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Abstract: Carbonate was added to the silicate system electrolyte to improve the corrosion resistance of the plasma electrolytic oxidation coat-
ing on Mg–9Li–3Al (wt%, LA93) alloy. The influences of carbonate on the morphology, structure, and phase composition of the coating were
investigated by scanning electron microscopy, energy dispersive spectrometry, X-ray diffraction, and X-ray photoelectron spectroscopy. The
corrosion resistance of the coating was evaluated by electrochemical experiment, hydrogen evolution, and immersion test. The results showed
that the addition of carbonate resulted in a denser coating with increased hardness, and the corrosion-resistant Li2CO3 phase was formed. Elec-
trochemical experiments showed that compared with the coating without carbonate, the corrosion potential of the carbonate coating positively
shifted (24 mV), and the corrosion current density was reduced by approximately an order of magnitude. The coating with carbonate addition
possessed a high corrosion resistance and long-term protection capability.
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1. Introduction

As the lightest engineering material, Mg–Li alloy has the
advantages of low density, high specific strength and specif-
ic stiffness, and excellent electromagnetic shielding perform-
ance [1]. This alloy is widely used in the fields of aerospace,
weapon, 3C (computer, communication, consumer electron-
ic),  and  so  on  [2].  However,  the  relatively  low potential  of
magnesium (−2.34 V) and high chemical activity of lithium
lead  to  the  poor  corrosion  resistance  of  Mg–Li  alloys  and
severely limit their wide-range applications [3–4]. At present,
the  improvement  of  the  corrosion  resistance  of  alloys  is
mainly  divided  into  two  aspects.  One  is  alloying  or  pro-
cessing,  in  which  the  corrosion  resistance  improvement  is
limited [5–6]. On the other hand, the corrosion resistance of
alloys  can  be  greatly  improved  through  surface  treatment
technology,  including  chemical  conversion  [7],  sol–gel  [8],
electroplating [9], and anodization [10], etc. Plasma electro-
lytic  oxidation  (PEO)  technology  has  attracted  wide  atten-
tion due to its simple process, environmentally friendly elec-
trolyte,  high  hardness,  and  excellent  bonding  force  of  the
coating [11–12].

The  composition  of  electrolytes  influences  the  morpho-
logy and corrosion resistance of the PEO coating. At present,

the main electrolytes for  magnesium alloys include silicate,
phosphate,  meta-aluminate,  etc.  The  various  additives  in
electrolytes can adjust the microstructure, phase composition,
thickness,  and  corrosion  resistance  of  coatings.  In  the  PEO
process for AZ91D alloy, the additives K2ZrF6 and ethylene-
dinitrilotetraacetic acid disodium salt dihydrate (EDTA-NA)
in the alkaline phosphoric acid solution have evident effects
on the coating [13]. The addition of K2ZrF6 slightly increases
the thickness of the coating and generates a thermally stable
phase ZrO2,  which improves the corrosion resistance.  After
the addition of EDTA-NA, the thickness of the coating is al-
most unchanged, but the breakdown voltage is effectively re-
duced. As a result, the pore size of the coating is reduced, and
the corrosion resistance is significantly improved. In the PEO
process for Mg–8.5Li alloy, the addition of phosphate gener-
ates an insoluble Mg3(PO4)2·22H2O on the coating to cover
the micro-pores and discharge channels, thereby slowing the
attack on the coating by corrosive media [14]. The addition of
Ce  causes  the  formation  of  CeO  in  the  PEO  coating  of
Mg–Y–Zn  alloy,  thereby  blocking  the  micro-pores  and
cracks  and  improving  the  corrosion  resistance  greatly  [15].
The addition of Na2WO4 in the electrolyte can also improve
the corrosion resistance of the PEO coating on Mg–14Li al-
loy, and this result can be ascribed to the denser coating and 
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the  formation  of  more  corrosion-resistant  and  thermally
stable  Mg2SiO4 and  WO3 phases  [16].  The  addition  of  car-
bonate to the electrolyte system in the PEO process of AZ31
alloy can be used to adjust the microstructure of the coating
and  reduce  the  pore  size.  However,  no  new phases  will  be
formed. Moreover, the influence of the addition of carbonate
on the corrosion resistance of the coating has not been stud-
ied in detail [17].

From the recent literature, many reports show that Li can
easily react with CO2 in the air on the surface of Mg–Li al-
loys, which generates a corrosion-resistant Li2CO3 phase and
improves the corrosion resistance of Mg–Li alloys [18–22].
Based on the information mentioned above, researchers pro-
posed whether the addition of carbonate in the electrolyte for
the PEO coating of Mg–Li alloys will cause the formation of
the  Li2CO3 phase  in  the  coating  and  whether  it  will  cause
changes  in  the  coating  microstructure  and  improvement  of
corrosion  resistance.  Under  this  motivation,  5  g/L  sodium
carbonate was added to the alkaline sodium silicate electro-
lyte in this study, and the ceramic coating was prepared on
the surface of the LA93 alloy by the PEO process. The influ-
ences of the addition of carbonate on the microstructure and
corrosion resistance of the coating were investigated. 

2. Experimental 

2.1. Preparation of PEO coating

The  LA93  alloy  (9wt%  Li,  3wt%  Al,  and  the  rest  were
Mg) was used as the experimental sample with dimensions of
20 mm × 20 mm × 4 mm. The samples were mechanically
ground up to 2000 grit with SiC papers, cleaned in ethanol,
and dried in air for the subsequent PEO process.

The composition of the electrolyte was 10 g/L Na2SiO3, 4
g/L KF, and 2 g/L NaOH in distilled water, without (marked
as A) and with (marked as B) 5 g/L Na2CO3. In the previous
exploratory experiments, the increase in the concentration of
carbonate had a certain effect on the porosity and pore size of
the  coating.  When  the  carbonate  concentration  was  ex-
tremely high, the small pores gradually connected together to
form larger defects, and finally, the optimal concentration of
5 g/L Na2CO3 was selected. In the PEO process, the stainless
steel and the working sample were used as the cathode and
anode, respectively. A cooling system was used to maintain
the electrolyte at a temperature of 15–20°C. The DC double-
pulse power was used as the experimental power supply, and
a constant current mode was adopted. The PEO duration was
10 min with a fixed current density of 5 A/dm2, duty cycle of
50%, and frequency of 600 Hz. The PEO-processed samples
were  cleaned  with  distilled  water  and  air  dried  for  sub-
sequent characterizations. 

2.2. Coating  characterization  and  corrosion  perform-
ance test

Field-emission  scanning  electron  microscopy  (FE-SEM)
combined with an energy dispersive spectrometry (EDS) sys-
tem was  employed  to  observe  the  coating  morphology  and

measure the chemical composition of the samples. Image Pro
Plus 6.0 software was used to calculate the coating porosity.
At  least  five  different  positions  in  the  SEM  image  were
measured to ensure accuracy. X-ray diffraction (XRD) with
Cu Kα radiation was used for phase component analysis in the
scan range of 20°–80° at a speed of 2°/min. The microhard-
ness of the coating was measured by a hardness tester (HXS-
1000Z), and the loading force and time were 1.96 N and 15 s,
respectively. To ensure the exactness, we measured 10 points
at different positions of each sample and used their average
value. The surface chemistry of samples was analyzed by X-
ray photoelectron spectroscopy (XPS). Al Kα radiation from
a monochromatic X-ray source and a 500 µm light spot size
was used. The binding energies were corrected by setting the
C 1s peak at 284.8 eV.

The  electrochemical  test  was  carried  out  in  0.1  M NaCl
solution in an electrochemical workstation (Zahner IM6). A
three-electrode cell was used in the electrochemical test, with
saturated calomel as a reference electrode, the samples as the
working  electrode  (area  of  1  cm2),  and  the  platinum  elec-
trode  as  the  counter  electrode.  The  polarization  curve  was
measured  at  the  scanning  speed  of  2  mV/s.  After  the  test,
Corrview software was used to fit the polarization curve with
Tafel mode. For the electrochemical impedance spectra (EIS)
test, the frequency range was set to 100 kHz to 100 mHz, and
the disturbance signal was 10 mV. All tests were carried out
at room temperature, and each test was carried out thrice to
ensure repeatability and accuracy. ZView software was used
to  fit  the  EIS  data.  Chi-squared  values  were  required  to  be
less than 10−3 to ensure the accurate fitting of the results.

The  samples  were  immersed  in  0.1  M  NaCl  solution  to
further  investigate  the  long-term  corrosion  resistance.  The
immersion test was carried out for a maximum of 168 h, and
the solution was changed every 24 h. In addition, the samples
were subjected to hydrogen evolution experiments for 168 h
in 0.1 M NaCl solution at room temperature. 

3. Results and discussion 

3.1. Morphological characterization of the PEO coating

Fig. 1 shows the morphology of the PEO coating of LA93
alloy with and without Na2CO3.  Both the prepared coatings
exhibited a typical PEO coating morphology, with a number
of pores and microcracks. In the PEO process, the molten ox-
ide was ejected through the discharge channel under the ac-
tion of the electric spark, met the relatively cold electrolyte
on the surface of the sample, and rapidly solidified [23–25].
The comparison of Fig. 1(b) and (d) with Fig. 1(a) and (c) re-
vealed that the addition of carbonate significantly reduced the
pore size and microcracks, but the porosity increased (Table 1).
Although the introduction of  an appropriate  amount of  car-
bonate  caused  a  small  increase  in  the  porosity  (5.2%  to
5.9%), it resulted in an evident reduction of the average pore
size  from  1.28  to  0.68 µm.  Corrosive  ions  enter  easily
through large pores, thus attacking and damaging the coating.
Therefore, the reduction of pore size is favorable for the cor-
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rosion resistance of the coating. Simultaneously, the addition
of carbonate improves the conductivity of the electrolyte and
reduces the breakdown voltage in the PEO process. The final
voltage was reduced from 410 to 330 V. The discharge effect
becomes  weaker,  and  the  number  of  large  pores  generated
during the breakdown process is reduced, resulting in a dense
coating [17].

Fig. 2 shows the element mappings of the PEO coatings
without and with Na2CO3. The chemical composition of the
PEO coatings  without  and with  carbonate  mainly  consisted
of Mg, Si, O, and Na; and Mg, Si, O, Na, and C, respectively.
Mg originated from the substrate, whereas Si, O, Na, and C
came from the electrolyte solution. Coating A had no C ad-
ded before and after the reaction, but C appeared in the spec-
trum. In Section 3.2, the occurrence of C without carbonate
coating is discussed in detail. Fig. 2 shows that the addition of
carbonate  significantly  increased  the  carbon  content  on  the
surface. From the cross-sectional view and element distribu-
tion  diagram  of  coatings  A  and  B  in Fig.  3,  both  coatings
consisted of inner and outer layers [26]. Numerous pores and
cracks, which were generated by electric spark discharge and
gas overflow during the coating formation, can be found in
the outer layer of coating A. Meanwhile, the inner layer was
relatively denser.  Compared with coating A, coating B was
denser and had fewer defects. In addition, as shown in Table 1,
the  thicknesses  of  coatings  A and  B  were  20.25  and  20.74
µm, respectively. Both coatings had a thickness of more than
20 µm to ensure that the indentation depth cannot cross the
interface  between  the  PEO  coating  and  LA93  alloy  during
the hardness test. The microhardness of coating B (HV 387)

increased by 86.7% compared with coating A (HV 208) and
by 567.2% compared with LA93 alloy (HV 58). In summary,
the results prove that the carbonate additive in the PEO pro-
cess can significantly increase the microhardness of the coat-
ing, and the coating becomes more uniform and denser and
contains fewer defects. 

3.2. Composition of the PEO coating

SiO2−
3

Fig. 4 shows the XRD patterns of LA93 alloy and the PEO
coating without and with Na2CO3. The large bulge at 20°–30°
should be an amorphous phase, which is probably caused by
the rapid solidification of the molten oxide ejected from the
discharge channel onto the coating [27]. The LA93 base al-
loy was composed of α-Mg and β-Li phases, whereas coat-
ings A and B mainly consisted of MgO, Mg2SiO4, α-Mg, and
β-Li phases. The appearance of α-Mg and β-Li is due to the
porous structure of the coating and X-ray penetration of the
pores to reach the substrate. The peak intensities of α-Mg and
β-Li  in  coating  B  were  significantly  weakened,  which  can
confirm that coating B is denser than coating A. In addition,
the peak of Li2CO3 was found in coating B, which may be ex-
plained by the diffusion of Li under the action of the electric
spark in the PEO process and its reaction with carbonate in
the electrolyte to generate Li2CO3 in the coating, as shown in
Eq. (1), consistent with other studies [21–22,28]. In addition,
the formation of Mg2CO3 was not found in the XRD pattern
because Mg2+ in the solution is mainly consumed by  to
form the thermodynamically stable forsterite phase [29–30].
Given that the charge of Mg is larger than that of Li, it has a
lower thermal decomposition temperature [31].

Table 1.    Average pore size, porosity, microhardness, and thickness of coatings without and with Na2CO3

Sample Average pore size / µm Porosity / % Microhardness, HV Thickness / µm
LA93 alloy — — 58 —

Without Na2CO3 1.28 5.2 208 20.25
With Na2CO3 0.68 5.9 387 22.74
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Fig. 1.    SEM images of the surface morphology of PEO coatings without (a, c) and with (b, d) Na2CO3.
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2Li++CO2−
3 → Li2CO3 (1)

The chemical composition of coatings A and B was meas-
ured by XPS (Fig. 5). The Mg 1s spectrum was composed of
the  diffraction  peaks  of  Mg2SiO4 (1304.5  eV),  MgO (1304
eV), and Mg(OH)2 (1303.2 eV) obtained by fitting [32]. The
composition  of  the  diffraction  peaks  in  the  Si  2p  spectrum

corresponded to γ-Mg2SiO4 (103 eV) and α-Mg2SiO4 (102.1
eV) [14,33].  The diffraction peaks in the Li 1s spectrum of
coating  A  corresponded  to  Li2CO3 (55.2  eV),  LiOH  (54.9
eV),  and  Li  (56.4  eV).  The  composition  of  the  diffraction
peaks  in  the  Li  1s  spectrum  in  coating  B  corresponded  to
Li2CO3 (55.2  eV)  and  LiOH (54.9  eV)  [5].  The  diffraction
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Fig. 2.    Element mappings of PEO coatings without (a) and with (b) Na2CO3.
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Fig. 3.    SEM images of cross-sectional of PEO coatings without (a) and with (b) Na2CO3.
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peak of Li2CO3 appeared in the spectrum of coating A, which
is consistent with the EDS result. Thus, the presence of car-
bonate in coating A can be ascribed to CO2 pollution in the
air [34–35]. In the PEO process, the electric spark discharge
causes the CO2 in the air to be ionized and incorporated into
the coating formation reaction, as shown in the reactions in
Eqs.  (2)–(3)  [34].  However,  its  content  was  low and  could
not be detected in XRD.

2CO2+H2O→ HCO−3 +H+ (2)

HCO−3 +OH−→ CO2−
3 +H2O (3)
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Fig. 5.    XPS spectra of PEO coating without (a) and with (b) Na2CO3.
 
 

3.3. Evaluation of corrosion resistance
 

3.3.1. Electrochemical characterization
Fig.  6 and Table 2 show the polarization curves and the

fitting  results  of  the  LA93 alloy and PEO coatings  without
and with Na2CO3. After PEO treatment, the corrosion poten-
tial positively shifted, and the corrosion current was reduced
by  2–3  orders  of  magnitude.  The  findings  indicate  that  the
corrosion resistance of the sample after PEO treatment is im-
proved greatly.  Furthermore,  compared with  coating A,  the
addition of carbonate caused the positive shifting of the cor-
rosion potential of coating B, and the corrosion current was
reduced by about an order of magnitude. These results indic-
ate that the addition of carbonate to the electrolyte results in a
significant  improvement  in  the  corrosion  resistance  of  the
coating.

Fig. 7 displays the EIS curves of the LA93 alloy and the
PEO  coatings  without  and  with  Na2CO3.  In  the  low-fre-
quency  impedance  modulus  |Z|  shown  in Fig.  7(b),  the  |Z|
values of coatings A and B were notably larger than that of

LA93 alloy, which shows that their corrosion resistance has
been  greatly  improved.  The  |Z|  of  coating  B  was  slightly
higher than that of coating A. This finding reveals that the ad-
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Fig.  4.      XRD  patterns  of  (a)  LA93  alloy  and  PEO  coatings
without (b) and with (c) Na2CO3.
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dition  of  carbonate  can  be  used  to  adjust  well  the  coating
structure  to  increase  its  corrosion  resistance  [30]. Fig.  7(b)
and (c) shows that the Bode plots of coatings A and B were
relatively  similar.  Thus,  although  the  addition  of  carbonate
causes  the  formation  of  the  Li2CO3 phase  and  a  compact
coating  structure,  the  cross-sectional  view  reveals  that  the
coating  is  still  composed  of  a  loose  outer  film  layer  and  a
dense inner film layer. Therefore, these coatings still show a
relatively  similar  corrosion  process  [23,33].  From  the
Nyquist plot shown in Fig 7(a), LA93 alloy included a high-
frequency capacitive loop and low-frequency inductive loop,
and  coatings  A  and  B  were  composed  of  capacitive  loops.
The  diameter  of  the  capacitive  loops  reflects  the  corrosion
resistance, and the appearance of the low-frequency induct-
ive loops means that the sample dissolved and pitted corro-
sion [36]. LA93 alloy had an inductive loop in the low-fre-
quency region due to the high chemical activities of magnesi-
um and lithium. However, no inductive loop was present in
coatings A and B at low frequencies, indicating that the coat-
ings  protect  the  substrate  well  from the  attack  of  corrosive
ions.

The  EIS  plots  of  LA93  alloy,  coating  A,  and  coating  B
were fitted to further analyze the corrosion resistance of the
coating. Fig. 8 and Table 3 show the equivalent circuit and its
fitting results. In the equivalent circuit, Rs is the solution res-
istance, and Rct and CPEdl represent the charge transfer resist-
ance  and  double-layer  capacitance,  respectively. Rout is  the
resistance of the outer layer, and CPEout represents the con-
stant phase element of the outer layer. Rin represents the res-
istance of the inner layer, and CPEin represents the constant
phase element of the inner layer. RL and L are resistance and
inductance components in the low-frequency range, respect-
ively. The phase angle plot in Fig. 7(c) shows that coatings A
and B are different from LA93 alloy and has at least two time
constants.  The  peaks  of  the  PEO  coating  in  the  high-  and
low-frequency  regions  correspond  to  the  loose  outer  layer
and the dense inner layer, respectively, consistent with those
observed in the cross-sectional view. The results of fitting in
Table 3 show that the impedance of the outer layer of coating
A is approximately 1/13 of the impedance of the inner layer.
The impedance of the outer film layer of coating B is approx-
imately 1/30 of the impedance of the inner film layer. Thus,
the  corrosion  resistance  of  the  inner  layer  is  significantly
higher than that of the outer layer. Moreover, the addition of
carbonate increases the resistance of the outer film layer from
2843 to 3427 Ω·cm2, whereas the resistance of the inner film
layer increases from 36315 to 104250 Ω·cm2, an increase of
2.8  times.  The  EIS  curve  and  the  fitting  results  also  con-
firmed that the addition of carbonate can improve the corro-

sion resistance of the coating.
 

3.3.2. Hydrogen evolution and immersion test
Hydrogen evolution and immersion test for a maximum of

168 h were carried out to better understand the corrosion be-
havior of the coating, and EIS was used to study the corro-
sion behavior of coatings A and B. Fig. 9 shows the hydro-
gen evolution of LA93 alloy and the PEO coatings without
and  with  Na2CO3 in  0.1  M  NaCl  solution  for  168  h.  The
volume of hydrogen evolved gradually increased with time.
The hydrogen evolution rate of the LA93 alloy increased sig-
nificantly at the initial stage of the immersion and then rose

Table 2.      Fitting results  of  polarization tests  of  the LA93 al-
loy and PEO coatings without and with Na2CO3

Sample Ecorr / V vs. SCE Icorr / (A·cm−2)
LA93 −1.29 2.7391 × 10−5

Without Na2CO3 −1.195 7.4597 × 10−7

With Na2CO3 −0.955 9.6257 × 10−8
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steadily  and  slowly.  The  main  reason  is  that  the  corrosion
products of LA93 alloy form a thin film layer on the surface,
playing a certain protective role. However, the film layer is
extremely  thin  to  provide  sufficient  protection,  resulting  in
corrosion  again.  The  hydrogen  evolution  volume  of  the
sample  was  significantly  reduced  after  the  PEO  treatment.
From  the  macroscopic  morphology,  pitting  corrosion  ap-
peared on the surface of the sample without carbonate at 32 h.
The surface of the sample with carbonate showed pitting cor-
rosion at 96 h. This result proves that the addition of carbon-
ate  can  effectively  improve  the  long-term protection  of  the
coating.

Fig. 10 shows the EIS plot of coatings A and B immersed
in 0.1 M NaCl solution for different times. Coating A at 1 h
immersion  had  a  similar-sized  capacitance  loop  compared
with that without immersion. The diameter of the capacitive
loop of the coating gradually decreased when the immersion
time was between 6–24 h. When the immersion time reached
72 h, the capacitive loop became smaller, and an inductance

loop  appeared  at  low frequencies,  which  means  that  corro-
sion occurs on the coating surface. Eventually, the capacitive
loop reached a minimal value at 168 h. By contrast, coating B
showed a similar capacitive loop diameter at 1 and 6 h im-
mersion in comparison with that without immersion, indicat-
ing that the coating has excellent stability and corrosion res-
istance under short periods of immersion. The diameter of the
capacitive loop of coating B was slightly reduced at 24 h, in-
dicating that the coating can still attain good protection dur-
ing the initial immersion. After 72 h of immersion, the dia-
meter of the capacitive loop was further reduced, and no in-
ductive  loop  appeared.  When  the  immersion  time  reached
168 h, an inductive loop appeared in the Nyquist plots, which
indicates that corrosion occurs.

The impedance of the sample measured at the lowest fre-
quency (|Z|f=0.1 Hz) can be used to evaluate the corrosion resist-
ance of the sample [37]. Fig. 11 shows that the slope of re-
duction was similar for coatings A and B at 1–6 h immersion,
indicating that the coating has a similar corrosion rate in the
early  stage  of  corrosion.  This  finding  also  implies  that  the
outer layers of coatings A and B exhibit a similar corrosion
mechanism, i.e., Cl− entered through the discharge channel to
attack  the  coating.  Coating  B  maintained  a  large  value  of
|Z|f=0.1 Hz (34576 Ω·cm2) at the immersion time of 24 h, which
indicates that it can resist the attack of Cl− better than coating
A. The value of |Z|f=0.1 Hz of coating B was approximately 1.67
times larger than that of coating A when the immersion time
reached 72 h. When the immersion time reached 168 h, the
|Z|f=0.1 Hz of coating B (13041 Ω·cm2) was close to that of coat-
ing A (11514 Ω·cm2). Through hydrogen evolution, coating
B  had  been  corroded  during  the  92  h  immersion,  and  this
finding also indicates that the corrosive medium reaches the
substrate. Therefore, in the EIS test, its impedance of |Z|f=0.1Hz

dropped sharply. Fig. 12 reveals that after 168 h of immer-
sion, the surface of coating A presented local and pitting cor-

Table 3.    EIS fitting results for the LA93 alloy and PEO coatings without and with Na2CO3 in 0.1 M NaCl solution

Sample Rs /
(Ω·cm2)

CPEdl /
(Ω−1·cm−2·sn)

ndl
Rct /

(Ω·cm2)
RL /

(Ω·cm2)
L /

(H·cm2)
LA93 110 2.3624 × 10−5 0.85769 1291 1972 4744

Sample Rs /
(Ω·cm2)

CPEout /
(Ω−1·cm−2·sn) nout

Rout /
(Ω·cm2)

CPEin /
(µΩ−1·cm−2·sn) nin

Rin /
(Ω·cm2)

Without Na2CO3 121.6 1.3594 × 10−7 0.84935 2843 2.2936 × 10−5 0.61763 36315
With Na2CO3 121 4.1868 × 10−7 0.79035 3427 2.6477 × 10−5 0.60061 104250

Note: n is the angular frequency, and 0 < n < 1; if n = 1, CPE is the pure capacitance; if n = 0, CPE is the pure resistance.
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rosion, whereas coating B exhibited slight pitting corrosion.
In addition, although the impedance values of both coatings
were relatively close in the EIS test after immersion for 168
h, coating B retained a good protective capability. Moreover,
an interesting phenomenon was observed.  The corrosion of
coatings A and B notably started and expanded from the edge
of the sample.  Especially,  the edge of  coating A had local-
ized corrosion. The occurrence of this phenomenon may be
caused by the point discharge effect [38]. In the PEO process,
the discharge intensity in the edge area is significantly great-
er than in the central part. Thus, more and larger defects form
in  the  edge  area.  The  addition  of  carbonate  can  reduce  the
breakdown  voltage  of  the  coating,  thereby  weakening  the
point discharge effect and reducing the number of large pores
in the edge area [17,39]. The findings also demonstrate that
the modification of the microstructure by the addition of car-
bonate  leads  to  a  more  long-period  protective  capacity  of
coating B compared to coating A.

According to the diagram of the reaction process of coat-
ing formation in silicate electrolyte without and with Na2CO3

additive and the corrosion process of coating in 0.1 M NaCl
solution in Fig. 13, the addition of carbonate caused the gen-
eration of more CO2 gas in the formation process of coating
B. The pore size of the coating was reduced, and the coating
became  denser  and  contained  fewer  defects.  This  finding
mainly  resulted  from the  reaction  of  carbonate  with  Mg  to

form Mg2CO3 during the PEO process, whereas Mg2CO3 is
thermally decomposed to generate CO2 gas at high temperat-
ures. The escape of CO2 gas within the coating left numerous
small pores, leading to the increase in porosity, and the reac-
tion equations are shown in Eqs. (4)–(6) [37,40]. In the PEO
process, the discharge preferentially accumulates in the large-
size  defects,  and  the  violent  spark  discharge  causes  a  large
amount of thermal stress in the coating, which increases the
size of pores and cracks. By contrast, the increased number of
small pores results in a uniform spark discharge, reducing the
thermal stress generated during the discharge process. Thus,
the large-sized pores significantly reduced, and the porosity
increased,  which  caused  the  coating  to  become  more  uni-
form, especially in the inner layer.  A dense coating can ef-
fectively prevent Cl− damage to the coating and corrosion of
the  substrate  through  the  discharge  channel,  which  can  ef-
fectively improve the corrosion resistance of the coating. On
the other hand, the added carbonate reacted with the Li ions
diffusing  from  the  base  alloy,  causing  the  formation  of  a
more stable and corrosion-resistant Li2CO3. Numerous stud-
ies have also proven that the formation of Li2CO3 can effect-
ively  improve  corrosion  resistance  [19,41].  The  excellent
corrosion resistance of coating B is mainly due to the modi-
fication of its structure and the formation of corrosion-resist-
ant Li2CO3 by the addition of carbonate.
Mg−2e→Mg2+ (4)

Mg2++CO2−
3 →MgCO3 (5)

MgCO3→MgO+CO2 ↑ (6)
 

4. Conclusions

Corrosion-resistant ceramic oxide coatings were prepared
on the surface of LA93 alloy by the PEO process, and the ef-
fect  of  Na2CO3 additive  in  the  electrolyte  was  investigated.
The main conclusions can be drawn as follows.

(1) The addition of 5 g/L Na2CO3 to the electrolyte effect-
ively  modified the  coating microstructure.  The pore  size  of
the coating was significantly reduced,  and the porosity was
increased.  Large  defects  were  evidently  reduced,  and  the
coating became denser and showed a high microhardness.
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(2) The PEO coatings were mainly composed of MgO and
Mg2SiO4.  The  addition  of  carbonate  caused  the  coating  to
generate  more  stable  and  corrosion-resistant  Li2CO3,  which
further improved the corrosion resistance of the coating.

(3) The addition of carbonate can effectively improve the
corrosion resistance of the coating and can extend the long-
term protection capability of the coating.
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