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Abstract

Magnesium alloys are candidates as biodegradable medical materials due to their biocompatibility and favorable mechanical properties.
Unfortunately, the high corrosion rate in physiological media and the release of hydrogen, limit their widespread use in biomedical applica-
tions. In this work, an intermediate coating based on polydopamine (PDOPA), between Mg substrate and an organic coating, was used to
decreasing the degradation rate of AZ31 magnesium alloy, during the long-term exposure in simulated body fluid. Electrochemical Impedance
Spectroscopy measurements were carried out to study the corrosion resistance of samples. Results demonstrated that the PDOPA interlayer
determined the reduction of the substrate degradation rate. The results were interpreted supposing a synergistic effect which occurred when
PDOPA and the organic coating were used together.
© 2019 Published by Elsevier B.V. on behalf of Chongqing University.
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1. Introduction

Metallic materials, such as stainless steel and titanium al-
loys, are widely used to produce medical devices, such as im-
plants, prosthesis and so on. The main trait required for those
materials is that they have not degraded in the human body,
realizing armful species. Then, if the medical device has to
perform its function for a limited amount of time, it is neces-
sary a second surgical procedure after tissues have healed to
remove it. On this matter, magnesium alloys have been con-
sidered to be a potential material for temporary biodegradable
devices with promising results [1,2]. The advantages of Mg
are high biocompatibility and favorable mechanical proper-
ties. Conversely, the main limitations of the medical use of
magnesium alloys are their fast corrosion rate when in contact
with body fluids. Moreover, the release of hydrogen evolution
and alkalization of the site have to be taken into account. On
the other hand, it is noteworthy that medical devices need
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surface treatments for improving their corrosion resistance,
antibacterial activity and cellular adhesions [3-5]. In order to
improve the surface properties of devices, an organic coat-
ing can be used. Some biodegradable polymers have been
tested and used, like, polycaprolactone (PCL) and polylac-
tic acid (PLA) [6-8]. They were considered for their slow
degradation rate, but it has been shown that their degrada-
tion accelerated due to the pH variation in the surrounding of
degradation site [9]. Chen et al. [9], i.e., showed that homoge-
neous PCL and PLA coatings were successfully prepared on
the surface of high purity magnesium but the alkaline envi-
ronment degraded the coatings, increasing the corrosion rate
of the metallic substrate.

A procedure to overcome the problem could be the usage
of a biocompatible and biodegradable intermediate coating
interposed between the metal substrate and the external coat-
ing, in order to slow down the metal dissolution rate while
increasing the coating adhesion. A nature-inspired solution
could be found based on the adhesion mechanism used by
mussels to stick to various solid surfaces [10,11] in a wet
and dry environment [12]. The remarkable feature of adhe-
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Table 1
Adopted nomenclature used to identify the samples.

Abbreviations of
investigated samples

Acronym description of the sample

LM10 Mechanical lapped and chemical etched
LMP As LM10 and PDOPA coated

LME As LM10 and epoxy resin coated

LMPE As LM10 coated by PDOPA and epoxy resin

sion of the mussel is due to fibres containing polydopamine.
PDOPA can be synthesized in the laboratory and, it has been
demonstrated, to be biocompatible, biodegradable, to promote
cell adhesion and have no cytotoxic effects [13—15]. Never-
theless, few papers [16-19] deal with the use of PDOPA as
an insulating layer to slow down the corrosion rate.

This study examines the corrosion behavior of AZ31 mag-
nesium samples when coated using an organic resin and the
PDOPA intermediate layer, even after a long time of immer-
sion to Hank’s solution.

2. Experimental

The nominal composition of the AZ31 magnesium alloy
samples used in this work was: %Al (2.5-3.5), %Zn (0.7—
1.3), %Mn (0.2-1), %Si(0.05), %Cu (0.01), %Fe (>0.05),
% Ni(>0.05), %Others (0.4), and %Mg (balance); and was
supplied by Goodfellow U.K., Llangollen, UK.

The dimensions of the sample used in the experiments
were 130mm x 70mm x 3mm. The specimens were ground
with SiC paper from P240 to P1200, to obtain the appropriate
surface topography [20,21], using pure ethanol as lubricant,
as suggested by Geels et al. [22], in order to remove con-
tamination layers and native oxide. The samples were pre-
treated in hydrochloride acid (HCI) solution, bought from
Sigma-Aldrich (Sigma-Aldrich, Milano, Italy). In particular,
the specimens were immersed in the solution for 10s and
stirred at 300rpm. Then, the specimens were rinsed in the
deionized water and dried in air.

After the pre-treatment, the specimens were coated with
polydopamine (PDOPA) film. The polymerization process of
PDOPA was carried out by immersion of the samples in the
aqueous solution containing 2 mg/ml of dopamine hydrochlo-
ride and 10mM of trizma base (purchased from Sigma-
Aldrich, Milano, Italy) [23,24]. The specimens were im-
mersed in the solution for 24h and stirred at 500rpm at
pH of 8.5. The pH values were recorded using pH meter
(Hanna Instruments, Romania). At the last, the samples were
rinsed by using deionized water and then cured for 10 min
at 150°C. Some samples were, then, coated with water-based
epoxy resin (Sikkens Wapex 660, Torino, Italy) by using doc-
tor blade technique (Gardco, Florida, USA) and were cured
in an oven for 10 min at 150°C. The details of the choice of
that type of resin have been discussed elsewhere [20].

The adopted nomenclature used in order to identify the
samples is reported in Table 1.

LME LMPE

Fig. 1. Images of (a) LM10 sample, (b) sample PDOPA coated (LMP), (c)
sample covered by an organic coating (LME) and (d) sample covered by
PDOPA and organic coating (LMPE) [20].

The electrochemical properties of samples have been inves-
tigated by the Electrochemical Impedance Spectroscopy (EIS)
(Gamry Interface 1000, Gamry Instruments, Pennsylvania,
USA) in Hank’s solution [25,26]. The solution was bought
from Carlo Erba Reagents, Milano, Italy and the EIS was car-
ried out at 37°C=+0.5°C till 21 days. A three-electrode cell
was used, with the specimen as working electrode, a saturated
calomel as a reference electrode and a platinum cathode. The
exposed samples area was 2.83 cm?. The impedance spectra
were acquired applying a sinusoidal perturbation with an am-
plitude of 10mV over the frequency range from 100kHz to
2 mHz. Before EIS measurements, the open circuit potential
(OCP) was monitored for 90 min. Each electrochemical test
was repeated three times in order to evaluate the reproducibil-
ity and the curves were almost overlapping. Whereas the elec-
trochemical polarization measurements were performed as re-
ported in a previous work [20] and herein not reported.

The morphologies of all samples were observed, before
and after electrochemical tests, by Scanning Electron Micro-
scope (SEM) (Hitachi TM3000, Hitachi, Japan). Furthermore,
to gain insight into the thickness of the PDOPA and epoxy
resin applied on the samples, the cross-sections surfaces were
observed too. The chemical compositions were determined
by Energy Dispersive Spectroscopy (EDS) system (Oxford
Instruments Swift ED3000).

3. Results and discussion

The pictures of the specimens after different treatments are
shown in Fig. 1. The aspect of the LM10 sample was due to
the chemical pre-treatment so that the surface appeared shiny;
the LMP sample revealed a variation in color (dark and pale
grey) due to the change in coating thickness, as well discussed
in detail elsewhere and not reported here for brevity [20]; the
LME and the LMPE samples exhibited the same appearance
due to the external epoxy resin color.

Before observing the surfaces by using SEM, the samples
were incorporated into a conductive resin for hot embedding.
The cross-sections images of the (i) PDOPA layer, (ii) epoxy
resin coating and (iii) combination of PDOPA and organic
resin are reported in Figs. 2, 3 and 4, respectively. It is note-
worthy that the thickness of PDOPA layer was, in the average,
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x800 100 um

Fig. 2. Scanning electron microscopy images of the LMP cross-section sam-
ple: (a) conductive resin used for hot embedding, (b) PDOPA layer and (c)
magnesium substrate.

x800 100 um

Fig. 3. Scanning electron microscopy images of the LME cross-section sam-
ple: (a) conductive resin used for hot embedding, (b) epoxy resin layer and
(c) magnesium substrate.

estimated in Spum (see Fig. 2) while the width of the epoxy
resin coating was measured in 48 um circa (see Fig. 3).

The EIS spectra obtained studying the bare LM10 sample
at the beginning of the test campaign (0 days of immersion
in the test solution) and after 2, 7, 10 and 21 days of immer-
sion, are reported in Fig. 5, in which the impedance modulus
and phase angle plots are represented as a function of the
immersion time of the sample in the test solution.

The impedance modulus evaluated at low frequencies, at
the beginning of the test, reached a value of 5.5-10°Q cm?.
That value increased until 3.2-10*Q cm?, after two days, due
to the formation of the oxide layer on the metallic surface.
In fact, it acted as a barrier against corrosion, slowing down

x800 100 um

Fig. 4. Scanning electron microscopy images of the LMPE cross-section
sample: (a) conductive resin used for hot embedding, (b) epoxy resin layer,
(c) PDOPA layer and (d) magnesium substrate.
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Fig. 5. Impedance modulus (a) and phase angle (b) of LM 10 sample acquired
at 37°C in Hank’s solution.
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Fig. 6. Scanning electron micrograph of the surface of LM10 sample before
immersion in Hank’s solution.

Table 2
Surface chemical composition of LM10 sample before exposure in Hank’s
solution.

Element Weight% Weight% o 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 0.10 0.40

the rate of the material degradation process. Even if, the
oxide layer could be considered as a passivating film; it,
being porous, allowed the direct contact between the metal
surface and the aggressive solution. For this reason, the
modulus of impedance at low frequencies, after 7 days of
immersion in the test solution, decreased. At this stage, the
precipitation/solubilisation of salts on the sample surface
determined the noisy signal in the EIS spectra and the
fluctuation of impedance modulus in subsequent tests. After
10 days the oxide/salts layer grew up and degraded again to
21 days. The peculiarity of the electrochemical behavir of the
LM10 sample was the continuous formation and degradation
of the oxide/salts layer, which caused, as said, the fluctuation
of the impedance modulus at low frequencies, varying in
the range between 3.2-10°Q cm” and 4.5-10°Q cm?. In
the same manner, the noisy signal, recorded in the range at
low frequencies (1072-10°Hz), could be addressed to the
following reasons: (i) the low amplitude of the potential
applied and (ii) the rapid evolution of corrosion process
during the test and (iii) the formation/dissolution of the thin
salts/oxide layer. In addition, experimental data, recorded at
2, 7 and 10 days, highlighted an upward shift of impedance
modulus at medium frequencies (i.e. 10°~10%> Hz) if compared
to the curves obtained at the beginning of the immersion
time, demonstrating a decrease of the sample capacitance,
due to the presence of porous formed layer at the interface
between the metallic substrate and the electrolytic solution.
This effect was confirmed by the increase of the phase angle
(see Fig. 5b) at the same frequencies.

The picture reported in Fig. 6 shows the SEM micrograph
of the LM10 sample as obtained following the mechanical
treatments. In the same photo, the area in which the chemical
composition of the sample has been evaluated by EDS is
highlighted. Data reported in Table 2, clearly showed that the
sample has been cleaned in a suitable manner, in fact, surface

Fig. 7. Scanning electron micrograph of the surface of the LM10 sample
after 21 days of immersion in Hank’s solution.

Table 3
Surface chemical composition of LM10 sample after 21 days of immersion
in Hank’s solution.

Element Weight% Mean  Standard
deviation
Spectrum 1 Spectrum 2 Spectrum 3
Carbon 13.43 - 11.39 8.27 7.24
Oxygen 50.81 42.40 22.31 38,51  14.64
Sodium 5.98 7.92 2.93 5.61 2.51
Magnesium  7.76 5.50 1.70 4.99 3.06
Aluminium  0.55 0.53 0.14 0.41 0.23
Phosphorus  6.46 5.27 3.20 4.98 1.65
Chlorine 7.02 19.91 40.92 22.62  17.11
Potassium  0.37 0.75 0.34 0.49 0.23
Calcium 7.62 16.74 17.07 13.81 536
Zinc - 0.98 - 0.33 0.57

composition reflected the chemical composition of the AZ31
alloy, even if a very little quantity of Fe was present due
to surface contamination. On the other hand, as the samples
were stored in a dry box till the beginning of test campaign,
the failure to detect the oxygen on the surface sample was
addressed to the EDS sampling depth that is deeper than the
thickness of the oxide layer formed on the sample. Moreover,
the chemical surface composition was assumed to be constant
on the sample surface, in fact, it was not highlighted any
substantial changes if the point of analysis was changed.
The picture reported in Fig. 7 showed the SEM micro-
graph of the LM10 sample after exposure to Hank’s solu-
tion for 21 days. The spectrum numbers, inside the micro-
graph, indicated the position in which the spot of the EDS
has been addressed to detect the surface chemical composi-
tion. The picture clearly showed that the shape of the surface
changed significantly if compared to the sample before the
immersion in the test solution. The different structure was
due to (i) the degradation of the alloy surface when the cor-
rosion phenomena occurring on it; (ii) the formation of an
oxide layer and (iii) the deposition of salts consisting of the
chemical species supplied by Hank’s solution. It is noticeable
(see Table 3) that the chemical composition of the surface
changed, in a substantial way, when the point of analysis was
changed on the surface itself. Table 3 reports the mean value
concentration and the standard deviation (SD) of measured
values, calculated for each chemical element. Sometimes, the
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Fig. 8. Impedance modulus (a) and phase angle (b) of LMP sample acquired
at 37°C in Hank’s solution.

SD assumed a similar value than that measured. Therefore,
attention should be paid in reporting the composition exper-
imental values, without acquiring a sufficiently large number
of results. In any way, it was clear that the specimen surface
was covered by a thin heterogeneous layer of salts and that
their precipitation was affected by the Mg*? ions and the pH
of the solution [27], as will be discussed better later.

Experimental results, displayed in the Bode plots, obtained
testing the LMP sample are reported in Fig. 8.

The shape of impedance modulus and phase angle curves
were similar to those of the LM sample, but the variation
of the impedance modulus and phase angle occurred in a
narrow range of values, indicating a certain amount of stabil-
ity imposed by the polydopamine coating, even if the layer
is not compact caused by cracks formed during the wa-
ter desorption from the polydopamine layer, during the dry-
ing. The impedance modulus, starting from 4.8-10°Q cm?,
raised until about 1.4-10*Q cm? after 21 days of immer-
sion in the test solution. Therefore, it could be stated that the
PDOPA layer had a kind of stabilizing effect respect to the
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Fig. 9. Scanning electron micrograph of the surface of the LMP sample
before immersion in Hank’s solution.

Table 4
Surface chemical composition of LMP sample before immersion in Hank’s
solution.

Element Weight%

Spectrum 1 Spectrum 2
Carbon 23.54 30.41
Nitrogen 5.51 6.74
Oxygen 39.75 39.82
Magnesium 28.83 21.46
Aluminium 1.66 1.58
Zinc 0.71 -

corrosive phenomena occurring at the metal surface, inhibiting
the direct contact between the metallic surface and the elec-
trolyte, so that the formation and dissolution of the oxide/salts
layer on the sample surface induced smaller variations in the
impedance modulus. The stabilizing effect of the PDOPA or-
ganic coating was confirmed by looking at the phase angle
values (see Fig. 8b). In fact, data showed an increase and a
shift toward lower frequencies of the phase angle peak, after
the first curve was recorded (at about 5S0Hz at r=0), but the
range frequencies variation was narrow if compared to that
exhibited by the LM sample.

Fig. 9 reports the SEM micrograph of the LMP sample
before electrochemical tests, where the cracks on the coating
surface are clearly visible. The analysis of the EDS results, re-
ported in Table 4, showed that the surface composition, mea-
sured in several loci by EDS beam, was quite homogeneous,
highlighting the presence of C, O and N due to the PDOPA
coating.

The picture reported in Fig. 10 shows the SEM micrograph
of the LMP sample after exposure to Hank’s solution for 21
days. As was occurred studying the LM sample, the specimen
surface was found to be covered by a thin layer constituted by
salts precipitated from Hank’s solution. While the chemical
species composing the layer were, obviously, the same found
on the LM sample, the standard deviation of measurements
(see Table 5), executed in different places on the surface,
was smaller compared to the previous one. So that, the thin
PDOPA layer seemed to determine the formation of a more
homogeneous film as well as it showed a stabilizing effect
on the degradation of the metal substrate as demonstrated by
electrochemical tests. It could be concluded that the PDOPA



A. Carangelo, A. Acquesta and T. Monetta/Journal of Magnesium and Alloys 7 (2019) 218-226 223

Fig. 10. Scanning electron micrograph of the surface of LMP sample after
21 days of immersion in Hank’s solution.

Table 5
Surface chemical composition of LMP sample after 21 days of immersion in
Hank’s solution.

Element Weight% Mean  Standard
deviation
Spectrum 1 Spectrum 2 Spectrum 3
Carbon 1.64 4.46 4.59 3.56 1.67
Nitrogen - - 7.70 2.57 4.44
Oxygen 50.04 47.24 35.94 4441 746
Sodium 0.87 1.17 0.67 0.90 0.25
Magnesium  8.72 8.88 4.60 7.40 242
Aluminium - 0.23 0.24 0.16 0.14
Phosphorus  12.83 14.19 15.00 14.00 1.10
Chlorine 0.90 0.97 - 0.62 0.54
Potassium 0.23 0.29 0.33 0.28 0.05
Calcium 24.78 22.59 30.92 26.10 432

layer, did not possess any protective properties as requested
by the classical anticorrosive tests (i.e. high impedance mod-
ulus), but it performed a protective action on the surface that
prevented the metallic substrate rapid deterioration.

Data reported in Fig. 11 represent the impedance modulus
and phase angle plots as a function of frequency when the
epoxy resin was used to coat the mechanical lapped metal.

As previously stated, the coating used in this work did
not contain corrosion inhibitors or any kind of anticorrosive
pigments, so that it showed poor corrosion resistance. In ad-
dition, in previous papers [28,29], studying the adsorption of
water salt solution (3.5wt% NaCl) in the coating made of
the same type of commercial product, was verified that the
organic layer was fully saturated by the water in about 2.7h.
Taking into account that the EIS test required time to stabilize
the electrical signal and that the duration of the EIS test, as
performed it, was of about 90 min, one could affirm that the
coating had absorbed about the 80% of the total amount of
water it could soak up, during the preparation and execution
of the EIS test.

As results, since the beginning of sample immersion
in the test solution, the coating exhibited a very low
impedance modulus (1.6-10*Qcm®*) which progressively de-
creased, over the time, to reach the value of 1-10°Qcm? (see
Fig. 11a). More, contrarily to the previous cases, the shape
of the impedance curves remained practically unaltered during
the time elapsed testing the sample, highlighting the penetra-
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Fig. 11. Impedance modulus (a) and phase angle (b) of LME sample acquired
at 37°C in Hank’s solution.

tion of the electrolyte uniformly in the whole organic coating.
Looking at the phase angle plot (Fig. 11b) it can be noticed
the low value of the phase angle even at the beginning of the
test and the resistive sample behavior which extended over a
wide range of low frequencies. This behavior could be ex-
plained considering the absence of pigments in the coating,
that determined the rapid penetration of electrolytes toward
the coating/metal interface, so that the corrosion process was
started in few hours, determining the delamination of the coat-
ing from the metal substrate, which allowed the rapid expan-
sion of the corrosive phenomena.

Fig. 12 discloses the SEM pictures of the LME sample
while, in Table 6, its elemental surface composition is re-
ported. As can be seen, in this case, due to the presence of
pigments in the epoxy coating (mainly BaCO; and TiO,), the
coating composition changed very sharply depending on the
site of measurement. More, no deposits were found on sam-
ples after their ageing in Hank’s solution (therefore it was
considered useless to show the data) demonstrating that the
epoxy resin impeded the formation of layers that, on the con-
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Fig. 12. Scanning electron micrograph of the surface of LME before immer-
sion in Hank’s solution.

Table 6
Surface chemical composition of LME sample before immersion in Hank’s
solution.

Element Weight%
Spectrum 1 Spectrum 2

Carbon 27.06 46.72
Oxygen 25.43 22.96
Magnesium - 0.24
Aluminium - 0.75
Sulphur - 0.20
Titanium 42.92 17.31
Barium 4.59 11.83

trary, was formed on the bare metal and PDOPA coated sub-
strate.

In Fig. 13, the Bode modulus and phase angle plots
recorded testing the LMPE sample are reported.

The Bode modulus and phase angle plots recorded test-
ing the LMPE sample are reported. As can be seen, the si-
multaneous action of PDOPA and epoxy resin gave to the
sample superior corrosion resistance in comparison to the
previously tested samples, underlining the synergistic effect
between PDOPA and a polymeric coating. In fact, it was
noted that the impedance modulus started from values of
1.7-10°Q cm?, and that after 7 days assumed values of one
order of magnitude lower (1-10*Q cm?), reaching the value
comparable to that assumed by the LMP sample.

The slight decrease of impedance modulus at low frequen-
cies (between about 5 and 1072Hz), as well as the connected
increase of phase angle, recorded in performing the EIS test
at t=0, which looks like an inductive behavior, has been ad-
dressed to the water uptake during the test due to poor barrier
coating properties

The phase angle plot (Fig. 13b) clearly showed the trigger-
ing of the corrosive phenomenon at the metal/PDOPA inter-
face. In fact, at beginning of the EIS tests, at r=0, a large re-
sistive stretch was shown at low/medium frequencies. After 2
days of exposure to the aggressive solution, a peak appeared,
at low frequencies, then the peak moved towards higher fre-
quencies, demonstrating the development of electrochemical
phenomena at the interface.

Scanning electron micrograph of LMPE sample before ex-
posure to Hank’s solution is presented in Fig. 14 while the
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Fig. 13. Impedance modulus (a) and phase angle (b) of LMPE sample ac-
quired at 37°C in Hank’s solution.

Fig. 14. Scanning electron micrograph of the surface of LMPE before im-
mersion in Hank’s solution.

surface chemical composition is reported in Table 7. The up-
per layer of the sample was the epoxy resin, so there was
the presence of Ti and Ba in the analysed surface, as seen
in the LME sample. It was noted a non-uniformity coating
composition due to numerous pigments in the epoxy coating.



A. Carangelo, A. Acquesta and T. Monetta/Journal of Magnesium and Alloys 7 (2019) 218-226 225

Table 7
Surface chemical composition of LMPE sample before immersion in Hank’s
solution.

Element Weight%
Spectrum 1 Spectrum 2
Carbon 77.81 31.14
Oxygen 11.83 27.09
Aluminium - 2.02
Calcium - 2.88
Titanium 8.12 32.23
Barium 2.24 4.64
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Fig. 15. Evolution of pH values of solution during samples immersion period.

After the exposure in Hank’s solution, no deposit was found
(data not reported) on the surface.

Fig. 15 presents the measured pH values of solution during
samples immersion period.

All solutions exhibited a sharp increase of pH in the first
day, then, the solutions containing the LM 10 or LMP samples
reached an pH value of about 10.50 at the end of immer-
sion period, while the pH of the solution containing the sam-
ples LME was about 9.80, the solution containing the LMPE
sample reached a pH of about 9.40, demonstrating the better
protective properties exhibited by the LMPE sample, due to
higher barrier effect of this sample. In fact, it had been ex-
pected that the solution pH would tend to increase during the
corrosion of the Mg alloys [27,30]. When the magnesium is
exposed to an aggressive environment, the following reactions
take place:

Mg — Mg*" +2¢™ D
2H,0 + 2¢~ — H, + 2(OH)~ )
Mg?* + 2(OH)~ — Mg(OH), 3)

During corrosion, Mg ions dissolve into the solution and
pH values increases due to reaction (2). On the other hand,
the Mg ions concentration affects the precipitation of calcium

phosphate products, so the increase in the pH value plays a
crucial role in the precipitations of these products [31].

4. Conclusions

In this work, the effect of the use of an intermediate layer,
consisting of Polydopamine, has been tested, evaluating the
degradation behavior of Mg AZ31 samples when immersed
in Hank’s solution.

Results demonstrated that the PDOPA intermediate coat-
ing, deposited between the Mg substrate and the organic
coating, decreased the degradation rate of AZ31 magnesium
samples during the long-term exposure in the simulated body
fluid.

The increase of the pH of the solution was slow down
during the immersion period of 21 days, confirming that the
sample coated using both PDOPA and epoxy resin, provided
better corrosion protection if compared to all other samples.
In fact, fair resistance to corrosion was provided by the epoxy
coated sample, while the bare and PDOPA coated specimens
showed a low resistance comparable to each other and worst
of all the samples analysed, as confirmed by EIS results. Due
to the approach used in the experimental procedure, these
findings cannot be related to the thickness increase of the
protective coating.
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