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Abstract 

In this study, a phosphate-based conversion coating (PCC) was applied as a precursor before forming silicate-fluoride (SiF) and silicate- 
phosphate-fluoride (SiPF) based flash-plasma electrolytic oxidation (Flash-PEO) coatings on AZ31B magnesium alloy. The main novelty is 
the successful incorporation of calcium, zinc, manganese and phosphate species into the Flash-PEO coatings via a precursor layer rather than 
using the electrolyte. The precursor also led to longer lasting and more intense discharges during the PEO process, resulting in increased 
pore size. Corrosion studies revealed similar short-term performance for all coatings, with impedance modulus at low frequencies above 107 

�cm2 , and slightly better performance for the SiPF-based coating. Nonetheless, the enlarged pores in the PEO coatings functionalized with 
the PCC precursor compromised the effectiveness of self-healing mechanisms by creating diffusion pathways for corrosive species, leading 
to earlier failure. These phenomena were effectively monitored by recording the open circuit potential during immersion in 0.5 wt.% NaCl 
solution. In summary, this study demonstrates that conversion coatings are a viable option for the functionalization of PEO coatings on 
magnesium alloys, as they allow for the incorporation of cationic and other species. However, it is crucial to maintain a small pore size to 
facilitate effective blockage through self-healing mechanisms. 
© 2025 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 

Keywords: AZ31B magnesium alloy; Phosphates; Chemical conversion coating; Flash plasma electrolytic oxidation; Electrochemical impedance spectroscopy; 
Transmission electron microscopy. 
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. Introduction 

Surface modification of magnesium alloys has been a sig-
ificant area of interest for both industry and academia since
he mid-20th century, with a surge in research over the last
hree decades driven by their potential in lightweight appli-
ations [ 1 , 2 ]. The primary focus has been on enhancing the
orrosion resistance of magnesium alloys to meet environ-
ental regulations and specific demands of sectors such as

ransport, consumer goods, industry and biotechnology. Un-
ike aluminium, magnesium lacks the ability to form a sta-
le, protective oxide layer when exposed to corrosive envi-
onments. Additionally, its high chemical activity, indicated
y a low reduction potential (−2.37 V vs. SHE) [ 3 ], makes it
articularly susceptible to galvanic corrosion in the presence
f electrolytes [ 4 ]. 
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To address these challenges, a variety of surface mod-
fication technologies have been investigated [ 2 , 5–10 ], in-
luding powder spraying [ 7 ], laser treatment [ 11 ], sol-
el processes [ 12 ], electrochemical methods [ 13 ], corro-
ion inhibitors [ 14 , 15 ], conversion coatings [ 16 ], PEO post-
reatments [ 17 , 18 ] and hybrid coating systems [ 19 ]. Conver-
ion coatings (CC) and plasma electrolytic oxidation (PEO)
re among the most studied due to their ease of applica-
ion and compatibility with additional protective layers such
s paints. Both CC and PEO primarily result in magnesium
xide-based coatings, but the incorporation of specific bath
hemistries, such as phosphate-based compounds, has been
hown to yield corrosion resistance comparable to chromate
reatments, while being more environmentally friendly [ 7 ]. 

Phosphate conversion coatings (PCC) on magnesium alloys
re produced using acidic formulations containing phosphates,
alts containing Ca, Sr, Zn and Mn and other additives such
s inhibitors and accelerators [ 20 ]. The aim is to form in-
oluble phosphates, which provide some corrosion protection
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
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nd serve as a base layer with good adhesion for paints. PCC
ormation occurs through local increase in pH near the sur-
ace, which triggers the nucleation and growth of phosphates,
ccompanied by hydrogen evolution as a side reaction [ 21 ]. 

PEO processing of magnesium alloys provides diverse
ptions for current regimes, including direct current, pulse
nipolar, pulse bipolar and alternating modes [ 22 ]. It also
llows for a wide range of voltage and current density val-
es [ 23 ], among other parameters. PEO processing involves
he use of alkaline electrolytes, typically containing silicates,
hosphates, aluminates, fluorides or their combinations, along
ith high voltages to generate electric discharges that facil-

tate the formation of oxide compounds with incorporated
lectrolyte species. Phosphates in the electrolyte aid in the
ormation of phosphorus-containing coatings, predominantly
n amorphous phases. These phosphates contribute to self-
ealing mechanisms by dissolving and reprecipitating at loca-
ions where the PEO coating deteriorates during service [ 24 ].

One of the main limitations of PEO processing is its rela-
ively high energy consumption. There are several approaches
o overcome this limitation, such as additives, electrolyte sus-
ensions and Flash-PEO, which significantly shortens the pro-
ess duration to under 100 s, resulting in thinner but still
orrosion-resistant coatings [ 25 ]. Another strategy involves
he use of precursor layers, as demonstrated by the authors
or PEO of aluminium alloys [ 26 ]. An additional benefit of
recursors is that the final ‘structured’ coating may outper-
orm the stand-alone precursor layer and PEO coatings, as
hey incorporate functionalities from both systems (e.g. wear
nd corrosion protection). For example, different types of
recursor layers have been used to obtain thick PEO coat-
ngs, such as laser shock peening [ 27 ], ultrasonic cold forging
 28 ], cold spray [ 29–31 ] and preliminary PEO layers [ 32–34 ],
mong others. Moreover, the wide range of chemical formu-
ations available for precursor layers offers flexibility in coat-
ng design. Therefore, the use of precursors could eventually
liminate the need for unstable additives in PEO electrolytes,
implifying electrolyte composition and reducing maintenance
osts. 

The use of conversion coatings as precursors in PEO treat-
ent of magnesium alloys has been relatively unexplored

 35–37 ]. Hariprasad et al. [ 35 ] applied a 15 min DC pulsed
EO process on AZ31 magnesium alloy preconditioned with
 4 h CeCC pretreatment. The resulting CeCC-PEO coating
howed increased thickness, reduced surface porosity and en-
anced corrosion resistance, along with favourable bioactivity
n Kokubo simulated body fluid. Zhu et al. [ 36 ] demonstrated
mproved corrosion resistance of AZ91D magnesium alloy
n 3.5 wt.% NaCl solution after using a molybdate conver-
ion coating (MoCC), formed in a Na2 MoO4–Na3 PO4 bath
t 60 °C for 40 min, followed by 30 min of DC PEO in a
orate-silicate electrolyte. The MoCC precursor lowered the
rcing voltage and promoted a more uniform coating with
gAl2 O4 and MoSi2 phases, reducing the corrosion current

ensity. Qian et al. [ 37 ] combined a ∼15 μm-thick ZnCC pre-
ursor, produced by immersing pure magnesium in an acidic
n-P solution for 20 min, with an 11 min AC PEO treatment
n silicate or phosphate electrolytes. The ZnCC-PEO coatings
eatured a Zn-rich outer layer, enhancing both thickness and
hemical stability of the PEO system. Additionally, the PEO
oating in the phosphate electrolyte demonstrated antibacterial
ffects when activated by ultrasonic vibration or ultraviolet ir-
adiation, due to the release of reactive oxygen species. This
oating also exhibited promising osteogenic and cytocompati-
ility properties. However, regardless of the precursor, all the
xamples mentioned above rely on extended PEO treatments
at least 10 min to produce thick PEO coatings) rather than
horter treatments (e.g. 60 s, which result in thin PEO coat-
ngs known as Flash-PEO). 

The main novelty of the present work is the incorpora-
ion of elements such as Mn, Zn and Ca into the coating
omposition throughout the integration of a precursor layer
rather than using an electrolyte) into a thin Flash-PEO coat-
ng. The morphology and corrosion performance of these
lash-PEO coatings are studied on the AZ31B magnesium
lloy using two different electrolytes: silicate-fluoride (SiF)
nd silicate-phosphate-fluoride (SiPF). Characterization is per-
ormed using X-Ray Diffraction (XRD), Scanning Electron

icroscopy (SEM) coupled with an Energy-Dispersive X-Ray
pectroscopy (EDS) and Transmission Electron Microscopy
TEM). The corrosion performance of the coatings is assessed
y means of Open Circuit Potential (OCP) measurements and
lectrochemical Impedance Spectroscopy (EIS) during im-
ersion in a 0.5 wt.% NaCl solution. 

. Materials and methods 

.1. Materials and electrolytes 

The AZ31B alloy used in this study is composed on av-
rage by 3% Al (2.5% - 3.5%) and 1% Zn (0.6% - 1.4%),
n balance with other elements considered as functional im-
urities: Si < 0.08%, Cu < 0.01%, Ni < 0.001%, Mn 0.2% -
.4%, Fe < 0.005% and Ca < 0.04%. The AZ31B magnesium
lloy specimens were prepared to final dimensions of 40 mm
n length, 30 mm in width and 3 mm in thickness, provid-
ng a total effective treatment area of approximately 2.9 cm2 .
he edges of the samples were bevelled to minimize electrical
harge accumulation associated with boundary effects during
he PEO process. 

The chemical solutions for the PCC and PEO electrolytes
ere prepared in deionized water with continuous stirring, as

ollows: a) phosphate conversion coating (PCC, pH 2.5): 1 L
f solution containing 2 g/L ZnO, 12 g/L H3 PO4 , 4.74 g/L
4 H4 O6 Na2 ·2H2 O, 6 g/L NaNO3 , 0.5 g/L Na4 P2 O7 , 5.81 g/L
a(NO3 )2 ·4H2 O and 6.17 g/L Mn(NO3 )2 ·4H2 O [ 20 ]; b) sil-

cate based electrolyte (SiF, pH 12.8 ± 0.3, 25.4 ± 1.4
S/cm): 2 L of solution containing 2.8 g/L KOH + 10 g/L
a2 SiO3 ·5H2 O + 3 g/L KF [ 38 ]; and c) silicate and phos-
hate based electrolyte (SiPF, pH 12.6 ± 0.2, 24.1 ± 0.6
S/cm): 2 L of solution containing 2.8 g/L KOH, 5 g/L
a2 SiO3 ·5H2 O, 5 g/L Na3 PO4 ·12H2 O and 3 g/L KF [ 38 ]. 



594 M.H. Guerra-Mutis, J.M. Vega, M.I. Barrena et al. / Journal of Magnesium and Alloys 13 (2025) 592–612 

Fig. 1. Schematic representation of the full surface treatment process: cleaning, PCC and Flash-PEO. 
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.2. Phosphate conversion coating 

After mechanical preparation (P600 SiC paper), a two-step
ommercial pretreatment procedure (degreasing and pickling)
as performed. The samples were mounted on a custom-built

nert support to ensure controlled immersion into the differ-
nt baths. The first pretreatment step involved immersion in
n alkaline surfactant solution (Bonderite C-AK 4181 L; pH
2.8; 90 g/L), maintained under agitation for 15 min at 80–
0 °C. This was followed by acid pickling (Bonderite C-IC
610; pH 1.1; 10 g/L) for 4 min at room temperature. After
insing with deionized water, the samples were dried up for
 min in a stream of warm air. Finally, the samples underwent
he conversion process for 30 min at 45 °C in the PCC acid
ath, where a dark grey phosphorus-rich coating was formed,
hich turned light grey after drying with warm air. The final

oating thickness was 19.1 ± 4.3 μm. 

.3. Flash plasma electrolytic oxidation 

Flash-PEO was carried out using two different electrolytes
 38 ]: i) SiF and ii) SiPF. The main difference between these
lectrolytes is the presence (SiPF) or absence (SiF) of sodium
hosphate (Na3 PO4 ). Four different systems are obtained: (1)
iF, (2) SiPF, (3) PCC-SiF, and (4) PCC-SiPF. These com-
inations are designed to explore the incorporation of phos-
hates either as a salt in the electrolyte (system 2) or as a
recursor layer (systems 3 and 4), having system 1 as a ref-
rence “phosphate-free” coating. 

Flash-PEO was conducted under continuous stirring in a
ouble-walled glass reactor equipped with a water-cooling
ystem, maintaining the electrolyte at 20 °C. A cylindrical
rid made of 316 L stainless steel was used as the cath-
de, while the AZ31B alloy (w/o or with the PCC layer)
erved as the anode. The electrodes, positioned 67.5 mm
part, were connected to a DC power supply (Delta Elek-
ronika, SM400-AR-8) via an insulated and threaded copper
od to ensure proper electrical contact. A constant current
ensity of 100 mA/cm2 and a voltage limit of 350 V were
pplied for a treatment time of 60 s [ 25 ], providing the proper
onditions to facilitate a current drop between 30 and 40 s.
fter PEO treatment, the samples were rinsed with deionized
ater and sprayed with isopropanol, followed by drying with
 stream of warm air. The thicknesses of the coatings without
nd with precursor were 5.3 ± 1.2 μm and 8.9 ± 2.4 μm,
espectively. A schematic representation of the entire surface
reatment process is shown in Fig. 1 , which also summarizes
he experimental conditions. 

.4. Characterization 

The surface of the samples was inspected using optical
icroscopy (OM) with a Leica DMi8 M inverted microscope

oupled to Leica Application Suite software. Roughness mea-
urements were carried out with a focus variation optical
rofilometer (InfiniteFocusSL, Alicona GmbH) equipped with
10 and X50 lenses, using IFMeasure Suite software to ex-

ract roughness parameters Sa (arithmetical mean height of the
rea) and S10z (ten-point height). Water contact angle mea-
urements were conducted with a FTA1000 B Class (First Ten
ngstroms, Inc.) instrument equipped with a high-speed cam-

ra (Edmund Optics 5582) and a Navitar lens connected via
he FTA32 interface. The drop volume was about 10.8 ± 0.6
L and the height was around 3.0 mm (measured from the

ip of the needle). The contact angle measurements were re-
eated in three different locations for each sample. Coating
hicknesses were determined as the average of fifteen mea-
urements using a Fischer ISOSCOPE-FMP10 portable eddy
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Fig. 2. Discharge evolution and correlation with the Voltage-Current vs. Time for SiF, SiPF, PCC-SiF and PCC-SiPF coatings. The inset images correspond 
to PCC-SiPF. 
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urrent meter and these results were further confirmed with
ross-sectional SEM images. 

Scanning electron microscopy (SEM) was performed using
 Jeol JSM-6400 microscope, which was equipped with both
-ray Energy Dispersive Spectroscopy (EDS) and a Backscat-

ered Electron (BSE) detector. Cross-sectional samples were
mbedded in epoxy resin and prepared by gradual griding us-
ng abrasive paper ranging from P120 to P4000, followed by
olishing with 0.1 μm diamond paste. 

Transmission electron microscopy (TEM) analysis was
onducted with Jeol JEM 2100HT and Jeol JEM 3000F
TEM microscopes, both equipped with X-ray energy EDS
icroanalysis systems and operating at accelerating voltages

f 200 kV and 300 kV, respectively. Cross-sectional sam-
les for TEM were prepared by gluing slices of the treated
urfaces to create a sandwich approximately 1 mm3 in size.
hese samples were mechanically ground to a thickness be-

ow 10 μm, fixed to a hollow disk of 2.5 mm in diameter and
0 μm thick, and then perforated using a 691 GATAN Pre-
ision Ion Polishing System (PIPS). Diffraction analysis was
arried out using CrysTBox-Crystallographic Toolbox [ 39 ]. 

X-ray diffraction (XRD) measurements were carried out
sing a Panalytical X’Pert MRD X-ray diffractometer (Cu
 α = 1,54,056 Å) at a grazing incidence angle of 0.5 °. The

can range was 2 θ from 10 ° to 90 °, with a step size of 0.04 °
nd a counting time of 15 s per step. The XRD spectra were
nalysed using the Panalytical Xpert High Score Plus software
nd the PDF5 + database. 

In order to explore the evolution of the different coatings
ith time, continuous open circuit potential (OCP) measure-
ents over a 7-day period were carried out in a 0.5 wt.%
aCl solution. Moreover, electrochemical impedance spec-

roscopy (EIS) measurements were conducted at least by trip-
icate, following the standard UNE-EN ISO 16,773–2:2017
 40 ], using an Autolab PGSTAT30 potentiostat controlled
y NOVA 2.1.6 software (Metrohm). The working electrode
rea was set to 1 cm2 , with a silver/silver chloride electrode
Ag/AgCl in 3 M KCl) serving as the reference electrode and
 graphite rod as the counter electrode. The measurements
ere performed over a frequency range from 300 kHz to 10
Hz (75 points in total) using a sinusoidal amplitude of 7.07
Vrms . The EIS spectra were analysed using ZView software

Scribner, LLC). The EIS diagrams were collected every day,
anging from 24 h to 168 h. 

. Results and discussion 

.1. Evolution of voltage and current during flash-PEO 

Fig. 2 shows the current-voltage responses during Flash-
EO treatment, both with and without the PCC precursor.
ollowing Ohm’s Law, under a constant current density (set to
00 mA/cm2 ), the voltage increases as the oxide film thickens.
owever, once the voltage reaches the predefined limit of
50 V, after 35–40 s, the electrical response changes. At this
oint, the voltage remains constant at 350 V and the current
radually decays until the treatment ends at 60 s, followed by
n additional 5 s ramp-down phase. Representative images at
ifferent periods of the PEO process are shown in the inset
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Table 1 
Composition (at.%) of the AZ31B magnesium alloy coated with PCC. EDS 
locations are labelled in Fig. 3 b. 

PCC O Mg Al P Ca Mn Zn 

S1-Outer layer 67.2 1.2 – 15.3 2.8 4.9 8.6 
S2-Inner layer 70.8 25.5 3.1 – – 0.1 0.5 
S3-Substrate 4.8 92.3 2.3 – – 0.2 0.4 
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mages (PCC-SiPF system), in the upper part of the figure,
howing the specific time of the plasma process. 

The most notable differences between the studied spec-
mens are observed in the first 40 s, during which several
tages can be identified based on voltage response and dis-
harge characteristics. In the initial second of treatment (Stage
), the voltage increases similarly for all specimens due to the
ormation of a passive film, primarily consisting of magne-
ium oxide/hydroxide and other species present in the elec-
rolyte (e.g., Si and F) [ 41 ]. 

During Stage II, between 25 and 125 V, fluctuations in
he voltage slope are mainly attributed to oxygen evolution.
his reaction is strong enough to cause partial detachment of

he precursor material through mechanical action, resulting in
oltage plateaus for the PCC-SiF and PCC-SiPF specimens.
or PCC-SiPF, the change in slope occurs at a lower voltage
25 V) and the plateau persists longer compared to PCC-SiF
50 V). Similarly, the addition of phosphate leads to a slower
oltage increase during Stage II when comparing the spec-
mens without a precursor layer. Therefore, despite the SiF
nd SiPF electrolytes having very similar pH and conductiv-
ty, the presence of phosphate in SiPF has a noticeable effect
n the voltage response during the first seconds of treatment.
his effect is likely due to the surfactant properties of phos-
hates and their impact on oxygen evolution. A reduced sur-
ace tension in the SiPF electrolyte would facilitate gas bubble
ormation, prevent coalescence and promote the detachment
f both gas bubbles and precursor material, thereby enhanc-
ng wettability and improving contact between the electrolyte
nd the substrate. This, in turn, reduces both resistance and
oltage in accordance with Ohm’s Law. 

Eventually, the specimens with the precursor regain the
teep voltage slope at around 7 s for PCC-SiF and 12 s
or PCC-SiPF (Stage III), reflecting the thickening of the
nner barrier layer of the coating. Following this, all spec-
mens show a faint glow or luminescence over the entire
urface, with a noticeable change in voltage slope at 210 V
arking the onset of visible discharges on the surface (Stage

V). These discharges evolve from small, short-lived events to
ore intense and long-lasting ones, particularly in the speci-
ens with the precursor. Additionally, for the PCC-SiPF spec-

men, there is a period of several seconds during which large,
ave-like discharges slowly move across the regions of the

urface with lower resistance, especially along the perime-
er due to the edge effect, leaving behind a trail of smaller
ischarges. This indicates that the addition of phosphate to
he PEO electrolyte also influences the discharge characteris-
ics. Given that SiF and SiPF have similar pH and conduc-
ivity, this behaviour is likely related to the surfactant effect
f phosphates, which modifies the properties of gas bubbles
nd, consequently, the discharges, making them more local-
zed. Furthermore, the incorporation of phosphates into the
rowing coating could also affect the discharge characteris-
ics. 

Despite the initial delay, the specimens with the precur-
or also reach the voltage limit around 35–40 s, due to their
lightly higher voltage slope during Stage IV. This increased
lope is associated with the remaining precursor material on
he surface, which facilitates the coating growth and results in
igher impedance. Otherwise, if similar slope had obtained,
he entire precursor layer would have been removed. There-
ore, it confirms that certain PCC layer is still present on the
urface during stage IV which is in agreement with thick-
esses of the coatings: 8.9 ± 2.4 μm for the PCC-treated
pecimens compared to 5.3 ± 1.2 μm for those without the
recursor. In the final 20–30 s of treatment (Stage V), the
ecreasing current density led to a reduction in discharge in-
ensity, with no significant differences observed between the
pecimens. The supplementary material for this work includes
ideos for the studied materials, which visually demonstrate
he aforementioned stages (Videos SV1, SV2, SV3 and SV4).

Calculation of the specific energy consumption, as ex-
lained in [ 42 ], yielded average values of 0.5 and 0.3
Wh ·m-2 ·μm-1 for the treatments without and with precur-
or, respectively. Given that the electrical responses are sim-
lar, the difference in energy consumption is attributed to the
ariation in coating thickness. These values are typical for
lash-PEO processes and are considerably lower than those
ound in conventional PEO [ 43 ]. 

.2. Coatings characterization 

.2.1. SEM of the PCC layer 
Fig. 3 shows the BSE plan-view and cross-sectional mi-

rographs of the PCC-treated AZ31B magnesium alloy. Two
ell-defined regions of the coating are visible: i) a homo-
eneous but cracked inner layer, and ii) an upper layer pri-
arily composed of dispersed particles. Elemental analysis,

s presented in Table 1 , indicates that the particulate material
onsists mainly of calcium, manganese and zinc phosphates,
onsistent with the composition of the PCC bath, while the
nner layer is primarily composed of magnesium oxide. 

It is worth noting that the particulate material is easily re-
oved from the conversion coating when subjected to ultra-

onic cleaning, leaving behind a uniform thin layer attached
o the surface of the AZ31B magnesium alloy, with a thick-
ess of 7.3 ± 1.9 μm. For the purposes of this study, ultra-
onic cleaning was omitted to preserve the original thickness
19.0 ± 4.3 μm), along with the particulate matter, which is
rimarily composed of phosphates. 

.2.2. SEM of the flash-PEO coatings without and with PCC
recursor 

Fig. 4 and Fig. 5 show the longitudinal and cross-sectional
EM micrographs of the studied Flash-PEO coatings, respec-

ively. The typical small and numerous pores resulting from
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Fig. 3. BSE micrographs of AZ31B magnesium alloy with PCC: a) plan view; and b) cross section. EDS results are included in Table 1 . 

Fig. 4. Longitudinal SEM micrographs of: a) SiF, b) SiPF, c) PCC-SiF and d) PCC-SiPF. 
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lash-PEO processing are evident in the specimens without
he precursor layer ( Fig. 4 a and b). However, when the PCC
ayer is present, a completely different morphology is ob-
erved. There are regions with larger pores and a flake-like
tructure containing calcium, zinc, manganese and phospho-
us from the PCC precursor (see EDS of the top layer in
able 2 ). The formation of larger pores is consistent with the

onger-lasting and more intense discharges observed during
lash-PEO of PCC-treated specimens. 

Although subtle, the material forming the flakes in the
CC-SiPF system appears more continuous than in the PCC-
iF one, leading to partial coverage of the surrounding ar-
as and smaller pores ( Fig. 4 d). This smooth and continu-
us morphology is characteristic of PEO coatings produced
n phosphate-based electrolytes and it may be partially at-
ributed to the formation of P-rich amorphous phases [ 44 , 45 ].

The cross-sectional micrographs of SiF and SiPF speci-
ens ( Fig. 5 a and b) reveal the formation of a relatively

ompact top layer, with vertical pores corresponding to the
ischarge channels. Beneath this top layer, an intermediate
ayer —often referred to as a ‘pore band’ [ 46 ] — con-
ains smaller pores but also large ones at the base of the
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Fig. 5. BSE micrographs of the cross-sections of: a) SiF, b) SiPF, c) PCC-SiF and d) PCC-SiPF. EDS results are included in Table 2 . 

Table 2 
EDS results (at.%) for the studied Flash-PEO coatings. EDS locations are labelled in Fig. 5 . 

O F Mg Al Si P K Ca Mn Zn 

SiF 

S1-Top Layer 55.5 1.4 28.2 1.7 13.1 – – – 0.1 –
S2-Intermediate Layer 52.0 4.0 30.6 1.3 11.6 – 0.1 – 0.2 0.2 
S3-Barrier Layer 31.8 12.4 49.6 2.0 3.7 – – – 0.2 0.3 
PCC-SiF 

S1-Top Layer 58.2 – 12.3 4.2 6.7 5.6 1.7 1.4 4.4 5.5 
S2-Intermediate Layer 48.3 9.1 32.8 2.4 6.7 0.2 0.2 – 0.1 0.2 
S3-Barrier Layer 31.7 7.3 55.3 2.7 2.4 0.2 – – – 0.4 
SiPF 

S1-Top Layer 56.8 4.1 28.5 1.9 5.9 2.7 – – 0.1 –
S2-Intermediate Layer 46.3 7.4 36.7 1.5 4.3 3.3 0.2 – 0.1 0.2 
S3-Barrier Layer 31.8 15.3 48.0 1.9 1.6 1.1 – – 0.1 0.2 
PCC-SiPF 

S1-Top Layer 61.1 – 17.5 2.5 1.8 10.3 1.6 0.7 1.6 2.7 
S2-Intermediate Layer 51.0 7.8 32.8 2.7 3.3 1.9 0.2 – – 0.2 
S3-Barrier Layer 31.1 13.3 50.5 2.2 1.5 1.1 – – – 0.3 
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ischarge channels. Finally, a dense inner barrier layer is
resent. 

In contrast, when the PCC layer is used as a precur-
or, thicker coatings are obtained, and a less compact top
ayer is formed ( Fig. 5 c and d). This can be attributed to
he longer-lasting, more energetic discharges that develop in
hicker coatings [ 47 ]. It is important to note that these dis-
harges partially destroy or detach the PCC precursor dur-
ng Stage II of the current-voltage response ( Fig. 2 ), which
s confirmed by the reduction in thickness —from 19 μm
n the PCC layer to 9 μm in the PCC-SiF and PCC-SiPF
oatings. 

EDS analyses performed on the top (S1), intermediate (S2)
nd inner (S3) layers reveal a consistent trend in the elemen-
al distribution across all coatings: oxygen content increases
rom the bottom to the top of the coatings whilst magnesium
nd fluorine show the opposite trend, the latter being predom-
nantly located into the barrier layer [ 48 ]. Higher concentra-
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Fig. 6. EDS elemental maps of: a) PCC-SiF and b) PCC-SiPF coatings. 
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Table 3 
Pore diameter for the studied PEO coatings. 

SiF SiPF PCC-SiF PCC-SiPF 

D Max [ μm] 5.7 5.9 16.7 13.7 
D Avg [ μm] 1.2 ± 0.5 1.0 ± 0.4 2.3 ± 1.5 1.1 ± 0.8 
D Min [ μm] 0.6 0.6 0.6 0.6 
Porosity Average 
[%] 

8.3 ± 1.9 7.8 ± 0.7 12.1 ± 1.7 7.3 ± 1.5 
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ions of silicon, phosphorus and elements originating from
he PCC layer (i.e., Ca, Mn, Zn) are found in the top layer.
inc and aluminium are also incorporated from the alloy
ubstrate. 

The most distinct feature of the PCC-SiF and PCC-SiPF
oatings is the presence of isolated flakes that protrude above
he regular coating thickness. EDS analyses reveal that these
akes are remnants of the PCC layer, transformed under the

nfluence of the discharges. For example, the S1 spot ( Fig. 5 c)
hows the presence of Mn, Zn and P ( ∼5 at.%) as well as K
nd Ca ( ∼1.5 at.%). This composition is similar to that of the
articulate matter formed in the single PCC layer ( Table 1 ),
here Mn, Zn and P concentrations range between 5 and 15

t.%. 
To provide a more detailed view of the distribution of el-

ments originating from the PCC layer, Fig. 6 depicts the
lemental maps for both structured coatings, PCC-SiF and
CC-SiPF. Fluorine and silicon show similar distributions in
oth systems: fluorine is mainly located within the barrier
ayer whilst silicon is dispersed throughout the entire coat-
ng. Manganese, calcium, zinc (not included) and phosphorus
re concentrated in the upper part of both coatings, although
hosphorus is more evenly distributed in the PCC-SiPF, since
PO4)3- is present in the SiPF electrolyte. These results con-
rm that phosphorus compounds are transferred from the PCC

ayer to the structured coatings, leading to phosphate-rich
akes, particularly evident in the PCC-SiF system. Another
otable feature visible in the elemental maps is the oxidation
f Al-Mn intermetallics into the PEO layer ( Fig. 6 a). 

As previously mentioned, the discharges during Flash-PEO
lso cause partial detachment or destruction of the PCC pre-
reatment. To investigate this further, the PEO electrolytes
ere filtered after several specimen treatments and the solids
ere characterized using SEM-EDS. This analysis confirmed

hat some precursor material was detached during Flash-PEO
Figure S1 and Table S1). Additionally, the phosphate concen-
ration in the SiF electrolyte was monitored after Flash-PEO
rocessing of 5, 10, 12, 16, 20 and 26 PCC-treated samples. A
V–Vis spectrophotometer (Shimadzu ISR-2600i) was used

n absorption mode, following a colorimetric method based
n ASTM D515 (Figure S2). The results indicated a steady
ncrease in phosphate concentration, although the overall con-
entration remained low, reaching only 35 ppm after 26 sam-
les or ∼75 cm2 of cumulative treated area. 

Finally, four plan-view SEM micrographs for each speci-
en at a magnification of x200 were analysed using the Im-

geJ software to determine the average, maximum and mini-
um pore diameters. The results ( Table 3 ) indicate that while

he minimum pore size is similar across all systems, the max-
mum pore size is significantly larger for the systems contain-
ng the precursor, especially in the PCC-SiF system, which
eached a maximum pore size of 16.7 μm. When comparing
he average pore size, it increases in the following order: SiPF
 PCC-SiPF < SiF < PCC-SiF. Notably, the porosity area

raction is greatest for PCC-SiF (12.1 ± 1.7%), compared to
he other systems, which range from 7.3 to 8.3%. Therefore,
iPF electrolyte provides a more homogenous pore size dis-

ribution and lower average porosity. Additional details on the
ore size analysis can be found in the supplementary infor-
ation (Figures S3, S4, S5 and S6). 

.2.3. TEM of the flash-PEO coatings without and with PCC
recursor 

Fig. 7 a shows the cross-sectional TEM image of the SiPF
oating, with approximately 5 μm of overall thickness. High
agnification TEM reveals that the discharge channels are

resent in both the top and the barrier layer ( Fig. 7 b). Previ-
us studies have identified these hemispheric regions of ad-
ancing coating growth (red circle in Fig. 7 b) as indicators of
elted and quenched material at the bottom of the discharge

hannels [ 49 , 50 ]. Supplementary Figure S7 shows additional
icrographs and electron diffraction pattern of the SiPF sys-

em, revealing the amorphous/nanocrystalline nature of the
oating. 



600 M.H. Guerra-Mutis, J.M. Vega, M.I. Barrena et al. / Journal of Magnesium and Alloys 13 (2025) 592–612 

Fig. 7. a) Cross-sectional TEM micrograph of SiPF coating, and b) detail of the discharge channel in the barrier layer (@200 kV). The red cross in b) shows 
the location of the EDS analysis ( Table 4 ). 

Fig. 8. TEM micrograph of SiF coating: a) General view @ 200 kV and b) Detail @ 300 kV. The damage caused by the EDS spot S1 is visible in b). 

Table 4 
Chemical composition (at.%) of the barrier layer shown in Fig. 7 . 

O F Mg Al Si P Mn Zn 

25.7 13.7 53.4 2.2 2.7 1.8 0.2 0.3 
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EDS analysis ( Table 4 ) indicates that the barrier layer is
omposed of magnesium, oxygen and fluorine with smaller
mounts of silicon and phosphorus. This 0.4 μm-thick barrier
ayer forms at the early stages of the oxidation process and is
ebuilt after discharge events. Unlike in AC PEO processes,
his barrier layer does not exhibit stratification [ 25 ]. 

TEM characterization of the SiF coating also revealed lo-
alized thickening of the oxide film at discharge channel loca-
ions, along with hemispherical regions featuring radial pat-
erns ( Fig. 8 a). These regions result from the high energy
nput of the discharges, heating up the substrate beneath the
arrier layer. 

Fig. 8 b highlights the 2.5 μm-diameter hemispherical
egion or ‘disk’ beneath the barrier layer, which is pre-
ominantly composed of magnesium oxide (see numbers in
ig. 8 b). Given that the electrolyte is the only source of oxy-
en, the plasma channel carries a flow of oxygen ions [ 51 ]
hat effectively interact with the magnesium in the substrate. 

Fig. 9 displays the EDS elemental maps corresponding to
he micrograph shown in Fig. 8 b. The oxygen map distinctly
hows the disk of oxidized material located just beneath the
arrier layer, produced by the discharge channel. Some car-
on contamination is also observed, likely originating from
he resin used during TEM sample preparation, but no traces
f other electrolyte species, such as Si, P and F, are detected.
hese findings suggest that the hemispherical oxidized re-
ions are the ‘signature’ of short-lived discharges that lack the
ime and energy to melt the surrounding coating at the sub-
trate/coating interface but were sufficiently energetic within
he plasma channel to melt and oxidize the substrate mate-
ial directly impacted. The absence of significant amounts of
i, P and F indicates a rapid cooling period following the
ischarge event, which prevented the incorporation of these
lements. 

The EDS maps in Fig. 9 also reveal the presence of rela-
ively unaffected Al-Mn(Fe) intermetallics within the oxidized
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Fig. 9. STEM EDS maps of the micrograph shown in Fig. 8 b. 

Fig. 10. Proposed sequence for the formation of the oxidized hemispherical regions: a) before breakdown, b) during breakdown, c) after breakdown. 
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disk’, confirming the limited energy supply associated with
his discharge channel, as aluminium, manganese and iron are

ore difficult to oxidize compared to magnesium. Notably,
he coincidence of the discharge channel with the location of
ntermetallics suggests that these compounds may play a role
n initiating the discharges [ 52 ]. 

Fig. 10 schematizes a plausible sequence for the local-
zed coating growth associated with localized discharges and
as bubble evolution, highlighting the formation of the hemi-
pherical regions in the substrate, as described above. Fig. 10 a
epicts the first stage before dielectric breakdown, where the
lectric field strength increases at specific regions due to fac-
ors such as electrode configuration, surface irregularities and
as evolution [ 53 ]. At the same time, oxidation of the mag-
esium substrate and the electrolyte (i.e., oxygen evolution)
ccurs, similar to conventional anodizing processes. 

In the second stage ( Fig. 10 b), as the electric field in-
reases, intense polarization leads to dielectric breakdown
cross the barrier layer [ 47 , 51 , 54 ] or within gas bubbles or
ores [ 55 ], along with the characteristic acoustic and light
missions of the discharge or plasma channel. It is believed
hat the bubble-electrolyte-substrate interface is a likely re-
ion for breakdown due concentration of the electric field
ines. Under the influence of the electric field, electrons and
eactive species such as H+ , OH- and O2- [ 56 ] are acceler-
ted and react with the substrate and electrolyte species. The
xtreme temperatures in the discharge channel lead to elec-
rolyte vaporization and localized melting and evaporation of
he substrate in the shape of a small disk or hemispherical re-
ion. Notably, the radial features or Lichtenberg patterns [ 57 ]
bserved within the ‘disk’ shown in Fig. 8 b resemble the
arly formation stages of positive streamers [ 58 ], commonly
een in water for pin-to-plate electrode configuration. 

It has been proposed that expansion of the gas bubble,
ue to oxygen evolution, heat flow and vaporization of wa-
er increases the overall resistance in the plasma channel
nd, eventually, the current shuts down abruptly. The dis-
harge event can be followed by a cascade of discharges
t the same location, where the coating is acting as a dy-
amic capacitor, or can be followed by extinction if break-
own initiates elsewhere on the surface due to charge redistri-
ution. In the latter case, plasma collapse is followed by bub-
le shrinkage and oxide condensation [ 51 ]. The second stage
n Fig. 10 b corresponds to the observed features in Fig. 8 b
nd Fig. 9 . However, the oxidized disks beneath the barrier
ayer are rarely reported in PEO studies, with the coating



602 M.H. Guerra-Mutis, J.M. Vega, M.I. Barrena et al. / Journal of Magnesium and Alloys 13 (2025) 592–612 

Fig. 11. Cross-section TEM images @ 200 kV for: a), b) and c) PCC-SiF, d) and e) PCC-SiPF. 
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orphology illustrated in the third stage (c) being far more
revalent. 

When the plasma channel carries sufficient energy, its be-
aviour resembles arc welding process on a microscopic scale
 59 ]. The sustained energy from the discharge causes both
elting and evaporation of the substrate which quickly oxi-

izes. The molten material, present during and after the dis-
harge, is influenced by various forces, such as electric fields,
hermal buoyancy and Marangoni forces (i.e. thermocapillary
ffect). Marangoni forces dominate the shaping of the molten
ool in welds [ 60 ]. However, the PEO process is more com-
lex. High local pressures at the discharge sites drive the
olten coating material into surrounding cavities or ejected

t, creating the distinctive volcanic craters on the surface.
he final result is localized thickening, with new oxide ma-

erial accumulating at both the coating/electrolyte and coat-
ng/substrate interfaces, and a reconstructed barrier layer that
xtends further into the substrate, marking the location of the
ischarge events. 

Fig. 11 shows the cross-sectional TEM micrographs of
CC-SiF and PCC-SiPF coatings, revealing similar morpholo-
ies characterized by discharge channels in both the porous
nd barrier layers, as well as localized coating growth. Al-
hough oxidized ‘disks’ were not observed in these systems,
heir presence remains plausible, as indicated by the remnants
f discharge channels within the barrier layer. 
.2.4. X-ray diffraction 

The XRD spectra for the PEO specimens are shown in
ig. 12 , including the diffraction patterns of the AZ31B sub-
trate and PCC as references. Regardless of the presence of
 precursor layer (i.e., PCC), magnesium oxide is the pre-
ominant crystalline structure in all PEO coatings ( Fig. 12 a
o 12 d). As for the phosphates, they can be assumed to
e present as amorphous phases, with only the PCC sys-
em displaying a broad diffraction band at 22 ° 2 θ . The ab-
ence of diffraction peaks associated with Si-rich phases indi-
ates their amorphous nature, which can be attributed to the
hort process duration (60 s) and the moderate intensity of
he discharges, which limit the energy delivered to the sur-
ace. Bragg-Brentano XRD analysis (not included here) fur-
her confirmed the absence of crystalline Si-rich compounds.
n the systems containing the precursor (PCC-SiPF and PCC-
iF), the absence of this band suggests the transformation of

he precursor layer although partial detachment or thinning
annot be ruled out. 

.2.5. Roughness and contact angle 
Both Sa and S10z roughness values were similar for the

are substrate and the SiPF and SiF systems ( Table 5 ). This
uggests that the Flash-PEO coating growth does not signifi-
antly alter the surface irregularities produced by the chemi-
al etching pretreatment, even though these irregularities are
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Fig. 12. XRD spectra for: a) PCC-SiPF, b) PCC-SiF, c) SiPF, d) SiF, e) PCC, and f) AZ31B. 
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avourable locations for discharge events, as noted by Nashrah
t al. [ 53 ]. In contrast, the roughness of the PCC layer is much
igher than that of the bare AZ31B (5.8 μm vs. 1.7 μm),
eading to rougher surfaces in the PEO systems with a pre-
ursor layer (PCC-SiF and PCC-SiPF, 2.5 – 2.9 μm). This ob-
ervation aligns with the distinct morphology shown in Fig. 4 ,
here P-rich flakes decorate the surface of these structured

ystems. 
According to ASTM STD D7334 − 08 (2022) [ 61 ], a sur-

ace is defined as hydrophilic when the contact angle is less
han 45 ° and hydrophobic when is greater than 90 °. There-
ore, all systems can be considered hydrophilic except the
tched AZ31B ( Table 6 ). Additionally, a contact angle of
 ° indicates perfect wetting (i.e., PCC and PCC-SiPF sys-
ems), while a contact angle greater than 0 ° but less than
0 ° indicates high wettability (i.e., SiPF, SiF and PCC-SiF)
 62 ]. The perfect wetting (0 °) observed in the PCC system
s explained by the presence of a cracked layer, whereas in
he PCC-SiPF system, the wettability may be attributed to
he pore band ( Fig. 5 d and the surface morphology Fig. 4 d)
ather than roughness ( Table 5 ) or pore size ( Table 3 ). This
ould also explain the difference in wettability between the
wo precursor-containing systems (0 ° for PCC-SiPF vs. 20.6 °
or PCC SiF). Furthermore, the pore-size distribution (i.e., the
umulative relationship between fractional pore volume and
nite pore size ranges) may play a key role [ 63 ]. If pores
re physically connected, water can flow until it reaches a
on-connected site, following a percolation phenomenon—
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Table 5 
Surface morphology and roughness of the studied systems. 

Sample Plan View 

[1 mm2 ] 
Sa a 

[ μm] 
S10z b 

[ μm] 

PCC-SiPF 2.5 ± 0.1 35.4 ± 2.5 

PCC-SiF 2.9 ± 0.1 33.6 ± 1.7 

SiPF 1.5 ± 0.2 21.4 ± 1.0 

SiF 1.6 ± 0.0 21.0 ± 2.5 

PCC 5.8 ± 0.1 68.3 ± 4.5 

AZ31B 1.7 ± 0.1 19.2 ± 0.1 

a Average height of selected area. 
b Ten-point height of selected area. 

Table 6 
Contact Angle results for the studied coatings. 

Sample Contact Angle [ °] 

PCC-SiPF 0 
PCC-SiF 20.6 ± 0.4 
SiPF 28.5 ± 0.4 
SiF 33.2 ± 0.3 
PCC 0 
AZ31B 99.0 ± 0.5 
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Fig. 13. Open Circuit Potential (OCP) for: a) PCC-SiPF, b) PCC-SiF, c) 
SiPF, d) SiF, e) PCC, and f) AZ31B. 
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ownward liquid movement through the pores or spaces in
he material. In any case, the precursor-based coatings show
mproved wettability, which can be considered advantageous
or applications involving water-based primers. 

.3. Corrosion evaluation 

.3.1. Open circuit potential 
Fig. 13 shows the variation of the Open Circuit Poten-

ial (OCP) over time for six different systems. The AZ31B
agnesium alloy, whether bare or coated with the PCC layer,

hows a steady state value around −1.5 V, confirming that the
CC layer provides no significant protection, mainly due to

he presence of cracks. In contrast, the four systems treated
ith Flash-PEO show a similar trend over time: the OCP in-
reases rapidly, reaching a maximum within the first 12 h of
mmersion and remains stable for approximately 24 h (stage
). This behaviour seems to be anomalous compared with
he typical steady state values of the OCP in literature for
ealed PEO coatings [ 64 ], indicating certain improvement of
he corrosion protection with time. Interestingly, the SiF and
CC-SiF systems achieve the highest OCP values (between
0.9 V and −1.0 V), while the SiPF and PCC-SiPF systems

each a mixed potential of around −1.2 V. In stage II, all
lash-PEO systems experience a gradual decrease in poten-

ial, followed by a plateau after 3–4 days. Finally, in stage
II, all systems converge to a similar potential after 7 days of
mmersion (around −1.4 V). 

The two systems without precursor (SiPF and SiF) exhibit
brupt potential noise or metastable behaviour within the first
2 – 24 h of immersion, suggesting the activation and de-
ctivation of localized corrosion processes (e.g. in defective
ones of the barrier layer similar to those observed in Figs. 7 b
nd 8 ). This metastable behaviour disappears after 24 h. 

In contrast, the systems with a precursor (PCC-SiPF and
CC-SiF) show a prolonged metastable behaviour, with the
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Fig. 14. Impedances recorded at 0.01 Hz (Bode plot) for all the systems in 
0.5 wt.% NaCl solution. 
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CP fluctuating sharply. This indicates greater instability of
he PEO layer, likely due to a combination of factors such
s a higher number of defective zones in the barrier layer
nd increased electrolyte absorption (due to the presence of
arger pores). However, this metastability disappears after 2
ays in the PCC-SiPF system and after 3 days in the PCC-
iF system, which can be attributed to the self-healing effect
f phosphates incorporated from the PEO electrolyte. 

.3.2. Electrochemical impedance spectroscopy (EIS) 
Fig. 14 shows the average impedance modulus at low fre-

uency, |Z|0.01 Hz , obtained from the Bode plot (log |Z| vs.
og Frequency) for the different systems. Due to the dis-
ersion of |Z|0.01 Hz in systems with an inductive loop, the
rst |Z| value at which a plateau is reached in the Bode plot
usually between 10 ° and 101 Hz) was selected. This value
as also validated with the diameter of the semicircle at low

requency—prior to the inductive loop—in the Nyquist plot. 
The results indicate that the PCC system provides a

Z|0.01 Hz of approximately 5 × 103 �cm2 after 24 h of im-
ersion, with values of 103 –104 �cm2 thereafter, which are

ery similar to those of the bare magnesium alloy, indicating
egligible corrosion protection. In contrast, the PEO systems
xhibit |Z|0.01 Hz values above 107 �cm2 after 24 h, followed
y a progressive decrease over time, except for the PCC-SiF
ystem, which shows an abrupt drop in impedance at 96 h. Al-
hough the impedance partially recovers at 120 h (to 5 × 104 

cm2 ), it sharply declines again to values typical of bare
Z31B after 144 h and beyond. Slightly better behaviour is
bserved for the PCC-SiPF system, with |Z|0.01 Hz reaching
 × 105 �cm2 after 96 h and remaining stable thereafter.
Fig. 15. EIS data after 24 h immersion. Comparison
he best performance is seen in the SiPF and SiF systems,
hich maintain values around 106 �cm2 after 168 h. 
Further analysis of the impedance results was conducted

ased on the shapes of the different impedance diagrams (e.g.,
yquist and the two Bode plots) after immersion times rep-

esentative of the various stages reflected in the OCP evolu-
ion: (I) after 24 h, when the OCP value is at its maximum
 Fig. 15 ); (II) after 96 h, once the OCP has completely de-
reased ( Fig. 16 ); and (III) when the OCP stabilizes at 168 h
 Fig. 17 ). 
 of the reference samples and coated samples. 
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Fig. 16. EIS data after 96 h immersion. Comparison of the reference samples and coated samples. 

Fig. 17. EIS data after 168 h immersion. Comparison of the reference samples and coated samples. 
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f  
As expected from the OCP results, the magnesium alloy
overed by a PCC layer shows a similar impedance diagram
o that of the bare AZ31B after 24 h of immersion ( Fig. 15 ).
 semicircle at high-to-medium frequencies and an inductive

oop at low frequencies can be observed in the inset of the
yquist plot, which is typical during the corrosion process
f magnesium alloys [ 65 ]. In contrast, completely different
iagrams are obtained for the PEO coatings, where two time
onstants are clearly evident in the Bode plot of phase angle
s. log frequency. 

Equivalent circuits (EQ) were employed to gather more in-
ormation about the performance of the coatings and reference
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Fig. 18. Equivalent circuits for: a) AZ31B magnesium alloy and PCC up to 96 h immersion and b) PEO and PCC-PEO coatings (and PCC 168 h immersion). 

Table 7 
EIS parameters after immersion to 0.5 wt.% NaCl obtained by fitting the impedance diagrams using equivalent circuits with one or two time constants. 

System CPEPCC 

( Ω−1 cm-2 sα) 
α PCC RPCC 

( Ω cm2 ) 
CPEdl 

( Ω−1 cm-2 sα) 
αdl Rct 

( Ω cm2 ) 

AZ31B 24h 1.55 × 10–5 0.87 4.98 × 103 

AZ31B 96h 2.30 × 10–5 0.78 3.64 × 103 

AZ31B 168h 3.23 × 10–5 0.80 1.90 × 103 

PCC 24h 2.22 × 10–5 0.80 9.38 × 103 

PCC 96h 5.41 × 10–5 0.76 3.61 × 103 

PCC 168h 4.81 × 10–5 0.79 5.66 × 102 2.98 × 10–4 0.94 8.81 × 102 

System CPEout 

( Ω−1 cm-2 sα) 
α out Rout 

( Ω cm2 ) 
CPEin 

( Ω−1 cm-2 sα) 
αin Rin 

( Ω cm2 ) 

SiF 24h 1.13 × 10–7 0.87 9.6 × 104 7.45 × 10–8 0.96 4.82 × 107 

SiF 96h 2.86 × 10–7 0.83 1.16 × 102 3.79 × 10–7 0.95 1.13 × 106 

SiF 168h 1.97 × 10–6 0.95 1.92 × 105 3.08 × 10–5 0.64 1.21 × 105 

SiPF 24h 1.28 × 10–7 0.86 1.28 × 105 5.36 × 10–8 0.94 3.30 × 108 

SiPF 96h 2.43 × 10–7 0.84 4.57 × 102 2.35 × 10–7 0.94 1.20 × 106 

SiPF 168h 5.24 × 10–7 0.84 9.99 × 101 8.15 × 10–7 0.96 2.27 × 105 

PCC-SiF 24h 2.84 × 10–7 0.79 3.94 × 104 3.68 × 10–7 0.82 2.55 × 106 

PCC-SiF 96h 2.62 × 10–5 0.45 5.34 × 102 8.18 × 10–7 0.83 1.72 × 103 

PCC-SiF 168h 3.05 × 10–5 0.53 1.66 × 102 1.22 × 10–6 0.89 7.14 × 103 

PCC-SiPF 24h 3.14 × 10–7 0.76 1.58 × 104 1.95 × 10–7 0.88 1.95 × 108 

PCC-SiPF 96h 2.61 × 10–5 0.46 3.01 × 102 5.07 × 10–7 0.90 7.58 × 105 

PCC-SiPF 168h 1.33 × 10–5 0.57 8.05 × 101 1.34 × 10–6 0.95 1.58 × 103 
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F  
ystems. Fig. 18 shows two scenarios where the inductive
oop, if present, is neglected for simplicity: (a) a single time
onstant related to the corrosion process itself [ 65 ], charac-
erized by the electrolyte resistance (Rs), the charge transfer
esistance (Rct ) and the double layer capacitance (Cdl ); and
b) a two-time constant scenario, where the time constant at
igh frequency may be associated with the porous outer layer
 τ out = Rout × Cout ), and the one at low frequency with the
nner barrier layer ( τ in = Rin × Cin ) [ 66 , 67 ]. Moreover, in ab-
ence of pure capacitive behaviour, a constant phase element
CPE) can be used instead of capacitance: CPE = Y0 

–1 (j ω)- α .
ere, Y0 is the frequency-independent constant, j2 = (−1),
 = 2 π f is the angular frequency in rad s-1 , f is the fre-
uency in Hz, and the dimensionless α (0 < α < 1) is re-
ated to the width of the distribution of relaxation times [ 68 ],
here a value of 0.5 can be attributed to diffusion phenom-

na and values close to 1.0 indicate pure capacitance. Supple-
entary information from Figures S8 to S13 shows the fitting
esults at 24, 96 and 168 h of immersion for the six different
ystems. 

The different impedance parameters are summarized in Ta-
le 7 . Fitting results confirm that both bare AZ31B and PCC
ystems underwent corrosion processes [ 69 ]. Their single time
onstant (neglecting the inductive loop) exhibits CPE values
f 10–5 Ω−1 cm-2 sα , typical of double layer capacitance not
nly at 24 h but also after 196 h. A similar trend is observed
or resistance values, which remain low (Rct < 105 �cm2 ).
n contrast, the Flas-PEO systems exhibit two time constants
hat evolve with time as described below. 

After 24 h ( Fig. 15 ), and in agreement with the noble OCP
alues, the capacitance and resistance values indicate an al-
ost complete lack of corrosion, as the high-frequency time

onstant shows a much lower CPE (10–7 Ω−1 cm-2 sα) for all
lash-PEO systems compared to CPEdl . This can be assigned
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1  
o the porous (top + intermediate) layer (CPEout ) while the
ow-frequency time constant corresponds to the barrier layer
CPEin ), showing the lowest values for the SiF and SiPF sys-
ems (10–8 Ω−1 cm-2 sα). Notably, the precursor-containing sys-
ems display larger CPEin values (10–7 Ω−1 cm-2 sα), similar to
PEout values, suggesting that the barrier layer is more pro-

ective in systems without a precursor (SiF and SiPF). The
orous layer resistance (Rout ) is comparable to Rct ( < 105 

 cm2 ) primarily due to the presence of pores, while Rin ex-
eeds two orders of magnitude larger than Rout (Rin > 107 

 cm2 ). 
After 96 h ( Fig. 16 ), the Nyquist plot indicates that the

CC-SiF system is no longer protective, displaying an in-
uctive loop absent in the other three PEO systems. This
ailure can be facilitated by the highest porosity average
12.1 ± 1.7%) compared to the other coatings. This aligns
ith the significant parameters changes shown in Table 7 :
 large increase in CPEout (2.62 × 10–5 Ω−1 cm-2 sα), with
n αout value of 0.45 indicating diffusion phenomena, along-
ide drastic decreases in Rout (5.34 × 102 Ω cm2 ) and Rin 

1.72 × 103 Ω cm2 ). The PCC-SiPF system presents similar
gures to PCC-SiF for the porous layer (CPEout = 2.6 × 10–5 

−1 cm-2 sα , αout = 0.46 and Rout = 3.01 × 102 Ω cm2 ), but
etains a high Rin (7.58 × 105 Ω cm2 ), slightly lower than the
utstanding systems without precursors (both Rin and |Z|0.01 Hz 

round 106 Ω cm2 ). SiF and SiPF also show signs of bar-
ier layer degradation at 96 h, as confirmed by the decrease
n Rin and the increase in CPEin (from approximately 10–8 

−1 cm-2 sα at 24 h to 2–4 × 10–7 Ω−1 cm-2 sα at 96 h). The
rimary difference between SiF and SiPF appears in the Bode
iagram shape (phase angle vs. log frequency) at high fre-
uency, likely linked to pore blockage influenced by their
arying pore size distributions (i.e. self-healing mechanisms
re more likely to occur in the smaller pores of the SiPF
ystem, Table 3 ). 

After increasing the immersion time to 168 h ( Fig. 17 ),
he Nyquist plot reveals the failure of the PCC-SiPF system,
videnced by an inductive loop. This is corroborated by the
ow |Z|0.01 Hz ( < 104 Ω cm2 ) compared to SiF and SiPF sys-
ems, which present |Z|0.01 Hz an order of magnitude larger
 > 105 Ω cm2 ). Despite a decrease in Rin from 106 Ω cm2 

96 h) to 105 Ω cm2 (168 h), SiF and SiPF continue to of-
er corrosion protection compared to the PCC precursor sys-
ems. Furthermore, significant differences arise between SiF
nd SiPF: i) a notable increase in Rout (three orders of mag-
itude) at 168 h vs. 96 h (1.92 × 105 Ω cm2 vs. 1.16 × 102 

 cm2 ) for SiF, likely linked to pore blockage which con-
rms the self-healing behaviour linked to sealing effects, ii)

he Nyquist plot reveals a third unresolved time constant at
ow frequency (previously observed at 96 h, Fig. 16 ): mani-
ested as a new semicircle for SiPF system, contrasting with
n overlapped time constant for the SiF system (flattened or
epressed semicircle at low frequencies); iii) SiPF maintains
he lowest CPE values (CPEout = 5.24 × 10–7 Ω−1 cm-2 sα

nd CPEin = 8.15 × 10–7 Ω−1 cm-2 sα) compared to SiF
CPEout = 1.97 × 10–6 Ω−1 cm-2 sα and CPEin = 3.08 × 10–5 

−1 cm-2 sα), with CPEin for SiF exhibiting a typical value for
ouble layer capacitance (Cdl ); and iv) the αin parameter is
loser to 0.5 than 1.0 (0.64), indicating some degradation of
he barrier layer, likely linked to diffusion phenomena. 

Therefore, the analysis of the different impedance parame-
ers, especially the CPE, indicates that SiPF provides slightly
etter corrosion resistance than SiF. Thus, the systems can be
lassified in terms of corrosion resistance as follows: SiPF >

iF > PCC-SiPF >> PCC-SiF >> PCC, AZ31B. Further-
ore, there is correlation between the EIS and OCP results,

oth revealing self-healing effects as striking findings. Then,
he complementary information of both techniques is able to
onfirm that the self-healing effect occurs not only in the bar-
ier PEO layer but also due to the sealing of the outer PEO
ayer, especially for the SiPF system. 

.4. Coating characterization after immersion in 0.5 wt.% 

aCl 

In order to provide more insights into the corrosion perfor-
ance of the coatings, further characterization was performed

sing optical images and SEM-EDS. Three immersion times
ere selected based on the opposing trends of the OCP for

he PEO systems ( Fig. 13 ): 12 h (when the OCP is still ris-
ng), 48 h (when the OCP is decreasing) and 168 h (when
he OCP reaches steady state). 

Table 8 presents optical images for all systems alongside
heir |Z|0.01 Hz values at each time point. A circular shape,
ttributable to the O-ring of the electrochemical cell, is evi-
ent in most samples. From the start, the AZ31B magnesium
lloy underwent severe corrosion, resulting in nearly com-
lete coverage by corrosion products after 168 h. The PCC
oating displays whitish corrosion products after 12 h, while
ark spots—likely indicative of degradation—are observed on
he PEO with precursor. However, the |Z|0.01 Hz are still be-
ween 106 and 107 Ω cm2 . For the SiF and SiPF, aesthetic
hanges were noted at 168 h; specifically, SiF exhibited a
arker surface than SiPF. Interestingly, this aesthetic variation
n SiF does not correspond to a significant drop in |Z|0.01 Hz .
urther corrosion testing using hydrogen evolution measure-
ents over a period of 168 h confirmed the excellent corro-

ion resistance of the studied PEO coatings, with corrosion
ates that were negligible compared to the bare AZ31B alloy
Figure S14). 

Fig. 19 includes longitudinal and cross-sectional SEM im-
ges, providing an overview of the surface over time. Regard-
ess of the PEO system used, the morphology is significantly
ltered after 168 h due to the appearance of cracks. This could
e attributed to volume expansion caused by progressive hy-
ration rather than the formation of corrosion products. In
act, no signs of pitting or undercoating corrosion were found
n the cross-sectional images for the SiF and SiPF systems,
ven after 168 h of immersion (Figure S15). This hydration
ay explain the increase in OCP observed during the first

2 h of immersion for all PEO systems ( Fig. 13 ), as it leads
o the sealing or blocking of pores and cracks throughout the
oating thickness. The pH in these regions can easily exceed
0.5, which stabilizes the formation of Mg(OH)2 as passive
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Fig. 19. Plan view BS SEM images (top) for samples immersed in 0.5 wt.% NaCl for 12 h and 168 h and cross-sectional BS SEM images (bottom) for 
samples immersed in 0.5 wt.% NaCl for 12 h and 168 h, compared with references (0 h). 

Fig. 20. Corrosion mechanism of the Flash-PEO coatings: (a) as received, (b) dissolution and precipitation of compounds, and (c) dissolution and cracking of 
the coating and barrier layer failure. 
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Fig. 21. EDS maps of P, Si, F, Ca and Mn of a) PCC-SiF, b) PCC-SiF after 168 h of immersion, c) PCC-SiPF, and b) PCC-SiPF after 168 h of immersion. 

Table 8 
Visual appearance of the samples by optical microscopy and average |Z|0.01 Hz at 48 h and 168 h of immersion in 0.5 wt.% NaCl (area exposed equals to 
1 cm2 ). 

Sample 12 h 48 h |ZI0.01 Hz 

48 h [ �cm2 ] 
168 h |ZI0.01 Hz 

168 h [ �cm2 ] 

PCC-SiPF 1.5 × 107 1.8 × 105 

PCC-SiF 2.8 × 106 3.9 × 103 

SiPF 1.9 × 107 3.6 × 105 

SiF 6.6 × 106 3.6 × 105 

PCC 1.8 × 103 2.1 × 103 

AZ31B 

Reference 
3.5 × 103 9.8 × 102 
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s  
lm [ 70 ]. Additionally, other compounds, such as silicates
 71 ] and phosphates [ 72 ], might also contribute through a
issolution/precipitation mechanism, which has been depicted
n Fig. 20 . 

The sealing of the pores appears less effective in the PCC-
iF system after 168 h, as indicated by the low |Z|0.01 Hz 
alues. In the PCC-SiPF system, although cross-sectional im-
ges suggest some degradation of the barrier layer after 168 h
consistent with its high CPEin values, Table 7 ), the |Z|0.01 Hz 

alues still indicate a certain level of protection. 
Cross-sectional elemental maps in Fig. 21 compare the

tructured coatings before and after 168 h of immersion in
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.5 wt.% NaCl. The most important findings are as follows: 1)
he distribution of phosphorous and silicon along the coatings
ppears to be more uniform, suggesting self-healing effects;
) fluorine spreads throughout the coating after immersion,
ather than being primarily confined to the barrier layer; 3)
anganese is mostly associated with the PCC precursor; and

) calcium seems to leach out of the coating after immer-
ion. The redistribution of fluorine could suggest degradation
f the barrier layer, while the behaviour of calcium needs to
e explored in more detail. 

. Conclusions 

Silicate-fluoride and silicate-phosphate-fluoride Flash-PEO
oatings, incorporating a phosphate conversion coating as a
recursor, have been successfully obtained on AZ31B magne-
ium alloy. The PCC layer alters the typical discharge regime
nd, as a result, modifies the morphology of the structured
oating, resulting in larger pores. TEM and SEM-EDS find-
ngs reveal that the discharges interact with PCC layer, which
ecomes integrated into the PEO coating, forming P-rich
akes that also contain Ca, Zn and Mn. TEM further re-
eals the presence of oxidized disks beneath the barrier layer
nd remnants of discharge channels, creating pathways to the
ubstrate and making these areas prone to corrosion micro-
ells. These areas may account for the metastable behaviour
bserved in the OCP values, especially when the precursor
s present. After 168 h of immersion in 0.5 wt.% NaCl so-
ution, the PCC-SiPF system demonstrated similar corrosion
esistance comparable to the SiF and SiPF systems, thought
IS resistance and capacitance parameters indicate slightly
etter performance of the latter. This confirms that the incor-
oration of phosphates into the coating is beneficial from a
orrosion point view, especially when sourced from the elec-
rolyte. Despite the differences in coating performance, seal-
ng of the pores and coating defects occurs during immersion,
hich explains the relatively high OCP values and the excel-

ent performance of the studied coatings. Further studies of
recursor-modified Flash-PEO coatings should aim at achiev-
ng uniformly distributed small pores to facilitate self-healing

echanisms. 
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