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Abstract

The use of magnesium alloys, as a biodegradable medical device, is an interesting challenge for the biomaterials field. Its rapid degradation and
the release of hydrogen, when exposed to biological fluids, are the main drawbacks for clinical applications. In this work, a coating made of
polydopamine (PDOPA), is used as an intermediate layer to decrease the degradation rate of AZ31 magnesium alloy/polymeric coating system,
when exposed to Hank’s solution. Experimental results highlighted: (i) the formation of a thin PDOPA layer, (ii) an increased adhesion in the
organic coating/metallic substrate system, (iii) a decrease of two orders of magnitude of the corrosion rate when the PDOPA film is used together
with an external organic coating, (iv) the efficacy in the use of PDODA due to the synergistic effect of both, physical and chemical, interactions

between the PDOPA layer and the organic coating.
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1. Introduction

Metallic materials are widely employed in the production
processes of medical devices like prosthesis and implants. At
the beginning of the 20th century noble metals were used,
nowadays, stainless steel and alloys containing tantalum,
cobalt, chromium, titanium are commonly utilized. It is well
known that items made of these types of metals are safely and
efficiently employed in manufacturing medical devices that are
left in the human body for a prolonged period due to their
limited interactions with the organic tissues. Depending on the
functions that the device should perform, a stronger or weaker
interaction with the human body can be required. Two cases can
be considered: (i) materials showing few interactions with the
tissues that need to be modified to increase their response to
biological fluids and (ii) highly reactive materials, for which the
interactions have to be reduced.

Commercially pure (CP) titanium or titanium alloys implants
fall in the first case. In fact, for some uses, a rapid osseointegration
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is required, so their surface should be modified to deposit
bioactive materials [ 1—4]. Also, in the recent years, some kinds
of surface treatments have been proposed, developing
nanostructured surfaces, which could allow releasing drugs at
a settled rate or possess antibacterial activity, to perform enhanced
performances [5-10].

Magnesium alloys fall in the second case. They can be con-
sidered as suitable materials for all those applications requiring
a temporary use of the medical device that, in many cases,
should be removed when it has performed its function, such as
biodegradables prosthesis, stents, bone fixation screws, plates,
etc. The main limitations of the clinical use of the magnesium-
based materials are their rapid degradation and the release of
hydrogen during decomposition when in contact with living
tissues. A great effort was placed looking to limit the degrada-
tion rate of Mg alloys, covering the substrate by using, i.e., a
biodegradable polymeric coating, even if results obtained until
now do not allow any practical purposes. Conversely, the main
advantages of Mg are the high biocompatibility, the favorable
mechanical properties and the potential application as a tempo-
rary device. Mg alloys, as corrodible materials, can intention-
ally avoid a second surgery, because magnesium ions released
are removed through phagocytosis [11], possessing no allergic
potential and causing no distinct inflammatory reactions [12].
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Fig. 1. Chemical structure of dopamine (CCA license of © Karl Harrison
http://www.3dchem.com/).

The adjustment of Mg corrosion rate, leading to hydrogen
evolution and alkalization of the site, remains the main chal-
lenge to take on. As said, a strategy to overcome this issue
consists of coating the substrate by using suitable materials.
Polycaprolactone (PCL) and polylactic acid (PLA), two biode-
gradable and biocompatible polymers, are considered to be a
promising means [13—15]. Further, they are deemed to have a
slow degradation rate, but the contact between the corroding
metal substrate and the polymeric coating may induce their
rapid degradation. Chen et al [16] show, in fact, that the locally
alkaline environment, produced by the corrosion of magnesium
alloy, degrades PCL and PLA, increasing the degradation rate
of the substrate. A biocompatible and biodegradable coating
could be interposed between the substrate and the coating,
which contributes to slowing down the alloy dissolution rate, to
overcome the problem. Recently, the observation of the mussels
adhesion to solid surfaces has inspired the field of material
science [17]. They can attach to various surfaces, ranging from
natural inorganic materials (i.e. rocks) and organic materials
(i.e. fish skins) to synthetic materials (i.e. Teflon) [18]. The
remarkable features of mussels adhesion include the ability to
achieve long-lasting adhesion in a wet environment [19].

A coating based on polydopamine (PDOPA), the principle
origin of the extraordinarily robust adhesion of the mussel,
could be used as an adhesive intermediate layer to increase the
bonding at the interface between the metal substrate and the
polymeric coating. The adhesive layer is made of dopamine,
that is a catecholamine, a compound showing a primary amine
functional group (Fig. 1). Dopamine is produced by several
living species, in the human brain it functions as the neurotrans-
mitter and its deficiency leads to Parkinson’s disease [20].

It has been demonstrated that PDOPA coatings are
biocompatible and biodegradable [21], promote cell adhesion
[22] and have no cytotoxic effects [23]. Moreover, the PDOPA
layer could act as an insulating layer to slow down the cathodic
reaction of magnesium, that is a key factor to regulate the
corrosion rate. Studies on PDOPA-based coating as efficient
anchoring layer on magnesium alloy have rarely been reported
until now [24-26]. To the best of our knowledge, only one paper
deals with the use of polydopamine as an intermediate layer
when the AZ31 alloy is used [27], while another one deals with
the use of PDOPA to functionalize PCL coating [28].

Table 1
Elemental composition by weight of AZ31 magnesium alloy.
Element Al Zn Mn Si Cu Fe Ni Others Mg

2.5-3.5 0.7-1.3 0.2-1 0.05 0.01 >0.05 >0.05 0.4 Balance

The present work aims to test the effectiveness of the use of
PDOPA in retarding the degradation rate of magnesium alloy
AZ31, when exposed to Hank’s solution, contributing to
acquire more information on this topic.

2. Materials and methods

Sheets (130 mm x 70 mm X 3 mm) made of AZ31 magne-
sium alloy (Goodfellow UK., Llangollen, UK), whose compo-
sition is reported in Table 1, were used as coupons. Dopamine
hydrochloride and Trizma base, utilized in the polymerization
process of PDOPA, were purchased at Sigma-Aldrich (Sigma-
Aldrich, Milano, Italy). Hydrochloride acid, HCI, employed to
the pretreated specimens was bought from Sigma-Aldrich
(Sigma-Aldrich, Milano, Italy).

2.1. Preparation of the samples

The metallic samples were ground with SiC paper from
P240 to P1200, using high purity ethanol as a lubricant, as
suggested by K. Geels [29] to remove contamination layers and
native oxides.

To individuate the sample’s topography to be able to opti-
mize the coating/metallic substrate adhesion and to assure the
repeatability of experiments, in obtaining specimens with com-
parable topography, a wet chemical etching was performed,
after the mechanical lapping process. The specimens were
immersed in a 0.15M HCI aqueous solution, stirred at 300 rpm,
for three different immersion time: 10, 30 and 60 s, respec-
tively. The samples were, then, rinsed by using deionized water
and dried in air. The acronyms used to identify the samples,
obtained by the polishing and etching process, are reported in
Table 2.

The comparison between the topography of the etched and
lapped samples, was carried out by using only four “roughness”
parameters, S,, Sq, Sk and S, because, in our opinion, they are
sufficient to distinguish quantitatively the etching treatments
performed on samples and to test their repeatability [30-33].
The physical meaning of the (i) average roughness, R,, (ii) root
mean square of roughness, Ry, (iii) Kurtosis, Ry, and (iv) Skew-
ness, Rg, or their surface extended parameters: S,, Sq, Skus Ssk, 1S
known. Very briefly, R, is the arithmetic mean absolute values
of the contour height deviation from the median line in the
sampling length. The root mean square roughness is defined as

Table 2
Abbreviations used to identify the pretreated samples.

Acronym Description of the sample

LM mechanical lapped

LM10 mechanical lapped and chemical etched in 0,15M HCI for 10 s
LM30 mechanical lapped and chemical etched in 0,15M HCI for 30 s
LM60 mechanical lapped and chemical etched in 0,15M HCI for 60 s
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the square root of the mean of all height values after they have
been squared. The Kurtosis is a measure of contour sharpness.
If the amplitude distribution curve has a Gaussian equilibrated
shape, Ry, is equal to 3; an irregular shaped surface will give a
value of Ry, less than 3 and a peaky or pointed surface will show
Ry, greater than 3. The Skewness is a measure of the symmetry
of the median line profile. This parameter indicates whether the
tips on the surface are predominantly negative or positive or if
the contour has a uniform distribution of peaks and valleys. The
negative values of Sy will indicate that the surface will have a
good “wettability” that can promote the coating adhesion
(so that the valleys determine the shape of the surface if com-
pared to number and height of peaks). By analyzing the values
assumed by the proposed roughness parameters, it is possible to
obtain a numerical description of the surface, which allows
choosing the structure that facilitates the substrate/coating
adhesion.

2.2. Polydopamine film

The polydopamine film was obtained by dipping the samples
in the aqueous solution containing 2 mg/ml of dopamine hydro-
chloride and 10 mM of Trizma base, for a duration of 24 hours,
stirred at 500 rpm. The measured pH was 8.5. At the end of
treatment, the samples were rinsed by using deionized water
and cured at 150 °C for 10 minutes [34,35].

2.3. Organic coating

Epoxy coated samples were produced by using doctor blade
technique (Gardco, Florida, USA) and cured in an oven at
150 °C for 10 minutes. The use of the epoxy material is not
usual in the biomedical field, in fact, habitually, other polymers,
like PCL or PLA, are applied. As mentioned previously, the
degradation of the biomaterials is catalyzed by the pH established
during the Mg oxidation. This occurrence, in turn, further
increases the Mg corrosion rate due to the H, evolution. To test
the effectiveness of the intermediate layer of PDOPA, a
water-based epoxy resin (Sikkens Wapex 660, Torino, Italy),
without anticorrosive pigments, has been chosen to coat the
samples. The epoxy resins are stable in a wide range of pH and
degrade much slower than the biodegradable materials, when
exposed to Hank’s solution. So that, the influence of the PDOPA
layer on the variation of Mg corrosion rate can be analyzed
excluding the effect of the organic coating degradation.

The specimens pretreated by using HCl solution for 10 s and
coated with a layer of polydopamine have been indicated as
LMP, while the specimens pretreated and covered with the
organic coating have been labelled as LME, finally, the speci-
mens pretreated and covered with the polydopamine film and,
then, with the organic coating have been indicated as LMPE.
The sample mechanical lapped and chemical etched for 10 s
(the reason is reported in the Results and discussion paragraph)
was used as a benchmark. The acronyms used are reported in
Table 3.

2.4. Instrumentation

The surface morphology and the chemical composition of
the samples were studied using the Scanning Electron

Table 3
Abbreviations of investigated samples.

Acronym Description of the sample

LM10 Mechanical lapped and chemical etched in 0,15M HCI for 10 s
LMP As LM10 and PDOPA coated

LME As LM10 and epoxy resin coated

LMPE As LM10, coated by PDOPA and epoxy resin

Microscope (SEM) (Hitachi TM3000, Hitachi, Japan),
equipped with the Energy Dispersive Spectroscopy (EDS)
system (Oxford Instruments Swift ED3000). A confocal micro-
scope DCM-3D (Leica Microsystems Srl, Milano, Italy) was
employed to analyze roughness parameters. Thickness mea-
surements of coatings were performed with a thickness gauge
(Fisher MPOR-F, IMCD Italia Spa, Italy). The wettability of
samples was evaluated by static contact angle test, at the tem-
perature of 25 °C by using the sessile drop method and choos-
ing a water drop volume of 3.5 uL. The test was carried out
with a contact angle analyzer OCA15EC (DataPhysics Instru-
ments GmbH, Filderstadt, Germany). The coating bonding
strength was evaluated by tape test by using a Cross-Cut
Hatcher, (Sheen Instruments, Molesey, UK) following the
ASTM standard D3359-17, test method B: cross-cut tape test
[36]. The electrochemical properties of samples were analyzed
by potentiodynamic polarization test and electrochemical
spectroscopy impedance (EIS), following ISO17475:2005 [37]
and ISO16773:2016 [38], respectively. A conventional three-
electrodes electrochemical cell, including a saturated calomel
electrode (SCE) as a reference electrode, a platinum electrode
as a counter electrode and the tested samples as working elec-
trode, was employed. The exposed area of samples was
2.83 cm?. Electrochemical tests were conducted in Hank’s solu-
tion (Carlo Erba Reagents, Milano, Italy) at 37 °C £ 0.5 °C.
Before measurements, the open circuit potential (OCP) was
recorded for 90 minutes. The potentiodynamic polarization
tests were performed by using the Solartron 1286 potentiostat
(Photo Analytical Srl, Milano, Italy), starting from -0.01 V vs.
OCP to +0.5V vs. OCP and applying a scanning rate of
0.166 mV/s. EIS analysis were conducted by means of the
Gamry Interface 1000 (Gamry Instruments, Pennsylvania,
USA) imposing a sinusoidal potential of 10 mV in the fre-
quency range of 100 kHz to 0.02 Hz. The software used to fit
the experimental EIS data was Zview 2.1b (Scribner Associates
Inc., North Carolina, USA). All measurements were performed
three times to ensure the repeatability of the tests.

3. Results and discussion
3.1. Morphological analysis

The morphological analysis was conducted on magnesium
alloys AZ31 samples, after each pretreatment, to investigate
their influence on the surface topography. As can be seen in
Fig. 2, reporting the SEM images acquired for lapped and
etched samples, the LM sample (Fig. 2a) was characterized by
the presence of small pits, as resulted in the removal of the
corrosion products, while the etched samples showed a more
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Fig. 2. Morphological analysis of samples a) mechanical lapped (LM), b) mechanical lapped and chemical etched on a 0.15M HCL aqueous solution for 10 s
(LM10), c¢) mechanical lapped and chemical etched on a 0.15M HCL aqueous solution for 30 s (LM30) and d) mechanical lapped and chemical etched on a

0.15SM!HCL aqueous solution for 60 s (LM60).

rugged surface as the acidic treatment duration increases
(Fig. 2b—d).

The results obtained to study the shape of the sample’s
surface, by using the roughness parameters S,, Sq, S« and Sk,
are reported in Table 4. They showed that: (i) the parameter S,
for LM sample assumes the lowest measured value, while the
etched samples show progressively higher S, values with
increasing the immersion time, (ii) the value of Sy becomes
more positive with increasing the etching time and (iii) the Sy,
value decreases when the immersion time in the HCI solution
increases. In the case under study, the aim is to obtain a topog-
raphy that allows a good adhesion between the metallic sub-
strate and the coating. The parameters to be considered

Table 4

Roughness parameters of pretreated samples.

Sample S, Um Sg, Um Sk Sku
LM 0,19 0,28 -3,28 32,94
LMI10 0,22 0,31 -2,39 18,61
LM30 0,28 0,35 0,20 3,67
LM60 0,55 0,82 0,46 1,65

should be Sy and Si,: the first one have to be negative and the
second one greater than 3. Analyzing the data reported in
Table 4, the samples LM30 and LM60 showed positive values
of S« (in this case can be said that the surface shape is charac-
terized by the presence of the high number of peaks rather than
valleys), so that they can be eliminated. The samples LM and
LM10 showed similar values of S,, while the first exhibited a
very high value of Sy,, meaning that this sample possessed very
high peaks in comparison to the rest of its surface. The sample
LMI10, between those studied, showed the best distribution of
peaks and valleys and an average roughness not very dissimilar
from LM and LM30 samples, for these reasons it has been
chosen to be covered by the PDOPA and polymeric resin.

Pictures of specimens named LM10, LMP, LME and LMPE
are reported in Fig. 3. As can be seen, the LMP sample is
completely covered by the PDOPA film.

The measurement of the thickness of PDOPA coating
revealed that the variation in color (dark gray and pale gray),
that can be seen in the Fig. 3b, is due to the change in the
coating thickness, its average value was found to be 4.5 um +
1 um. Lee et al. [39] reported that the thickness of the PDOPA
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Fig. 3. Pictures of a) sample pretreated in a 0.15M HCL aqueous solution for 10 s (LM10), b) sample covered by a polydopamine layer (LMP), ¢) sample covered
by an organic coating (LME) and d) sample pretreated and covered with a polydopamine layer and an external organic coating.

1447 F

20161007 085 x800

Fig. 4. SEM observation of the a) sample covered by a polydopamine layer (LMP) and b) sample covered by an organic coating (LME).

is function of the immersion time. In this study it was observed
that the coating thickness is affected, also, by the rotation rate,
in fact, different thicknesses were measured modifying the rota-
tion rate or changing the dimension of magnetic anchor gener-
ating the rotation (data not reported). The SEM observations of
the LMP sample (Fig. 4a) has highlighted the presence of areas
in which the PDOPA appeared to be cracked; this evidence
could be addressed to the coating drying, that, when losing the
solvent, is affected by a decrease in volume causing material
cracking. The cracked areas were associated with regions of the
surface in which the thickness of the PDOPA layer possessed
higher thickness than the surrounding. In the other hand, the
epoxy coating (Fig. 4b) appears to be uniformly distributed over
the sample surface indicating a thickness of 40 pm =+ 2 um.

3.2. Chemical analysis

The chemical analysis of the fresh prepared LM 10 sample,
carried out by using EDS and reported in Fig. 5, showed a
chemical composition (see the Table 5) compatible with the
AZ31 nominal composition.

The EDS analysis conducted on both, dark gray and pale
gray, areas of the LMP sample (Figs 6 and 7) confirmed that its
change in color is due to the variation of the thickness of the
deposited PDOPA coating. In fact, the chemical composition of
analyzed volume (reported in the Tables 6 and 7) showed that
both areas are constituted of about the same amount of C, while
the amount of Mg found in the dark sample area was about 1/3
times lower than that found in the lighter zone, while the
amounts of N and O were lower in the pale grey area. These
results highlighted that the lighter areas are covered by a
smaller thickness of the PDOPA coating.

Table 5

Surface chemical composition of the LM 10 sample.

Element Weight % Weight % ¢ Atomic %
Magnesium 96.22 0.16 97.19
Aluminium 2.58 0.09 2.35
Iron 0.15 0.09 0.07
Zinc 1.05 0.09 0.39
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Fig. 5. EDS spectrum of the LM10 sample (AZ31 specimen pretreated in a 0.15M HCL aqueous solution for 10 s).
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Fig. 6. Spectrum EDS in the dark areas of sample covered by polydopamine layer, LMP.

Zh
1g
Al
©
(0]
N
oA Zn
0 2 4 6

10 12 14 16

18
[Full Scale 27312 cts Cursor: 0.000

Fig. 7. EDS spectrum of the pale gray area of sample covered by polydopamine layer, LMP.
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Table 6

Surface chemical composition of the dark area of the LMP sample.

Element Weight % Weight % o Atomic %
Carbon 30.40 0.56 39.31
Nitrogen 6.74 1.04 7.47
Oxygen 39.82 0.58 38.63
Magnesium 21.46 0.31 13.70
Aluminium 1.58 0.06 091
Table 7

Surface chemical composition of the pale gray area of the LMP sample.
Element Weight % Weight % © Atomic %
Carbon 29.87 0.628 45.16
Nitrogen 1.29 0.843 1.68
Oxygen 6.27 0.237 7.11
Magnesium 60.03 0.727 44.83
Aluminium 1.29 0.063 0.87
Zinc 1.25 0.101 0.35
Table 8

Water contact angle of the characterized samples.

Sample LM10 LMP LME LMPE
Water contact angle (degree) 49 96 73 73
Standard deviation 4 3 5 3

3.3. Wettability analysis

It is well known that the contact angle measurements are
difficult to perform due to several causes of error (i.e. rough-
ness of the sample, evaporation of the liquid used, adsorption in
the sample and so on) [40]. The results of measurements,
carried out on the samples, are reported in Table 8, in terms of
mean and standard deviation of the water contact angle (WCA)
produced by the water droplet and the substrate. They are the
average values obtained by 22 measurements on 5 coupons for
each sample. Representative images of water droplet lied down
on the substrate surface, are reported in Fig. 8. Results obtained
showed the poor wettability of LMP (WCA equal to 96°), and
that the bare sample exhibited a WCA of 49°, while the epoxy
coating formed a WCA equal to 73°.

3.4. Adhesion test

The pictures of samples tested are reported in the Fig. 9. The
LMP (Fig. 9a,b) showed no delamination after the cross-cut
test, highlighting the good adhesion between the PDOPA and

the base metal. This sample was rated 5B. The sample LME
exhibited a partial delamination when the incisions were per-
formed (Fig. 9c). After the tape detachment from the sample, a
larger amount of resin was removed from the surface (Fig. 9d).
In both cases, the detachment occurred at the polymeric
coating/PDOPA interface. This sample has been rated 2B. The
LMPE coupon displayed a better behavior, in fact, tiny frag-
ments of resin were detached when the cuts were produced
(Fig. 9¢), no more delamination was detected after the tape test
(Fig. 9f). This sample was rated 4B. The data obtained from
adhesion tests collected on samples LMP, LME and LMPE,
have been demonstrated that the PDOPA can be effectively
utilized as an adhesion promoter in epoxy coated AZ31 system.

3.5. Electrochemical analysis

The potentiodynamic polarization curves obtained by testing
the samples in Hank’s solution are shown in Fig. 10, while the
OCP and the current density of corrosion values are reported in
Table 9.

As can be seen from Fig. 10, a synergistic effect exists
when the sample is covered by, both, the PDOPA and the
organic film. In fact, the LM10 bare sample exhibited a very
high corrosion rate (6.2 x 10~ A/cm?), typical of Mg alloys in
acrated aqueous saline solution [41]. When the sample is covered
by the epoxy coating (LME sample), the shape of the curve is
similar to LM10 sample, showing an initial kinetic regulated
behavior followed by a diffusion controlled phase, but the
current density value decreases of about 2 orders of magnitude,
due to the protective effect of the polymeric coating. When the
sample is coated by using a single layer of PDOPA (LMP
specimen), a new effect is shown by the potentiodynamic test.
The OCP assumes about the same value seen before but the
anodic current is lower than the un-coated sample. When the
specimen reaches the potential of about —1.42 'V, the current
sharply increases of two orders of magnitude, reaching a value
similar to the un-coated sample. Even if the described behavior
could be regarded as those shown by “passive” layers, the
current density is too high and the extent of the range of
“passivity” is very narrow to conjecture the formation of a
passive layer on sample [26].

Table 9

OCP and current density of corrosion values of the investigated samples.
Sample LM10 LMP LME LMPE
OCP (V vs. SCE) —-1.56 -1.47 —-1.55 —-1.55

[i| (A/cm?) 6.2x 107 8.1x 107 9.5x10° 7.6 x 107

Fig. 8. Pictures of the water contact angle on a) LM 10 sample, b) LMP sample and ¢) LME sample.
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Fig. 9. Cross-cut test on LMP sample, a) before and b) after the test, on LME sample, c) before and d) after the test, on LMPE sample, e) before and f) after the
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Fig. 10. Potentiodynamic curve of the investigated sample when exposed to
Hank’s solution.

The proposed mechanism to explain the behavior of LMP
sample is the following: the surface of the PDOPA coated
sample, is not uniform, the SEM picture shows an extended
area with crevices (see Fig. 4a), so the sharp increases of the
current can be addressed to the intensification of H, evolution
rate that determined a widening of the anodic areas, caused by
the delamination of the PDOPA layer, that further produced the
increase of H, evolution.

The potentiodynamic data acquired for the sample LMPE,
that is covered by both the PDOPA and epoxy layers (Fig. 10),
showed a decrease in current density compared to the other
samples, until reaching a value equal to 7.6 X 1077 A/em?, dis-
playing that: (i) the intermediate layer of PDOPA possesses
beneficial effects reducing the overall corrosion rate of magne-
sium and (ii) the polymeric coating protects the PDOPA under
layer, eliminating the “pseudo-passive” behavior described
above. On the other hand, although the PDOPA formed another
layer in the system, it should be considered that its thickness
was of about 4.5 um and that the coating showed several
defects, so that the behavior exhibited by the sample LMPE
cannot be justified considering, merely, the sum of the effects
caused by the presence of the PDOPA and the epoxy resin. In
fact, it is conceivable that the reduction of the corrosion rate of
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Fig. 11. a) Impedance modulus and b) phase angle of the investigated sample when exposed to Hank’s solution.

the system LMPE cannot be attributed to the presence of an
additional layer but to the procured effect due to the interaction
between PDOPA/metallic substrate and between PDOPA/epoxy
coating.

The EIS data obtained characterizing the LM10, LMP, LME
and LMPE samples, represented in Fig. 11, confirmed the effec-
tiveness of the PDOPA as an intermediate layer in the AZ31/
polymeric coating system. In fact, the experimental results
highlighted the active behavior of bare LM10 sample when
immersed in Hank’s solution (curve I). The covering of the
sample by using only the PDOPA layer, seemed to have no
contribution to any improvement in retarding Mg dissolution,
as pointed out by the curve II. The scarce barrier properties
offered by the PDOPA coating due to its physical properties
and, as seen in the Fig. 4a, to the cracked structure of the
coating, allow the direct contact between the metallic surface
and the solution. The sample LME (curve IV) exhibited a little
better protective properties if compared to the bare specimen, in
the same time, collected data confirmed the scarce anticorrosive
properties of the polymeric coating used. The curve III permit-
ted to underline the synergistic effect due to the use of both the
PDOPA and polymeric coating, recording the highest imped-
ance modulus value. As the data demonstrated, the total
modulus of impedance exhibited by the LMPE sample is of
about one order of magnitude higher than that measured for the
LME sample and about due order higher than that evinced by
the LMP coupon. These results confirmed that the system’s
increased performances could not be a simple additive conse-
quence produced by the presence of the two coating layers, but
they can be addressed to an increase of adhesion strength at the
metallic/coating interface that reduces the layer’s delamination,
avoiding that new anodic areas being exposed, thus reducing the
magnesium corrosion rate. As a consequence, a smaller amount
of H; is produced which, in turn, induces a smaller increase in
the surface broadening of the cathodic areas.

The magnesium alloy exposed to air spontaneously forms on
its surface a porous oxide layer (as represented in Fig. 12a).

When the metal substrate is immersed in the polydopamine
solution and dried, a cracked PDOPA film is created (Fig. 12b).
If, after this treatment, the specimen is covered with an organic
coating, it fills the cracked PDOPA film (Fig. 12c), while, if the
metal substrate is covered by the organic coating alone, this
effect is not achieved (Fig. 12d).

A\

R

~ R

a)

A‘—A"A‘,Av
b)

A\
9

d)

Fig. 12. Schematic representation of (a) the magnesium sample covered by the
porous oxide layer spontaneously formed when exposed to air, (b) the AZ31
substrate coated by the porous PDOPA layer, (c) the sample covered by the
PDOPA layer and organic coating and (d) the sample protected by the polymeric
resin.
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Table 10

Equivalent circuit elements values obtained by using the model reported in Fig. 13.

Sample R, (Q cm?) CPE, (F/cm?) n, R, (Q cm?) CPEy (F/cm?) ng Ru(Q cm?) 1

LM10 135,64 3,77E-05 0,55 2,22E+02 3,30E-06 1,00 4,95E+03 0.0030

LMP 150,47 3,85E-04 0,42 1,24E+02 3,99E-06 0,93 5,19E+03 0.0015

LME 158,23 5,83E-08 0,70 8,23E+03 1,39E-05 0,87 7,55E+03 0.0025

LMPE 155,65 4,10E-09 0,80 3,59E+05 3,08E-05 0,88 2,32E+04 0.0049
‘/R\S/ one order of magnitude lower than the one estimated for the

Fig. 13. Equivalent circuit proposed to simulate the electrochemical behavior
of the samples when exposed to the Hank’s solution.

Starting from these physical models, the simulation of the
electrochemical behavior of the tested samples, was carried out
by means of the equivalent circuits analysis, employing the
model reported in Fig. 13, that has been widely used to study a
coated metallic substrate [42—44].

In the proposed model, R, represents the impedance of the
electrolytic solution, R is the charge transfer resistance and
CPEq is the non-ideal double layer capacitance of the metallic
interface. The other components assume a diverse physical
meaning depending on the sample considered. In the case of the
LM10 coupons R, and CPE, take into account of the resistance
and non-ideal capacitive behavior of porous oxide layer spon-
taneously formed on the sample. While, when considering the
sample LMP and LMPE, R, and CPE, take into account of the
resistance and non-ideal capacitive behavior of the overall
layers covering the sample, i.e. in the first case of the PDOPA
porous layer, in the second of both the PDOPA and the poly-
meric coating.

Table 10 shows the values obtained from the fitting proce-
dure of the samples LM10, LMP, LME and LMPE, for which
the % value was found equal to 0.0030, 0.0015, 0.0025 and
0.0049, respectively, demonstrating the fitting goodness. Fitted
parameters values showed that the layers covering the LM10
and LMP are, for different reasons, very porous, in fact, the n,
values are equal to 0.55 and 0.42 respectively. This feature
justifies the poor protective properties exhibited by the samples
just cited and impinged on the R. values that, for both samples,
assumed the values of about 1x10% Qecm?. At the same time, the
values of the charge transfer resistance, R, were found to be
equal to about 5x10° Qecm?, for both samples, justified by the
high reactivity of magnesium substrate. As described previ-
ously, the polymeric resin offers a little better protection to the
substrate, in fact, considering the fitted values of parameters
obtained for the sample LME, it can been seen that there is a
small increase in the R and R, values due to the more compact
nature of the resin covering the substrate (n.=0.7) and its
chemical composition that assures a CPC. equal to 5,837% F/
cm?. Fitted values of the parameters confirmed the synergistic
effect due to the use of the PDOPA and polymeric coating when
used together (sample LMPE). In fact, the CPEc value resulted

organic coating alone, the n. = 0.8 indicated a more compact
nature of the multilayer coating so that the R, was equal to
3.59 x 10° Qecm? showing better protective properties, which
implies a higher value of the R that was found equal to
2.32 x 10* Qecm?. Analyzing the EIS fitted data, the synergistic
effect played by the organic coating/PDOPA system can be
interpreted by assuming that (i) the PDOPA layer increases the
adhesion at metallic substrate/organic coating interface, (ii) the
cracked layer of PDOPA serves as mechanical anchoring for
the organic coating further increasing its adhesion, while (iii)
the organic coating seals the fissures in PDOPA layer, increas-
ing the overall protective properties of the multilayer.

4. Conclusions

The effect of polydopamine as an intermediate layer in the
epoxy resin/AZ31 system was studied. The experimental results
showed that:

1 good adhesion to the metal was obtained covering the sub-
strate by using PDOPA;

2 despite the poor wettability of PDOPA, a good adhesion at
the organic coating/PDOPA interface was achieved;

3 the PDOPA layer decreases the corrosion rate of AZ31 when
used together with an external organic coating;

4 the efficacy in the use of PDODA is due to the synergistic
effect performed in the system under study.

5 the synergistic effect can be explained considering, both,
physical and chemical interactions between the PDOPA
layer and the organic coating.
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