
Available online at www.sciencedirect.com 

Journal of Magnesium and Alloys 8 (2020) 692–715 
www.elsevier.com/locate/jma 

Full Length Article 

Evolution of PEO coatings on AM50 magnesium alloy using 

phosphate-based electrolyte with and without glycerol and its 

electrochemical characterization 

Ashutosh Jangde 

a , ∗, S. Kumar a , C. Blawert b 
a Department of Materials Engineering, Indian Institute of Science, Bangalore 560 012, India 

b Institute of Materials Research, Helmholtz–Zentrum Geesthacht, Max–Planck–Str. 1, 21502 Geesthacht, Germany 

Received 3 December 2019; received in revised form 6 March 2020; accepted 4 May 2020 
Available online 13 June 2020 

Abstract 

PEO coatings were synthesized from phosphate-based (bP-PEO) and glycerol added phosphate-based (gP-PEO) electrolytes with different 
processing times. For both bP-PEO and gP-PEO coatings treated with different processing time its morphology, elemental and phase compo- 
sition, and electrochemical behaviour has been comparatively investigated. For this, scanning electron microscope (SEM), energy-dispersive 
X-ray spectroscopy (EDXS), X-ray diffraction, electrochemical impedance spectroscopy (EIS), and potentiodynamic polarization techniques 
were employed. The gP-PEO coatings were observed to have higher pore density with reduced pores size, surface porosity, and average 
coating thickness compared to bP-PEO for all the PEO processing time. XRD studies revealed that glycerol addition resulted in the fostering 
of crystalline MgO (periclase) phase and promoting Mg 3 (PO 4 ) 2 (farringtonite) phase amorphization. In general, electrochemical behaviour 
showed improved corrosion behaviour for gP-PEO compared to bP-PEO. 
© 2020 Published by Elsevier B.V. on behalf of Chongqing University. 
This is an open access article under the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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1. Introduction 

The ubiquitous use of Mg and its alloys in the field of en-
gineering and technological applications is severely restricted
by its relatively poor corrosion properties. Mg exhibits the
most active standard reduction potential of −2.36 V (vs stan-
dard hydrogen electrode) amongst the structural engineering
metals and alloys [1] . Furthermore, the naturally formed pas-
sive layer on the Mg surface is not as perfect as in the case
of Al, Ti, and Zr, etc. valve metals. This imperfect passive
layer for the Mg system is due to its low Pilling-Bedworth
ratio (PBR) having a value of 0.8 [2] . Alloying Mg with
other noble elements often results in poorer corrosion perfor-
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ance than the Mg. The differential solute atom segregation
xisted between the Mg grain interior and its boundaries or
he intermetallic phases formed as a result of alloying acts
s local cathodic sites and thus promotes micro galvanic cor-
osion and deteriorate its corrosion performance [3] . Several
urface treatment techniques namely anodizing, chromating,
hosphating, etc. have been exploited to enhance the corro-
ion behaviour of Mg and its alloy [4–6] . However, plasma
lectrolytic oxidation (PEO) is a widely used technique for
nhancing Mg and its alloys’ corrosion behaviour particu-
arly because of its resulting thicker and denser coatings
nd of its environment-friendly nature [7–9] . The PEO tech-
ique has been used commercially for Mg alloy systems [10] .
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onventionally PEO techniques have been employed only for
alve metals and their alloys, however recently it has been
mployed also over non-valve metal such as Fe [11] and even
ver semiconductor material such as Si [12] . 

In PEO technique many of its processing parameters such
s electrolyte composition [13] , electrolyte concentration [14] ,
ature of power supply (DC unipolar pulse [15] , DC bipolar
ulse [16] , and AC [17] ), processing temperature [18] , and
ubstrate nature [19–22] influences the oxide structure pro-
uced. However, amongst all the PEO processing parameters
he electrolyte composition has a predominant influence on
he resulting oxide structures. Silicate, phosphate, and alumi-
ate based alkaline electrolytes have been extensively studied
n the PEO surface treatment of Mg and its alloys [23–25] .
or PEO coating synthesis for Mg and its alloys, various ad-
itives have also been utilized in the electrolytes used to en-
ance its corrosion resistance [26–28] . As electrolytic addi-
ive glycerol too has attracted researchers’ attention recently
s it helps in improving PEO coatings corrosion resistance
29–31] . Like water, glycerol also is a polar solvent and thus
norganic salts dissolution is facilitated by its usage [ 32 , 33 ].
hough the PEO technique has been extensively studied its

ormation mechanism is still not fully understood [34] . Only a
ew studies [35–37] have been done on the evolution of PEO
oatings on magnesium metal/alloys while most of the other
esearch work focused on the investigation of microstructures,
omposition, and electrochemical behaviour only after final
EO processing. 

Thus, this study aims to investigate the temporal PEO coat-
ngs evolution along with their corrosion behaviour and inves-
igate how the glycerol as an electrolytic additive influence the
oatings evolution and its corrosion behaviour. This research
ork is in continuation of our earlier study on the evolution of
EO coatings formed from silicate-based alkaline electrolyte
with and without glycerol additive) and their corrosion be-
aviour [29] , however, the same has not been studied/ at-
empted by any other research group until now and is reported
erein first. In this present research work, the morphological
porosity, pore sizes, and coated layer thickness), elemental
ompositions, phase content, and corrosion behaviour of PEO
oating formed from alkaline phosphate and glycerol added
lkaline phosphate electrolytes as a function of PEO process-
ng time (15 s, 30 s, 1 min, 2 min, 4 min, 8 min, and 16 min)
as been extensively and comparatively studied. Additionally,
 comprehensive comparative assessment was also made be-
ween the findings of the present study and our previously
ublished article [29] . 

. Experimental methods 

AM50 coupons having a dimension of 15 mm x 15 mm x
 mm were cut from the as-cast ingot. The nominal elemental
omposition of the AM50 coupon was Al - 4.9 wt.%, Mn -
.26 wt.% and balance Mg. The coupons were mechanically
braded successively up to 1200 grit SiC emery paper fol-
owed by ultrasonically cleaned in ethanol and then air-dried.
heses AM50 Mg alloy coupons were used as an anode and
tainless-steel coil tube as a cathode for PEO treatment. The
omposition of base electrolyte used for the PEO processing
as sodium phosphate Na 3 PO 4 (20 g/ l ) and potassium hydrox-

de KOH (1 g/ l ). Glycerol C 3 H 8 O 3 (250 m l / l ) was used as an
dditive to phosphate-based electrolyte. The pH of phosphate-
ased electrolyte and glycerol added phosphate-based elec-
rolyte were 12.0 and 11.7 respectively. A constant current
0.25 A) mode was employed for the PEO processing corre-
ponding to 36 mA/cm 

2 current density. A DC power source
as used for supplying a unipolar pulse having 0.5 ms and
.5 ms of ‘on’ and ‘off’ pulsed time respectively which cor-
esponds to the duty cycle and frequency of 10% and 200 Hz
espectively. The cathode stainless steel tube was circulated
ith water to maintain an electrolyte temperature of 15 ±1 °C.
arious processing times i.e. 15 s, 30 s, 1 min, 2 min, 4 min,
 min, and 16 min were employed for PEO treatment. After
EO treatment the coated samples were cleaned with distilled
ater and then dried in an ambient environment. 
The coated samples morphology and their elemental com-

osition were characterized by scanning electron microscopy
quipped with energy-dispersive X-ray spectroscopy (EDXS).
igmaScan Pro 4.0 software was used for pore analysis uti-

izing 12 numbers of SEM images which were captured ran-
omly for each coated sample. Provisions were taken for the
ores which are interconnected together by fine cracks in-
uced by the residual stress to count them as separate pores.
he coated samples were cut in through-thickness directions
y Electrical discharge machining (EDM) to investigate its
hickness and through-thickness elemental composition pro- 
le. X-ray diffractometer (Rigaku) equipped with Johansson
onochromator using Cu-K α radiation was utilized to carry

ut the XRD study of coated samples. A scan range of 10 °
o 100 ° (2 θ , degree) was employed with a scan rate and step
ize of 1 °/ min and 0.02 ° respectively. 

The electrochemical behaviour of PEO coated samples
ere investigated in non-deaerated 0.5 wt.% NaCl corrosive

lectrolyte solution. For all electrochemical tests, the classical
hree electrodes system cell was employed comprising of Pt
oil as an auxiliary electrode, Ag/AgCl electrode as the refer-
nce electrode and coated samples with 0.5 cm 

2 (an exposed
rea to the corrosive electrolyte) as the working electrode.
efore electrochemical tests, the samples were ultrasonically
leaned in ethanol for 2 min and then dried in air. For all the
lectrochemical tests 400 ml of freshly prepared 0.5 wt. %
aCl (400 ml) as the corrosive electrolyte was used. Poten-

iostat (Autolab) equipped with a frequency response analyser
FRA) was utilized for all electrochemical tests. Electrochem-
cal impedance spectroscopy (EIS) was measured as a func-
ion of various intermediate immersion time from the initial
.5 h to the final 201 h. Small amplitude of 10 mV RMS po-
ential sinusoidal perturbance with respect to open circuit po-
ential (OCPs) was employed with varying frequency ranging
rom 10 kHz to 100 mHz. Before every EIS scan, open-circuit
otentials were recorded. EIS spectra were fitted with elec-
rochemical equivalent circuits by utilizing Zview 

TM software.
otentiodynamic polarization tests were carried out at two dif-
erent immersion time i.e. 0.5 h and 201 h (after long-duration
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Fig. 1. Evolution of voltage as a function of PEO processing time for both 
bP-PEO and gP-PEO. 
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EIS study). All the potentiodynamic polarization tests were
performed with a potential sweep of 1 mV/s from the cathodic
region ( −300 mV) with respect to OCP to the anodic region.

3. Results and discussion 

3.1. Voltage evolution during peo 

The voltage evolution during the PEO processing for both
bP-PEO and gP-PEO is shown in Fig. 1 . The voltage-time
curve illustrates that for bP-PEO during the stage-I of PEO
processing the voltage-time curve was linear. However, for
gP-PEO, the curve is not strictly linear during stage-I perhaps
due to difficulty in the formation of the passive film. Dur-
ing stage-I, the substrate dissolution, mild oxygen evolution,
and passive layer formation were the prominent reactions. It
was observed that the slope of the voltage-time curve during
stage-I for bP-PEO was 5.00 ±0.31 V/s which was signifi-
cantly steeper when compared to 3.83 ±0.06 V/s for gP-PEO.
This suggests that the initially formed thin passive layer for
bP-PEO offered higher resistance to the applied current than
that for gP-PEO. Thus, herein, the addition of glycerol in
phosphate-based electrolyte resulted in the less steep voltage-
time curve slope than that for without glycerol addition. This
contrasts the findings of our previous investigation [29] where
the glycerol addition to the silicate-based electrolyte resulted
in a steeper voltage-time curve slope during stage-I. This indi-
cates that the influence of glycerol addition on characteristics
of the voltage-time slope during stage-Idepends on the na-
ture of base electrolyte. Dielectric breakdown of the initially
formed thin passive layer which manifests the onset of stage-
II by exhibiting the characteristic low-intensity global micro-
discharges which occurred slightly earlier for bP-PEO at 30 s
PEO processing time compared to 1 min for gP-PEO. How-
ever, the magnitude of dielectric breakdown potential, V BD, 

for bP-PEO was 230 V which was quite lower than 280 V for
gP-PEO. The higher V BD 

has been reported in other investi-
gations as well [29–31] where glycerol was employed as an
lectrolyte additive. In stage-II, several micro-discharges with
oderate intensity were observed for both bP-PEO and gP-
EO. The voltage increased with a reduced rate during stage-
I than that during stage-I for both bP-PEO and gP-PEO. For
P-PEO and gP-PEO, the processing time of 12 min and 8 min
arked the onset of stage-III respectively as the voltage-time

urves flatten then onwards. Noticeably the onset of stage-
II occurred much earlier for gP-PEO than for bP-PEO. The
icro-discharges reduced in numbers but increased in inten-

ity and the voltage increase rate was further reduced during
tage-III than that during for stage-II for both bP-PEO and
P-PEO. From stage-II onwards, the voltage was higher for
P-PEO when compared to bP-PEO. This might be due to the
ower electrical conductivity (10.1 mS/cm) of glycerol added
hosphate electrolyte than that of base phosphate electrolyte
25.5 mS/cm). The final voltage for gP-PEO with 558 V was
ignificantly higher when compared to 495 V for bP-PEO. 

.2. Microstructural characterization 

.2.1. PEO surface morphology 
The surface morphologies characterized by secondary elec-

ron – scanning electron microscope (SE-SEM) are shown
n Fig. 2 and 3 respectively for bP-PEO and gP-PEO as a
unction of PEO processing time. For 15 s and 30 s treated
P-PEO only sub-micron pores were observed and only from
 min processing onwards micro-pores along with sub-micron
ores appeared in the formed coatings ( Fig. 2 ). However, as
hown in Fig. 3 , for both 15 s and 30 s treated gP-PEO it
ppeared that no coated layers have formed and only some
eposition in the form of discrete particles were visible. The
bsence of a coated layer for 15 s and 30 s treated gP-PEO
as consistent with its less steep cell voltage-time slope,

hown in Fig, 1. However, for gP-PEO from 1 min PEO
rocessing time onwards, a coated layer was also observed.
nly 1 min treated gP-PEO had sub-micron pores while both
icrons-pores and sub-micron pored were observed for 2 min

reated gP-PEO sample onwards. Micro-cracks were also ob-
erved for both bP-PEO and gP-PEO particularly from respec-
ively 2 min and 4 min PEO processing time onwards. These
icro-cracks resulted from the relieving of thermal stress in-

uced during PEO processing. The glycerol addition to the
hosphate-based electrolyte promoted the micro-cracks for-
ation as more micro-cracks were observed for gP-PEO than

or bP-PEO. This contrasts the findings of our previous ar-
icle [29] where the glycerol addition to the silicate-based
lectrolyte 

Fig. 4 (a) illustrates that some distinctly localized deposits
ormed around Al 8 Mn 5 intermetallic phase for 15 s treated
P-PEO. A few pores and cracks were also visible on those
eposits. These pores and cracks might plausibly be created
ue to the occurrence of localized micro-discharge around
l 8 Mn 5 phase at 15 s PEO processing time for bP-PEO which
as quite earlier than the global micro-discharge occurrence
bserved at 30 s PEO processing time. The composition pro-
le across Al 8 Mn 5 phase revealed slight enrichment of O and
 content at Al 8 Mn 5 / α-Mg interface for 15 s treated bP-PEO.
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Fig. 2. SE-SEM images showing the microstructural evolution of bP-PEO coatings on the AM50 substrate as a function of PEO processing time. 
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he microstructure in Fig. 4 (b) showed relatively larger pores
nd thicker layer at Al 8 Mn 5 / α-Mg interface for 30 s treated
P-PEO compared to that over α-Mg matrix phase. The com-
osition profile across Al 8 Mn 5 phase illustrates that a higher
 and P content and a lower Al and Mn content were ob-
erved for 30 s treated bP-PEO compared to the same for
5 s treated bP-PEO. This suggests that a considerable layer
as grown over Al 8 Mn 5 phase at 30 s PEO processing time.
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Fig. 3. SE-SEM images showing the microstructural evolution of gP-PEO coatings on the AM50 substrate as a function of PEO processing time. 
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However, Mg content over Al 8 Mn 5 phase was almost similar
for both 15 s and 30 s treated bP-PEO. Furthermore, P con-
tent was slightly lower over Al 8 Mn 5 phase than over α-Mg
matrix phase for 30 s treated bP-PEO indicating preferential
 enrichment in the formed layer over α-Mg matrix phase.
ig. 4 (c) revealed larger pores over and around Al 8 Mn 5 phase

han over α-Mg matrix phase for 1 min treated bP-PEO. It
lso appeared from the morphology shown in Fig. 4 (c) that
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Fig. 4. Backscattered SEM images showing microstructures around Al 8 Mn 5 phase with composition profile across it for (a) 15 s, (b) 30 s, and (c) 1 min treated 
bP-PEO. 
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relatively thicker layer formed over Al 8 Mn 5 phase than over
α-Mg matrix phase. For 1 min treated bP-PEO, both P and
O content increased, and both Al and Mn content further de-
creased over Al 8 Mn 5 phase when compared to the same for
30 s treated bP-PEO. This suggests that the coated layer over
Al 8 Mn 5 phase has grown more in thickness for 1 min treated
bP-PEO compared to that for 30 s treated bP-PEO. More-
over, the elemental content of P over both Al 8 Mn 5 and α-Mg
phases was similar for 1 min treated bP-PEO suggesting that
the P content equilibrated over them. Interestingly, Mg con-
tent over Al 8 Mn 5 phase for 1 min treated bP-PEO was con-
siderably higher compared to 30 s treated bP-PEO indicative
of plausible MgO formation by redeposited from the adja-
cent molten pool (resulted due to microdischarges) on top of
Al 8 Mn 5 phase. 

In the case of 15 s treated gP-PEO the microstructure
shown in Fig. 5 (a) revealed that α-Mg matrix phase dissolu-
tion occurred at Al 8 Mn 5 / α-Mg interface along with some α-
Mg matrix phase dissolution in the surrounding of the Al 8 Mn 5 

phase. It is widely known that metal dissolution is the first
phenomena to occur during the PEO processing. Fig. 5 (b)
for 30 s treated gP-PEO depicted the progressing α-Mg ma-
trix phase dissolution at Al 8 Mn 5 / α-Mg interface and around
the Al 8 Mn 5 phase. However, the extent of α-Mg matrix phase
dissolution observed for 30 s treated gP-PEO was higher com-
pared to dissolution for 15 s treated gP-PEO. Herein, the ob-
servance of α-Mg matrix phase dissolution and absence of
early micro-discharge for 15 s and 30 s treated gP-PEO indi-
cated that the glycerol addition resulted in a more sluggish
α-Mg matrix phase dissolution and henceforth no or very
thin passive layer formed over the sample surface during the
PEO processing. This also corroborated well with the voltage-
time curves depicting lesser slope for gP-PEO (shown in Fig.
1 ) and microstructures showing discrete particle deposition
(shown in Fig. 3 for both 15 s and 30 s treated gP-PEO).
Moreover, the composition profile across Al 8 Mn 5 phase for
15 s and 30 s treated gP-PEO depicted no enrichment of O
and P content at the Al 8 Mn 5 / α-Mg interface as observed in
the case of corresponding bP-PEO. Interestingly, the higher
O content over Al 8 Mn 5 phase compared to the α-Mg matrix
phase suggested the formation of some localized and very
thin passivating dielectric oxide layer over it. Fig. 5 (c) il-
lustrates that larger pores were present over Al 8 Mn 5 phase
compared to the α-Mg matrix phase for 1 min treated gP-
PEO. This suggests that the localized micro-discharge plausi-
bly started in the time intermediated between 30 s and 1 min
PEO processing for gP-PEO around and over the Al 8 Mn 5 

phase. There was an increase in O, Mg, and P content while
both Al and Mn content decreased over Al 8 Mn 5 phase for
1 min treated gP-PEO when compared to the same for 30 s
treated gP-PEO. Moreover, there was an increase in O and
P content while Mg content decreased over the α-Mg matrix
phase for 1 min treated gP-PEO compared to the same for
30 s treated gP-PEO. This indicates that a considerable pas-
sive layer had been formed over both the Al 8 Mn 5 and α-Mg
matrix phases for 1 min treated gP-PEO when compared to
earlier PEO processing where no or very thin passive layer
as observed. Noticeably for 1 min treated gP-PEO, the el-
mental P content over both the Al 8 Mn 5 and α-Mg matrix
hases were the same as observed for 1 min tretaed bP-PEO.
his is suggestive of equilibration of P content occurred at

he same processing time for both bP-PEO and gP-PEO even
hough the coated layer formation started at different process-
ng times. However, the elemental content of both O and P
ecreased while Mg content increased over both Al 8 Mn 5 and
-Mg matrix phases for 1 min treated gP-PEO than for the
orresponding bP-PEO. This suggests that the relatively thin-
er passive layer formed over Al 8 Mn 5 phase for 1 min treated
P-PEO compared to the corresponding bP-PEO. Thus, the
bservance of the localized early micro-discharge around and
ver Al 8 Mn 5 phase and the relatively thicker passive layer
ver it for both bP-PEO and gP-PEO suggests that the PEO
ischarges over Al 8 Mn 5 phase preceded over α-Mg matrix
hase in the phosphate electrolyte. This is in line with the
ndings of our previous investigation [29] . 

Fig. 6 depicted that the interface region of another in-
ermetallic phase, Mg 17 Al 12 , present in AM50 substrate ex-
ibited neither localized early micro-discharge and nor α-
g dissolution as observed at the Al 8 Mn 5 / α-Mg interface

or 15 s treated bP-PEO and both 15 s and 30 s treated gP-
EO respectively. The pores observed over both Mg 17 Al 12 

nd α-Mg phases for 15 s treated bP-PEO, shown in Fig.
 (a), were of almost similar size while no pores were ob-
erved over both Mg 17 Al 12 and α-Mg matrix phases for both
5 sand 30 s treated gP-PEO, shown in Fig. 6 (b) and 6 (c)
espectively. Moreover, the elemental content of both O and
 contents were same over both Mg 17 Al 12 and α-Mg matrix
hases for 15 s treated bP-PEO and for both 15 s and 30 s
reated gP-PEO. These all suggest that no localized early mi-
ro discharge occurred at Mg 17 Al 12 / α-Mg interface for both
P-PEO and gP-PEO. The higher O content, the lower Mg
ontent, and the presence of pores over both Mg 17 Al 12 and
-Mg phases for 15 s treated bP-PEO compared to that of
oth 15 s and 30 s treated gP-PEO further evidenced that no
r relative thin passive layer has been formed in gP-PEO up
o 30 s processing time. Thus, the microstructures and com-
osition profiles are shown in Fig. 6 illustrates that localized
icro-discharges did not occur at the Mg 17 Al 12 / α-Mg inter-

ace as observed at Al 8 Mn 5 / α-Mg interface for both bP-PEO
nd gP-PEO. The plausible reason for this is the significant
nhomogeneous electrochemical activity between Al 8 Mn 5 / α-

g compared to that between Mg 17 Al 12 / α-Mg as the micro
alvanic coupling between former was more severe compared
o later and has been reported in our previous investigation
29] . 

.2.2. Quantitative assessment of pores 
Fig. 7 and 8 . shows the pore density for sub-micron pores

nd micro-pores as a function of pore size for bP-PEO and
P-PEO respectively for all the PEO processing times studied.
oth Fig. 7 and 8 ., in general, depicted that the pore density

or both the sub-micron pores and micro-pores decreased with
n increase in their size for both bP-PEO and gP-PEO. In-
erestingly, for the given pore size range, in general, the pore
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Fig. 5. Backscattered SEM images showing microstructures around Al 8 Mn 5 phase with composition profile across it for (a) 15 s, (b) 30 s, and (c) 1 min treated 
gP-PEO. 
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Fig. 6. Backscattered SEM images showing microstructures around Mg 17 Al 12 phase with composition profile across it for (a) 15 s treated bP-PEO, (b) 15 s 
treated gP-PEO, and (c) 30 s treated gP-PEO. 
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Fig. 7. Pore density as a function of pore size (a) sub-micron pores and (b) 
micro pores for different PEO processing time for bP-PEO. 

Table 1 
Maximum pore size as a function of PEO processing time for both bP-PEO 

and gP-PEO. 

PEO process time Maximum pore size 

bP-PEO gP-PEO 

15 s 449 nm –
30 s 1.1 μm –

1 min 2.0 μm 856 nm 

2 min 8.7 μm 3.4 μm 

4 min 9.1 μm 5.5 μm 

8 min 37.3 μm 14.3 μm 

16 min 28.5 μm 23.8 μm 
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Fig. 8. Pore density as a function of pore size (a) sub-micron pores and (b) 
micro pores for different PEO processing time for gP-PEO. 
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ensity decreased with the PEO processing time for both bP-
EO and gP-PEO. Furthermore, for bP-PEO, the maximum
ore size increased up to 8 min PEO processing time and
hen decreased for 16 min treated bP-PEO while for gP-PEO
he maximum pore size monotonically increased with PEO
rocessing time as shown in Table 1 . The observed decreas-
ng pore density for a given pore size range and increasing
aximum pore size corroborated quite well with the micro-
ischarge characteristics of increasing intensity and decreas-
ng number density with processing time. However, noticeably
he maximum pore size for gP-PEO was smaller when com-
ared to bP-PEO for all the PEO processing times studied.
his indicates that the glycerol addition to the phosphate-
ased electrolyte resulted in reduced micro-discharge intensi-
ies. Fig. 9 showed the total pore density (sum of sub-micron
ore density and micropore density) for both bP-PEO and
P-PEO as a function of PEO processing time. The higher
otal pore density for gP-PEO than for bP-PEO was discerned
rom Fig. 9 . It appeared that the decrease in pore size due to
lycerol addition to the phosphate-based electrolyte had been
ompensated by an increase in total pore density. The smaller
ore size and higher pore density resulted in the PEO coatings
y the glycerol addition in the phosphate-based electrolyte
re in line with the findings of our previous investigation
29] . However, herein, the maximum pore size observed in
he coatings resulting from phosphate-based electrolyte with
nd without glycerol addition was larger compared to coatings
btained from the silicate-based electrolyte with and without
lycerol additive respectively as reported in our previous arti-
le [29] . Interestingly, herein, the major contribution of total
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Fig. 9. Total pore density as a function of PEO processing time for both 
bP-PEO and gP-PEO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Surface pore area as a function of PEO processing time for (a) 
bP-PEO and (b) gP-PEO. 

Fig. 11. Average coating thickness as a function of PEO processing time for 
both bP-PEO and gP-PEO. 
pore density for gP-PEO came from the sub-micron pores and
lower size range of the micro-pores. Fig. 10 (a) and (b) shows
the total surface pore area,%, for both bP-PEO and gP-PEO
respectively as a function of PEO processing time. The total
surface pore area for bP-PEO and gP-PEO did not show clear
trends as a function of PEO processing time. The maximum
total surface pore area was observed for 8 min treated sam-
ple for both bP-PEO and gP-PEO. However, the contribution
of sub-micron pores to the total surface pore area decreased
with the PEO processing time for both bP-PEO and gP-PEO.
Noticeably, the gP-PEO showed lower total surface pore area
when compared to the bP-PEO and was attributed to their
lower pore size despite its higher total pore density than that
for bP-PEO. This suggests that the pore size, herein, predom-
inate the pore density in total surface pore area measurements
for both the bP-PEO and gP-PEO. 

3.2.3. Coating cross-section thickness 
Fig. 11 illustrates the PEO average coating thickness as a

function of PEO processing time for both bP-PEO and gP-
PEO. It was observed that the average coating thickness lin-
early increased with the PEO processing time for both the
bP-PEO and gP-PEO. This linear deposition kinetic for both
bP-PEO and gP-PEO is in line with the Faraday’s laws of
electrolysis. Such validation of Faraday’s laws for the lin-
ear PEO coating thickness increase with time has been re-
ported by Hussein et al. [38] . However, the average coating
thickness for gP-PEO was always lower when compared to
bP-PEO throughout the PEO processing time. The reduced
coating thickness of gP-PEO could be due to the increased
viscosity of glycerol added phosphate electrolyte which might
slightly retard the electrolytic charged species movement to-
wards the anode surface. Reduced PEO coating thickness with
glycerol addition has been reported earlier in other investi-
gations [ 29 , 30 ]. The maximum coating thickness for 16 min
PEO processing time was 50.3 ±10.4 μm and 42.8 ±8.6 μm
for bP-PEO and gP-PEO respectively. The coating growth rate
calculated from the slopes of thickness-PEO processing time



A. Jangde, S. Kumar and C. Blawert / Journal of Magnesium and Alloys 8 (2020) 692–715 703 

Table 2 
Elemental composition (at.%) of coatings’ top surface as a function of PEO processing time for both bP-PEO and gP-PEO. 

Samples/ Average 
Elemental 

compositions 

Average at.% ( ±Sd) 

O Na Mg Al P 

bP-PEO 

15 s 18.8 ( ± 0.8) 0.7 ( ± 0.1) 75.0 ( ± 1.0) 3.5 ( ± 0.2) 2.0 ( ± 0.2) 
30 s 46.1 ( ± 0.5) 1.8 ( ± 0.1) 38.9 ( ± 0.6) 1.5 ( ± 0.1) 11.7 ( ± 0.3) 

1 min 51.8 ( ± 0.5) 4.3 ( ± 0.2) 29.1 ( ± 0.5) 0.8 ( ± 0.1) 15.0 ( ± 0.1) 
2min 52.3 ( ± 0.3) 4.3 ( ± 0.1) 27.3 ( ± 0.2) 0.7 ( ± 0.1) 15.4 ( ± 0.1) 
4 min 52.9 ( ± 0.4) 5.6 ( ± 0.2) 26.2 ( ± 0.2) 0.5 ( ± 0.1) 14.8 ( ± 0.1) 
8 min 53.3 ( ± 0.5) 6.2 ( ± 0.2) 25.5 ( ± 0.4) 0.7 ( ± 0.1) 14.3 ( ± 0.2) 

16 min 53.5 ( ± 0.3) 6.9 ( ± 0.2) 24.7 ( ± 0.2) 0.9 ( ± 0.1) 13.9 ( ± 0.2) 
gP-PEO 

15 s 10.5 ( ± 0.9) 0.8 ( ± 0.1) 84.0 ( ± 1.2) 3.9 ( ± 0.2) 0.8 ( ± 0.2) 
30 s 17.1 ( ± 1.7) 0.7 ( ± 0.1) 77.5 ( ± 2.0) 3.4 ( ± 0.1) 1.3 ( ± 0.3) 

1 min 33.9 ( ± 0.8) 0.7 ( ± 0.1) 56.6 ( ± 1.0) 2.5 ( ± 0.1) 6.3 ( ± 0.1) 
2 min 52.1 ( ± 0.3) 2.5 ( ± 0.2) 30.1 ( ± 0.3) 0.9 ( ± 0.1) 14.3 ( ± 0.3) 
4 min 53.1 ( ± 0.2) 3.7 ( ± 0.2) 27.8 ( ± 0.3) 1.0 ( ± 0.1) 14.4 ( ± 0.2) 
8 min 52.6 ( ± 0.4) 5.0 ( ± 01) 27.3 ( ± 0.3) 0.9 ( ± 0.1) 14.3 ( ± 0.2) 

16 min 56.0 ( ± 0.5) 4.9 ( ± 0.2) 26.1 ( ± 0.2) 1.0 ( ± 0.2) 12.1 ( ± 0.3) 
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rofile revealed a higher growth rate of 3.1 ±0.04 μm/min for
P-PEO compared to 2.6 ±0.06 μm/min for gP-PEO. Herein,
he growth rate for coatings obtained from phosphate-based
lectrolyte with and without glycerol additive was higher than
hose obtained from the silicate-based electrolyte with and
ithout glycerol additive respectively as reported in our pre-
ious article [29] . 

.3. Elemental compositions of PEO coatings 

The elemental composition, in atomic percentage, obtained
y EDS of the coating top surface for bP-PEO and gP-PEO
s a function of PEO processing time are given in Table 2 .
he coatings are of almost constant composition for both bP-
EO and gP-PEO irrespective of PEO processing time. This

ndicates that both the PEO processing time and glycerol ad-
ition to base phosphate electrolyte have no major influence
n the PEO coating composition. However, during the initial
EO processing time (15 s and 30 s for bP-PEO and 1 min for
P-PEO) when the formed coatings were thin enough that the
DS signals were generated from the substrate affecting the
oating composition and hence were not representative of ac-
ual coatings. The elemental content of O, Mg, and P in both
P-PEO and gP-PEO was around 53 at.%, 26 at.%, and 14
t.% respectively. 

The through-thickness elemental composition profiles as a
unction of PEO processing time for both bP-PEO and gP-
EO are shown in Fig. S1 and S2 (in the supplementary
le) respectively. For thinly coated samples such as 1 min

reated bP-PEO and gP-PEO and near substrate/coating inter-
ace for other samples, the composition profile was transient
hich was probably due to varying substrate/coating inter-

ace at a different location and unwanted EDS signals gener-
ted from the substrates. Thus, neglecting the artefacts near
ubstrate/coating interface regions the composition profile il-
ustrates that coatings of almost constant composition were
ormed irrespective of both PEO processing time and glycerol
ddition to base phosphate electrolyte. Furthermore, both bP-
EO and gP-PEO showed almost the same through-thickness
omposition for all the PEO processing time. Herein, for bP-
EO and gP-PEO, the constant elemental compositions for
oth the coatings’ top surface and their through-thickness pro-
le is in line with the findings of our previous investigations
29] with the silicate-based electrolytes with and without glyc-
rol addition. 

.4. PEO coatings phase analysis by xrd 

The XRD patterns for bP-PEO and gP-PEO as a func-
ion of PEO processing time are shown in Fig. 12 and 13 .
espectively. The α-Mg phase diffraction peak from the sub-
trate was observed for all the samples of both bP-PEO and
P-PEO since the characteristic porous structure of PEO coat-
ngs allowed the X-rays to penetrate it and reach to the sub-
trate. Such observation of diffraction peak from the substrate
n PEO coated samples were reported in other investigations.
he crystalline MgO phase was observed to be formed from
5 s and 1 min PEO processing time onwards for bP-PEO
nd gP-PEO respectively. The intensity of the MgO phase
ncreased with the PEO processing time for both bP-PEO
nd gP-PEO as shown in Fig. 12 (b) and 13(b) respectively.
owever, the gP-PEO showed significantly higher MgO peak

ntensity when compared to bP-PEO. This suggests higher
gO phase content for gP-PEO compared to that for bP-PEO.

hus, glycerol addition to the phosphate-based electrolyte fos-
ered MgO formation during PEO processing. The promotion
f MgO formation by glycerol addition has been reported in
ther investigations [ 29 , 30 ]. An amorphous hump possibly of
g 3 (PO 4 ) 2 phase was observed in the 2 θ range of 20 ° to

7 ° (degree) from 4 min PEO processing time onwards for
oth bP-PEO and gP-PEO as shown in Fig. 12 (c) and 13(c)
espectively. Some crystalline Mg 3 (PO 4 ) 2 phase peaks were
uperimposed on Mg 3 (PO 4 ) 2 amorphous hump for both 8 and
6 min treated bP-PEO as shown in Fig. 12 (c). However, no
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Fig. 12. XRD: (a) Overall profile; (b) MgO diffraction peak; and (c) Mg 3 (PO 4 ) 2 amorphous hump with few of its crystalline diffraction peak as a function 
of PEO processing time for bP-PEO. 
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such crystalline Mg 3 (PO 4 ) 2 phase peaks were observed for
any of the gP-PEO specimens as shown in Fig. 13 (c). This
indicated that the glycerol addition to base phosphate elec-
trolyte promoted the Mg 3 (PO 4 ) 2 phase amorphization. This is
in contrast to our findings in the investigation [29] , where the
glycerol addition resulted in complete suppression of amor-
phous (Mg 2 SiO 4 ) phase formation. 

3.5. Corrosion behaviour of PEO coatings 

3.5.1. Open circuits potential 
Fig. 14 (a) and (b) shows the open circuit potential (OCP)

evolution as a function of immersion time in 0.5 wt.% NaCl
for bP-PEO and gP-PEO respectively. With the increase in
immersion time, the OCP moved rapidly towards more no-
ble potentials during the very initial immersion time and later
onwards became nearly constant for both the bP-PEO and gP-
EO coatings. It has been reported that the OCP stabilization
ignifies a stable corrosion process [39] . Thus, the OCP evo-
ution depicted that the corrosion processes were not stable
uring very early immersion and then after 25 h immersion
ime the corrosion process stabilized for both bP-PEO and gP-
EO. No trends in OCP evolution was observed as a function
f PEO processing time for both bp-PEO and gP-PEO. How-
ver, comparatively more fluctuations in OCP were noticed
or bP-PEO than for gP-PEO suggestive of a more stabilized
orrosion process for the later. Herein, our findings of a more
tabilized corrosion process resulted from glycerol addition
orroborated well with our previous investigation [29] . 

.5.2. Electrochemical impedance spectroscopy study 
To elucidate long term corrosion behaviour for both bP-

EO and gP-PEO electrochemical impedance spectroscopy
as carried out as a function of various immersion time
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Fig. 13. XRD: (a) Overall profile; (b) MgO diffraction peak; and (c) Mg 3 (PO 4 ) 2 amorphous hump as a function of PEO processing time for gP-PEO. 
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etween initial 0.5 h and final 201 h immersion time. The
yquist plots as a function of immersion time are shown

n Fig. 15 and 16 . for bP-PEO and gP-PEO respectively. It
s widely known that low-frequency inductive loop manifests
he relaxation of corrosion products and thus indicates the
resence of localized corrosion. Thus, herein, localized coat-
ng failure was observed for 15 s, 30 s, and 4 min treated bP-
EO at 50 h, 176 h, and 75 h of immersion time respectively.
owever, no localized coating failure was noticed for 1 min,
 min, 8 min, and 16 min treated bP-PEO. While for gP-PEO
nly 1 min treated sample showed localized coating failure at
5 hrs of immersion time. This indicated improved corrosion
ehaviour of gP-PEO than for bP-PEO in terms of localized
EO coating failure and thus localized corrosion occurrence.
he Bode impedance plot for all the bP-PEO and gP-PEO
tudied herein are shown in Fig. S3 and S4 (supplementary
le) respectively. Similarly, the Bode phase angle plot for all

he bP-PEO and gP-PEO studied herein are shown in Fig. S5
nd S6 (supplementary file) respectively. 

Fig. 17 (a) and (b) shows the variation of impedance mod-
lus at the lowest frequency (100 mHz employed for EIS)
ith the immersion time for bP-PEO and gP-PEO respec-

ively. The impedance modulus for 15 s and 30 s treated bP-
EO remained to a nearly constant value having an order
f magnitude of 10 

4 ohm.cm 

2 for up to 25 h and 150 h im-
ersion time respectively and then onwards it progressively

ecreased to the order of 10 

3 ohm.cm 

2 with the immersion
ime. The impedance modulus for bP-PEO samples treated
or both 1 min and 2 min PEO processing time exhibited ap-
roximately the same impedance modulus of the order of 10 

4 
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Fig. 14. Evolution of open-circuit potentials (OCPs) with the electrolyte im- 
mersion time as a function of PEO processing time for (a) bP-PEO and (b) 
gP-PEO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8  

m  

h  

i  

g  

c  

t  

t  

g  

w  

b  

s  

i  

t  

i  

fi  

t  

t  

t  

t  

p  

c  

s  

3
 

s  

c  

m  

l  

t  

p  

e  

e  

i  

t  

p  

r  

o
r
r  

l  

s  

r  

C  

3  

t  

P  

n  

t  

b  

s  

t
 

d  

l  

i  
ohm.cm 

2 throughout the immersion time. The 4 min treated
bP-PEO showed a sudden fall in impedance modulus from
its initial value of the order of 10 

4 ohm.cm 

2 as its value
suddenly decreased to the order of 10 

3 ohm.cm 

2 at 25 h and
then onwards again increased and then decreased with the im-
mersion time. The initial impedance modulus for 8 min and
16 min treated bP-PEO were in the order of 10 

5 ohm.cm 

2 

and 10 

6 ohm.cm 

2 respectively which was quite higher than
earlier (15 s to 4 min) treated PEO samples. With the im-
mersion time, the impedance modulus values for 8 min and
16 min treated bP-PEO dropped to order of 10 

4 ohm.cm 

2 and
10 

5 ohm.cm 

2 respectively at 1.5 h and 5 h immersion time and
then onwards remained almost constant. The impedance mod-
ulus values for 1 min treated gP-PEO during initial immersion
were in the order of 10 

4 ohm.cm 

2 which then progressively
decreased to the order of 10 

3 ohm.cm 

2 with the immersion
time. The impedance modulus for 15 s treated bP-PEO and
1 min treated gP-PEO almost varied in a similar fashion. For
both 2 min and 4 min treated gP-PEO, the impedance modu-
lus fluctuated with the immersion time and remained in order
of 10 

4 ohm.cm 

2 and never decreased to order 10 

3 ohm.cm 

2 

as observed for the case of their corresponding bP-PEO. For
 min treated gP-PEO the impedance modulus was not varied
uch with the immersion time and interestingly was slightly

igher than for corresponding bP-PEO. However, although
mpedance modulus was not varied much for 16 min treated
P-PEO with the immersion time, their values were signifi-
antly lower than for both 8 min treated gP-PEO and 16 min
reated bP-PEO. Thus, the impedance modulus variations with
he immersion time suggested that the corrosion resistance of
P-PEO coatings, particularly for 2 to 8 min treated samples,
ere better than for corresponding bP-PEO. However, 16 min
P-PEO exhibited better corrosion resistance than for corre-
ponding gP-PEO. Herein, for both bP-PEO and gP-PEO, the
mpedance modulus for the initial and final immersion is in
he line with the findings of our previous article [29] . More
nsights on why for the gP-PEO the initial impedance and
nal impedance were, in general, lower and higher respec-

ively compared to bP-PEO can be obtained by modelling
he EIS spectra with electrochemical equivalent circuits. For
he comparison, the electrochemical behaviour (OCP evolu-
ion vs. immersion time curve, Nyquist plot, Bode impedance
lot, Bode phase angle plot, electrochemical equivalent cir-
uit, and its element value) of bare AM50 magnesium alloy
ubstrate can be obtained from our previous investigation [29] .

.5.3. Electrochemical equivalent circuit modelling 

The measured electrochemical impedance spectroscopy
pectra were modelled with the electrochemical equivalent cir-
uits shown in Fig. 18 using complex non-linear least square
ethods. It has been earlier reported that the two distinct

ayers constituted the PEO coating on Mg and its alloy sys-
em [39–41] . Thus, herein, the two-layered structure i.e. outer
orous layer and inner barrier layer were employed for the
lectrochemical equivalent circuit modelling. The various el-
ments used in the electrochemical equivalent circuit shown
n Fig. 18 are described as R s represents the electrolyte solu-
ion resistance; CPE (OL) and CPE (IL) represents the constant
hase element of the outer porous layer and inner barrier layer
espectively; R (OL) and R (IL) represents the resistance of the
uter porous layer and inner barrier layer respectively; W s 

epresents Warburg impedance-short circuit terminus; CPE (dl) 

epresents a constant phase element of the electrical double
ayer; R ct represents the charge transfer resistance; L repre-
ents the inductance associated localized failure and R l rep-
esents the local environmental change. The details regarding
PE and W s were described in short elsewhere [29] . Tables
 and 4 listed the circuits elements values extracted from
he electrochemical equivalent circuit modelling for both bP-
EO and gP-PEO after initial immersion time (0.5 h) and fi-
al immersion time (201 h) respectively. The χ2 values ob-
ained herein suggested the goodness of fits was quite well
etween measured electrochemical impedance spectroscopy
pectra and electrochemical equivalent circuit modelled spec-
ra. 

The Cl ̄ ion concentration gradient existed as the Cl ̄ ions
iffused towards the inner barrier layer from the outer porous
ayer and thereby led to the presence of Warburg diffusion
mpedance (W s ) during initial immersion time for all bP-PEO
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Fig. 15. The Nyquist plot as a function of electrolyte immersion time for bP-PEO treated with (a) 15 s, (b) 30 s, (c) 1 min, (d) 2 min, (e) 4 min, (f) 8 min, and 
(g) 16 min PEO processing time. 
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nd gP-PEO. The presence of W s element in the electrochemi-
al equivalent circuit has been reported in several articles [42–
4] related to PEO coatings on the Mg alloy system. During
nitial immersion time, the magnitude of Warburg Pseudo-
esistance, R W 

, for both bP-PEO and gP-PEO was higher in
ater PEO processing time when compared to earlier PEO pro-
essing time. This could be due to an increased difficulty for
hloride diffusion towards the barrier layer with the PEO pro-
essing time as the outer porous layer became thicker. How-
ver, it was observed that the magnitude of R W 

was higher
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Fig. 16. The Nyquist plot as a function of electrolyte immersion time for gP-PEO treated with (a) 1 min, (b) 2 min, (c) 4 min, (d) 8 min, and (e) 16 min PEO 

processing time. 
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(varied in the range of 10 

3 –10 

6 ohm.cm 

2 with PEO process-
ing time) for bP-PEO when compared to gP-PEO (varied in
the range of 10 

3 –10 

4 ohm.cm 

2 with PEO processing time)
during initial immersion. This suggested that the corrosive
chloride diffuses much easier towards the barrier layer for
P-PEO than for bP-PEO during the initial immersion time.
his could be due to the relatively higher outer porous layer

hickness for bP-PEO than for gP-PEO. However, during the
nal immersion, only the 1 min and 2 min treated bP-PEO
xhibited the presence of W s while for gP-PEO all the stud-
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Table 3 
Parameters extracted from the electrochemical equivalent circuit fittings of the EIS spectra of both the bP-PEO and gP-PEO coatings for the initial immersion 
of 0.5 h in 0.5 wt.% NaCl solution. 

Samples/EC 

parameters 
R s W s -R W 

W s - τ W s - α CPE (OL) - T CPE (OL) - α R (OL) CPE (IL) - T CPE (IL) - α R (IL) χ2 -Value 

Units Ω cm 

2 Ω cm 

2 s – Ω 

−1 cm 

−2 s α – Ω cm 

2 Ω 

−1 cm 

−2 s α – Ω cm 

2 –

bP-PEO 

15 s 106 6.3 ×10 3 0.002 0.59 4.8 ×10 −6 0.93 280 2.7 ×10 −4 0.63 1.0 ×10 4 3.2 ×10 −4 

30 s 119 6.0 ×10 3 0.022 0.52 9.9 ×10 −7 0.99 336 1.2 ×10 −4 0.54 1.3 ×10 4 3.9 ×10 −3 

1 min 118 5.8 ×10 3 0.002 0.47 2.0 ×10 −6 0.95 372 2.4 ×10 −4 0.62 9.7 ×10 3 4.5 ×10 −4 

2 min 118 9.1 ×10 3 0.008 0.43 1.1 ×10 −6 0.93 397 9.5 ×10 −5 0.70 1.1 ×10 4 8.0 ×10 −4 

4 min 183 1.8 ×10 4 0.013 0.46 3.4 ×10 −7 0.99 433 9.0 ×10 −5 0.60 2.1 ×10 4 2.1 ×10 −3 

8 min 410 1.6 ×10 5 0.003 0.65 2.4 ×10 −7 0.82 1.2 ×10 3 2.0 ×10 −5 0.56 1.8 ×10 5 9.2 ×10 −4 

16 min 784 3.1 ×10 6 0.106 0.44 1.6 ×10 −7 0.70 5.4 ×10 3 1.4 ×10 −6 0.53 2.6 ×10 6 1.3 ×10 −4 

gP-PEO 

1 min 90 4.8 ×10 3 0.011 0.44 2.2 ×10 −6 0.98 239 2.2 ×10 −4 0.59 8.1 ×10 3 1.2 ×10 −3 

2 min 133 8.0 ×10 3 0.006 0.48 4.4 ×10 −7 0.99 357 8.1 ×10 −5 0.47 6.3 ×10 3 1.7 ×10 −3 

4 min 138 7.6 ×10 4 0.002 0.73 5.1 ×10 −7 0.79 571 7.9 ×10 −5 0.91 2.7 ×10 4 9.6 ×10 −4 

8 min 461 3.9 ×10 4 0.026 0.56 2.3 ×10 −7 0.96 1.7 ×10 3 1.0 ×10 −5 0.64 3.9 ×10 4 6.8 ×10 −3 

16 min 637 1.6 ×10 4 0.022 0.59 1.2 ×10 −7 0.98 1.1 ×10 3 9.1 ×10 −6 0.49 4.8 ×10 4 3.5 ×10 −3 

Table 4 
Parameters extracted from the electrochemical equivalent circuit fittings of the EIS spectra of both the bP-PEO and gP-PEO coatings for the final immersion 
of 201 h in 0.5 wt.% NaCl solution. 

Samples/EC 

parameters 
R s W s -R W 

W s - τ W s - α CPE (OL) - T CPE (OL) - α R (OL) CPE (IL) - T CPE (IL) - α R (IL) CPE (d l ) - T CPE (d l ) - α R ct L R l χ2 -Value 

Units Ω cm 

2 Ω cm 

2 s – Ω 

−1 cm 

−2 s α – Ω cm 

2 Ω 

−1 cm 

−2 s α – Ω cm 

2 Ω 

−1 cm 

−2 s α – Ω cm 

2 Ω scm 

2 Ω cm 

2 –

bP-PEO 

15 s 100 – – – 5.2 ×10 −6 0.99 107 8.0 ×10 −6 0.92 1.2 ×10 3 1.0 ×10 −4 0.89 537 319 270 2.2 ×10 −3 

30 s 105 – – – 6.7 ×10 −6 0.95 117 2.8 ×10 −6 0.89 3.8 ×10 3 1.1 ×10 −4 0.78 1414 302 270 2.7 ×10 −3 

1 min 112 7.6 ×10 3 19.5 0.56 6.9 ×10 −6 0.94 125 2.8 ×10 −6 0.52 1.4 ×10 4 – – – – – 7.6 ×10 −4 

2 min 87.1 4.9 ×10 3 12.5 0.48 7.7 ×10 −6 0.94 102 2.2 ×10 −6 0.67 6.6 ×10 3 – – – – – 2.8 ×10 −4 

4 min 104 – – – 8.3 ×10 −7 0.81 110 8.3 ×10 −6 0.89 5.1 ×10 3 1.5 ×10 −4 0.64 1616 291 19 9.0 ×10 −3 

8 min 94 – – – 7.3 ×10 −7 0.75 131 7.2 ×10 −6 0.91 3.7 ×10 4 – – – – – 9.1 ×10 −3 

16 min 280 – – – 4.9 ×10 −6 0.84 3968 1.0 ×10 −6 0.97 6.3 ×10 5 – – – – – 3.6 ×10 −3 

gP-PEO 

1 min 87 – – – 1.0 ×10 −5 0.99 194 9.8 ×10 −6 0.99 377 1.3 ×10 −4 0.65 447 412 434 3.3 ×10 −3 

2 min 115 5.2 ×10 3 0.036 0.56 4.9 ×10 −6 0.99 246 6.8 ×10 −5 0.49 8.8 ×10 3 – – – – – 1.7 ×10 −3 

4 min 114 9.4 ×10 3 0.027 0.44 6.5 ×10 −6 0.95 361 3.2 ×10 −4 0.52 9.8 ×10 3 – – – – – 2.4 ×10 −4 

8 min 261 6.7 ×10 4 0.021 0.66 4.4 ×10 −6 0.86 457 1.6 ×10 −4 0.93 6.1 ×10 4 – – – – – 4.9 ×10 −4 

16 min 248 7.9 ×10 4 1.0 0.42 4.1 ×10 −6 0.91 611 2.4 ×10 −5 0.74 1.2 ×10 5 – – – – – 2.7 ×10 −3 

i  

T  

r  

t  

n  

a  

q  

t
 

c  

T  

c  

t  

C  

c  

l  

P  

C  

d  

t  

i  

i  

e  

f  

s  

a  

d  

w  

w  

w  

b  

i  

e  

n  
ed samples except 1 min treated PEO exhibited the same.
his indicates Cl ̄ ions were still diffusing into the inner bar-

ier layer and not fully ingressed the inner barrier layer for
he samples which exhibited the presence of W s during fi-
al immersion. This exhibition of W s during final immersion
lso indicated the protectiveness of the inner barrier layer was
uite good for 2 to 16 min treated gP-PEO when compared
o all bP-PEO except for 1 min & 2 min PEO treated. 

It has been reported that the constant phase element-
oefficient, CPE-T, is related to interfacial capacitance [45] .
herefore, the CPE-T is directly proportional to the dielectric
onstant and surface area and inversely proportional to the
hickness of medium as in the case of capacitance. Thus, the
PE-T values can be used to evaluate the conditions of PEO
oatings during immersion in a corrosive electrolyte. The evo-
ution of the outer porous layer CPE-T values for both bP-
EO and gP-PEO were shown in Fig. 19 (a). The value of
PE (OL) -T for bP-PEO during initial immersion exhibited a
ecreasing trend with the PEO processing time except for 30 s
reated bP-PEO. Similarly, the CPE (OL) -T for gP-PEO exhib-
ted a decreasing trend with the PEO processing time dur-
ng initial immersion except for 2 min treated gP-PEO. The
volution of CPE (OL) -T for both bP-PEO and gP-PEO as a
unction of PEO processing time during the initial immer-
ion is in line with their coating thickness and surface pore
rea profile discussed earlier. However, the CPE (OL) -T values
uring the initial immersion for both bP-PEO and gP-PEO
ere almost similar except for 2 min PEO treated sample for
hich the difference in their corresponding surface pore area
as quite high. During the final immersion, the CPE (OL) -T for
oth bP-PEO and gP-PEO were higher from their respective
nitial immersion values. This could be due to the increased
lectrolyte penetration in the direction lateral to coating thick-
ess with the immersion time in the outer porous layer for
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Fig. 17. The variation of impedance modulus at the lowest frequency (100 
mHz) for (a) bP-PEO and (b) gP-PEO as a function of immersion time. 
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both bP-PEO and gP-PEO. However, the CPE (OL) -T values
for both bP-PEO and gP-PEO during final immersion were
almost similar except for both 4 min and 8 min treated which
showed higher values and could be due to comparatively more
lateral electrolyte penetration. 

Fig. 19 (b) shows the evolution of constant phase element-
coefficient for the inner barrier layer, CPE (IL) -T, for bP-PEO
and gP-PEO. The values of CPE (IL) -T during initial immer-
sion decreased with the PEO processing time plausibly due
to the increase in the inner barrier layer thickness for both
bP-PEO and gP-PEO. The values for CPE (IL) -T for gP-PEO
were almost the same (for 1 min to 8 min) and slightly higher
(for 16 min) when compared to bP-PEO. This plausibly could
be due to the relatively defective barrier layer for gP-PEO de-
spite its thicker barrier layer when compared to bP-PEO. The
relatively defective barrier layer for gP-PEO was also ratio-
nalized by the fact that gP-PEO exhibited lower impedance
modulus during initial immersion compared to bP-PEO as
shown in Fig. 17 (a). With the immersion time the following
two processes come into the picture: (a) The inner barrier
layer which mainly comprises of MgO gets dissolved by the
hydration process in which MgO reacts with H 2 O and forms
g(OH) 2 which subsequently dissolves in relatively low pH
urrounding into their respective ions namely Mg 

2 + and OH ̄ .
b) The Cl ̄ ingresses more and more into the barrier layer
nder the influence of potential perturbation and thereby re-
ults in increasing its ionic conductivity and thus deteriorat-
ng its dielectric properties. During the final immersion, the
PE (IL) -T for bP-PEO exhibited lower values compared to

ts initial immersion values. This indicates the decrease in
ielectric property of the barrier layer eclipsed its thickness
eduction. The MgO content in PEO coatings was relatively
igher for gP-PEO compared to bP-PEO as discussed earlier
nd was evident from the XRD pattern shown in Figs. 12 (b)
nd 13 (b). This higher MgO content in gP-PEO resulted in
he limited dissolution of its barrier layer by hydration pro-
ess as the higher MgO content helps in promoting higher pH
urrounding (pH > 11.46) formation quite easily and thus sta-
ilizes the subsequent dissolution of Mg(OH) 2 which in turn
imits the barrier layer thickness loss. The inherent thicker
arrier layer and its limited thickness loss for gP-PEO re-
ulted in its abated dielectric deterioration due to Cl ̄ ingress.
hus, the CPE (IL) -T for gP-PEO during final immersion ex-
ibited higher values compared to its initial immersion for
ater PEO processing time. 

Tables 3 and 4 illustrated that the corrosion resistance of-
ered by the outer porous layer, R (OL) , was much less com-
ared to that of the inner barrier layer, R (IL) , during both
he initial and final immersion. The higher corrosion resis-
ance offered by the inner barrier layer compared to the outer
orous layer has been reported earlier [46–48] . Fig. 20 de-
icted the evolution of R (IL) as a function of PEO processing
ime for both bP-PEO and gP-PEO. The magnitude of R (IL) 

or bP-PEO remained to nearly a constant value in the or-
er of 10 

4 ohm.cm 

2 for up to 4 min PEO treated sample and
hen continuously increased to 10 

5 and 10 

6 ohm.cm 

2 for 8 min
nd 16 min PEO treated sample respectively. During the final
mmersion, the R (IL) for bP-PEO exhibited lower resistance
ompared to its corresponding initial immersion values except
or 1 min PEO treated sample. This could be attributed to the
eterioration of the inner barrier layer by both its dissolution
ue to hydration and Cl ̄ ingressed into it. The magnitude
f R (IL) for gP-PEO during the initial immersion was in the
rder of 10 

3 ohm.cm 

2 for up to 2 min PEO treated sample
nd then increased to order of 10 

4 ohm.cm 

2 for 4 min PEO
reated sample onwards. The R (IL) of values were almost sim-
lar during the earlier PEO processing time (up to 4 min) and
hen lowered for later PEO processing time (8 min and on-
ards) compared to its corresponding bP-PEO values during

he initial immersion time. This could plausibly be due to the
elatively more defective (with fine pores and cracks) inner
arrier layer for gP-PEO compared to bP-PEO. During the
nal immersion the R (IL) values for gP-PEO were lowered or
imilar for up to 4 min PEO treated sample and interestingly
igher for 8 min and 16 min PEO treated samples compared
o its initial values. Noticeably, the R (IL) values for gP-PEO
ere slightly higher for 2 min to 8 min PEO treated samples

ompared to corresponding bP-PEO values during the final
mmersion. The inner barrier layer of gP-PEO could plausibly
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Fig. 18. Electrochemical equivalent circuits employed for EIS spectra fitting for (a) all bP-PEO and gP-PEO during initial immersion time; both 1 min and 
2 min treated bP-PEO, and all gP-PEO except 1 min PEO treated samples during final immersion time, (b) 15 s, 30 s, and 4 min treated bP-PEO and 1 min 
treated gP-PEO during final immersion time, and (c) both 8 min and 16 min treated bP-PEO for final immersion time. 
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et sealed by the MgO hydration with immersion time. This
efect sealing was more prominent in gP-PEO when com-
ared to bP-PEO and in later PEO treated gP-PEO samples
hen compared to earlier treated gP-PEO due to their high
gO content which helped in creating high pH surrounding

nd thereby stabilizing Mg(OH) 2 resulting by MgO hydration.

.5.3. Potentiodynamic polarizations 
Potentiodynamic polarization tests were carried out after

wo different immersion time namely 0.5 h and 201 h to under-
tand corrosion thermodynamics and kinetics behaviour and
ow these behaviour changes with the conditioning time (long
mmersion in the electrolyte) for both bP-PEO and gP-PEO.
he potentiodynamic polarization curves for both bP-PEO and
P-PEO after conditioning (in the corrosive electrolyte) of
.5 h and 201 h are shown in Figs. 21 and 22 respectively.
he parameters such as equilibrium corrosion potential, E corr ;
quilibrium exchange current density (corrosion), i corr ; and
he passivation breakdown potential, E bd extracted from the
otentiodynamic polarization curves obtained after 0.5 h and
01 h of immersion time were summarized in Tables 5 and 6
espectively. 

After 0.5 h immersion time, the cathodic region of the po-
arization curves was shifted towards lower current density
ith an increase in PEO processing time for bP-PEO as de-
icted in Fig. 21 (a). Thus, suggesting the progressively re-
uced cathodic kinetics (hydrogen evolution) for bP-PEO with
he PEO processing time. For gP-PEO too, as shown in Fig.
1 (b), the reduced cathodic kinetics were observed as a func-
ion of PEO processing time except for 8 min treated gP-PEO.
o trends were observed for both in the evoution of E corr and

he anodic region of the polarization curves as a function of
EO processing time for both bP-PEO and gP-PEO. However,
or both bP-PEO and gP-PEO, at some nobler potential than
he E corr, the breakdown of the protective barrier layer was ob-
erved. In general, for both bP-PEO and gP-PEO the E bd were
bserved to shift towards the nobler values with an increase
n PEO processing time. However, glycerol addition resulted
n no significant change in E bd values when compared to the
ithout glycerol ones. The magnitude of i corr values was in

he order of 10 

−3 mA/cm 

2 for 15 s to 4 min treated bP-PEO
nd then its magnitude decreased progressively to the order of
0 

−4 and 10 

−5 mA/cm 

2 for 8 min and 16 min treated bP-PEO
espectively. For gP-PEO, the magnitude of i corr was of the or-
er of 10 

−3 mA/cm 

2 for both 1 min and 2 min treated samples
nd then its magnitude decreased to 10 

−4 mA/cm 

2 for both
 min and 8 min treated sample and then again decreased to
he order of 10 

−5 mA/cm 

2 for 16 min treated sample. Notice-
bly the i corr transition from 10 

−3 mA/cm 

2 to 10 

−4 mA/cm 

2 

ccurred much earlier at 4 min for gP-PEO compared to bP-
EO where the same transition occurred at 8 min treated sam-
les. 

Fig. 22 (a) and (b) illustrated that after 201 h immersion
ime, the cathodic region of polarization curve, in general,
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Table 5 
The parameters extracted from potentiodynamic polarization curves obtained after 0.5 h immersion time for both bP-PEO 

and gP-PEO as a function of PEO processing time. 

Sample/Parameters E corr , (mV) i corr , (mA/cm 

2 ) E bd , (mV) 

bP-PEO 

AM50 −1446.8 ( ± 1.0) (3.9 ±0.2) X 10 −3 −1283.7 ( ± 9.9) 
15 s −1508.7 ( ± 22.8) (4.9 ±1.6) X 10 −3 −1423.7 ( ± 7.2) 
30 s −1516.7 ( ± 12.2) (2.7 ±0.3) X 10 −3 −1441.2 ( ± 32.0) 

1 min −1555.4 ( ± 16.8) (3.8 ±0.3) X 10 −3 −1428.4 ( ± 33.2) 
2 min −1590.6 ( ± 8.9) (3.1 ±1.1) X 10 −3 −1398.1 ( ± 8.9) 
4 min −1572.0 ( ± 3.1) (1.8 ±1.4) X 10 −3 −1391.9 ( ± 14.4) 
8 min −1594.7 ( ± 1.0) (4.1 ±0.4) X 10 −4 −1387.1 ( ± 0.1) 
16 min −1544.1 ( ± 22.6) (2.1 ±1.3) X 10 −5 −1355.4 ( ± 33.6) 

gP-PEO 

1 min −1516.8 ( ± 7.1) (2.5 ±0.2) X 10 −3 −1440.6 ( ± 22.9) 
2 min −1512.8 ( ± 27.2) (1.3 ±0.6) X 10 −3 −1392.3 ( ± 17.8) 
4 min −1543.2 ( ± 6.4) (5.3 ±2.4) X 10 −4 −1383.5 ( ± 17.3) 
8 min −1488.6 ( ± 1.8) (5.4 ±1.6) X 10 −4 −1387.4 ( ± 0.2) 
16 min −1569.4 ( ± 8.2) (4.6 ±0.9) X 10 −5 −1351.6 ( ± 53.7) 

Fig. 19. Evolution of constant phase element- coefficient for (a) outer porous 
layer and (b) inner barrier layer as a function of PEO processing time for 
both bP-PEO and gP-PEO. 

 

 

 

 

Fig. 20. Evolution of inner barrier layer resistance as a function of PEO 

processing time for both bP-PEO and gP-PEO for initial and final immersion 
time. 

Table 6 
The parameters extracted from potentiodynamic polarization curves obtained 
after 201 h immersion time for both bP-PEO and gP-PEO as a function of 
PEO processing time. 

Sample/Parameters E corr , (mV) i corr , (mA/cm 

2 ) E bd , (mV) 

bP-PEO 

AM50 −1458.6 1.9 ×10 −1 –
15 s −1328.8 1.0 ×10 −2 –
30 s −1339.1 2.9 ×10 −3 −526.1 

1 min −1392.6 2.5 ×10 −3 −1218.9 
2 min −1420.8 5.4 ×10 −3 −1376.8 
4 min −1028.1 1.4 ×10 −4 −505.7 
8 min −1385.6 5.7 ×10 −4 −1244.0 

16 min −1536.0 3.3 ×10 −4 −1238.0 
gP-PEO 

1 min −1329.1 1.8 ×10 −2 –
2 min −1419.4 4.7 ×10 −3 −1126.1 
4 min −1480.9 4.0 ×10 −3 −1349.0 
8 min −1547.9 9.3 ×10 −4 −1286.2 

16 min −1459.1 6.0 ×10 −4 −1122.3 
shifted towards lower current density for both bP-PEO and
gP-PEO respectively with the increase in PEO processing
time. This indicated reduced cathodic kinetics (hydrogen evo-
lution) with an increase in PEO process time for both bP-PEO
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Fig. 21. Potentiodynamic polarization curves obtained after 0.5 h immersion 
time for (a) bP-PEO and (b) gP-PEO as a function of PEO processing time. 
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Fig. 22. Potentiodynamic polarization curves obtained after 201 h immersion 
time for (a) bP-PEO and (b) gP-PEO as a function of PEO processing time. 
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nd gP-PEO even after 201 h of immersion time. With the
EO processing time, the E corr and anodic region of the po-

arization curves did not follow any trends which is in line
ith the observation for the polarization curves obtained af-

er 0.5 h immersion time. The anodic region of polarization
urves showed passivity breakdown at potential slightly no-
ler than the corrosion potential, E corr , for both 15 s treated
P-PEO and 1 min treated gP-PEO. However, for the other
amples, such passivity breakdown was observed at break-
own potentials (E bd ) much nobler than E corr suggesting the
resence of a protective layer even after 201 hrs of immer-
ion time. For both bP-PEO and gP-PEO, E bd did not show
ny trend as a function of PEO processing time. However,
nterestingly both the E corr and E bd values were significantly
obler for the polarization curves obtained after 201 h immer-
ion time than compared to the polarization curves obtained
fter 0.5 h immersion time for both bP-PEO and gP-PEO. This
uggested that both the corrosion process and a barrier layer
passivity) became more thermodynamically stable with the
onditioning time for both bP-PEO and gP-PEO. This also
orroborated well with the OCP stabilization (at more no-
le potential) with the immersion time for both bP-PEO and
P-PEO. For bP-PEO, the i corr showed decreased in magni-
ude from 10 

−2 mA/cm 

2 for both 15 s and 30 s treated samples
o 10 

−3 mA/cm 

2 for 1 min to 4 min treated samples and then
gain decreased to 10 

−4 mA/cm 

2 for 8 min and 16 min treated
amples. While for the case of gP-PEO the i corr decreased
rom the magnitude of 10 

−2 mA/cm 

2 for 1 min treated sample
o 10 

−3 mA/cm 

2 for both 2 min and 4 min treated samples and
hen decreased to 10 

−4 mA/cm 

2 for both 8 min and 16 min
reated samples. Thus, both bP-PEO and gP-PEO showed
lmost similar polarization behaviour after 201 h immersion
ime. 

. Conclusions 

• Relatively smaller pore size, higher total pore density,
lower surface pore area, and slightly reduced coating thick-
ness were obtained for gP-PEO than that for bP-PEO. 
• bP-PEO exhibited the coated layer at the shortest 15 s

processing time whereas for gP-PEO the coated layer
was observed after 1 min as glycerol addition to alkaline
phosphate-based electrolytes retarded α-Mg phase dissolu-
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tion during initial PEO processing and thus delayed the
subsequent layer formation. 
• Both MgO (periclase) formation and Mg 3 (PO 4 ) 2 (farring-

tonite) amorphization were promoted by the glycerol ad-
dition in the alkaline phosphate-based electrolyte. 
• The i corr , in general, progressively shifted to lower-order

magnitude for both bP-PEO and gP-PEO with the PEO
processing time after an immersion time of both 0.5 h and
201 h. The magnitude of i corr after 201 h immersion time
was higher than its values after 0.5 h immersion time for
both bP-PEO and gP-PEO. Thus, with the increase in the
conditioning time (electrolyte immersion time), for both
bP-PEO and gP-PEO, the corrosion process was more ki-
netically active. 
• The E corr and E bd for both bP-PEO and gP-PEO, in gen-

eral, exhibited more noble values for 201 h immersion time
than for 0.5 h immersion time. Thus, with the increase in
the conditioning time (electrolyte immersion time) the cor-
rosion process and passivity due to barrier layer for both
bP-PEO and gP-PEO were becoming more thermodynam-
ically stable. 
• In general, gP-PEO showed improved corrosion behaviour

compared to bP-PEO up to 8 min PEO processing time.
The coatings were not even failed locally (evident from
the absence of inductive loop in the Nyquist plot) up to
the final 201 h immersion time for 2 min PEO process-
ing time and onwards for gP-PEO, whereas the absence
of such inductive loop was exhibited for 8 min processing
time and onwards for bP-PEO. Additionally, gP-PEO regis-
tered higher final immersion impedance for 2 min to 8 min
PEO treated sample compared to the corresponding bP-
PEO. However, the bP-PEO exhibited better corrosion re-
sistance than for gP-PEO for 16 min PEO processing time.
• The better corrosion behaviour (except for 16 min PEO

processing time) of gP-PEO compared to bP-PEO is pos-
sibly due to a relatively thicker inner barrier layer along
with higher MgO phase content in the coatings for gP-PEO
than that for bP-PEO. 
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