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Abstract: Magnesium phosphate conversion coating (MPCC) was fabricated on AZ31 magnesium alloy for corrosion protection by
immersion treatment in a simple MPCC solution containing Mg** and POi‘ ions. The MPCC on AZ31 Mg alloy showed
micro-cracks structure and a uniform thickness with the thickness of about 2.5 um after 20 min of phosphating treatment. The
composition analyzed by energy dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy revealed that the coating
consisted of magnesium phosphate and magnesium hydroxide/oxide compounds. The MPCC showed a significant protective effect
on AZ31 Mg alloy. The corrosion current of MPCC was reduced to about 3% of that of the uncoated surface and the time for the
deterioration process during immersion in 0.5 mol/L NaCl solution improved from about 10 min to about 24 h.
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1 Introduction

Magnesium alloys are very attractive materials for a
number of applications in the automotive, aeronautic,
electronic and recreational industries, owing to their low
density, high specific strength, good castability,
machinability and weldability [1]. However, one of the
main challenges in the use of Mg alloys, particularly
for outdoor applications, is its poor corrosion
resistance [2—4]. The standard reduction potential of Mg
is q)&gh Mg =—2.356 V (vs SHE) at 25 °C [3], which is
the lowest among industrial engineering metals. Attempts
have been made to improve the corrosion resistance of
Mg alloys using chemical treatment, anodizing, plating,
metal coatings and organic coating [5—7]. Among them,
chemical conversion coatings (CCCs) are regarded as
one of the most effective and cheapest ways to enhance
the corrosion resistance of Mg alloys. CCCs are formed
by precipitation of corrosion inhibiting chemicals
onto the metal substrate from chemical conversion
coating solution, which can protect the substrate by
acting as a barrier between the metal surface and the
environment [5,6].

The conventional CCCs are based on treatment

solutions containing chromium compounds that have
been shown to be highly toxic and carcinogens, and are
now being restricted in the industry. Many types of
CCCs have been reported as the potential replacements
for conventional chromate conversion coatings on Mg
alloys, including zinc phosphate, stannate, phosphate/
phosphate—-manganese, titanate, calcium phosphate,
fluoride, rare-earth metal salt (RE), Mg—Al hydrotalcite,
ionic liquid, molten salt, vanadium, hexafluorozirconic
acid, stearic acid [8—42]. Among potential chromate
replacements, phosphate conversion coatings have
attracted significantly attention due to their low toxicity,
insolubility in neutral pH solution and chemical
stability [5—8]. Zinc phosphate conversion coatings have
been successfully used as a primer coating on steels and
aluminum alloys in automotive industries for many years
due to the simplicity in operation, low-cost and low
environmental impact. However, for Mg alloys, due to
their high electrochemical activity, the zinc phosphate
conversion coatings are limited in corrosion protection
and still cannot satisfy modern industrial requirements.
Other phosphate coating systems on Mg alloys have also
been reported in a review by CHEN et al [8]. However,
they own limitations in corrosion resistance, operations
and cost, and still cannot satisfy for practical use.
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Therefore, further investigation for the development of
better, simpler, cheaper and environmentally friendly
chemical conversion coating solution for Mg alloys is
still needed.

Magnesium  phosphate compounds such as
Mg3(PO4), and MgHPO,-3H,0O are insoluble in water
and chemically stable. These compounds have been
reported to be present as an inner layer of zinc, calcium
or manganese phosphates conversion coating on Mg
alloys [29-34]. The formation of the magnesium
phosphate compounds has been explained by the
precipitation reactions between Mg*" and PO?[ ions at
the near alloy surface during the conversion coating
process. Therefore, this suggests that to improve the
corrosion resistance of Mg alloys, a coating should
contain magnesium phosphate compounds, which can be
formed from the chemical conversion coating solution
containing Mg*" and POZ_ ions, so-called magnesium
phosphate conversion coating (MPCC) solution. At
present, MPCC has been considered as a novel chemical
conversion coating method on carbon steels [43—46].
The former MPCC mainly consists of newberyite
(MgHPO,4-3H,0) with a thickness of about 30 um which
is about three times thicker than that of zinc phosphate
conversion coating and provides two times longer
stability under salt-spray conditions [45,46]. PHUONG
and MOON [47] and ZHAO et al [48] have investigated
MPCC on AZ31 Mg alloy and found that the corrosion
resistance of MPCC was much better than that of zinc
phosphate conversion coating, and about 20 times better
than that of the bare surface. However, these studies are
limited in the preparation process of MPCC and simply
investigating  the corrosion  behavior  using
potentiodynamic polarization test. Thus, further work is
required to fully understand the composition and
corrosion behavior of MPCC on AZ31 Mg alloy.

Accordingly, in this work, MPCC was prepared in a
chemical conversion coating solution containing Mg**
and POf{ ions. The coating was characterized by
observation of surface and cross-sectional morphologies,
and analyzing compositions using energy dispersive
X-ray spectroscopy (EDS) and X-ray photoelectron
spectrometer (XPS). The corrosion behavior of MPCC
was studied by the open-circuit potential (OCP)
measurement, potentiodynamic polarization analysis,
electrochemical impedance spectroscopy (EIS) measure-
ments and also, immersion test in NaCl solution.

2 Experimental

AZ31 Mg alloy (Posco, Korea) with composition
of Al 2.9%, Zn 0.8%, Mn 0.3%, Si<0.1%, Fe<0.005%,
Cu<0.05%, Ni<0.005% (mass fraction). And Mg balance,
was used in this work. The samples of 50 mm % 50 mm x

2 mm were cut from a rolled AZ31 sheet. The samples
were ground in ethanol up to 4000 grit SiC abrasive
papers and then rinsed with ethanol.

MPCC was applied on AZ31 by immersion
treatment of samples for 20 min in the solution
containing 0.1 mol/L of Mg(OH), and 0.24 mol/L of
H;PO, at 45 °C. The formation and growth of MPCC on
AZ31 were studied by open circuit potential (OCP)
measurement during the phosphating process. Surface
morphology, cross-sectional morphology and analysis
using energy dispersive X-ray spectroscopy (EDS) were
performed using scanning electron microscope (SEM)
(Jeol, Japan), operated at an acceleration voltage of
20 kV. X-ray photoelectron spectroscopy (XPS) analysis
was carried out on a MultiLab 2000 spectrometer
(Thermo Scientific, US) equipped with Al K, X-ray
source, operated at 300 W. The spectra of Mg 2p and O
Is were recorded. The binding energies were referred to
the C 1s binding energy at 285.01 eV.

Electrochemical measurements were performed
using a computer-controlled potentiostat and a
conventional three-electrode cell (Zahner, Germany)
with an exposed working electrode area of 1 cm?, using a
saturated calomel electrode (SCE) and a platinum sheet
as the reference and counter electrodes, respectively.
Electrochemical experiments
0.1 mol/L NaCl at 25 °C. Potentiodynamic polarization
tests were performed at a scan rate of 1 mV/s on the bare
and the MPCC sample after 1 h of exposure to 0.1 mol/L
NaCl solution. EIS measurements were measured
separately and carried out at the open circuit potential in
the frequency range of 100 kHz to 10 mHz with
5 points/decade with an applied sinusoidal signal of
5 mV. A parameter indicative of corrosion resistance,
Reor, was fitted from the spectra using a complex
non-linear least squares fitting program (Thales Z2.12,
Germany). The immersion test was conducted in
0.5 mol/L NaCl solution at (25 +1) °C.

were carried out in

3 Results and discussion

3.1 Formation of MPCC

The formation of MPCC from selected MPCC
solution can be explained by using the thermodynamic
stability diagram, which shows [Mg*"] and pH levels for
precipitation of magnesium phosphate/hydroxide
compounds (Fig. 1). The selected MPCC solution at
[Mg*]=0.1 mol/L (or Ig[Mg>]=—1) and pH 3.2 is
indicated by asterisk (*), suggesting that it will exist
primarily in the form of soluble MgH,POj ions. The
immersion of the AZ31 sample in the acidic MPCC
solution induces spontaneous Mg ionization (reaction 1)
and hydrogen evolution (reaction 2) on the alloy surface,
by which magnesium ions and hydrogen gas bubbles are
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produced, respectively.
Mg—Mg*'(aq)+2e (M
2H2e—>Hy(g) @)
The generation of Mg®" and the consumption of H"
ions increase both Mg*" concentration and pH at the near
metal surface. As seen in Fig. 1, with increasing Mg**
concentration and pH, several magnesium compounds
such as MgHPO,-3H,0, Mg3(PO,), and Mg(OH),/MgO
can be formed (reactions (3—6)).
MgH, PO}, +OH +2H,0—> MgHPO,3H,0(s) (3)
3MgH,PO; +40H —> Mg3(POy),(s)+ H, PO, +4H,0

)
MgH, PO} +40H —>Mg(OH),(c)+ H,PO; +2H,0  (5)
Mg(OH),—MgO+H,0 (6)
0
— -1l n MgHPO,*3H,0 (s) Mg,(PO,), ()
= t
’T] Formulation
3 selected
E ot
't'on
=
w 3t MgH,PO,
MgHPO,
-4 ; ‘ i
0 2 4 6 8 10 12

pH
Fig. 1 Thermodynamic stability diagram showing [Mg*'] and
pH levels for precipitation of magnesium phosphate
compounds, calculated using MEDUSA software package [49]
at [POi_]=0.24 mol/L, [Mg®'] from 10~ to 1 mol/L and pH
from 0 to 12

Figure 2 shows the OCP transient of the AZ31 Mg
alloy immersed in the MPCC solution for 20 min. The
shifting of OCP towards a more positive value indicates
that the formation process of coating occurs and the
coating formed is more thermodynamically stable than
the original surface. The OCP transient can be divided
into two stages, as indicated in Fig. 2. In the first stage
up to 3 min of immersion time, the OCP was rapidly
increased from an initial value of approximately —1.92 V
to about —1.45 V (vs SCE), which indicated the
precipitation and rapid growing process of the coating on
the surface. During the second stage, after 3 min of
immersion time, the OCP slightly increased, which
suggests that the thickness of the MPCC is being further
developed. Some potential fluctuations observed in the
second stage are associated with the processes of
dissolution and repassivation at some parts of the coating
during the conversion coating process.

I
—_—
[S%]

Stage 2

I [ I
—_ = =
h » Wb

@(vs SCE)/'V
|
=3

I I I
e
o e

l
Lo
=

1 1

0 4 8 12 16 20
Time/min
Fig. 2 OCP transient of AZ31 Mg alloy in MPCC solution at
45°C

3.2 Surface characterization of MPCC

Figures 3(a) and (b) show SEM images of the
surface and cross-sectional morphologies of MPCC
coated AZ31 after 20 min of treatment time. The MPCC
on AZ31 structure. The
micro-cracked structure is commonly seen on the surface
of chemical conversion coated Mg alloys such as with
chromium, permanganate and
coatings [5,10—13]. Cracks are likely due to the lower
molar volume of MPCC resulting from dehydration
during the immersion treatment. The coating was
otherwise smooth and exhibited a uniform thickness of
about 2.5 pm after 20 min of phosphating treatment.

Figure 3(c) shows the EDS area analyses of the
MPCC on AZ31. It was found that the coating consists of
Mg (62.11 %), O (31.73 %), P (3.21 %), Al (2.68 %) and
Zn (0.27 %). Thus, this result suggests that the coating
was mainly composed of MgO/Mg(OH), and Mg—PO,
compounds.

To provide better understanding of the chemical
composition of MPCC on AZ31, XPS was used to study
the surface bonding of the coating (Fig. 4). XPS survey
spectrum of coating found that the main constituents of
the coating surface included magnesium, aluminum, zinc,
oxygen and phosphorous species (Fig. 4(a)). High-
resolution XPS scan (Fig. 4(b)) further shows the Mg 2p
binding energies appearing at approximately peaks of
50.19, 51.16 and 52.13 eV, which correspond with the
bonding of MgO, Mg(OH), and Mg—PO,, respectively.
For the O 1s binding energy (Fig. 4(c)), three peaks at
binding energies of 531.16, 532.39 and 533.67 eV were
fitted, which correspond with the bonding of metal oxide
(MgO), hydroxide (Mg(OH),) and phosphate (POj)
compounds, respectively. Thus, both EDS and XPS
analyses indicated that the MPCC on AZ31 was
composed of MgO/Mg(OH), and Mg—PO, compounds,
such as MgHPO,4-3H,0 and Mg3(POy,),.

exhibited micro-cracked

cerium conversion
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Fig. 3 SEM images of surface (a) and cross-sectional
morphologies (b), and EDS area analysis (c) of MPCC on
AZ31 after 20 min treatment time in MPCC solution at 45 °C

3.3 Corrosion studies

Figure 5 shows the OCPs of bare and MPCC coated
AZ31 as a function of time immersed in 0.1 mol/L NaCl
solution at 25 °C. The measurement of OCP transients is
typically used to study some aspects of the chemical
stability and corrosion processes of the surface layers on
Mg alloys. It is the most rapid and sensitive way of
detecting deterioration processes of the film, and the
localized corrosion of Mg alloys in a corrosive solution.
Localized corrosion of Mg alloys in an electrolyte
containing chloride ions is characterized by the
appearance of roughly circular blackened regions
(pits), which expand radially with time and vigorously
evolve hydrogen [3,4]. The corrosion reaction of Mg
alloys in aqueous environments generally progresses by
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Fig. 4 XPS analyses of MPCC coated AZ31: (a) Survey; high
resolution of Mg 2p (b) and O 1s (c)

electrochemical reaction with water to produce hydrogen
gas and magnesium hydroxide (reactions (7—10)) [3—6]:

Mg(s)—>Mg**(aq)+2¢ (anodic reaction) @)
2H,0+2e—>H,*+20H (aq) (cathodic reaction) (8)
Mg**(aq)+20H (aq)—>Mg(OH)4(s) (product formation)

(€))

Mg+2H,0—Mg(OH),(s)+H, (overall reaction) (10)

The hydroxide film formed on Mg alloys is much
less stable than the passive films formed on aluminum
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and stainless steels [3—6]. Therefore, Mg alloys show
poor corrosion resistance.
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Fig. 5 OCPs of bare and MPCC coated AZ31 with immersion
time immersed in 0.1 mol/L NaCl solution at 25 °C (Inserted

figure was OCP of MPCC sample with immersion time of 20 to
30 h)

The OCP transient of bare AZ31 in 0.1 mol/L NaCl
solution disclosed two stages. In the first stage, within
1 h of immersion, the OCP increased from an initial
negative value (about —1.6 V (vs SCE)) towards a more
positive value (about —1.38 V (vs SCE)), indicating the
formation and growth process of Mg(OH), film on the
AZ31 surface [3,4]. In the second stage, after 1 h of
immersion, the OCP dropped suddenly from —1.38 V (vs
SCE) to about —1.4 V (vs SCE), indicating the
deterioration of the hydroxide film on the surface,
leading to a localized corrosion reaction.

In contrast, the OCP transient of the MPCC sample
was divided into three stages: a rapid increase from —1.5
to —1.36 V (vs SCE) within 2 h; a slight increase between
2 h and 24 h, dropped to a stable value of about —1.35 V
(vs SCE) after about 24 h. In the first stage, the increased
OCP indicates the decreased chemical activity on the
MPCC AZ31 surface. This can be explained by the
sealing effect produced by the MPCC during immersion
in the NaCl solution. Since the MPCC on the AZ31
included micro-cracks (Fig. 3), the electrolyte could
reach the substrate to react with the Mg alloy. The
corroded product Mg(OH), (reaction (9)) is formed, and
it can seal the cracks which resulted in the rapid increase
of OCP during the first 2 h of immersion (Fig. 5). In the
second stage, the slow increase in OCP suggested that a
dynamic equilibrium between the formation and
dissolution of the film was reached. In the third stage, the
OCP suddenly dropped, indicating that the film had
damaged and the continuous corrosion reaction occurred
on the surface. Thus, the initial pitting corrosion of
MPCC was 24 h, which is much longer than that of the
bare surface (about 1 h).

Figure 6 shows the potentiodynamic polarization
curves of bare and MPCC on AZ31 obtained after 1 h
exposure to 0.1 mol/L NaCl solution at 25 °C. The bare
AZ31 surface had a more negative corrosion potential
(¢cor="1.61 V (vs SCE)) than that of the MPCC sample
(@econ="1.41 V (vs SCE)). The corrosion current density
(Jeorr) of MPCC sample was 6.9x10~° mA/cm®, which
was reduced to about 3% of the bare surface
(Jeor=2-23x10"" mA/cm?). Compared to zinc phosphate
conversion coatings, MPCC showed more negative
corrosion potential and had a little higher corrosion
current density, but the MPCC was much more stable
than zinc phosphate conversion coatings against
corrosion under the salt-spray conditions, due to its
compact coating [47].
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Fig. 6 Potentiodynamic polarization curves of bare and MPCC
coated AZ31 samples at scan rate of 1 mV/s in 0.1 mol/L NaCl
(MPCC was prepared by 20 min treatment in MPCC solution at
45°C)

To further understand the corrosion behavior and
the associated deterioration process of the bare and
MPCC on AZ31, EIS was employed. Figure 7(a) shows
the Nyquist plots of the bare AZ31 obtained after 0 min,
20 min, 1 h, 3 h, 10 h and 20 h exposure to 0.1 mol/L
NaCl solution at 25 °C. EIS experiments of the bare
AZ31 showed two capacitive loops at the high and
middle frequencies (HF and MF) in combination with an
inductive loop at low frequencies (LF). HF capacitive
loops are usually attributed to both charge transfer and
surface film effect [50,51]. MF capacitive loops are
attributed to the relaxation of mass transport in the
growing solid oxide phase. LF inductive loops are
attributed to the phenomena of adsorption and desorption
of Mg" species on the surface of the Mg substrate,
suggesting the slow corrosion reaction at the interface of
AZ31 [11,14,50,51]. The typical EIS experiments of
MPCC coated AZ31 consisted of two capacitive loops at
HF and MF. According to SEM surface and cross-
sectional morphologies, the MPCC on AZ31 consisted of
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cracks, which reach deeply to the metal surface (Fig. 3).
The cracks can be sealed by the corrosion product during
immersion in the NaCl solution to form layers: a sealed
layer and an unsealed layer. Thus, these two layers
correspond to the two capacitive loops of the EIS
experiment. The appearance of an inductive loop in the
LF region after 24 h immersion is attributed to the
localized corrosion of AZ31 due to the deterioration
process of the MPCC [52].
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Fig. 7 Nyquist plots of bare (a) and MPCC coated (b) AZ31
samples after different immersion time in 0.1 mol/L NaCl
solution at (25+1) °C (MPCC was prepared by 20 min
treatment in MPCC solution at 45 °C)

Based on the impedance plots, the microstructure of
MPCC, and the EIS studies of bare Mg alloy [50—52],
two appropriate equivalent circuits were proposed for
fitting these plots, as shown in Fig. 8. The equivalent
circuits consist of two R/CPE components in series with
R, with or without inductive loop (R/L). The equivalent
circuit presented in Fig. 8(a) was used to fit the EIS
spectrum of the bare AZ31. The element Ry was the
solution resistance, the R;/CPE; and R,/CPE, pairs were
suggested to represent two capacitive loops at HF and
MF as explained above. The R;/L pair was suggested to
represent inductive loops. The equivalent circuit
presented in Fig. 8(b) was used to fit the EIS spectra of
the MPCC coated AZ31. The R;/CPE; and Rp/CPEgp
pairs were suggested to represent the two layers of
MPCC during immersion in NaCl solution. The model
presented in Fig. 8(a) with an inductive loop was also

used to fit the EIS spectra of MPCC on AZ31 with
immersion time 24 h due to the occurrence of the
localized corrosion process. The fittings were performed
by using the Thales Z2.12 software and the fitted results
are drawn as solid lines, together with experimental data,
in Fig. 7.

Fig. 8 Equivalent circuit models for simulation of Nyquist plots

Considering the protective film formed on the bare
and MPCC coated AZ31, the magnitudes of R|, Ry, Ry
and Ry were plotted with immersion time and shown in
Fig. 9. For AZ31, the film resistance (R;) is much larger
than the mass transport resistance (R,). The increase of
R, during the first 1 h immersion indicates the growth of
hydroxide film on AZ31. However, after an immersion
time longer than 1 h, the rapid decrease of R; indicates
the process of deterioration of the hydroxide film, where
the localized corrosion occurs on the surface. The slight
increase of R, with immersion time up to 20 h indicates
that the surface of the AZ31 was completely covered by
the corrosion product.

8
71 Ry, (MPCC)
6

Ry (MPCC)

Resistance/(kQ+cm?)
Py

) R1 (bw/’ﬂ
] \\\—\g
0 - . ) R2 (bz}re AZ31 ). ' .x‘.
g 5 10 15 20 25

Immersion time/h

Fig. 9 Resistances of bare and MPCC coated AZ31 resulted
from fitting on EIS spectrum by equivalent circuit models in
Fig. 8
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10m 30m

Fig. 10 Photographs of (a) bare and (b) MPCC coated AZ31 for 20 min with immersion time in 0.5 mol/L NaCl solution at (25+1) °C

In contrast to bare AZ31, both Rs and Ry, of the
MPCC coated AZ31 rapidly increased to much higher
value with increasing the immersion time from 0 to 3 h
in 0.1 mol/L NaCl solution. As explained before, the
corrosion product can be formed and seal the cracks of
MPCC to increase the coating resistance. The sealing
effect occurred strongly during the first 3 h of immersion
in the NaCl solution, and became stabilized with
immersion time longer than 3 h. After 24 h immersion,
the sudden decreases of both Ry and Rp indicate the
deterioration of MPCC and the initiation of localized
corrosion on the surface. This result is in good agreement
with OCP measurement (Fig. 5), where, OCP is rapidly
increased within the first 3 h, and then, dropped after
24 h of immersion.

Figure 10 shows photographs of bare and MPCC
coated AZ31 with immersion time in 0.5 mol/L NaCl
solution at 25 °C. The bare AZ31 showed pitting
corrosion with a pit initiation time of about 10 min. The
corroded sites rapidly expanded to the entire surface
within 3 h immersion. In contrast, the MPCC coated
AZ31 showed a filiform corrosion with a much longer pit
initiation time of about 24 h. Thus, the immersion test
again revealed that the MPCC can significantly increase
the deterioration process of AZ31 magnesium alloy in
NaCl solution.

4 Conclusions

1) Magnesium phosphate conversion coating can be
successfully applied on AZ31 using a solution containing
Mg® and PO;™ ions.

2) The results of characterization studies show that
the coating consists of magnesium phosphate and
magnesium hydroxide/oxide compounds with a thickness
of about 2.5 pm after 20 min of phosphating treatment.
Cracks observed can be sealed by corrosion products
during immersion in NaCl solution.

3) The coating shows a significant protective effect.
The corrosion current measured by potentiodynamic

polarization curve is reduced to about 3% of that of the
bare surface. During the immersion test in 0.5 mol/L
NaCl solution, the pitting corrosion was observed after
about 24 h for MPCC, which is much longer than that of
the bare surface (about 10 min).
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