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In the present work, a flash-PEO coating is developed on AZ31B alloy in a combination of silicate, phosphate, and
fluoride based electrolyte in order to offer a green alternative to chromate conversion coatings. Multilevel active
protection is achieved through synergetic combination of self-sealing effect of PEO coating itself and active
inhibition provided by an organic inhibitor impregnated in PEO pores in a post-treatment step. The results
indicate that flash-PEO coatings, loaded with organic corrosion inhibitors, can be recommended for exploitation
on industrial level as an equally effective corrosion protection system alternative to CCC for paint-bearing and

1. Introduction

Mg alloys are of big interest for automobile and aircraft industries.
Light metals application is a common approach to reduction of operating
costs, increase of vehicle payload and reduction of environmental
impact in order to meet stringent emission regulations.

The biggest challenge for Mg alloys application is adequate corrosion
protection. Mg is a very active metal whose low corrosion resistance is
predetermined by its standard electrode potential of E=-2.37 Vgyg that
makes it highly susceptible to galvanic corrosion in a presence of second
phases in the alloys. Additionally, the magnesium oxide/hydroxide film
that forms on the surface is only partially protective when exposed to
neutral saline environments.

Since early 1920s, chromate-based coatings have efficiently been
used for corrosion protection of various types of alloys, including steel,
galvanized steel, Mg and Al. For a long time, there was no other equally
efficient alternative coating nor dedicated technology for light metals.
However, according to recent REACH regulation Cr(VI) which is highly
toxic and carcinogenic must be withdrawn from use and replaced by
new environmental-friendly substitutes equally effective in terms of
corrosion and paintability performance.

An alternative Cr-free anticorrosive coating technology that deserves
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particular attention is plasma electrolytic oxidation (PEO) or micro-arc
oxidation (MAO). This is an electrochemical surface treatment that
operates above the so-called dielectric breakdown voltage, resulting in
numerous short-lived plasma microdischarges at the metal surface [1,2].
As a result of a complex combination of electrochemical,
plasma-chemical and oxidation reactions, a well-adhered and thick
oxide coating is formed. This typically exhibits a three-layer structure
comprising a top porous region, an intermediate compact layer and a
thin barrier layer [3-6]. Advantages of PEO technology include fast
coating growth rate and very good paintability owed to the top porous
layer [7].

High voltages (~300—400 V) are a prerequisite of the PEO treat-
ments which typically last between 15 and 30 min. These factors elevate
the cost of the treatment, thereby greatly limiting implementation of
PEO technology to industrial mass-scale production [8,9]. An alterna-
tive explored in this work is to employ short treatment times in order to
produce “flash”-PEO coatings. The term “flash” refers not as much to the
thickness of the coating as to the very short duration of the process
[10-12]. Limiting the PEO treatment time to 1 min only should produce
cost-effective coatings with thicknesses and corrosion protection com-
parable to chromate conversion coatings (CCCs).

The composition and concentration of the electrolyte play a crucial
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role in the composition and corrosion resistance of PEO coatings, since
electrolyte species readily incorporate into the coatings during plasma
micro-discharges [13,14]. Most typically, KOH or NaOH are used to
ensure an alkaline environment (necessary to carry out PEO). Phos-
phates, silicates, fluorides or aluminates are added, often in combined
formulations, to passivate the substrate and improve the coating
corrosion resistance. In particular, fluorides are known to have a bene-
ficial impact on corrosion resistance due to formation of sparingly sol-
uble MgF; which ennobles the corrosion potential [15-18]. Also,
relevant is the incorporation of phosphorus species in the coatings
[19-22] since they have been reported to provide a self-repairing
mechanism at coating damaged sites [23]. The porous structure of
PEO coatings can be exploited as a reservoir for corrosion inhibitors in
order to further improve the corrosion protection properties of PEO
coatings. The active protection efficacy of organic and inorganic in-
hibitors loaded into the pores of thin PEO coatings and sealed with a top
sol-gel layer was demonstrated [24-29].

In the present work, a combination of silicate, phosphate and fluo-
ride based electrolyte is used to achieve a synergetic inhibitive effect of a
thin PEO coating on corrosion of Mg AZ31B alloy. Multilevel active
protection was further ensured through impregnation of the flash-PEO
coating with an organic corrosion inhibitor following a screening pro-
cedure of several candidates and painting with an inhibitor-loaded
epoxy primer. Full system protection was verified in a standardized
paint adhesion and neutral salt spray tests (NSST) in comparison with
CCC with a chromate-loaded primer. The results indicate that flash-PEO
coatings in combination with active corrosion inhibitors have a solid
chance to rank in the leading position of green Mg corrosion protection
technologies.

2. Materials and methods
2.1. PEO and CC coatings fabrication

Magnesium alloy AZ31B 1.5 mm-thick sheet (SMW Engineering, wt.
%: 0.0028Fe, 0.0103Si, 0.24Ce, 0.76Zn, 0.0008Ca, 0.19 Mn, 2.72Al, Mg
bal.) cut into 40 x 40 mm specimens and 75 x 250 mm coupons was
used as a substrate for PEO treatment. To clean and pre-treat the sample
surface a two-step commercial procedure was used. This consisted of 15
min treatment at 80—90 °C in alkaline surfactant solution (Bonderite
C—AK 4181 L, 90 g/L), followed by 4 min of acidic etching in HySOj4-
based solution at room temperature (Bonderite C—IC 3610, 10 g/L)
which maintained the supplier-recommended etching rate of Mg sub-
strate above 10 g/m?. A DC power supply (Delta Elektronika SM 400-
AR-8) with computer-controlled regulation of the process conditions
and current and voltage signal acquisition was used for PEO treatment.
The electrolyte, further referred to as SiPF, contained 2.8 g/L KOH, 5 g/L
NaySiOs, 5 g/L NagPO4 and 3 g/L KF (pH 12.5, conductivity 23.9 mS/
cm). Anodizing was carried out under continuous stirring in a 2 L
thermostated (20 + 1) °C double-walled glass cell using a 316 L stainless
steel mesh cylinder as a counter electrode and an insulated copper wire
for electrical contact. A constant current density of 100 mA/cm? was
applied, a voltage limit Vg, was set at 350 V and treatment time was
limited to 60 s. After the treatment, the specimens were rinsed
sequentially with deionized water and isopropanol followed by drying in
warm air.

Up-scaling of flash-PEO treatment to 75 x 250 mm coupons (Sup-
plementary Fig. 1) was performed in a 50 L tank with two 250 x 400
mm 316 L stainless steel cathodes using a MAGPLUS QP-800,/60,/1000
bipolar power supply (MAGPLUS Stromversorgungs Systeme GmbH,
Germany) operated in a DC mode. The electrical connection was made at
two points using commercially pure (c.p) Ti screws (4 mm @ thread
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size). The following adjustments of electrical parameters were required
in order to compensate for the larger inter-electrode distance and ohmic
drop that occurs in a 50 L tank and achieve the same coating thickness as
in lab-scale specimens: (i) a current density increased to 110 mA/cm? ;
(ii) the treatment time limited to 75 s; (iii) the maximum voltage limited
to 315 V.

2.2. Inhibitors screening, incorporation into the PEO coating and sealing

Ten different inhibitors were evaluated through H; evolution test on
the pre-treated bare AZ31 to find 4 best-performing inhibitors to be
incorporated into the PEO coating. The inhibitors were chosen from a
comprehensive database of the inhibitors published in [30]. The details
of the screening step and its results are provided in supplementary
materials of this work. Four inhibitors, screened to be incorporated into
the PEO coatings, are: 4Methylsalicylate-Na, 3Methyl2Ni-
trobenzoate-Na, 2,5PDC-Na, Quinaldate-Na.

Incorporation of the inhibitors into the PEO pores was carried out by
immersion of the samples in the inhibitor solution at low-pressure
condition. Inhibitor solutions were prepared by dissolution of 0.05 M
inhibitor in deionized water followed by pH adjustment to the value of
7.0 £ 0.2 by NaOH, except for 3-Methyl-2nitrobenzoate-Na solution
which was adjusted to pH of 9.0 &+ 0.2. The solution, along with the
immersed sample, was placed in a well-sealed chamber. A water-jet
vacuum pump was employed to reduce the pressure inside the cham-
ber to approximately 0.9 bar in order to release the air entrapped inside
the PEO pores into the solution. The low-pressure conditions were
maintained for 20 min until no visible bubbles could be observed on the
sample surface. The inhibitor-loaded samples were flushed fast with
deionized water and dried using a warm flow of air.

A ~25 pm-thick layer of 3-component epoxy inhibitor-free primer
(276:87:85 g of Epoxy Primer 37076 : Hardener 92133 : Thinner C25/
90S, supplied by AkzoNobel) was applied on one side of 40 x 40 mm
specimens with a drawbar. Paint was cured at 80 °C for 1 h. The 75 x
250 mm coupons with inhibitor loaded flash-PEO coating and a refer-
ence CCC coating (MTU Aero Engines, Germany) were both sides coated
by AkzoNobel using following industrial epoxy primers: non-inhibiting
epoxy chromate free primer, a chromated reference primer and a
state-of-the-art chromate-free primer with active inhibition based on
lithium leaching technology [31]. The latter primer was included into
the scaled-up testing batch as a current green commercial alternative to
chromate-based primers. Likewise, a reference CCC-coated coupons
(MTU Aero Engines, Germany) were painted with industrial qualified
chromate-containing epoxy primer.

2.3. Coating characterization and corrosion testing

Coating thickness was measured using an eddy-current meter (ISO-
SCOPE FMP10, Fischer), equipped with an FTA3.3H probe, taking an
average of 10 measurements. The electrochemical impedance spec-
troscopy (EIS) measurements were performed using a computer
controlled GillAC (ACM Instruments) potentiostat and a three-electrode
cell in 0.5 wt% NacCl solution. The defined working area of the tested
electrode was 1 cmz; the counter and reference electrodes were
respectively graphite and silver/silver chloride (Ag/AgCl in 3 M KCl).
The open circuit potential (OCP) was allowed to stabilize before the
measurements for 15 min. Summary of OCPs registered directly before
the EIS in presented in Supplementary Table 1. In order to evaluate the
effect of longer exposure time of the coatings, the samples were
immersed during 24 h, 48 h, 72 h and 1 week before EIS measurements.
The measurements were carried out over a frequency range from 30 kHz
to 10 mHz (50 points in total), using a 10 mV amplitude sinusoidal
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Table 1
Samples types and conditions of conducted NSST according to ASTM B117 standard in a 5% NacCl fog.
Coating Inhibitor primer Scratch size [mm] NSST duration Figure
CCC
SiPF - - 24h S2
4Methylsalicylate-Na
SiPF 3Methyl2Nitrobenzoate-Na 9
Quinaldate-Na
Lab scale samples 40 x 40 mm 15 168 h
2,5PDC-Na s
non-inhibiting epoxy chromate-free
CCC -
SiPF - 13
SiPF 4Methylsalicylate-Na
SiPF -
SiPF 4Methylsalicylate-Na - 2000 h 14
CCC -
SiPF 4Methylsalicylate-Na - B 168 h
ceee B non-inhibiting epoxy chromate-free
SiPF 4Methylsalicylate-Na 8 epoxy
. cce - chromated a
Large size coupons 75 x 250 mm SiPF 4Methylsalicylate-Na chromate-free with active inhibition 1000 b 15
CCC - B
SiPF 4Methylsalicylate-Na non-inhibiting epoxy chromate-free 0 x5
CCC - chromated
SiPF 4Methylsalicylate-Na chromate-free with active inhibition

signal. Each measurement was repeated at least twice each time using a
new specimen. The spectra fitting was performed using a ZView soft-
ware, ensuring the goodness of fit by chi-squared values in the range of
0.001-0.0001. The errors for the individual parameters of the equivalent
electrical circuits (such as CPE and R) were <5%.

The plan view and cross-sectional coatings morphologies were
examined using scanning electron microscopy (SEM, JEOL JSM-6400)
equipped with energy dispersive X-ray (EDS) microanalysis facility.
Elemental composition was determined as an average of the analyses of
three different areas. The cross-sections of the specimens embedded in
epoxy resin were prepared by grinding gradually with SiC abrasive
paper from P120 to P1200 grade and followed by diamond paste finish
to 0.1 pm. Crystalline phases in the coating were determined using
Philips X’Pert MRD X-ray diffractometer (Cu Ko =1.54056 10\) operated
in a grazing angle mode from 10° to 90° 26 with an incidence angle of 1°,
step size 0.04° 20 and counting time 15 s/step.

Surface texture was studied with a focus variation optical profil-
ometer with a x50 lense (Alicona InfiniteFocusSL).

Fourier transform infrared spectroscopy (FTIR) analysis was per-
formed using a Nicolet iS50 instrument equipped with a KBr beam-
splitter and a DTSG-KBr detector. ATR SpectraTech Performer with a
diamond crystal was utilized. The measurements were performed using
128 scans at 4 cm ™! resolution. Additionally, MicroFTIR analysis was
carried out using a Nicolet iMX10 spectrophotometer with KBr beam-
splitter KBr and MCT/A detector refrigerated with liquid air. Measure-
ment were performed with germanium crystal MicroATR accessory, 256
scans and 8 cm ™! resolution.

Active protection effect of prepared coatings was studied by moni-
toring local current densities by Scanning Vibrating Electrode Technique
(SVET). Three samples were prepared including CCC treated, flash-PEO
treated SiPF and that with incorporated corrosion inhibitor (SiPF-
4MSA). None of the three samples for SVET measurements was coated
with a primer. The area monitored by SVET was ca. 4.0 x 4.0 mm for
each sample. The remaining surface of the samples including the edges
was insulated with the beeswax. SVET measurements were recorded in
mapping for 96 h. SVET experiments were conducted in a flow-through
cell containing 5 mL of 0.05 M NaCl electrolyte. The flow rate was set to
0.05 mL/min (controlled by a peristaltic pump Medorex TL15E),
implying that the electrolyte in the cell was fully renewed every 1.5 h).
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Fig. 1. The current density/voltage — time characteristics of the flash-
PEO process.

The electrolyte flow in mandatory to avoid the effect of electrolyte
evaporation on the conductivity/current density values [32].

A commercial SVET-SIET equipment produced by Applicable Elec-
tronics and controlled by LV4 software (Science Wares) was employed.
An insulated Pt-Ir microelectrode (Microprobes Inc.) vibrated in the
horizontal (X) and vertical (Z) planes relative to the surface with am-
plitudes of 17 pm. The vibration frequencies of the probe were 128 Hz
(X) and 325 Hz (Z). The diameter of the platinum black ball was 17 + 3
pm. The probe was positioned 100 + 5 pm above the sample surface. All
the SVET measurements were conducted in a Faraday cage in an air-
conditioned lab at temperature of 21 + 2 °C.

The NSST was carried out in accordance with the ASTM B117 stan-
dard in a 5% NaCl fog. Type of samples and tests conditions are sum-
marized in Table 1. In case of painted samples, the coupons were masked
at the bottom and edges, their surface was cross-scratched before the test
according to ASTM B117 standard with a certificated tool (ISO 17872)
with 0.5 mm tungsten carbide tip. The 1.5 cm scratch was made in the
center of 40 x 40 mm specimens, a 50 x 50 mm cross was scribed in the
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Fig. 2. (a) Total impedance modulus at 10 mHz for AZ31B substrate, CCC and
SiPF coating after varied times of immersion in 0.5 % NaCl, showing repeated
measurements on two different samples for each time point; (b, ¢) Bode plots
and fitted simulated with equivalent circuit. Empty symbols correspond to the
experimental data; cross symbols correspond to the fitting.

center of 75 x 250 mm coupons. Samples rating was defined according
to ASTM D1654 standard. The corroded surface area of the specimens
was measured by image analysis (ImageJ software) after gentle removal
of the corrosion products with abrasive paper P1200 grit. The corroded
distance was defined as “one sided” scribe creepage, that is from the
original scribe line to the creepage front. For all salt spray tests, tripli-
cate samples were used.

Paintability tests were carried out in accordance with EN ISO 2409
by 6 line cross-cut with 1 mm spacing applied using certified tools
dedicated for this test. For dry paint adhesion test, flash-PEO-coated 40
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x 40 mm specimens were painted: (i) right after, (ii) 7 days after or (iii)
10 weeks after flash-PEO treatment, cured and tested in the same day.
Moreover, paint adhesion was verified after the coatings storage in
aqueous environment. For this purpose, the specimens were flash-PEO-
coated, painted, cured on the same day and (i) immersed in tap water for
two weeks. Additionally, inhibitor-free and inhibitor-loaded and painted
flash-PEO coated specimens (i.e., full system protection) were tested for
paint adhesion following 2000 h of NSST. All paint adhesion tests were
repeated on three specimens and the rating was calculated as an average
result.

3. Results and discussion
3.1. Electrical response of flash-PEO

Fig. 1 shows time dependencies of registered current density and
voltage signals during flash-PEO process in SiPF electrolyte. To ensure as
low as possible energy consumption while maintaining a uniform
coating appearance and thickness, the process parameters were opti-
mized in previous experiments by variation of the treatment time and
limiting voltage (60—90 s and 350—400 V, respectively). The limiting
voltage of 350 V was reached after 40 s of the process and was followed
by a drop in current density; micro-discharges that initiated at ~15 s
(~250 V) extinguished once the current density dropped <20 mA/cm?
The obtained coating had a uniform appearance and the thickness of 5.0
=+ 0.64 pm. The resultant energy consumption was calculated to be ~4.6
kW h m~2 (0.95 kW h m™ pm™).

3.2. EIS response of flash-PEO

The Bode EIS spectra and evolution of impedance modulus at 10 mHz
with time during preliminary corrosion performance evaluation of the
flash-PEO-coated and bare Mg AZ31B alloy following the immersion in
0.5 % NaCl solution for 15 min, 24 h, 48 h, 72 h and 168 h are given in
Fig. 2(a-c) and show good repeatability. Respective Nyquist plots are
presented in Supplementary Fig. 2. Following 15 min immersion, a
significantly higher value of impedance modulus |Z|1omn, (Fig. 2(a))
(three orders of magnitude) for the flash-PEO coating compared with
that of non-coated alloy indicates a much greater initial corrosion
resistance of the former. Remarkably, SiPF coaing shows over ten times
increase in low frequency impedance during 24 h of immersion in the
corrosive medium and maintains it for up to 3 days. For comparison, a
~10 pm-thick commercial CCC used as a reference in this study (coating
microstructure presented in Fig. 3(A) and macrograph Fig. 3(B)) shows
about 30 times lower values after 15 min and an order of magnitude
drop in | Z|1ompz to 10* Q em? following 24 h of immersion (Fig. 2(a) and
3(C) and Supplementary Fig. 3). For SiPF flash-PEO coating, a drop in |
Z|10muz below the initial value is observed after one week of immersion,
however the performance is still about two orders of magnitude greater
than that for the bare substrate after 15 min of immersion.

Different features of the coating are revealed depending on the im-
mersion time. For up to 72 h of immersion, two relaxation processes are
observed (Fig. 2(b,c)): these correspond to the response of the outer
porous part of the oxide layer (at high-medium frequencies) and the
intact inner barrier (at low frequencies). Further immersion in NaCl
solution (168 h) allows for the migration of corrosive species through
the outer layer towards the inner layer resulting in the initiation of
substrate corrosion process. The corrosion processes can be described by
the double layer capacitance of the electrolyte/metal interface and the
polarization resistance. After this immersion time, the response of the
outer porous layer has almost disappeared due to the penetration of the
electrolyte; the inner barrier layer provides the main response of the
system. The non-coated alloy after 15 min of immersion was also
analyzed in order to be compared with the coated specimen. The distinct
feature of impedance response in this case is a pseudo-inductive
behavior at low frequencies, which can be explained by an apparent
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Fig. 3. (A) Secondary electron micrographs of the CCC top views (top row) and backscattered electron micrographs of CCC cross sections before and after 24 h
immersion in 0.5 % NaCl and EIS measurement. (B) Macrograph of the as-received CCC surface appearance with an intense pitch-black colour. (C) Bode EIS plots for

CCC after 15 min and 24 h of immersion in 0.5 % NaCl.

non-stationarity during the spectra acquisition. The low reproducibility
of |Z|10mnz (Fig. 2(a)) additionally confirms this assumption. The main
well defined time constant in this case can be associated to the response
of the native thin oxide film present on the metal surface.

Equivalent circuits were used to fit the experimental data of the
coated specimens (Fig. 4(a)). They include Rg that accounts for the
resistance of the electrolyte and Constant Phase Elements (CPE) that
account for non-ideal capacitive behavior of the system. The Constant
Phase Elements (CPE) account for non-ideal capacitive behavior of the
system due to different phenomena (non-uniform region, inhomoge-
neous reaction rates on the surface varying thickness or composition of a
coating and/or non-uniform current distribution) [33-35]. The imped-
ance of a constant phase element is described as (Eq. 1):

Zow — < )
T(jo)

where T is the CPE constant, which nominally equals to admittance of

the system at 1 rad/s; j = \/ — 1, o is the angular frequency (rad/s) and

the value of n ranges between 0 and 1. If n = 1, CPE becomes the

impedance of a pure capacitor; if n = 0, CPE acts as a pure resistor.

For flash-PEO coating, the CPE/Roy: and CPE;y/R;, elements (top
circuit, Fig. 4(a)) represent capacitive and resistive behavior of the outer
porous and inner barrier layer, respectively. After 1 week of immersion
(second circuit, Fig. 4(a)), the protective properties of the outer layer
strongly decreased and the response of the electrochemical activities of
the substrate appeared; hence, the CPEy;/R,¢ were removed and
CPEq1/Rpolar Were included. The latter two elements are associated with
the double layer capacitance on the electrolyte/metal interface and the

polarization resistance [36].

The corresponding electrochemical parameters of the equivalent
circuits used to fit the experimental data are presented in Table 2. The
degradation behaviour of the coating can be surmised from the evolu-
tion of Roy, Rin Which are presented in Figs. 4(b,c). It is evident that
there is a continuous decrease of the resistance ascribed to the outer part
of the coating so that after one week of immersion its contribution be-
comes invisible. This behavior is very common for PEO coatings and is
associated with their chemical degradation due to the penetration of the
electrolyte through cracks and pores of the oxide layer. Regarding the
inner layer resistance, an unusual initial increase is observed after 24 h
of immersions; the reasons for that will be further discussed in section
3.3. The later decrease of the inner resistance with immersion time is
associated with degradation of the barrier layer. After 1 week the
response of the double electric layer at metal/electrolyte interface ap-
pears, meaning that the barrier layer has been breached at some
locations.

3.3. Coating characterization

In order to further elucidate the corrosion protection mecanism
outlined in the EIS study, the coating morphology, composition and
microstructure were characterized following the different immersion
times and EIS measurements. The ~5-pm-thick as-received SiPF coating
shows a typical porous surface morphology (Fig. 5) with a thick outer
porous layer and a thin barrier layer adjacent to the substrate. Apart
from the pores that are remnants of penetrating discharge channels, the
outer layer features so called pore band just above the barrier layer. This
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Fig. 4. (a) The equivalent electrical circuits used to fit the EIS spectra and (b)
the evolution of outer layer resistance, (c) inner layer resistance during im-
mersion in 0.5 % NacCl for up to 168 h.

band is typical for DC and unipolar pulsed DC PEO coatings on Mg but is
also often observed in Al alloys under unipolar pulsed DC and pulsed
bipolar PEO modes [37,38]. This band seems to be pertinent to dilute
electrolytes; the pores size in the band is known to decrease as the
uniformity of current distribution increases with greater interelectrode
distance [39]. Ultimately, it appears to be related to temperature
gradient inside the discharge channel. Current regimes that generate
discharges with non-uniform temperature in the outer and inner parts of
the discharge channels lead to solidification of the molten oxide ejected
from the inner regions of the channel. Thus forms a surface “crust” over
the area that still contains soft coating material, which is pushed and
deformed by the gas under high pressure inside the channel. This pore
band is never observed under so-called “soft sparking” regimes. This is
possibly associated with the contraction of positive column of the
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Table 2
EIS fitted data of flash-PEO coated AZ31B alloy following immersion in 0.5 wt.%
NacCl. (R given in Q sz; CPE givenin Ss™ "cm™ 2.

Coating Rs CPEoyut Nout Rout CPE;, Njn Rin
SiPF-15 264.6  1.29 x 0.84 138220 9.23x  0.45 8.462 x
min 1077 1077 10°
SiPF-24h 2627  1.15 x 0.87 16,996 875x 093 5.46 x
1077 1078 107
SiPF-48h  211.9  1.41 x 0.86 16,352 1.14x 095 233x
1077 1077 107
SiPF-72h 2045 1.11 x 0.82 11,671 1.03x 091 1.06 x
1077 1077 107
Coating Rg CPE;, Nin R; CPEq4 nq Rpolar
SiPF-168  171.3  2.32 x 0.93 72,511 111 x 065 1.01 x
h 10°° 1074 10°

microdischarge that extends through the entire coating thickness [40,
41].

Particularly interesting is the notable lack of pitting or undercoating
corrosion, even after 168 h of immersion (Fig. 5 (C, D) rows, and Sup-
plementary Fig. 4), although, corrosion manifests as progressive sur-
face cracking. The absence of notable substrate corrosion may be due to
sealing of the newly formed surface cracks and voids of the pore band
during first 72 h of immersion and resistance of the thick barrier layer
during the following 72—168 h. It is evident that the coating is getting
progressively hydrated with time, but the barrier layer blocks the further
progress of corrosion (Fig. 5 (D), 7 days). This corroborates the self-
sealing properties of the SiPF suggested by EIS observations. Self-
sealing is most likely related to two factors: i) in the small volume of
the pore band the pH easily rises to the values where Mg(OH); is stable
(pH > 10.5), as Lu et al. have pointed out [42]; ii) formation of other
phases in the coating which will be further discussed.

Surface roughness of the coating was evaluated by optical profil-
ometry before and after EIS measurements following 24—72 h of im-
mersion in 0.5 % NaCl (Supplementary Table 2). Interestingly,
roughness of the coating (as expressed by maximum valleys depth and
ten point height of selected area, Sy and S1,, respectively) decrease with
immersion time. This is most likely related to plugging of the coating
pores due to the self-sealing, i.e. the accommodation of the greater
volume (resulting from coating material hydration) in the internal voids.

Cross-sectional elemental mapping (Fig. 6) confirmed an intensive
incorporation of electrolyte species, particularly of silicon, into the
coating during flash-PEO process; a gradient distribution of O, P, and Si
(decreasing inwards) is apparent. On the contrary, F is mainly located in
the inner region of the coating, since fluoride ions migrate faster in the
oxide material under the electric field than oxygen. Area and point
Energy Dispersive X-ray Spectroscopy (EDS) analyses were also per-
formed on the coating surface and cross-sections following different
times of immersion in 0.5 % NaCl (Fig. 7).

The decreasing trend of the evolution of selected element ratios
(obtained from area analysis of the coating surface) suggests gradual
coating hydration/dissolution with immersion time (Fig. 7(a)). Evolu-
tion of elemental content throughout coating cross-section with time
shows depletion of Mg and Si in the top region and enrichment in the
bottom (Fig. 7(b,d)). The decreasing Si/Mg and increasing P/Mg ratios
(Fig. 7(a)) suggest that leaching of Si from a thin superficial coating
layer during immersion must be proceeding more readily than dissolu-
tion of MgO and leaching of P (e.g. solubility of SiO, in water is rather
high, 0.12 g L compared with An increase of O (Fig. 7c¢) is consistent
with coating hydration process. A loss of F with time is particularly
noticeable in the inner region of the coating (Fig. 7(e)), whereas P
content increases with immersion both in the outer and inner regions.
On the one hand, leaching of F would result in observed rise of Mg, Si
and P levels (given the semi-quantitative nature of EDS) in the inner
regions of the coating (Figs. 7(b, d, f)). Although fluoride release was
not measured in this study, it is a well-known phenomenon in F-
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Fig. 5. Secondary electron micrographs of plan views (A, B rows) and backscattered electron cross sectional micrographs (C, D rows) of SiPF coating before and after

immersion in 0.5 % NaCl and EIS measurement.

Fig. 6. (a) SEM image of the SiPF coating as-received cross-section and EDS mapping of the (b) Mg, (c) O, (d) F, (e) P, (f) Si elements.

containing PEO coatings on Mg reported by the authors previously [43,
44]. On the other hand, elevated Si and P content in the inner region of
the coating and within the clogged pores (i.e. in the hydrated regions)
with immersion time can be associated with a rather slow dissolution
rate of Si- and P-containing amorphous phase and its participation in the
self-sealing mechanism of the pore band.

Bragg-Brentano X-ray diffraction performed on SiPF coatings before
and after 168 h of immersion in 0.5 % NaCl (Fig. 8(a)) disclosed the

presence of MgO, MgF,, MgSiOs, Mg substrate as well as some uniden-
tified Al-Mn intermetallics (at 15—20° 20) and amorphous material in
both cases. Grazing angle X-ray diffraction patterns (Fig. 8(b)) revealed
that the coating surface contained only MgO in the as received state and
completely amorphous coating material after immersion (Mg peaks
present in both specimens appear because the specimens were coated
only on one side but not on the edges). These findings, in combination
with Bragg-Brentano patterns and EDS mapping (Fig. 6), suggest that
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Fig. 7. EDS analysis of the SiPF coating: (a) evolution of surface elemental ratios with immersion time in 0.5 wt.% NacCl; (b-f) variation of elemental content in
different regions of the coating in as received conditions and following the immersion in in 0.5 wt.% NacCl for 168 h.

crystalline MgF, and MgSiO3 are mainly located in the inner regions of
the coating, whereas the top part of the coating surface (probed by
grazing incident angle) contains crystalline MgO and amorphous F-, Si-
and P-rich phases. Disappearance of MgO peaks in the surface following
immersion can be explained by coating hydration and formation of
amorphous Mg(OH), which is typical for corrosion of PEO coatings on
Mg alloys.

Bragg-Brentano diffractograms (Fig. 8(a)) suggest dissolution of
MgSiO3 from the inner regions of the coating as evidenced by the
decrease of its corresponding diffraction peak at 43.7°, whereas MgFy
preserves its crystallinity after the immersion.

Further development of the protection system involved impregna-
tion of the flash-PEO coating with organic inhibitors. Previously, a group
of organic inhibitors were tested on bare alloy. Fig. 9(a) shows the
evolved Hj during the immersion for 3 days. As can be seen, presence all
the tested inhibitors in the reference electrolyte (0.5 wt. % NaCl) leads to
lower evolved Hy after 3 days of immersion, showing their effectiveness
in the reduction of AZ31 corrosion rate. However, a few of the inhibitors
are not able to inhibit the corrosion within the first few hours of im-
mersion; specifically, DBS-Na can accelerate the corrosion of the bare
AZ31 within the first day of immersion.

Based on the results of the Hy evolution tests, the inhibition effi-
ciency (IE) of each inhibitor was calculated by the following Eq. 2:

Vref — Vinh

IE(%) = x 100% 2

ref

Where V,ef and Vj,p are the amounts of Hy (ml) evolved at a certain time
of immersion in the reference solution (NaCl 0.5 wt. %) and in the so-
lution containing corrosion inhibitors. Both IE obtained at 20 h and 70 h
of immersion were taken into account for choosing the best-performing
inhibitors to be incorporated into the PEO coating (Fig. 9(b)). The
selected best-performing inhibitors are 4Methylsalicylate-Na, 3Meth-
yl2Nitrobenzoate-Na, Quinaldate-Na, and 2,5PDC-Na.

These were incorporated into the PEO and their effect on the
corrosion protection properties of the coated system was evaluated
through the NSST of painted and scribed specimens (Fig. 10). Note that
the results shown in Fig. 10 are the more severe corrosion creepage
observed out of two repetitions for each impregnated inhibitor. The
corrosion creepage initiates from separate points of the scribe and its
propagation is similar to the common filiform corrosion of the coated
magnesium. As an example of filiform corroded area appearance, SiPF
sample stereomicroscope image is presented in Supplementary Fig. 5.
The visual comparison of the macrographs in Fig. 10 reveals that for the
incorporated inhibitors 2,5PDC-Na, 3Methyl2Nitrobenzaote-Na, and
Quinaldate-Na, there is no remarkable difference in corrosion creepage
extension after 7 days of NSST. However, the sample loaded with
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Fig. 8. (a) Bragg-Brentano and (b) grazing angle X-ray diffractograms of SiPF
PEO coating as received and after 168 h of immersion in 0.5 % NacCl.

4Methylsalicylate (4MSA) lasts with no observable creepage to the sides
of the scribe after 7 days of NSST. Therefore, the PEO-coated AZ31
impregnated with 4MSA was chosen as the best-performing inhibitor to
impede the corrosion of PEO coated AZ31, and thus, subjected to further
investigation.

ATR FTIR analysis of the SiPF and SiPF/4MSA coatings did not reveal
any significant differences between the coatings (Fig. 11). In general, the
rough porous morphology of the PEO coatings makes FTIR analysis
difficult. However, some important corroborations were obtained in
regards to the presence of the electrolyte species responsible for self-
sealing behaviour of the coatings. Features commonly found in hy-
drated metal oxides and PEO coatings included a broad band between
3500 cm ! and 3300 cm ! ascribed to stretching mode of —OH groups; a
small band around 1630 cm ! related to bending of H-O-H and a peak
at the lowest wavenumbers (inset, Fig. 11) around 400—546 em !
assigned to stretching vibrations of Mg-O and Mg-F bonds [45]. A small
peak at 1430 cm ™! is likely to be associated with carbonates as a result of
the reaction of hydroxylated MgO with CO from the atmosphere [46].
Finally, the prominent broad peak at 941 cm™! can be ascribed to
overlapping of responses from several species. P,O%~ is known to be
manifested at around 941 cm ™! and 846 cm™%; 932 ecm™ and 937 cm’!
are ascribed to stretching of Si-O bonds in SiO%' [47,48]. In the presence
of Mg cations silica tetrahedra may contain two or three non-bridging
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NacCl in the presence of inhibitors. Initial pH of all the tested electrolytes was
close to neutral (6.8-7.2). (b) Inhibition efficiency calculated after 20 h and 70
h of H; evolution test. The numbers on top of each column are IE after 70 h.

oxygen atoms, i.e. they are depolymerized. The shoulder that can be
discerned at around 1042 cm™ (inset, Fig. 11) is likely to be a further
manifestation of asymmetric Si-O stretching. Thus, FTIR and MicroFTIR
results largely support the hypothesis that Si- and P-containing phases
participate in coating self-sealing mechanism.

3.4. Local electrochemical characterization

The set of current density maps, each accompanied by corresponding
optical micrograph is shown in Fig. 12. Three samples have been
immersed in 0.05 M NaCl solution for four full days: CCC treated, flash-
PEO treated SiPF and flash-PEO impregnated with the corrosion inhib-
itor, SiPF-4MSA. While the set of SVET maps with optical micrographs
(Fig. 12) shows the representative snapshots, the evolution of the peak
current density presented in Fig. 13 directly reflects the magnitude of
the corrosion attack and protection of each sample at any given time.

In general, for all the samples the anodic currents are characterized
by higher maximum values compared to that of cathodic (by modulus),
suggesting highly localized character of the corrosion process (pitting
and filiform). The time-lapse videos of the surface appearance covering
94 h of immersion are presented as Supplementary Data (Link). Several
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Fig. 10. Macrographs of the SiPF coatings without inhibitor and with 4 different incorporated inhibitors after 7 days of SST. All samples were painted similarly.
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Fig. 11. ATR MicroFTIR spectra and ATR FTIR spectra (inset) of the flash-PEO
coating with and without 4MSA inhibitor in the as-received state.
Fig. 12 Continued.

distinct characteristics of each coating can be underlined. The industrial
reference, CCC-treated sample was rather active in terms of corrosion
outbreaks from the first day of immersion. Some active centers, that can
be identified in SVET maps and as hydrogen bubbles in optical micro-
graphs and time-lapse video, were persistently active throughout the
immersion test, while corrosion activity in other active spots ceased and
other areas of the sample became corrosively active.

Corrosion activity in both types of PEO treated sample did not start
before the third day of immersion, which suggests its strong barrier ef-
fect. However, once corrosion activity broke down in SiPF PEO sample,
it proceeded with the local current density 4-6 times higher than that of
CCC-treated sample. Barring a short break in corrosion activity at 63-65
hours of immersion, corrosion activity persisted in SiPF PEO sample,
which is a typical behavior for uninhibited magnesium alloy. The time-
lapse video demonstrates extensive growth of filiform corrosion after 52
h of immersion. Rapid filiform corrosion was aggravated by crevice
corrosion at the interface with the insulating beeswax. The most durable
corrosion protection, combining barrier and active protection was
revealed by inhibitor impregnated PEO sample, SiPF - 4MSA. Corrosion
activity broke down there later than in any other sample. The time-lapse
video demonstrates the outbreak of filliform corrosion after 58 h of
immersion but the activity in this first site ceased within one hour. Soon
after that another outbreak of filiform corrosion was activated in
different part of the sample. There, corrosion activity lasted at the
magnitude similar to that shown by CCC coating and then decreased to
minimal values. It is rather unique that the filiform corrosion in mag-
nesium alloy was largely suppressed demonstrating the intrinsic active
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corrosion protection provided by the composite coating. This passive
behavior continued for more than 20 h, until the end of the immersion
test.

3.5. Full system testing

In order to reveal anticorrosive properties in simulated environ-
mental conditions the CCC, SiPF and SiPF/4MSA-coated specimens were
painted with non-inhibiting epoxy chromate-free primer, scribed and
exposed for 7 days to accelerated corrosion conditions in NSST. Mac-
rographs of the corrosion progress and rating of the creepage (Fig. 14
(A)) reveal closely similar performance for SiPF coating and CCC. The
measured corroded distance defined as “one sided” scribe creepage (that
is from the original scribe line to the creepage front) gives the average
rating of 8 for both CCC and SiPF samples, however the creepage from
the scribe in CCC sample has extended more than SiPF sample and small
blisters also can be observed on CCC sample specially around the
scratch. The inhibitor-loaded SiPF/4MSA coating yielded a rating of 10
(negligible creepage). The cross-sectional examination reveals that
corrosion damage is shallower for SiPF as compared to CCC. However,
SiPF/4MSA has minimal visible extension of the corrosion into the
substrate (Fig. 14 (B)). Higher magnification cross-sectional micro-
graphs disclose good adhesion of flash-PEO coating to the substrate at
the edge of the scratch (Fig. 14 (C)) and excellent paint adhesion to the
coatings in the locations further away from the scratch (Fig. 14 (D)).
Supplementary Fig. 6 further discloses that inhibitor-free non-painted
SiPF coating shows minimal corrosion after 24 h of NSST with the per-
centage of corroded surface area of 0.2 %, which corresponds to 9 in 10-
point scale of the rating.

Paintability of SiPF and SiPF/4MSA coatings was evaluated in both
dry and wet paint adhesion tests. Fig. 15 shows the results of tests on 40
x 40 mm specimens painted by draw-bar. Dry paintability was excellent
(rating 0) on both freshly prepared and 10 week-aged (stored in a des-
sicator) SiPF coatings. These results were undoubtedly ensured by the
inherent porosity of PEO coatings, advantageous for paint application.
Wet paint adhesion to SiPF coating tested following two weeks of im-
mersion in distilled water (Fig. 15 (c)) was equally good. Incorporation
of 4MSA did not impair the paintability of SiPF flash-PEO coating, which
yielded rating O even after 2000 h in NSST chamber (Fig. 15 (d, e)).

Since SiPF/4MSA coating showed an excellent active corrosion
protection performance in lab-scale sized specimen, the coating process
was scaled up for large size coupons typically used in industrial salt
spray and paintability tests. A full system comprised a SiPF/4MSA
coating in combination with either a state-of-the-art chromate-free
primer with active inhibition [31] or non-inhibiting epoxy
chromate-free primer. A commercial CCC combined with either chro-
mated primer or non-inhibiting epoxy chromate-free primer was
included in the testing batch for comparison. The full system was eval-
uated in scribed and non-scribed conditions, insulating the corners and
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Fig. 12. Optical micropgraphs and SVET current density maps of reference CCC and SiPF coatings with and without 4MSA ihibitor aquired during immersion in 0.05
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Fig. 13. Evolution of the peak current density, anodic and cathodic, for three
types of tested samples during 96 h of immersion in 0.05 M NaCl.

edges of the coupons with a tape in order to protect non-uniform and
bare parts of the samples, such as the electrical contact sites for PEO.
Non-painted CCC and SiPF/4MSA were also included in the NSST test.

Following 24 h exposure the non-painted CCC (for better resolution
see Supplementary Fig. 7) disclosed an extensive corrosion damage
(Fig. 16), whereas SiPF/4MSA coating remained relatively intact;
although by 168 h the latter developed numerous pits, the attack was
much less severe than in case of CCC. Non-scribed painted panels with
SiPF/4MSA following 1000 h of exposure disclosed damage only at the
sites of electrical contact for PEO where the insulating tape leaked (the
tape did not fail in every panel). In comparison, non-scribed painted CCC
failed in numerous locations by pitting in case of inhibitor-free primer
and in a more localized manner in case of chromated primer. In case of
scribed panels, both CCC and SiPF/4MSA with non-inhibiting primer, as
well as CCC with chromated primer showed initiation of corrosion
creepage at 168 h; SiPF/4MSA/chromate-free primer with active inhi-
bition system was corrosion-free at 168 h and by 1000 h developed
damage only around the defect and to a much lesser extent than CCC
with chromated primer.

Dry and wet paint adhesion results on large coupons are provided in
Table 3. SiPF/4MSA system with either type of primer performed
similarly well in comparison with CCC with chromated or inhibitor-free
primer, yielding rating 0 in most of the panels. Paint adhesion to SiPF/
4MSA coating practically was not affected by 1000 h exposure to NSST.
Low wet paint adhesion performance of CCC with either type of paint
may be related to the extended paintability window.

4. Conclusions

1 Stand-alone flash-PEO SiPF coating:

12
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e A ~5 pm-thick DC flash-PEO coating enriched in Si and P species
was successfully formed on Mg alloy in 60 s with a specific energy
consumption of 0.95 kW h m™2 pm™.

The coating exhibits a strong barrier property and a self-sealing

capacity with a corrosion resistance increasing over 72 h of im-

mersion in 0.5 wt.% NaCl due to clogging of coating pores with Si-

and P-rich amorphous phase.

After 24 h of NSST the coating exhibits an 0.2 % of corrosion

damage compared with 9.1 % for commercial CCC.

SiPF coating exhibits an excellent dry and wet (after 2000 h of

NSST) paint adhesion, with a paintability window of up to 10

weeks.

2 4MSA-loaded flash-PEO SiPF coating:

e 4MSA inhibitor loaded into the pores of flash-PEO coating sup-
presses the local anodic current density by 4-6 times compared
with stand-alone coating. The non-painted composite SiPF/4MSA
coating system shows better corrosion performance than non-
painted CCC by supressing filiform and pitting corrosion and
providing active protection.

3 Full system performance:

e In combination with inhibitor-free primer, SiPF/4MSA composite
coating shows better corrosion protection performance, i.e.
negligible corrosion creepage, than CCC with the same primer
after 168 h of NSST.

e In combination with a lithium-leaching active inhibition primer
SiPF/4MSA composite coating shows better performance than CCC
combined with chromate-containing primer after 1000 h of NSST
of scribed panels.

Following industrial-style primer application, SiPF/4MSA composite

coating exhibits comparable or better dry and wet paint adhesion

performance compared with CCC with either inhibitor-free or
chromate-containing primer.

In summary, flash-PEO coatings on Mg alloys in combination with
active protection organic inhibitor can be recommended for exploitation
on industrial level as an equally effective corrosion protection system
alternative to CCC for paint-baring and paint-free applications. In
combination with a primer based on the promising lithium leaching
coating technology, flash-PEO is a strong candidate as replacement of
CCC and chromate-based coatings.
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Fig. 14. A: macro photographs of the scribed area of painted specimens and average creepage after 7 d of NSST. Backscattered electron cross-sectional micrographs

of the scribed area (B and C) from the places marked with an asterisk on (A) and adjacent regions that show the state of the SiPF coating and substrate under the
paint (D).

Fig. 15. Dry paint adhesion on SiPF coating: (a) same day after flash-PEO; (b) 10 weeks after PEO. Wet paint adhesion: (c) on SiPF coating after 2 weeks of im-

mersion in water; (d) on SiPF coating after 2000 h of NSST; (e) on SiPF/4MSA coating after 2000 h of NSST. All tests are on 40 x 40 mm specimens painted by
draw-bar.
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Fig. 16. NSST results for full system (SiPF/4MSA/primer) protection with and without scribed defect (in the form of a cross in the centre) in comparison with CCC/
chromated primer system. The test inluded 5 panels for each system, the middle-road coupon is shown.
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Table 3
Results of dry and wet paint adhesion testing of conversion coatings on AZ31B
alloy carried out in accordance with EN ISO 2409.

CCC/Primer SiPF/4MSA/Primer

N° sample Test 37,076 Chromated No ihibition Active inhibition

1 0 0 0 0
2 0 0 0 1
3 Dry 0 0 0 0
4 1 0 1 0
5 1 1 0 1
1 5-5-3 3 0 0
2 5.-5-4 3 0 1
3 Wet 5 3-4-4 0 0
4 5-4-4 3 1 0
5 4-4.5 3-3-4 1 0
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