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We designed a photo-controlled degradative coating of polypyrrole (PPy)/ polycaprolactone (PCL) hybrids on
biodegradable MgSr alloy. The photothermal effects of PPy inspired by near-infrared light (NIR) irradiation
(808 nm) can locally heat the coating to the low melting-point temperature required for PCL within 6 min, which
can quickly heal the scratched defects and contribute to control the degradation behaviors of magnesium alloy.
The scratched region can get desired recovery of its corrosion resistance after NIR irradiation, as a result of the
synergistic function of low-melting-point deformation of the coating matrix and photothermal effect of PPy.

1. Introduction

As having the great superiority of light-weight, large modulus of
elasticity, high electrical conductivity and ect, magnesium-based alloys
have substantial applications in the industries of medical apparatus,
automotive and aerospace [1-3]. However, it is the redox reaction
started by the existence of galvanic cell at the surface of Mg alloy that
induces fast corrosion rate and thus severely restricts the wide devel-
opment, application and dissemination of magnesium alloys [4-6].
Considering that the great necessity of endowing and keeping anti-
corrosive or other functional characteristics of magnesium alloys in the
service life, it is widely accepted to develop a self-healing coating that
can exert stimuli-responsive behavior and heal rapidly at the attacked
area in corrosive environment [7-9].

Recently, increasing interests exist in the exploitation of smart
polymer coatings, such as self-healing coatings, which can repair the
attack and damage areas by themselves with minimal or no external
stimulus [10-12]. There are two main categories of self-healing me-
chanism, including autonomous and non-autonomous methods. The
early studied mechanism of autonomous self-healing is through

releasing corrosion inhibitors to achieve in-situ recovering at the de-
fects [13]. However, the corrosion inhibitors such as hexavalent chro-
mium [14], 8-hydroxyquinoline (8HQ) [15], and benzotriazole (BTA)
[16], are not suggested to put into application practically, due to the
hidden danger of the existence of human carcinogen and environmental
pollution [17]. Non-autonomous self-healing is often carried out
through responsive behavior to external stimulus, for instance, electric
field [18], ultraviolet light [19], ionic strength [20], voltage [21], pH
[22,23], or a combination of them. Sensitive response to multi-stimuli
and high healing efficiencies make non-autonomous self-healing sys-
tems play an important role in corrosion protection. External stimulus
can serve as an accurate and remote actuation switch to provide an-
other promising solution to meet multi-field application and multi-
purpose requirements.

Light can be a prior choice among all external stimuli sources.
Ultraviolet (UV) radiation tends to result in destruction of the con-
formation and microstructure of polymers. The more serious is that
human skin probably suffers ray harm, resulting in increased skin
cancer incidence due to long-time exposure to UV [24]. Considering
that penetrability and non-invasiveness, near-infrared (NIR) light has
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been employed in self-healing coating [17], photothermal therapy [25],
or other light-induced controllable systems. Poly(e-caprolactone) (PCL)
has a low melt-point temperature about 60 °C [26]. NIR-irradiation-
induced shape deformation of PCL can help to repair the damaged area
due to molecular chain movement with a more timely and efficient
fashion. Polypyrrole (PPy) could absorb near-infrared (NIR) light and
convert it into thermal energy with a tunable temperature [27,28],
which can in turn provide enough heat available for the changes of
physical configurations in polymer networks [29]. Up to now, few
studies reported the strategy of NIR-induced self-healing for aluminum
alloy [17], silicon wafers [23], and carbon steel [19]. To our best
knowledge, there are no research about this attempt or implement at
magnesium alloys.

In this work, we hypothesize that the NIR-responsive polymer
coating on magnesium alloys has the self-healing capacity triggered by
photothermal method. The photothermal layer of PPy provides enough
heat under short NIR irradiation to support the PCL layer to restore the
corrosion damage on the surface. The collaborative effect developed
from PCL/PPy composite polymer coating, can not only bring obvious
improvement of stability in mechanical and chemical property, but also
can help to design a low-toxicity or nontoxic self-healing coating. The
composite polymer coating can achieve both keys of high photothermal
efficiency and self-healing ability within a short time, assisting to build
a multi-functional coating, which are also satisfied for practical and
long-term requirement of repeated healing behavior with small loss in
efficiency to avoid single use. Fig. 1 can clearly clarify the fabrication
procedures and correlative self-healing mechanism. We expect this ac-
tive platform to provide a remote and nondestructive control of fast
self-healing and to offer long-term protection against corrosion.

s MgSr alloy substrate

Self-healing mechanism

MgSr alloy substrate

o MgF, layer
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2. Experimental procedures
2.1. Materials preparation and hydrofluoric acid (HF) treatment

Commercial Mg-1Sr alloys with dimensions of ®10 x 5mm were
served as targeted alloy materials. 2400-grit SiC papers were used to
polish MgSr alloys. The obtained alloys were rinsed by ultrasonic
cleaning in acetone and ethanol, at the last dried in air. The ground Mg-
Sr alloy samples were immersed in hydrofluoric acid (HF, 40 wt%) for
24 h, then washed by distilled water for five times, finally dried in air.

2.2. Spin coating and PPy polymerization

The PCL particles (M,, = 80,000) was dissolved in dichloromethane
with the concentration of 8% (w/v). By the spin coater (KW-4A), the
spin process was carried out as follows. After the addition of 200 mL of
PCL solution onto the surface of the PPy deposited samples, the samples
were rotated at 600 rpm for 10s, followed by a high rotating speed of
2000 rpm for 30 s. This process needed to be executed for three times at
room temperature. The collected samples were called as F-PCL samples.
Fe(NO3)39H,0 was used as an oxidant and the polymerization reac-
tions were carried out in distilled water. First, Mg alloy samples were
soaked in 10mL distilled water, containing 114mg of pyrrole
(7.2 mmol). After the dissolution of Fe(NO3)39H,0 (0.4 g, 0.99 mmol)
in 10 mL distilled water, and this obtained solution was added to the
above pyrrole solution. The reaction needed to proceed for 2h at 4 °C,
and then the samples were washed 3 times in distilled water and dried
in air. The F-PCL/PPy/PCL samples were obtained by conducting PCL
spinning process on the F-PCL/PPy samples for ten times, with the same
spinning process as above.

(N

. PCLlayer

P PPy layer

MgSr alloy substrate

” Polypyrrole layer ’ Polycaprolactone layer

Fig. 1. Fabrication and self-healing process of PCL/PPy composite polymer coating on MgSr alloy substrate with the assistance of NIR light.
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2.3. Surface characterization

SEM (JSM6510LV) was applied to observe coatings’ morphologies
and cross-section. The presences of PCL and PPy were verified by FTIR
(Nicolet 1S10, USA). Differential Scanning Calorimetry (DSC-60) was
utilized to detect the melt-point temperature of different samples. The
absorbance at UV-vis spectroscopic spectra was determined by utilizing
an UV-vis spectrophotometer (UV-3600, Japan).

2.4. Electrochemical corrosion measurements

The electrochemical workstation (CHI660E) was used to measure
and evaluate the corrosion performances of MgSr samples in simulated
body fluid (SBF, pH = 7.4) and also at set temperature of 37 °C. The
standard three-electrode cell used in this tests was installed. Taken all
electrochemical tests at a stable open circuit potential (OCP) was re-
quired. A sinusoidal potential of 10 mV was set for electrochemical
impedance spectroscopy (EIS) with the scanning rate of 2mV-s™?, in a
range of 10° Hz to 10~ % Hz. The scanning rate of the potentiodynamic
polarization test was set as 2mV-s™'. Each test was repeated for three
times and results was analyzed by the software Zsimpwin 3.21.

2.5. pH evolution and Mg release behavior

The 14-day continuous immersion tests in SBF maintained at 37 °C,
and the ratio of the SBF volume to different samples weight is 30:1. The
pH values and leaching content of Mg ions were monitored. Each
sample was measured at 13 time points, 0, 2, 4, 8, 12 and 24 h on the
first day, and then 3, 5,7, 9, 11, 13, and 14 days. The ICP-AES (Opitmal
8000) was used to detect the released content of Mg?*, with the con-
centration diluted to 20%. Afterward, all specimens were rinsed in
distilled water and dried.

2.6. Self-healing testing

Scratch tests were performed by using a automatic scratch tester to
make a through-coating scratch on the surface. The blade was plunged
into the surface at a constant force of 15 N. The scratches were deep
enough to penetrate the coatings and reached the AZ31 Mg alloy sub-
strate. The surface of the Mg alloy was likely to be scratched during
scratch treatmeat, due to the softness of Mg alloys. To get a compre-
hensive view about the principle of coating’s self-healing process, the
unrepaired coating was under NIR light irradiation for 6 min to realize
the shape deformation behavior of the F-PCL/PPy/PCL coating. The
temperature change and heat maps were recorded by the IR thermal
imager (testo 875i, Testo Instruments International Trading, Shanghai
Co., Ltd) every 30s. The repaired morphology was detected by SEM.

2.7. Scanning vibrating electrode technique (SVET) measurements

SVET measurements were conducted on an M370 scanning elec-
trochemical workstation (Ametek, USA) to detect the real-time current
density of the AZ31 Mg alloy surface. All samples were fixed to an
epoxy resin holder and immersed in 0.05M NacCl solution. A Pt-Ir mi-
croprobe was served as the vibrating microelectrode equipped with a Pt
black tip (15um in diameter), which kept the vertical distance of
100 um over the tested surface. The scans were seted to start after
40 min immersion, and the peak-to-peak amplitude was 30 um. The
electric current densities were displayed by 3D maps.

3. Results and discussion
3.1. Synthesis and characterizations

As shown in Fig. 2a, the bare samples’ surface was flat, but there
were several holes spread on the surface after hydrofluoric acid (HF)
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treatment (Fig. 2b). The pretreatment was to prepare a MgF, layer
acted as a barrier with weaker protection against corrosion [30,31].
The F-PCL samples were prepared by spinning three layers of PCL on
the MgF, samples. The F-PCL/PPy were obtained by in-situ oxidative
polymerization of PPy on the surface of F-PCL samples [32,33]. In order
to achieve ultrafast self-healing behavior, ten layers of PCL were
spinned on the substrate of F-PCL/PPy samples, which were named as
F-PCL/PPy/PCL. The surface of F-PCL/PPy/PCL was smooth and flat as
presented in Fig. 2¢. The width of the scratch was about 10 ym before
NIR irradiation (in Fig. 2d) and seemed completely repaired after NIR
irradiation (in Fig. 2e), with the protuberance around the scratch. The
F-PCL samples possessed a coating thickness of about 30 um (in Fig. 2f).
After PPy polymerization, the surface morphology of F-PCL/PPy was
irregular with an approximate thickness of 40um (in Fig. 2g). The
depth of section about F-PCL/PPy/PCL is near 160 um in Fig. 2h. After
scratch treatment, Figure S1 showed there still remained the scratch on
the metallic surface after remove of the coating.

FT-IR analysis of the freshly prepared F-PCL/PPy film confirmed the
presence of PPy. As shown in Figure S1, PPy peaks were located at
around 1550 cm ™!, while the peak at 1200 cm ™! belonged to C=C/
C-C stretching. As for the two peaks at 1370 and 1030 cm ™!, the former
should be assigned to C—N stretching while the latter is originated from
the plane bending vibrations of C—H bonding [34].The PPy peaks can
no longer be observed after followed spinning layer of PCL. The PCL
films were confirmed by the appearance of specific spectrum peaks,
which were located at 2944cm™ !, 1720cm ™}, and 1240 cm ™%, as-
signed to asymmetric stretching of CH2, C=O0 stretching and asym-
metric stretching of C—O—C [35]. The results of UV-vis spectra were
shown in Fig. 3a, as for the F-PCL/PPy film, there was obvious ab-
sorption in near infrared region. After spinning PCL layer for ten times,
the absorption became weaker, but was still higher than the F-PCL film.

3.2. DSC assay

Herein, if the surface temperature rises over the glass transition
temperature (T,), the scratched area on samples’ coating can be re-
medied by NIR irradiation. DSC curves (in Fig. 3b) revealed that the
obvious endothermic peaks of the pure PCL layer and PCL/PPy/PCL
were about 59.5°C and 62.2°C. PPy was in stable state at low tem-
perature and served as the middle layer in sandwich-like structure, and
PPy exerted little impact on the T, of PCL. This result also indicated a
certain compatibility between the two functional layer of PPy and PCL.
Based on the DSC results, the self-healing actions triggered by shape
deformation were expected to be performed on the scratched surface of
the coatings. NIR irradiation relaxed the restrictions on the movement
of polymer chain segment, and PCL were expected to melt and flow into
the scratched area to restore integrity as much as possible, together
with the PPy layer. Polycaprolactone and polypyrrole were relatively
stable near the T, of PCL. Under NIR irradiation, polypyrrole still kept
solid state, polycaprolactone had a tendency to flow. The two sub-
stances cannot dissolve into each other, and the interlayer of PPy will
keep pace with the PCL layer’s movements.

3.3. Photothermal effect

Upon exposure to an 808-nm NIR laser (0.585 W/cmz), an IR
thermal imager was used to detect the heating behavior of bare and F-
PCL/PPy/PCL coated MgSr alloys. The bare MgSr was set as the control
and the two groups were performed under solvent-free condition. The
temperature profiles are shown in Fig. 3c, which was recorded every
30s, and the cyclic irradiation curves are shown in Fig. 3d. Under NIR
irradiation, the temperature of the F-PCL/PPy/PCL coated samples in-
creased rapidly and reached a turning point about 62.5 °C within 4 min,
followed with a relatively stable platform in the remaining 2 min. In
comparison, the temperatures of the bare samples only increased by
roughly 1 °C.
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(a) Fig. 2. Surface characterizations of different MgSr alloys samples: the mor-

phology of (a) bare samples, (b) MgF, samples, (c) the F-PCL/PPy/PCL samples,
(d) the scratched F-PCL/PPy/PCL samples, (e) the healed F-PCL/PPy/PCL sam-
ples; (), (g) and (h) corresponding to the cross-sectional image of the F-PCL
samples, the F-PCL/PPy samples and the F-PCL/PPy/PCL samples.

The heat maps of the F-PCL/PPy/PCL coating are shown in Fig. 3e, 64.1 °C. The homogeneous temperature field on the whole surface in-
revealed that temperature difference between points distributed on the dicated that PPy particles were evenly deposited on the surface of MgSr
round surface varied little, with a maximum temperature of about alloys. In addition, a high level of transparency afforded by PCL film
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Fig. 3. (a) UV-vis-NIR absorption of the bare, F-PCL, F-PCL/PPy and F-PCL/PPy/PCL samples; (b) DSC of the PCL and PCL/PPy/PCL films (c) The temperature
changes of the bare and F-PCL/PPy/PCL samples under NIR irradiation; (d) Cyclic irradiation curves and corresponding (e) Infrared thermography of the bare and F-

PCL/PPy/PCL samples.
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Fig. 4. Electrochemical tests of MgSr alloy samples after preparation procedures; (a) potentiodynamic polarization tests in SBF; (b), (c) and (d) Nyquist plots; (e) the

module plots of impedance and (d) the phase plots of impedance.

was beneficial for deeper penetration of NIR light. The temperature of
the bare metal surface was slightly lower than the ambient temperature
at the beginning, temperature changed little after NIR treatment com-
pared with distinct and rapid photothermal behavior of F-PCL/PPy/
PCL. The above analytical results suggested that the PPy interlayered
structure could play an on-demand role for exerting as an efficient
photothermal agent, and most importantly, the heat generated from the
composite coating was sufficient to trigger shape deformation afforded
by PCL, as discussed in following sections.

3.4. Electrochemical measurements

To figure out the short-term and long-term corrosion evolution of
different modified coatings, electrochemical measurements were taken
to explore the barrier properties and self-healing properties after 0, 1, 3,
5 and 7 days of immersion. Corrosion density deduced from Tafel

curves can reflect the corrosion resistance and help to judge whether
the corrosion resistance gets recovery or not [36,37]. In Fig. 4a, the
corrosion current density deduced from Tafel extrapolation followed
the order: F-PCL/PPy/PCL < F-PCL/PPy/PCL healed < F-PCL/PPy/
PCL scratched < MgF, < bare. It is generally recognized that a mate-
rial has more negative E_,,, the less noble it is. In Fig. 4a, the bare AZ31
alloy had more positive E.,,, values but less corrosion resistance than
the healed F-PCL/PPy/PCL samples according to the EIS test. In fact,
the E, is a thermodynamic characteristic of a given metal-electrolyte
system, not directly reflecting the kinetics of material corrosion
[38,39]. Based on the analysis of the corrosion process, we may ascribe
this result to the co-occurrence of Mg dissolution through the pores or
defects, formation of the corrosion product layer and increase in in-
terfacial pH, which caused E,,,, values fluctuate.

Fig. 4 exhibits the consequences of electrochemical impedance
spectroscopy (EIS), including Nyquist plot (Fig. 4b, ¢ and d), module
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plots of impedance (Fig. 4e), phase plots of impedance (Fig. 4f) and fit-
ting curves. Three characteristic loops existed in EIS results. The capa-
citive loops at the high and middle frequency were as results of charge
transfer and mass transport, the inductive loop at the low frequency was
related to pitting corrosion on the intersurface between Mg alloy and the
electrolyte solution [6]. The |Z|¢ 011, in Bode diagram represented the
impedance modulus at 0.01 Hz, and the dimension of capacitive loop in
Nyquist plots and |Z|o.011, have been deemed as credible indicators for
analyzing and comparing the corrosion resistance of different coatings.
The larger capacitive loop and the higher of |Z| 11, value indicated
better protective capacity against corrosion. In Fig. 4e, the |Z|o.011, value
can be expressed as the following trend: bare < MgF, < F-PCL/PPy/
PCL scratched < F-PCL/PPy/PCL healed < F-PCL/PPy/PCL. The
healed F-PCL/PPy/PCL coating restored about 76.7% of |Z|¢ 111, value
after NIR irradiation. However, the scratched F-PCL/PPy/PCL coating
could only remain approximately 5% of the |Z|o 015, due to the fact that
the exposed surface at the scratch region damaged the integrity and the
compact of the coating. As a result of these effects, diffusion passways
were easily opened and local corrosion were also accelerated. In the low-
frequency region (typically in range of 0.1 ~0.01 Hz), the phase angle (in
Fig. 4f) reflected pitting corrosion at the interface [40,41]. The phase
angle of the F-PCL/PPy/PCL and the healed F-PCL/PPy/PCL coating in
the low-frequency region were higher than that of the scratched F-PCL/
PPy/PCL, MgF, and bare samples, due to the decreased dimension of
scratch.

Generally, the high-frequency loop of untreated Mg alloy represents
the formation of oxides or hydroxides at the interface. Herein, low
frequency inductive loop was obvious in bare AZ31 and MgF, samples,
indicating the occurrence of pitting corrosion. However, the F-PCL/
PPy/PCL, the scratched F-PCL/PPy/PCL and the healed F-PCL/PPy/PCL
samples, showed capacitive loops at most frequencies with weak in-
ductive regions in the low frequencies. Cracked and porous coatings
could not afford effective protection, but compact coatings can delay
the pitting corrosion, thus hindering the charge transfer process at in-
terfaces and weakening of the inductive loops. Therefore, coatings with
better barrier properties showed increased phase angle in the low-fre-
quency region, as shown in phase angle vs. log f curves (Fig. 4f).

With the immersion time increased to 1 day, the i, values were
obviously increased (in Figure S3a) and the capacitive loops also fell
into decline (in Figure S3b). The values of |Z| o1u in the F-PCL/PPy/
PCL, the healed F-PCL/PPy/PCL and the scratched F-PCL/PPy/PCL
coatings decreased from 9.3 x 10° Q cm? to 7.8 x 10° Q cm?,
7.1 X 10° Q cm?® to 2.8 x 10° Q cm® and 4.7 x 10* Q cm® to 8.1 x 10°
Q cm? (in Figure S3c). The time constant at low frequency (1072
Hz~ 10° Hz) observed in Figure S3d, suggested that the electrolyte had
reacted with the substrate and the appearance of corrosion [42]. After 3
days, the electrolyte ions penetrated the coating matrix, resulting in a
continuous increase in i, (in Figure S4a) and decreased capacitive
loops (in Figure S4b). The values of |Z|¢ o111, (in Figure S4c¢) in the F-
PCL/PPy/PCL, the healed F-PCL/PPy/PCL and the scratched F-PCL/
PPy/PCL coatings decreased to 4.3 x 10° Q cm?, 1.5 x 10° Q cm? and
5.3 x 10® Q cm?. In Figure S4d, the high frequency impedance did not
shift with the immersion time increased, but overlapped each other.

As immersion time continued to 5 days, the i, (in Figure S5a)
further rose to 2.514 X 107® A cm? 1.984 x 10° A cm? and
1.003 x 10 A cm? in the F-PCL/PPy/PCL, the scratched F-PCL/PPy/
PCL and the healed F-PCL/PPy/PCL coatings, with smaller capacitive
loops (in Figure S5b). Correspondingly, the |Z|o.011, values (in Figure
S5c¢) decreased to 1.7 X 10° Q ecm?, 5.3 x 10* Q cm? and 3.3 x 10° Q
cm?, respectively. Phase angle in the medium-frequency region was
associative with the coating’s pore resistance and oxidation film on the
exposed surface [43]. The time constant observed at medium frequency
(10° Hz-10° Hz) in Figure S5d, indicated the formation of corrosion
product layer to inhibit the continued corrosion activities between
electrolyte and substrate [44]. After 7 days, the upward trend in the i o
(in Fig. 5a) further rose to 7.253 x 10 A cm?, 4.505 x 10> A cm? and
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1.584 x 10 A cm? in the F-PCL/PPy/PCL, the scratched F-PCL/PPy/
PCL and the healed F-PCL/PPy/PCL coatings, still in cooperation with
smaller capacitive loops (in Fig. 5b). The values of |Z|¢.o1p, in the F-
PCL/PPy/PCL, the healed F-PCL/PPy/PCL and the scratched F-PCL/
PPy/PCL coatings dropped to 2.2 X 10* Q ecm?, 1.7 x 10* Q cm? and
2.2 x 10° Q em?, respectively (in Fig. 5¢). The time constant was still
observed at medium frequency (10° Hz-10° Hz) in Fig. 5d, indicating
that the F-PCL/PPy/PCL, the healed F-PCL/PPy/PCL and the scratched
F-PCL/PPy/PCL coatings can still keep the coatings’ barrier property.

The EC1 of R(C(R(CR(RL)))) and EC2 of R(Q(R(QR(RL)))) could be
utilized as suitable equivalent circuit (EC) models. The fitting para-
meters of equivalent circuit are respectively presented in Fig. 6 and
Table S1, 2, 3, 4 and 5. The EC1 was well fit for bare Mg and MgF,
samples, and the EC2 was credible for the F-PCL/PPy/PCL, the healed
F-PCL/PPy/PCL and the scratched F-PCL/PPy/PCL samples. With re-
gard to impedance parameters, the standard deviation was controlled
within the order of 1 x 1072 ~ 1 x 10™*. In these equivalent, Ry re-
presented the solution resistance, R; was the charge transfer resistance,
also represented the resistance to the electron transfer of the faradic
process on AZ31 Mg alloy, in parallel with the double layer capacitance
C; [45,46]. A constant phase element Q; in the EC2 was used to instead
C; for the F-PCL/PPy/PCL, the healed F-PCL/PPy/PCL and the scrat-
ched F-PCL/PPy/PCL samples, due to the fact that Nyquist plots of these
samples showed depressed semicircles [47]. An ideal capacitor C, and a
resistance R, were proposed to account for the capacitance and re-
sistance of the corrosion product layer formed on the surface of Mg
alloy. In the EC2, C, was exchanged for constant phase element Q, to
better fit the EIS results. An inductance (L) and a resistance (R, were
introduced to explain the inductive behavior. The value of |Z| 015, (in
Figure S5a) as well as the R, (in Figure S5b) can be viewed as crucial
indicators, reflecting the barrier property and degradation property of
the protective coating. As immersion time continued, the R, and
|Z|o.011 of the three kinds of coating were together in a downward
trend. The healed F-PCL/PPy/PCL coating could not recover the same
intact as before and there were still some small defects in coating al-
lowing permeation of electrolyte. From the damage evolution of the
two indicators, the degradation rate of the protective coating was de-
pendent upon the sealing levels of scratch.

The change in R, and |Z|¢ 0111, measured as a function of immersion
time revealed the corrosion process of AZ31 Mg alloy, as well as the Ry
and Q; used for the reflecting indicators. During immersion time of
72h, a steady decrease in R; and a increase in Q; in the scratched F-
PCL/PPy/PCL indicated the thickness of protect coating reduced and
corrosion process accelerated. The same phenomenon happened in the
healed F-PCL/PPy/PCL during 24 h and 72h-120 h immersion, as well
as in the F-PCL/PPy/PCL samples during 120 h-168 h immersion. It can
also be observed some fluctuations in R; and Q; during the whole im-
mersion. For the compact F-PCL/PPy/PCL samples, R; increased a bit
and Q; decreased slightly during 1-day immersion. This is due to the
formation of insoluble corrosion products on the surface, hindering the
charge transfer process. Immersion time between 24-72 h, the healed F-
PCL/PPy/PCL showed the downtrend in R; and uptrend in Q,, due to
the same reason as above. The variations in R; and Q; can also help us
analyse the corrosion behavior of AZ31 Mg alloy.

Fig. 7 presents the surface morphologies of different MgSr alloy
samples after three- or seven-day immersion and followed electro-
chemical tests. The surface of intact F-PCL/PPy/PCL coating still re-
mained compact and some species from the electrolyte solution tended
to be absorbed onto the substrate after three-day immersion (Fig. 7a).
However, the outer layer of PCL film was inclined to degrade after
seven-day immersion in Fig. 7b. There were some holes spread on the
scratched F-PCL/PPy/PCL coating after three-day immersion and the
integrity of the film was damaged in Fig. 7c. Fig. 7d shows that the
crack region suffered more severe corrosion after seven-day immersion.
As for the healed F-PCL/PPy/PCL coating, although there was some
unrepaired region, most of the surface remained compact and relatively
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Fig. 5. Electrochemical tests of MgSr alloy samples after seven-day immersion; (a) potentiodynamic polarization tests; (b) Nyquist plots; (c) the module plots of

impedance and (d) the phase plots of impedance.
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Fig. 6. The diagram of Equivalent circuits of EIS results: (a) EC1 for bare MgSr

and MgF,; and (b) EC2 for the intact, scratched and healed F-PCL/PPy/PCL
samples.

smaller area tended to degrade after three-day immersion (in Fig. 7e).
However, after seven-day immersion (in Fig. 7f), the unrepaired
scratched region in the healed F-PCL/PPy/PCL film tended to suffer
serious corrosion, as well as the outer surface.

3.5. Immersion tests

During immersion period, cathodic reaction induced hydrogen
production and anodic dissolution were prone to happen on MgSr al-
loy’s surface. MgSr alloys were susceptible to corrosion in the electro-
lyte containing corrosive ions. The release of Mg ions and the pH values

SEl 2RV - WO

Fig. 7. Surface morphologies of different MgSr samples after different immer-
sion periods and the followed electrochemical experiments: (a) and (b) corre-
sponding to the F-PCL/PPy/PCL samples after three-day and seven-day im-
mersion; (c¢) and (d) corresponding to the scratched F-PCL/PPy/PCL samples
after three-day and seven-day immersion; (e) and (f) corresponding to the
healed F-PCL/PPy/PCL samples after three-day and seven-day immersion.
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Fig. 8. Immersion tests in SBF: (a) the concentration of Mg>* released from MgSr alloy samples during immersion time; (b) the evolution of pH values during
immersion time. The experiments were executed for three times as well as under the same and independent condition (n = 3), and data were mean + SD.

were served as powerful auxiliary tools for qualitative and quantitative
corrosion analysis. In Fig. 8a, while the immersion time increased from
4 to 336 h, the released concentration of the Mg ions increased from
15.96 ppm to 69.69 ppm with regard to bare samples. In contrast, an
evident slowdown was observed in the concentrations of Mg ions from
the modified samples over time, shown as 7.66 ppm to 50.18 ppm
(MgF,), 7.23 ppm to 8.12 ppm (F-PCL/PPy/PCL), 8.13 ppm to 45.4 ppm
(F-PCL/PPy/PCL scratched), 7.39 ppm to 13.08 ppm (F-PCL/PPy/PCL
healed), respectively. The fluorinated surface by hydrofluoric acid
etching could only provide limited protection under long-term immer-
sion in electrolyte solution. After two-time spinning of PCL and de-
position of PPy, the corrosion phenomena were under desired control
over a long period of 14 days. With regard to the scratched F-PCL/PPy/
PCL samples, a rapid growth in the content of released Mg ions were
shown in the later stages of immersion. The accelerated rate of releasing
Mg ions was ascribed to the fact that the scratched areas were easy to be
attacked by the corrosive ions such as Cl and so on. The healed samples
showed a relatively lower rate of corrosion process, with about one-fifth
of released Mg ions from the F-PCL/PPy/PCL samples with scratch
treatment.

During immersion time from 4h to 336 h, the pH evolution of dif-
ferent samples was shown in Fig. 8b as the following trend, 7.62 to 9.46
(bare), 7.54 to 8.6 (MgF,), 7.41 to 8.04 (F-PCL/PPy/PCL), 7.42 to 8.16
(F-PCL/PPy/PCL healed), 7.47 to 8.33 (F-PCL/PPy/PCL scratched).
These results were in consistent with the release of Mg ions. Much faster
changes of pH were detected on the scratched F-PCL/PPy/PCL samples.
MgF, coated samples showed slightly lower speed of pH change. There
is not much difference between the F-PCL/PPy/PCL samples and the
healed F-PCL/PPy/PCL samples in the term of pH change. The scrat-
ched F-PCL/PPy/PCL samples also showed an increasing rate of pH
value. The existence of scratch exerted negative effect on corrosion
resistance of the coating and did not benefit for long-term stage of
corrosion protection.

3.6. Local corrosion behavior of AZ31 Mg alloy using SVET

SVET has been used extensively to examine the corrosion me-
chanism of Mg alloys [48,49]. The anodic current density peak (ia max)
and the cathodic current density peak (ic max) from the current density
map were used to characterize the coating’s anti-corrosion properties
[50]. The SVET maps of the scratched F-PCL/PPy/PCL and healed F-
PCL/PPy/PCL presented in Fig. 9, with different distribution maps of
current densities. Because of the scratch treatment, the anodic current
density of the scratched F-PCL/PPy/PCL was higher than 80 uA cm ™2
and cathodic current densities lower than -75 yuA cm~ 2, indicating the
corrosion activities taken activly on the scracthed area in early

immersion time, as shown in Fig. 9a. After NIR irradiation, The cor-
rosion densities of the healed F-PCL/PPy/PCL decreased from 80/-
75 uA cm ™2 (anodic/cathodic) to about 6.2/-1.0 yA cm ™~ 2, as shown in
Fig. 9b. These results were consistent with the EIS plots. The scratched
area with the appearance of a large and sharp area of anodic current
density was likely to lost its barrier property, and corrosion process
accelerated through those cracks and pores. Fig. 9¢ and d also shows
obvious discrepancy between anodic and cathodic areas. In compar-
ison, the barrier property of the scratched area improved a lot after NIR
irradiation.

3.7. Self-healing mechanism of F-PCL/PPy/PCL coating

To get a comprehensive understanding about the self-healing me-
chanism, the F-PCL/PPy/PCL coating was scratched and then under NIR
irradiation for 6 min. The coatings’ self-healing performance was eval-
uated by EIS tests performed in SBF solution at 37 °C. The value of
|Z]o.0111, in the healed F-PCL/PPy/PCL coating disclosed desired re-
storation efficiency up to 76.7% at the beginning of immersion. In sharp
contrast, the preservation efficiency of |Z|¢ o1u. in the scratched F-PCL/
PPy/PCL coating only remained 5%, thus resulting in earlier loss of
reservation of corrosion resistance. The value of |Z|¢ o111, in the F-PCL/
PPy/PCL coating was still well above 2 x 10* Q cm? after seven-day
immersion, which was about one order of magnitude higher and 1.4
times higher than that of the scratched F-PCL/PPy/PCL and the healed
F-PCL/PPy/PCL coatings, respectively. In the following immersion
tests, the changes of pH values and releasing content of Mg ions in the
healed F-PCL/PPy/PCL coating were slower than that in the scratched
PCL/PPy/PCL coating. The better preservation performance against
corrosion could be attributed to the NIR-triggered self-healing behavior
to close and seal the scratch region.

As shown in Fig. 1, once the NIR light is applied on the scratch
region, the medium layer of PPy owned excellent photothermal con-
version efficiency, so it can heat to the melting point required for PCL
within short time, prompting the shape deformation of PCL to lead the
closure of the scratch. In addition, the degree of healing can be adjusted
by extending or shortening the irradiation time. With longer irradiation
time, the scratch will be closed more thoroughly. As for scratched F-
PCL/PPy/PCL coating, electrolyte ions will permeate into the coating
though crack, pore defect or other channels to corrode metal surface.
However, after NIR irradiation, the repaired region still keep three-
layer architecture as before, and the self-healing behavior exhibits good
reproducibility and stability.
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Fig. 9. SVET 3D maps of the electric current density measured above the surface of (a) the scratched F-PCL/PPy/PCL; (b) the healed F-PCL/PPy/PCL; (c) and (d)

corresponding to the ichnography of (a) and (b).

4. Conclusion

In this work, a photo-controllable self-healing coating was designed
to protect MgSr alloy from corrosion. The adoption of NIR laser treat-
ment as an novel excitation and regulatory strategy can achieve better
and fast recovery of self-healing performance. This goal was achieved
by introducing the photothermal layer of PPy and the low-melting-
point layer of PCL. The F-PCL/PPy/PCL hybrid coating demonstrated
that the scratch region can be closed and sealed by the movement of
polycaprolactone chain segment triggered by the shape deformation at
the melt-point, which was under the great assistance of excellent pho-
tothermal conversion efficiency in PPy film. After NIR irradiation, the
corrosion resistance can be substantially improved and the repaired
coating can still play a long-lasting role as physical barrier to avoid
suffering deteriorative corrosion process. Applying noninvasive stimuli
of NIR can not only help heal the scratch area and strengthen the
corrosion resistance in the repaired region with high-level restoration,
but can also serve as a convenient mean to motivate repeatable self-
healing behavior, assisting to protect Mg alloy from fast corrosion
started by cracks or defects and to control the degradation rate to a
lower speed. The method of photo-controllable degradation in this
work provides a novel surface modification for magnesium alloys to
meet wide-range application.
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