase the degradation resistance, but
to resulted in limited adhesion strength [5]. Appropri-
ate coupling agent had to be applied between the coat-
ing and substrate to effectively strengthen the adhesion
therein [6], whereas the selection of coupling agents
and their concomitant biological impacts would
instead complicate the problems [7]. On the other
hand, the acidic byproducts degraded by PLA will
eventually expedite the eroding reactions of magne-
sium alloy and even induce inflammation reaction due
to local excessive acidity, an alkaline counterparts nor-
mally a inorganic matter may be required to moderate
the acidic environment.

Chemical conversion film containing inorganic
constitution has been expected to provide an autolo-
gous of cohesive layer that may help the bonding of
outer bulk coating with the substrate. Hydrofluoric
acid (HF) treated magnesium alloy exhibits improve-
ment on corrosion resistance in favor of cellular appli-
cations due to the protective MgF, film formed on the
substrate having the required biocompatibility [8].
MgF, film used as interlayer between the HA coating
and magnesium substrate was proved beneficial to the
adhesion of HA to some degree, while the thin thick-
ness less than 2 wm and the porous configuration
seemingly makes it play only a short-term role [9].
Instead, a composite of fluoride conversion film and
polymer coating is more likely to reveal full benefits of
the individuals and balance out their drawbacks.
During the coating process, liquidus polymer dis-
solved by organic solvent infiltrates the pores as seal-
ant densifying and bonding the transition layer. Cases
of such applications have been embodied by studies on
WE42 and AZ31 magnesium alloys modified by com-
posite of micro-arc oxidation/poly-L-lactic acid
(MAO/PLLA), indicating a rising adhesive strength at
the interface, falling corrosion rate and good cyto-
compatibility [10, 11]. Nonetheless cases of composite
coatings of PLLA/MgF, on magnesium alloy for bio-
medical uses are less retrievable and the understanding of
their performances especially the interfacial behaviour
still needs further elucidation. This work provides some
insights into chemical speciation of fluoride conversion
layer as well as the interface adhesion and anticorro-
sion mechanism of the composite coating with the aim
to tentatively shed some light on the inconsistent
points in the current studies.

EXPERIMENTAL
Coating Procedure

Prior to coating, the as received AZ31 ingots were cut
into rectangular coupons with dimensions 30 mm X
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20 mm X 2 mm and were polished with SiC paper up
to 1000 grit, washed with distilled water and ultrason-
ically cleaned in acetone and anhydrous ethanol,
respectively.

For the chemical conversion treatment, the sam-
ples were immersed in an HF solution with concentra-
tion of 40 wt % at room temperature for 48 h. The
treated specimens, denoted as ‘MgF,’ for the subse-
quent use, were rinsed with distilled water and dried in
blowing air.

PLLA with an average molecular weight of about
400000 was provided by Research Centre of Biomate-
rials and Engineering, Wuhan University of Technol-
ogy. The similar coating procedure had been reported
in our previous work [12]. Briefly, 1 g PLLA was dis-
solved in 10 mL dichloromethane (DCM) and mag-
netically stirred for 30 min followed by 15 min ultrasonic
dispersion at room temperature. Then the as-prepared
suspension was spin-coated on pretreated magnesium
alloy samples for 30 s at a rotating speed of 1500 rpm, the
coated surface was immediately dried in blowing air. In
order to seek thicker coatings, identical procedure was
repeated three times. The obtained coating samples were
designated as PLLA1/MgF,, PLLA3/MgF, describing
spin-coating PLLA onto HF-treated AZ31 one and
three times respectively. Similarly, PLLA coated directly
on pristine AZ31 one and three times were given the
notations of PLLAI and PLLA3 respectively.

Characterizations

Phase structure of as prepared samples were char-
acterized by X-ray diffraction (XRD) (D/MAX-IIIA)
using CuKo radiation with 26 scanned from 20° to 70°
at rate of 0.05°/s.

Elemental depth profiles of the coatings were
depicted by means of JYI0000RF glow discharge opti-
cal emission spectrometry (GDOES) using a copper
anode with a diameter of 4mm, with excitation power
set at 30 W, pressure at 650 Pa and voltage at 4.5 V.

Morphologies of the coated magnesium alloy sam-
ples were observed by a Zeiss field emission scanning
electron microscope (SEM). Prior to measurement,
the surface was sputtered with gold.

The interfacial adhesion force between coating and
the substrate was evaluated in terms of critical load
determined by scratch tests, employing a Nanotest
system (Micro Materials, Ltd) equipped with a Rock-
well diamond indenter with tip diameter of 25 um. The
indenter scratched on the coating at a rate of 5 um/s
under a normal load ramped at a rate of 50 mN/s,
applied after displacement of 50 um until the total
scratch length reached 350 wm. The scratch image was
captured using an in-situ optical microscope system in
order to locate initial failure of the coating.

Electrochemical measurements were carried out
on an EG&G 273A type potentiostat, using Pt as the
counter electrode, saturated calomel electrode (SCE)
Vol. 57
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as reference electrode and simulate body fluid (SBF) as
aggressive media. The SBF containing NaCl 8.035 g/L,
NaHCO, 0.355 g/L, KC10.225 g/L, K,HPO, - 3H,0
0.231 g/L, MgCl, - 6H,0 0.311 g/L, CaCl, 0.292 g/L,
Na,S0, 0.072 g/L, trishydroxymethylaminomethane
6.063 g/L, hydrochloric buffered at pH 7.4 was pre-
pared and preserved at 37°C [13]. The potential was
scanned from —2.2 to 1.0 V versus SCE at a scanning
rate of 1 mV/s and the measured area of the samples
was 0.785 cm?. The electrochemical parameters were
derived by extrapolating linear fitted Tafel region of
the recorded potentiodynamic polarization curves.
Also from the electrochemical parameters the polar-
ization resistance (R,) was calculated according to
Eq. (1), where I, is the corrosion current density,
B, and B, represent anodic and cathodic Tafel slopes,
respectively [14, 15].

_ B.B.
&= 2.3B, + B corr M

RESULTS AND DISCUSSION
Phase Structure

Figure 1 shows the XRD patterns of bare AZ31
magnesium alloy and those with various coatings.
Characteristic lines of o.-Mg are identified in the pat-
terns for all the samples, but are relatively weakened
for the coated ones due to attenuation by the formed
films. Dissimilar to untreated AZ31, the HF-treated
AZ31 samples has peaks assigned to sellaite-type
MgF, (PDS#70-0212) as marked in patterns of sample
‘MgF,” and ‘PLLA3/MgF,’. This confirms the
expected formation of MgF, conversion layer, the low
diffraction intensity of which seemingly signifies its
considerable thinness. No new peaks appear in XRD
patterns of PLLA coated samples, meaning that PLLA
film precipitated onto substrate in an amorphous state
via thermally induced phase separation (TIPS) of
polymer solution. Moreover, the assumed MgO and
Mg(OH), are not detected by XRD likely because of
their contents below detection limit or location is far
away from the outer surface.

Elemental Profile

Elemental depth profiles of MgF, coated and
PLLA1/MgF, composite coated sample are displayed
in Fig. 2a,b, respectively. It should be noted that for a
given element, its concentration is proportional to the
intensity and different element has its own scaling
coefficient. In addition to Mg, Al and Zn of AZ31 sub-
strate, adventitious elements F, C, H and O appear in
the profile graphics. Herein O and H are suggested to
originate from hydrocarbons in the environment,
and/or from resultant hydroxides formed on magne-
sium alloy [8, 16, 17]. The substrate immersed in HF
aqueous solution was activated to form chemical con-

RUSSIAN JOURNAL OF NON-FERROUS METALS

Vol. 57

383

. a—Mg
. MgF2

I
™ ‘JPLLA3/MgF2

Intensity, a.u.

PLLA3

MgF,

AZ31

Fig. 1. XRD patterns of the bare and the coated AZ31 mag-
nesium alloy.

version layer with F, C, H and O digressively distrib-
uted inward, meanwhile the main elements Mg, Al
and Zn in substrate distributed conversely as revealed
in Fig. 2a. The yielded conversion layer can be estimated
to be about 2 um thick just according to the elements
depth profile despite inaccuracy as sputtering rate
depends on composition which changes with depth.

It has been generally accepted both MgF, and
Mg(OH), can all be created during HF treatment fol-
lowing the reaction equilibriums below [18]:

Mg+ 2HF — MgF, + H, T,

. O (2)
A ,G° = —477.38 KImol ™,
Mg + 2H,0 — Mg(OH), + H, T, 3
A ,G° = -359.42 KImol ™,
Mg(OH), + 2HF — MgF, + 2H,0, @

A,G°=-117.96 KImol ™.

According to the thermodynamics data, MgF, has
Gibbs free energy similar to Mg(OH),, suggesting
similar reaction tendency for both processes. However
the solubility product constant (K,) of Mg(OH), is
5.61 x 10~'2, an order of magnitude lower than that of
MgF,, K, = 5.16 x 10~". In consequence, Mg(OH),
deposits in preference of MgF, forming a barrier to
resist further reaction [19]. Further, in presence of HF
with high local concentration, a part of the resultant
Mg(OH), can be converted into MgF, precipitates.
Alternatively Mg(OH), can also be hypothesized to
decompose expressed as Eq. (5), but the higher Gibbs
free energy may disable the occurrence of this reaction
which actually can only take place above 340°C. The

No.4 2016
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Fig. 2. Elements profile of (a) fluoride treated AZ31 and (b) PLLA/fluoride treated AZ31.

XRD patterns (Fig. 1) rule out the possible presence of
MgO yielded by HF soaking.

Mg(OH), — MgO + H,0,
A,G°=127.26 KImol .

Given this mechanism, a mixture of MgF, and
residual Mg(OH), close to the substrate appear to
bring down Mg concentration because the latter has a
lower Mg content than the former. It is proven by the
fact that a hump appears on Mg profile close to the
substrate matrix, signifying more MgF, in the outer
layer than in the interface which assumedly composes
of MgF, and Mg(OH),.

As shown in Fig. 2b, elemental profiles of
PLLA1/MgF, indicate newly added PLLA film char-
acterized by additional C and H lines superposing
those of the previous MgF, layer. The PLLA marked
by higher C and H elements is infused into the conver-
sion layer forming a merged zone because C and H
profiles have a broad overlapped band with Mg and F
within the conversion layer.

(%)

Morphology

The cross-sectional morphology of sample MgF,
(Fig. 3a) shows a uniform fluoride conversion layer
adhered to the substrate, but its microstructure is of
labyrinthine porosity with fine pores interconnected
to larger ones as exhibited in Fig. 3b. The main reason
for the formation of the cellular structure of the fluo-
ride film may be the hydrogen evolution during soak-
ing in HF solution [20]. Figure 3c exhibits the side-
viewed morphology of PLLA3 coating on AZ31, which
reveals about 20 um of dense PLLA layer adhered uni-
formly to the substrate. The interface between the poly-
mer and the substrate shown in magnified image
(Fig. 3d) is seamless except for few flaws. Dense PLLA
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film is formed owing to significant volumetric contrac-
tion and hence drastic reduction in polymer free volume
through TIPS induced by evaporation of DCM and heat
dissipation during spin-coating [ 12].

Composite coating PLLA3/MgF, has an extended
thickness of about 30 um with PLLA infiltrated into
porous MgF, layer leaving visible interpenetrated
overlapping edge (Fig. 3e). As demonstrated in the
magnified view of the interface (Fig. 3f), the fluoride
layer with thickness of about 2 um is sandwiched
firmly between PLLA and the substrate. The fluoride
conversion layer is observed impregnated by PLLA
forming an integrated inorganic/organic composite
coating. This is consistent with the results of PLLA
elements distribution into MgF,, ranging as indicated
in Fig. 2b.

Adhesion Force

Figure 4 illustrates the topographic depth (D) as
function of scratch displacement (.5) of the stylus
under ramp-up load (L) applied after 50 um pre-scan
for levelling. The adhesion force between the coating
and the substrate is evaluated in terms of critical load
(L,) that represents the onset normal force in the case
of a coating failure where the corresponding depth
indicates the thickness of the coating (7). In addition,
the captured scratch imprint was matched with the
recorded curves for precise positioning the failure
point. As demonstrated in Fig. 4, values of L, and T for
sample MgF,, PLLA1, PLLA3, PLLA1/MgF, and
PLLA3/MgF, can be easily read from the correspond-
ing plots and are summarized in Table 1. This method-
ology provides an effective assessment on critical load
most close to the clinical application conditions where
implants are mainly subject to compressing or scrap-
ing typically in vertical direction.
Vol. 57
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Fig. 3. Morphology of coated AZ31 magnesium alloy: (a) cross sectional image of MgF,; (b) surface of MgF,; (c) cross-sectional
image of PLLA3; (d) interface of PLLA3; (e) cross-sectional image of PLLA3/MgF,; (f) interface of PLLA3/MgF,.

Comparison of the L, listed in Table 1 indicates
that solely coated PLLA film has a higher critical load
than MgF, layer. Nevertheless, composite coating of
PLLA and MgF, remarkably improves critical load,
and increasing PLLA thickness gives rise to critical
load as well. As revealed by the scratch images, the
MgF, layer cracks abruptly and instead the PLLA-
containing coatings are observed to be gradually

abraded meaning enhanced wear resistance as com-
pared to the former. Their diverse behaviours are more
likely to be associated with brittleness and porosity of
MgF, layer as compared to ductility and dense micro-
structure of PLLA. The results are in agreement with
the reasonable notion that there is a reaction of car-
boxyl groups from PLA and hydroxyl radicals from
Mg(OH), on the surface causing chemical bonding

Table 1. Critical loads and thicknesses of studied coatings on AZ31 magnesium alloy

Sample MgF, PLLA1 PLLA3 PLLA1/MgF, PLLA3/MgF,
L.(N) 0.480 1.565 1.796 2.067 2.653
T (pm) 1.88 14.94 19.72 15.89 28.36
RUSSIAN JOURNAL OF NON-FERROUS METALS Vol. 57 No.4 2016
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Fig. 4. Schematic illustration of determination on critical load of various coatings on AZ31.

[11]. Additionally, a larger effective contact area of
dense PLLA with the substrate than that of the porous
MgF, may reasonably account for advantageous adhe-
sion of the former over the latter. Alternatively, the
composite coating possesses higher adhesion more
likely because PLLA solution was infused into the
porous MgF, layer sealing the pores, healing the flaws
and forming a stronger composite bonding layer with
organic and inorganic constituents reinforced mutu-
ally. Then it can be supposed pinning and interlocking
effects caused by PLLA infusion into the porous struc-
ture of MgF, layer contributes to this reinforcement.

RUSSIAN JOURNAL OF NON-FERROUS METALS

The coating thicknesses detected by means of
scratch test, shown in Table 1, are roughly consistent
with those observed in SEM images. The thickness of
composite coating PLLA1/MgF, is smaller than the
sum of individual MgF, and pure PLLAI layers,
implying a portion of PLLA is accommodated by cel-
lular fluoride layer because of the infiltration of runny
PLLA solution under capillary force and centrifugal
force during high-speed spinning. On the other hand,
subsequent PLLA layers may significantly increase
the thickness of the composite coating because of sat-
uration of the MgF, layer in addition to rising volume
2016
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Fig. 5. Polarization curves of bare AZ31 sample and those with various coatings.

of polymer. It is noteworthy that the number of PLLA
coating repeats disproportionate the film thickness
because multiple spin-coating of PLLA provides par-
tial re-dissolving instead of simple superposition.
Apparently, the thickened PLLA layer makes full infu-
sion of fluoride porosity and increases ductility of the
whole coating leading to improvement of adhesion.

Corrosion Resistance

Figure 5 depicts the polarization curves of the
uncoated AZ31 as well as the coated ones. Three elec-
trochemical parameters i.e. corrosion potentials
(E..), corrosion current density (/) and polariza-
tion resistance (R,) derived from these curves and are
collected in Table 2. It is well established that materials
with more positive E_ ., has higher chances to resist
corrosion, and R, in parallel to E,, has a strong posi-
tive correlation with corrosion resistance, while lower
1., indicates reduced corrosion rate. Comparison of
these parameters reveals positive-shifted E,,, rising
R, as well as lowered [, by two orders of magnitude
for the coated AZ31 sample relative to the pristine one

suggesting that, overall, the corrosion resistance of
magnesium alloy was obviously improved by virtue of
coating strategies.

Comparative analysis of the coated counterparts
demonstrates that MgF, film more effectively raises
E.... and PLLA tends more to reduce /.., and thus a
combination of both remarkably improves the capabil-
ity of simultaneously increasing E,.,, and decreasing
1. It seems that the composite coating outperforms
either of the solely applied ones with respect to anti-
corrosion property. Additionally, the PLLA coating
allows a more noticeable fall of /,, and rise of R, than
MgF, film and multiplying PLLA layers promotes
increase in E,, R, and decline in /. These results
prove PLLA is likely to provide a higher corrosion
resistance than MgF, does. The reason why MgF,
layer alleviates corrosion to some extent can be
ascribed to its insolubility in SBF and labyrinth-like
porous structure hindering direct access of corrosive
agents, while dense texture and tardy degradation of
PLLA may be responsible for its protection against
corrosion. A combination of the both will form an

Table 2. Electrochemical parameters of studied coatings and AZ31 magnesium alloy

Sample AZ31 MgF, PLLALI PLLA1/MgF, PLLA3 PLLA3/MgF,
E.o/V —1.719 —1.482 —1.544 —1.509 —1.479 —1.450
Ior/A cm™2 2.91 x 1074 8.14 x 107° 5.09 x 107° 6.53 x 107° 3.97 x 107° 2.93 x 107°
R,/Q cm™> 51.89 195.94 6701.29 6686.92 8053.58 10618.70

RUSSIAN JOURNAL OF NON-FERROUS METALS Vol.57 No.4 2016
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integrated composite system that may further improve
the corrosion resistance of magnesium alloy.

CONCLUSIONS

MgF, conversion layer formed on AZ31 magne-
sium alloy by HF treatment with more MgF, in the
outer layer than in the interface which assumedly
composes of MgF, and Mg(OH),. MgF, conversion
layer possesses a labyrinthine porosity with fine pores
interconnected to larger ones, while spin-coated
PLLA film is dense and adheres to the substrate seam-
lessly. PLLA is impregnated into the porous fluoride
conversion layer forming an integrated inor-
ganic/organic composite coating. PLLA is more likely
to facilitate the improvement in adhesion between the
coating and substrate compared to fluoride layer
because of its ductility and higher contact area. Infil-
tration of PLLA into porous MgF, layer sealing the
pores and flaws contributes to the reinforcement of the
composite coating, and thus promotes the improve-
ment of the interfacial adhesion as well as corrosion
resistance. The composite coating of PLLA/MgF,
outperforms either of the solely applied coatings with
respect to anticorrosion and adhesion properties
under the same condition.
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