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Abstract: A bilayer anodic film/beeswax–colophony is proposed for improving the corrosion resis-
tance of magnesium alloy surface. The bilayer was synthesized on the AZ31 alloy by anodization
and subsequent dip coating, and the corrosion behavior was investigated by electrochemical mea-
surements and weight loss test in Ringer lactate at 37 ◦C. The bilayer improved the electrochemical
corrosion resistance by four orders of magnitude, as demonstrated by ~104 times lower corrosion
current density in the polarization curves and ~104 higher film resistance in the impedance spectra.
The tremendous surface area of the porous anodic film led to a strong attachment of the topcoat
beeswax–colophony. Most of the coating remained attached to the surface after 14 days soaking in
Ringer lactate. A few small blisters developed under the bilayer contributed to the low mass loss of
0.07 mg/cm2/day compared to the bare substrate, with an average loss rate of 0.25 mg/cm2/day.
Local detachment of topcoat layer exposed the underlying anodic film that triggered the deposition
of Ca and further nucleation of the Ca–P compound on the surface. The existence of a Ca−P com-
pound with a Ca/P ratio of 1.68 indicated the ability of the bilayer to promote the formation of bone
mineral apatite.

Keywords: magnesium; biodegradable; coating; corrosion

1. Introduction

There have been continuous efforts to develop a biocompatible coating for retarding
the fast degradation of magnesium (Mg) alloys for biomedical implant purposes [1–9]. The
spontaneous degradation of Mg alloys in an aqueous environment means it is well-suited
for the application as a temporary implant material. Clinical trials on some commercial
products of Mg-based implants, namely BIOTRONIK stents and MAGNEZIX screws, have
proved the excellent biocompatibility of Mg alloys as no allergic reaction or health threat
were reported [10]. However, a slower biodegradation rate of the implant is necessary to
maintain the mechanical integrity of the alloys during the healing period [11–13]. A coating
serves as an effective barrier to limit contact between the metal and the environment and
thus reduces the corrosion rate. The most popular coatings investigated for Mg alloys
are calcium phosphate-based, including hydroxyapatite (HA) coatings [14–17]. High-
temperature coating techniques such as plasma spraying, chemical vapor deposition, and
sintering are involved in producing dense HA coatings on Mg surfaces. Exposure to
elevated temperature influences the microstructure and characteristics of the Mg alloys
with a low melting point [18]. The biocompatible organic coatings offer a low-temperature
fabrication as well as serve other beneficial functions in drug delivery and interact with the
surrounding biomolecules during implantation [19].

The biocompatible polymer coatings, such as polyurethane (PU), polylactide (PLA),
and polyglycolide (PGA), were reported to exhibit anti-corrosion and anti-bacterial prop-
erties in an in vitro test [1,3,4,9,19]. However, the coatings are unstable and potentially
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undergo hydrolysis during service, releasing acid products that counteract the biocompati-
bility properties. The pH reduction in the vicinity of an implant induces unexpected reac-
tions of the surrounding tissues, such as inflammation [20]. A novel beeswax–colophony
mixture was synthesized in this work as an alternative biocompatible polymer coating for
Mg alloys. Beeswax and colophony are abundant natural resources and are inexpensive,
biodegradable, edible, and non-toxic [21]. Beeswax (C15H31COOC30H61) has been used
for decades as bone wax to prevent bleeding during orthopedic surgery [22]. Colophony
primarily consists of abietic and colophony acids with hydrophobic hydrophenanthrene
rings [23]. Due to the excellent hydrophobicity and biocompatibility properties of the
colophony, it is used as a material for coating, microencapsulation, and matrix material
in medicine. However, there is a lack of research on the beeswax and colophony as a
metal coating.

Colophony serves as an adhesive agent for beeswax in the beeswax–colophony coating.
The adhesivity and resistivity of the beeswax–colophony coating depend on the ratio of
beeswax to colophony. Earlier work in our group [24] revealed that the best composition
of beeswax to colophony was 6:4, which gave high stability to the coating in chloride
solution. A higher fraction of beeswax to colophony (7:1) led to a reduction in corrosion
inhibition performance [25]. The application of beeswax–colophony blend as thick as
400 µm on the inner pipe of a drinking water distribution tank protected the surface from
deterioration for a long exposure time, as well as prevented biofouling [26]. However,
direct application of the coating on the metal surface led to an easy coating detachment
during exposure to a chloride solution. The high surface alkalinity of Mg is not favorable
for most organic coatings [27]. An intermediate layer is necessary to enhance the wetting
of the coating to the metal surface. Anodization is a standard method of surface treatment
for Mg alloys to convert the metal surface into a porous anodic oxide film [28]. The porous
structure significantly enhanced the surface area for the final coating deposition. In this
work, an anodic film formed in a sodium phosphate solution was used as a precoat layer
for beeswax–colophony coating on the AZ31 Mg alloy. The degradation behaviors of
the individual and combined treatments of anodization and coating were studied by a
weight loss test and electrochemical measurements in physiological Ringer lactate solution.
The apatite-forming ability of the anodized and coated specimen was also evaluated by
observing the surface composition after 14 days of immersion in Ringer lactate. The NaCl
solution used as the test solution in our previous work [24,25] did not give information on
the apatite-forming ability of the coated specimen.

2. Materials and Methods
2.1. Specimen Preparation

A rolled plate magnesium alloy AZ31 with a thickness 1 mm was used as a substrate.
The AZ31 alloy contained 3 wt% Al and 1 wt% Zn as the main alloying elements, similar to
that reported earlier [24]. The AZ31 plate was cut into 1.5 cm × 3.0 cm, but the working
area was limited to 5 cm2. The specimen was degreased in acetone followed by ethanol
in an ultrasonic bath for 3 min to remove debris. The specimen was then dried in an air
stream before further use.

2.2. Anodization

The as-received substrate was pretreated in a mixed acid solution of 10 vol% HNO3-
2 vol% H3PO4 for 20 s and then neutralized in 5 wt% NaOH solution at 80 ◦C for 1 min to
remove the natural oxide layer. Anodization proceeded at a constant voltage of 5 V in an
alkaline solution of 0.5 M Na3PO4 at 30 ◦C for 10 min. The current output was recorded
using a digital multimeter datalogger (Rigol DM3068, Rigol Tech., Suzhou, China). After
anodization, the specimen was cleaned under running water for a few minutes, followed
by spraying with DI water and then drying. The anodic film thickness was measured
by the coating thickness gauge (Dekko CM-8826FN, Dekko, Seoul, Korea). The average
thickness was obtained from 10-point measurements on both the front and rear surfaces.



Coatings 2021, 11, 564 3 of 13

2.3. Coating Preparation

The beeswax–colophony coating was prepared from natural pure beeswax and colo-
phony blocks. The weight ratio of beeswax:colophony was 6:4 with a total weight of 10 g.
The beeswax and colophony were melted at 80 ◦C in separate beakers, and each was stirred
gently for 30 min. The molten beeswax and colophony were then poured into a beaker and
stirred again for another 30 min. Two sets of specimens, substrates and anodized, were
coated by dipping the specimen in the molten beeswax–colophony mixture at 80 ◦C for
90 min and then cured in ambient air for 8 h. One set of the anodized specimen was sealed
hydrothermally by placing the specimen in boiling water for 1.5 h.

2.4. Characterization

The effect of sealing on the surface morphology of the anodized specimens was
studied using a scanning electron microscope (SEM, JEOL-JSM-6390A, JEOL Ltd., Tokyo,
Japan) which was equipped with energy dispersive spectroscopy (EDS). For cross-section
observation, the anodized specimen was mechanically sliced, followed by grinding to
smoothen the surface. The surface was sputtered with gold to reduce charging during
SEM observation.

2.5. Electrochemical Tests

The corrosion behavior of the specimens was investigated by performing electrochem-
ical tests, including potentiodynamic and electrochemical impedance spectroscopy (EIS),
in Ringer lactate at 37 ◦C at neutral pH. The composition of Ringer lactate is listed in
Table 1. The measurements were performed using a Corrtest CS310 potentiostat (Wuhan
Corrtest Instruments Corp., Ltd., Wuhan, China) with a three-electrode configuration:
specimen as the working electrode, platinum as the counter electrode, and silver/silver
chloride (Ag/AgCl) as the reference electrode. The potentiodynamic polarization test was
performed at a potential of 100 mV below the open circuit potential (OCP) up to 300 mV
above OCP at a sweep rate of 0.5 mV/s. The specimen was immersed for 20 min prior to
the measurement to stabilize the OCP. The EIS measurement was conducted at ±10 mV
from OCP in the frequency range of 10−1–105 Hz. All the measurements were repeated on
three replicate specimens.

Table 1. Composition of Ringer lactate.

Compound Concentration (g/L)

NaCl 6.0
KCl 0.3

CaCl2 0.2
NaC3H5O3 3.1

2.6. Weight Loss Test

The weight loss test was carried out by immersing the specimen in commercial Ringer
lactate at 37 ◦C for 14 days. The specimens were soaked individually in a 100 mL solution
in a glass bottle in a hanging configuration. The bottle was placed in a circulator water
bath with a controllable temperature. The solution was refreshed every other day and at
the same time, the specimen was weighed. The beeswax–colophony layer was removed by
heating the specimen at 80 ◦C and then degreased with acetone. The corrosion product
was removed using 180 g/L CrO3 solution for 2 min based on the ASM standard [29]. The
test was replicated for three specimens. The average corrosion rate of the specimen was
obtained by taking an average of the data from three replicate specimens.

3. Results and Discussion

The bilayer investigated in this work consisted of an anodic film grown by anodization
for 10 min and a beeswax–colophony layer. The anodic film thickness was 6 ± 0.3 µm, as
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measured by the coating thickness gauge. The film thickness resulting from anodization of
the AZ31 alloy increased linearly from 3 to 15 µm for 5 to 20 min [25]. Anodization longer
than 10 min resulted in a thick film which could be easily detached from the surface. The
exfoliation of the outermost layer occurred due to the hydration of the film during drying
of the specimen under the hot air stream.

3.1. Bilayer Morphology and Composition

The plane-view and cross-section FE-SEM images of the anodic oxide layer before
and after being coated by the beeswax–colophony and the corresponding EDS analysis are
shown in Figure 1. The anodic film shown in Figure 1a,b exhibited a porous and cleaved
structure typical of a magnesium oxide layer. The anodic film was formed homogeneously
on the surface with a thickness of 6 µm, consistent with the resulting thickness measured
by the coating thickness gauge. Thicker oxide did not necessarily enhance the corrosion
resistance of the specimen as more cracks were developed [24,25]. Thermodynamically, the
oxide film formed on Mg is riven due to the significant difference in volume expansion
between the metal and the oxide, which resulted in a high Pilling–Bedworth ratio (PBR) [18].
The porous structure of the anodic film yielded a greater surface area for the firm anchorage
of the final coating. Figure 1c,d show the surface and cross-section images of the beeswax–
colophony filling the defects in the anodic film. The beeswax–colophony infiltrated the
pores and cracks in the coating as well as forming a thin layer on top of the anodic surface
with a thickness of approximately 1 µm (Figure 1d). The surface layer of the bilayer gave a
compact appearance, as shown in Figure 1c. The rugged morphology of the coating was
developed due to shrinkage during curing. The coating wetted the anodic film thoroughly,
as no clear separation of the film–coating interface was observed in the cross-section image
in Figure 1d. The fingerprint characteristic of the beeswax–colophony blend had been
analyzed earlier by FTIR and reported in [24]. The spectra confirmed the existence of both
beeswax and colophony in the coating, and no additional chemical bonding arose in the
spectra attributed to any chemical reaction between the two compounds.
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Figure 1. FE-SEM images of (a) surface and (b) cross-section of the anodic film, (c,d) the corre-
sponding morphology after being coated by the beeswax–colophony, and (e,f) the EDS elemental
composition of spot marked X1 in image (a) and X2 in image (c), respectively.

3.2. Electrochemical Corrosion

The electrochemical corrosion behavior of the AZ31 specimens in Ringer lactate is
demonstrated by the potentiodynamic polarization curves and impedance spectra in
Figure 2. Table 2 lists the corrosion potentials and current densities data obtained from the
polarization curves in Figure 2a. The solid black curves in Figure 2b are the fitting curves.
The impedance data were fitted following the electronic circuits shown in Figure 2d. Rs
is solution resistance, Rfilm-Cfilm represents the film impedance, Cdl-Rct represents the
double-layer capacitance and charge transfer resistance. An additional inductor, which
represented the corrosion of metal, in parallel with the Cp-Rp, exists in the equivalent
circuit for the substrate, as shown in Figure 2c. The fitted parameters are tabulated in
Table 3. Figure 2a showed that the AZ31 substrate exhibited a corrosion potential of
−1.50 VAg/AgCl and a corrosion current density of 5.72 × 10−4 A·cm−2. The corrosion
potential and current density of AZ31 alloy were similar to those reported in Hank’s
physiological solution [30]. The individual treatment of anodization or coating, the red
and yellow curves in Figure 2a, shifted the corrosion potential of the substrate towards a
negative direction accompanied by the reduction in cathodic current density, indicating
a cathodic inhibition effect. Suppression of the cathodic activities on the surface by the
anodic layer or beeswax–colophony coating led to the depression in the corrosion potential.
The beeswax–colophony coating reduced the corrosion current density of the substrate four
orders magnitude while the anodic layer gave an order magnitude reduction in corrosion
current density. As departed from the corrosion potential, both the curves of the anodized
and the coated specimens showed a tendency of passivation up to the pitting potential at
−1.41 VAg/AgCl, where the current density began to increase again.

The anodic layer or coating enlarged the impedance spectra of the AZ31 alloy by
two orders of magnitude (Figure 2b), confirming the corrosion resistance enhancement.
The impedance spectra revealed two semicircles associated with two time-constants. The
spectra can be described by the equivalent electrical circuit consisted of two R-C circuits.
The first circuit (Rct-Cdl) represented the charge transfer process occurring on the surface,
and the second circuit (Rfilm-Cfilm) correlated to the film covering the electrode surface. The
film in the substrate referred to the corrosion products. The polarization resistance, which
was the sum of film resistance and charge transfer resistance of the substrate, enhanced
100 times in the presence of either the anodic film or the beeswax–colophony layer. Note
that the beeswax–colophony layer offered one half times higher film resistance and four
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times higher charge transfer on the metal surface than the anodic film (Table 3). The result
was in line with the polarization data that displayed significantly lower corrosion current
density of the specimen coated by the beeswax–colophony layer than the anodic film.
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(d) the equivalent circuit electronic model.

Substantial ennoblement in the corrosion potential was attained on the anodized
and coated specimen, as demonstrated by the blue curve in Figure 2. The beeswax–
colophony coating uniformly covered the porous anodic film leading to the significant
ennoblement in corrosion potential to −1.17 VAg/AgCl and low corrosion current density of
3.19 × 10−8 A cm−2, as shown in Figure 2a. At such a low corrosion current density, mag-
nesium alloy was considered to be in the passive condition [31]. The corrosion potential of
the anodized and coated specimen was much higher than the pitting potential of the AZ31
specimen, indicating a substantial enhancement in the pitting resistance. The inhibition ef-
ficiency calculated from the corrosion current density data of the beeswax–colophony layer
relative to the single layer anodic film reached the value of 99.9%. The largest diameter
of the impedance spectra in Figure 2b, marking the highest corrosion resistance, was also
demonstrated by the anodized and coated specimen. The spectra revealed one large capaci-
tive loop at the medium to low-frequency ranges. The loop at the high-frequency range was
not resolved as it was overwhelmed by the remarkably high film resistance (995 kΩ cm2),
and hence the Cfilm decreased significantly. The beeswax–colophony effectively boosted
the corrosion resistance approximately 350 times the anodized specimen. As compared to
the bare substrate, the film resistance of the anodized and coated specimen was four orders
of magnitude higher (Table 3). The stable bilayer coating effectively suppressed both the
cathodic (hydrogen evolution) and anodic (dissolution of Mg) reactions on the surface.
Beeswax and colophony were stable in their solid form on the surface. The melting points
were 62 ◦C for beeswax [32] and 70−72 ◦C for colophony [33]. The test solution was kept at
37 ◦C, far below the melting point of the beeswax–colophony components. Therefore, the
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beeswax–colophony layer was stable and attached well to the porous anodic film during
the entire test period.

The corrosion morphology after the polarization test is displayed in Figure 3. The
substrate experienced severe deterioration giving a rough and random crack morphology,
as shown in Figure 3a. The corrosion product with micrograin structure was accumu-
lated on the surface. The morphology was a typical structure for magnesium hydroxide
complexes [34]. In the beeswax–colophony-coated specimen, the coating was detached at
few local areas, exposing the underlying substrate (Figure 3b). The exposed area showed
a superficial corrosion morphology which was milder than that of the bare substrate in
Figure 3a. The corrosion attack experienced by the anodized specimen was more localized
in the form of pit, which was observed randomly on the surface. The pits with a diameter
of about 10 µm are marked by the dashed circle in Figure 3c. The only specimen that
remained intact after the polarization test was the one that covered by the bilayer, as
displayed in Figure 3d. The rough structure of the coating was likely due to dehydration
of the coating during drying after the test. Confirming the polarization curves in Figure 2,
the bilayer-coated specimen provided the best corrosion protection as compared to the
individual anodization or coating.
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Table 2. Corrosion potentials and current densities values from the polarization curves in Figure 2.

Specimen Ecorr (VAg/AgCl) Icorr (A·cm−2)

Substrate −1.50 5.72 × 10−4

Anodized −1.58 3.40 × 10−5

Coated −1.55 2.54 × 10−8

Anodized + Coated −1.17 3.19 × 10−8
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Table 3. EIS fitted parameters.

Specimen Rs
(Ω cm2)

Rfilm
(Ω cm2)

Cfilm
(Ω−1 Sn cm−2) n1

Cdl
(Ω−1 Sn cm−2) n2

Rct
(Ω cm2)

L1
(H)

Substrate 13.00 43.33 4.31 × 10−5 0.91 6.63 × 10−6 0.99 43.85 17.67
Anodized 18.74 2900 1.94 × 10−5 0.75 0.86 × 10−6 0.99 1450 10.97

Coated 12.28 4809 1.39 × 10−5 0.76 0.37 × 10−6 0.80 5328 -
Anodized + coated 20.00 995,000 0.02 × 10−5 0.70 0.09 × 10−6 0.90 4001 -

3.3. Weight Loss Behavior

The corrosion behavior of the specimens for 14 days of exposure in Ringer lactate
solution was examined using the weight loss test. The weight loss data and the specimen
appearance after the immersion are displayed in Figure 4. The error bar in the graph
indicated the standard deviation of three replicate specimens. The anodized and coated
specimen exhibited the lowest weight loss curve (blue curve) relative to the other specimens
during the entire immersion time. From day 0 to day 8, the weight loss of the anodized
and coated specimen was relatively low, below 0.5 mg/cm2. Coating damage in the form
of blisters was visible as a few white spots at the specimen edges (Figure 4). The solution
was able to penetrate the coating at the defects and initiated local corrosion, undermining
the coating, creating blisters. The edges were the weak point of a rolled plate alloy where
defects were accumulated and attacked easier by corrosion. The mass loss in the initial
immersion time was attributed to the detachment of the bilayer at blisters. The number
of blisters on the surface grew significantly at prolonged soaking time. The specimen
edges, particularly the right-hand side in the image, began to dissolve at day 10 and
became worsened at a prolonged exposure time, yielding to a rough edge. Consequently,
the weight loss jumped three times to 1.5 mg/cm2 on day 10 and further increased to
1.9 mg/cm2 and 2.0 mg/cm2 after 12 and 14 days, respectively. The surface appearance
demonstrated superior corrosion protection served by the bilayer until 14 days, among
other specimens that showed severe damage at day 2 of immersion. The average weight
loss of the bilayer-coated specimen was 0.07 mg/cm2/day. As compared to the substrate
with an average loss of 0.24 mg/cm2/day, the anodized and coated specimen exhibited
approximately three times lower mass loss.

Observation in the laboratory revealed no visible gas release on the treated specimens
(anodized, coated, anodized-coated), in contrast to the vigorous hydrogen gas released on
the bare substrate as the specimen was immersed into the solution. The bare substrate ex-
hibited a linear increase in mass loss from 0 to 6 days with a high rate of 0.57 mg/cm2/days,
as displayed by the black curve in Figure 4. On day 6, the metal dissolution already reached
3.4 mg/cm2. The entire surface of the bare specimen was corroded within 2 days, and the
metallic surface turned grey. After 8 days, the loss rate decreased to 0.24 mg/cm2/days,
leading to the maximum mass loss of 5.11 mg/cm2 at 14 days. The corrosion product,
which appeared as a grey deposit covering the entire surface of the alloy, slowed down the
mass loss to some extent. Pit, which was visible as black spots, was also viewed after 2 days
of immersion and grew in number and size at a prolonged time. The specimen was severely
corroded after 12 days of immersion, resulting in the corrosion product precipitation at the
bottom of the bottle. The calculated corrosion rate of the bare substrate in Ringer lactate
was approximately 1.47 mmpy. The rate was similar to that reported for a bare AZ31 alloy
in chloride solution [13].
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Single treatment of anodization or coating was not able to inhibit the severe degra-
dation of the AZ31 substrate. The anodized specimen showed a linear increase in mass
loss through the entire soaking time, as displayed in Figure 4. The final mass loss of the
anodized specimen (red curve) was nearly as high as that of the substrate (black curve). In
the anodized specimen, corrosion was propagated in the vertical direction as opposed to
the bare substrate that showed general corrosion. Pits were initiated randomly after 2 days
of immersion. The deep attack may cause a serious threat to the mechanical integrity of the
alloy. The sealing of the anodic layer by hydrothermal treatment following anodization did
not improve the corrosion resistance of the anodized specimen. Hydrothermal sealing is a
common technique to seal pores in an anodized specimen, which was carried out simply
by throwing the specimen in boiling water right after anodization. The corrosion type on
the anodized and HS specimen was similar to that of the anodized specimen, as shown
in Figure 4. The specimen coated by beeswax–colophony showed a relatively low mass
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loss up to 8 days of immersion (yellow curve in Figure 4). However, the surface changed
from a yellowish to dark appearance, indicating undermining corrosion attacked within
2 days. The previous result revealed [24] that blisters appeared randomly on the coated
specimen after 24 h immersion in 0.9 wt% NaCl solution. Penetration of the coating by
the solution occurred through defects, particularly along the edges. The corrosion product
was trapped under the coating until the coating was disintegrated at day 10, leading to a
significant mass loss increase. Afterward, the mass loss increased linearly until the end of
the measurement. The detachment of the coating in many areas on the surface enhanced
the corrosion rate of the uncovered surface.

The improvement of corrosion resistance afforded by the bilayer coating on the AZ31
specimen exceeds those offered by other organic coatings reported elsewhere [1–9]. Com-
pared to the more advanced technique, plasma electrolytic oxidation (PEO), which enhances
the corrosion resistance in the order of 100−1000 times [14,35,36], the bilayer offered higher
a degree of protection. The significant depression of corrosion activities provided by the
bilayer coating assured the absence of rapid hydrogen gas evolution and maintained the
mechanical integrity of the alloy during initial exposure in the physiological solution. In
contrast to the anodic film resulted from PEO, which contributed to the increase in surface
hardness, the bilayer is expected not to change the mechanical properties of the surface.

The apatite-forming ability of the bilayer in Ringer lactate was evaluated by observing
the surface morphology and composition of the anodized-coated specimen after 14 days
of immersion. Figure 5 shows the surface morphology and the corresponding EDS maps
for Mg, O, P, and Ca together with the EDS spectra of the anodized–coated specimens
after 14 days immersion in Ringer lactate. The FE-SEM image in Figure 5a shows a rugged
structure due to the local detachment of coating. The higher magnification image of the
exposed anodic film inside the rectangular area in Figure 5a is shown in Figure 5b. The
exposed anodic film exhibited a grain structure similar to that of Figure 3c. The EDS
maps of the anodic film displayed strong Mg and O signals and weak signals for P and
Ca. The spectra and quantitative data in Figure 5g confirmed the composition of the
anodic film composed mainly of Mg and O. The alloying element Al was enriched on the
surface (7.96 at%) due to the selective corrosion of Mg. Ca was detected on the surface at
a concentration of 4.63 at%, while the concentration of P was 2.75 at%. P and Ca are the
main composition of apatite (Ca5(PO4)3(OH)). The ratio of Ca/P from the EDS analysis in
Figure 5g was 1.68. The ratio is close to that of stoichiometry apatite, 1.67 [37]. The maps
for P and Ca in Figure 3d,f revealed a strong signal at a similar area, indicating the presence
of these elements together. The anodic film contained P compounds as resulting from
the incorporation of the substance from the anodization bath (Na3PO4). Corrosion of Mg
metal under the exposed film induced local alkalization as a result of hydrogen gas release.
The alkali environment attracted positive ions to precipitate in the porous oxide film. Ca
ions from the Ringer lactate were deposited on the anodic film. The Ca–P compound is a
precursor for the nucleation of bone mineral apatite.

Considering the remarkable corrosion resistance offered by the bilayer coating on the
AZ31 alloy and the high apatite-forming ability, the bilayer shows promise as a coating
for magnesium-based implants. Moreover, the bilayer coating process is relatively simple
and inexpensive. The beeswax and colophony are abundant natural resources in Indonesia.
The beeswax–colophony coating plays an excellent role as a sacrificial layer, which protects
the underlying anodic film during the first two weeks of immersion time. The high apatite-
forming ability of the anodic film promotes the deposition of an apatite layer once the
outer layer is degraded. Nevertheless, further study on the long-term behavior of the
bilayer coating is necessary to confirm the surface bioactivity and corrosion behavior in
physiological solution.
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4. Conclusions

The corrosion behavior of the bilayer-coated AZ31 alloy in Ringer lactate solution had
been investigated through the electrochemical method and weight loss test. The following
conclusions were drawn:
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• The electrochemical test showed that the bilayer, which consisted of anodic film and
beeswax–colophony, enhanced the corrosion resistance of the AZ31 alloy substantially.
The polarization test demonstrated four orders of magnitude lower current density
and the EIS analysis revealed four orders of magnitude higher impedance of the
bilayer coating than that of the substrate.

• The top organic coating acted as an excellent barrier for the metal surface as the
underlying porous structure of the anodic film allowed strong anchorage of the
beeswax–colophony layer. The anodic film itself was not able to inhibit the solution
penetration leading to a localized type of corrosion, as revealed from the corrosion
morphology. Similarly, direct application of the beeswax–colophony on the metal
surface was not able to withstand undermining corrosion, which yielded to local
coating detachment. The molten beeswax–colophony effectively blocked the pores and
defects in the anodic film when applied as the overcoating, resulting in a remarkable
improvement of corrosion resistance of the AZ31 alloy. The bilayer mostly remained
attached on the surface except at a few localized blisters after 14 days exposure in
Ringer lactate.

• Surface investigation and EDS analysis indicated the bilayer exhibited high apatite-
forming ability, particularly the exposed anodic film at which the beeswax–colophony
layer was peeled off. EDS detected a Ca–P compound with a Ca/P ratio of 1.68 on the
exposed anodic film. The remarkable improvement of corrosion resistance and the
high apatite-forming ability of the bilayer shows promise as a coating for biomedical
implant application.
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