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Abstract: A composite ceramic coating containing Y,0;—ZrO,—MgO (YSZ—MgO) was prepared on AZ91D magnesium alloy, which
was immersed in Y(NOs); aqueous solution as pretreatment, by micro-arc oxidation (MAQ) process. The morphology, elemental and
phase compositions, corrosion behavior and thermal stability of the coatings were studied by SEM, EDX, XRD, electrochemical
corrosion test, high temperature oxidation and thermal shock test. The results show that the coating mainly consists of ZrO,, Y,0s,
MgO, Mg,Si0,, and MgF,. Among these compounds, Y,0; accounts for 26.7% of (Y,03 + ZrO,). The thickness of YSZ-MgO
coating is smaller than that of ZrO,~MgO coating, but its compactness and surface roughness are better than those of ZrO,~MgO
coating. YSZ—MgO coating has a good corrosion resistance, and its corrosion rate in 5% NaCl aqueous solution is lower than that of
ZrO,—MgO and only about 8.5% of that of AZ91D magnesium alloy. After oxidation at 410 °C, the mass gain of AZ91D magnesium
alloy presents a linear increase with the oxidation time. The YSZ—MgO coating and ZrO,—~MgO coating can remarkably decrease the
oxidation mass gain. The oxidation mass gain of YSZ—MgO coating is lower than that of ZrO,—MgO coating, especially during a
long oxidation period. The thermal shock resistance of YSZ—MgO coating is superior to ZrO,—MgO coating.
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1 Introduction

Magnesium alloys are promisingly applied in a
number of domains including automotive, aerospace and
computer and communication industries owing to their
prominent characteristics, such as low density, high
specific strength and stiffness. However, the applications
of magnesium alloy are seriously restricted by their poor
corrosion resistance and heat resistance. It is necessary
for magnesium alloy products to adopt proper surface
protective treatment [1—4].

Micro-arc oxidation (MAO) has been generally
recognized as one of the most prospective methods of
surface treatment for magnesium alloys. Ceramic
coatings can be in situ formed on magnesium alloys after
the MAO process in the common silicate electrolyte and
the coatings are mainly composed of MgO, Mg,SiO, and
MgAl,Oy. The coatings exhibit high hardness, high wear

resistance and excellent electromagnetic shielding
characteristics, etc [5]. Unfortunately, they will easily
crack and fall off, which makes magnesium alloy lose
protection since these composite oxide ceramic coatings
show high brightness and their coefficients of linear
expansion are remarkable different from that of
magnesium alloy.

Y,05-ZrO,—MgO (YSZ-MgO) composite ceramic
coatings are prospective to applying in protecting metal
substrates for excellent corrosion resistance, thermal
stability, low thermal conductivity and high coefficient of
thermal expansion, and more, they show specific
micro-crack toughening and phase transformation
toughening mechanism [6,7]. However, it is difficult to
achieve an optimal Y,0; content in Y,0;—ZrO,—MgO
composite ceramic coatings by common MAO process
[8]. In this work, the YSZ—MgO coating was prepared on
an AZ91D magnesium alloy through MAO process by
first immersing the magnesium alloy in Y(NOs); aqueous
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solution. The microstructure, phase composition,
corrosion resistance and thermal stability of the
composite ceramic coating were investigated.

2 Experimental

Specimens with dimensions of 10 mmx10 mmx
10 mm and 50 mmx25 mmx7 mm were cut from metal
cast AZ91D magnesium alloy (9.21%Al, 0.63%Zn,
0.29%Mn, Mg balance, in mass fraction). The specimen
of 10 mmx10 mmx10 mm was used for polarization
curve and thermal shock test, and the specimens of 50
mmx25 mmx7 mm was used for full-soak corrosion and
high-temperature oxidation test. All specimens were
polished to a grit of 2000 by SiC papers, and then
degreased in acetone and distilled water.

The pretreatment of magnesium alloy was carried
out by immersing the specimens into 7.5 g/ Y(NO3);
aqueous solution for a period of 5 min, then dried in air.

An aqueous solution containing K,ZrFs—Na,SiO;
was used as the electrolyte and used for MAO process.
The experimental parameters were as follows: anodic
voltage 330 V, cathodic voltage —60 V, frequency 700 Hz,
duty ratio 30%, electrolyte temperature 25—40 °C,
oxidation time 10 min and the pH value of electrolyte
13.05. Y,05—ZrO,—MgO ceramic coating (YSZ—MgO)
with immersing pretreatment and ZrO,~MgO ceramic
coating without immersing pretreatment were prepared
by this system. The ZrO,~MgO ceramic coating was
used for the comparison test.

Table 1 Composition and concentration of electrolyte

Composition Concentration/(g-L™")
Na,SiOs 1020
K,ZrFq 1025
C;H;0, 4-6
KOH 5-15
KF 3-10

Surface and cross-sectional morphologies of the
coating were examined by environmental scanning
electron microscope (Quanta 200, FEI Co. Eindhoven,
the Netherlands). The elemental composition of the
samples was analyzed by energy dispersive X-ray
spectrometer (EDX: INCA 350 Energy, Oxford
Instrument GmbH, Wiesbaden, Germany). The phase
composition of the samples was detected by X-ray
diffractometer (XRD: X pert PRO, PANalytical, the
Netherlands) with Cu K, radiation (A=1.54060 A) and the
detected angle (26) was scanned from 10° to 90° with
0.02° steps.

The corrosion resistance of YSZ-MgO and
Zr0,~MgO coatings was evaluated by potentiodynamic

polarization test in 3.5% NaCl aqueous solution and the
full-soak corrosion test in 5% NaCl solution. The
potentiodynamic polarization test was performed on
IM6ex electrochemical workstation. The scanning range
was from —200 mV to 200 mV with a scanning rate of
2 mV/s. The time for the full-soak corrosion test was 120
h, and the mass loss method was used for evaluating the
corrosion rate of the coatings.

The high temperature oxidation test of the coatings
was conducted at 410 °C in a muffle furnace (type
SX2—8-13), and then cooled off in the air. High
temperature oxidation resistance of the samples was
evaluated by mass gain method. In the thermal shock test,
samples were preserved at 500 °C for 5 min in the muffle
furnace, and then quickly immersed into distilled water
at room temperature. This process was repeated several
times. The thermal shock resistance was evaluated by the
repetition times when the first crack appeared and the
coating began to fall off.

3 Results and discussion

3.1 Surface morphology of pretreated specimen

The surface morphology and EDX spectrum of
pretreated specimen are shown in Fig. 1. The
composition of costing is listed in Table 2. From Fig. 1
and Table 2, it can be seen that the coating formed during

1
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Fig. 1 SEM image showing surface morphology (a) and EDX
spectrum (b) of pretreated coating
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pretreatment process is full of cracks and consists of Y
and O elements. The XRD pattern of the coating is
shown in Fig. 2. It can be found that the coating contains
Y,0; after immersion. When the magnesium alloy is
immersed in Y(NOs); aqueous solution, the reaction
between magnesium and Y(NOs); solution is similar with
the hydrogen evolution reaction between inactive metals
and strong alkali solutions because the electronegativity
of magnesium is more negative than that of yttrium. The
chemical reactions below occurred in the immersion
process:

3H,0+ Y(NO;); = 3HNO; + Y(OH), ¢ (1)
Mg+ 2HNO; — Mg(NO;), +H, T )
2Y(OH); — Y,05 +3H,0 3)

Table 2 Elemental composition of pretreated coating (EDX)

Element w/% x/%

Y 74.03 33.91

(0] 25.97 66.09
*+—Y,0;5

20 30 40 50 60 70 80 90
20/%)

Fig. 2 XRD pattern of pretreated coating

Before immersion, reaction (1) takes place in
Y (NOs); aqueous solution, but the reaction rate is rather
low. When the specimen is soaked in the solution,
reaction (2) occurs, the surface of magnesium alloy is
covered by small bubbles. Consequently, reaction (1) is
promoted by reaction (2). And Y(OH); partly converts
Y,0; by dehydration reaction (shown in reaction (3)).

3.2 Surface and cross-sectional morphologies of MAO
coatings

The surface morphologies of YSZ-MgO coating
and ZrO,—MgO coating are shown in Fig. 3. It shows
that there are residual discharging micro-pores on the
surface of the coating after the MAO process. These
micro-pores are not only the reaction channels between
the solution and the substrate, but also the channels from
which melting oxides erupt out during the reaction

Fig. 3 SEM images showing surface morphologies of MAO
coatings: (a) YSZ—MgO coating ; (b) ZrO,~MgO coating

period. From Fig. 3, it can be seen that the micro-pores
of ZrO,—MgO coating are larger in size and fewer in
number than YSZ-MgO coating, while the micro-pores
of YSZ-MgO coating are well distributed. This
phenomenon may be due to the relatively stable
plasma-arc and a decrease in melting point of oxides.
The fused oxides are prone to flow and the gases become
facile to escape.

Cross-sectional morphologies of YSZ—MgO coating
and ZrO,—MgO coating are shown in Fig. 4. It shows
that the thickness of YSZ—MgO coating is smaller than
that of ZrO,—MgO coating, and YSZ—MgO coating has
better compactness. This is because the -electric
breakdown on the surface is hindered when the surface
of the sample is covered by ceramic coating containing
rare earth elements in the MAO process. At the initial
stage of MAO process, the ceramic coating is mainly
composed of MgO. MgO shows high melting point and
viscosity while both of them decrease for the permeating
of rare earth oxides. It is beneficial to seal discharge
channels and to escape gas in fused oxides. Meanwhile,
rare earth oxides restrain the growth of ceramic crystals
and refine the grain [9,10].
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3.3 Phase and elemental compositions

The surface morphology and EDX spectrum of
YSZ—MgO coating are shown in Fig. 5 and the elemental
compositions are listed in Table 3. As shown in Fig.5 and
Table 3, the coating consists of O, F, Na, Mg, Al, Y, Zr
and K elements. The elements of Na and K come from
Na' and K in electrolyte. Moreover, ZrFs® in the
electrolyte participated in reaction of the coating
formation. From Table 3, it can be calculated that Y,O;
accounts for 26.78% of Y,05;+ZrO, in the coating
according to the contents of Zr and Y elements.

The binary phrase diagram of ZrO,—Y,0; is shown
in Fig. 6 [11]. It can be found from Fig. 6, the phase
transition temperature decreases and forms a temperature

Fig. 4 SEM images showing cross-sectional morphologies of
MAO coatings: (a) YSZ-MgO coating; (b) ZrO,—MgO coating

Table 3 Elemental composition of YSZ—MgO coating

Element wl% x/%
(0] 7.8 11.75
F 27.42 34.77

Na 1.18 1.23
Mg 41.88 41.50

Al 431 3.85

Y 3.22 0.87

Zr 8.24 2.18

K 5.25 3.24

(b)

Mg
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Fig. 5 SEM image showing surface morphology (a) and EDX
spectrum (b) of YSZ—MgO coating

interval when the stabilizer Y,0; is added into ZrO, to
constitute a binary system. It is necessary to add nearly
20% Y,0; in order to transform ZrO, into steady cubic
crystalline structure totally.

Previous experiments showed that the content of
Y,0; has little influence on thermal conductivity of ZrO,,
while greatly influencing the coefficient of thermal
expansion of ZrO,. ZrO, has three kinds of isomers
under natural condition: from room temperature to about
1000 °C, ZrO, is in the monoclinic crystal structure
(m-phrase); ZrO, will gradually transform into the
tetragonal crystal structure (#-phase) when the
temperature is over 1000 °C; ZrO, will totally turn into
the cubic crystal structure (c-phase) when the
temperature is above 1170 °C. As shown in Fig. 6, the
crystal structure of ZrO, changes (t—m) during the
process of thermal cycling when the Y,O; content is
lower than 6%. As the temperature increases, m—t and it
is accompanied with volume contraction for about 7%;
whereas accompanied with volume expansion for more
than 7%. The two processes mentioned above are both
irreversible. Therefore, the change of volume after each
cycling is also irreversible and keeps accumulating. As a
result, the coating begins to crack and shed for the strong
thermal stress. When the content of Y,0; is between 6%
and 8% (eutectic point), the stabilizing effect of Y,0; is
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the best owing to the counteraction of the volume
contraction of m—t and the volume expansion of t—-c.
ZrO, will only be c-phase and phase transition will cease
ignoring the changes of temperature when the content of
Y,0; is over 20% [12—14].

The XRD analysis of MAO coatings is shown in
Fig. 7. It displays that the normal ZrO,—MgO coating is
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Fig. 6 Binary phase diagram of ZrO,—Y,05 [11]
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Fig. 7 XRD patterns of MAO coatings: (a) YSZ-MgO coating;

(b) ZrO,—MgO coating

mainly composed of MgO, ZrO,, MgF,, Mg,SiO,, etc.
YSZ-MgO coating is composed of MgO, ZrO,, Y,0;,
MgF,, Mg,SiO,4, etc. Y,0O3; contained in YSZ—MgO
coating can stabilize ZrO,, and prevent the coating from
cracking. On the other hand, ZrO, can toughen the MgO
coatings and improve the heat shock resistance [15,16].
When K,ZrF¢is added to the alkaline electrolyte for
preparing YSZ—MgO coatings, reaction (4) occurs.

K, ZrF, + 4KOH —> Zr(OH), { +6KF (4)

The isoelectric point of Zr(OH), colloidal particles
is pH=6.8. When pH is less than 6.8, the colloidal
particles are positively charged; when pH is larger than
6.8, the colloidal particles are negatively charged [17].
Therefore, Zr(OH), particles negatively-charged in
alkaline will move to the anode (AZ91D) in electric field
and attach to the surface of specimens when the solution
system is charged. Then, the high temperature and high
pressure environment in discharge channel enhances
reaction (5) and ZrO, is produced when plasma discharge
occurs.

Zr(OH),— ZrO, +2H,0 (5)

3.4 Corrosion resistance
3.4.1 Potentiodynamic polarization test

The potentiodynamic polarization curves of AZ91D
magnesium alloy, YSZ-MgO coating and ZrO,—MgO
coating in 3.5% NaCl solution are shown in Fig. 8. After
the MAO process, the polarization curves of coated
magnesium alloy shift to the left and its corrosion current
density largely decreases under the same potential, as
shown in Fig. 8. The polarization curves of AZ91D
magnesium alloy before and after the MAO process are
similar. However, in anode polarization interval, the
corrosion current density of MAO coatings is lower than
that of uncoated sample. This indicates that coatings
restrain the corrosion process of magnesium alloy in

AZ91D
7r0,-MgO
-2.2 1 1 L 1 1
-8 -7 -6 =5 -4 -3 -2

lg[J/(Arem™)]
Fig. 8 Potentiodynamic polarization curves of magnesium and
MAO coatings in 3.5% NaCl aqueous solution
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anode and improve the corrosion resistance of
magnesium alloy in chlorides. By comparing the curves
of YSZ—MgO coating with ZrO,—MgO coating, it can be
found that YSZ-MgO coating shows lower corrosion
current density and higher corrosion resistance.

The corrosion potential (@), corrosion current
density (J.o) and anode/cathode slope (b,, b.) were
derived by Tafel fitting [18] from the polarization curves.
Based on the data in Table 4, the polarization resistance
R, can be calculated by Stern—Gearyequation (Eq. (6))
[19]. The results are listed in Table 4.

_ bb 1
P 2303(b, +5,) Je

(6)

Table 4 Tafel fitting results of potentiodynamic polarization

curves
Sample b/ y b./ L Ocor!  Jeon! . Ry |
(mV-dec )(mV-dec ) V (pA-cm °)(kQ-dec )

AZ91D 57.7 414 -1.503 145  0.722x10?
ZrO,~MgO 623 135 —1.531 549 8.774x10°
YSZ-MgO  31.0 747 1384 0.187 5.087x10°

The results in Table 4 suggest that the polarization
resistance of MAO coatings is 2—3 magnitudes higher
than that of uncoated magnesium alloy. This
phenomenon further demonstrates that the corrosion
resistance of magnesium alloy is remarkably improved
after the MAO process. By comparing the fitting data of
the two kinds of coatings, it is found that YSZ—MgO
coating shows smaller corrosion current density, nobler
open-circuit-potential ~ (self-corrosion-potential)  and
higher polarization resistance. This demonstrates that
YSZ—MgO coating has better corrosion resistance than
Zr0,—MgO coating.

3.4.2 Full soak corrosion in 5% NaCl aqueous solution

The corrosion rates of magnesium alloy and the two
kinds of coatings in 5% NaCl solution for 120 h are
shown in Table 5. As shown in Table 5, the corrosion rate
of YSZ—MgO coating is lower than that of ZrO,~MgO
coatings and it is only 8.5% of AZ91D sample. This is
because that the compactness of YSZ—MgO coating is
much better than that of ZrO,—MgO coating. Therefore,

Table 5 Corrosion rate of magnesium alloy and MAO coatings
in 5% NaCl aqueous solution

Mass/g
S | Corrosion rate/
ampre Before After (gm>h™")
corrosion corrosion
YSZ-MgO 17.8336 17.6039 0.461
ZrO,—MgO 17.7489 17.0713 1.360
AZ91D 17.6129 14.8545 5.444

the YSZ-MgO coating can effectively prevent
magnesium alloy from being corroded by corrosion
medium.

The micro-morphology of YSZ—MgO coating
corroded in 5% NaCl aqueous solution for 120 h is
shown in Fig. 9. From Fig.9, it can be seen that the
corrosion pit appears on the YSZ-MgO coating, but
obvious destruction is not detected on the surface.

Fig. 9 SEM image showing surface morphology of YSZ-MgO
coatings after immersion in 5% NaCl aqueous solution for
120 h

3.5 High temperature oxidation and thermal shock

resistance

The mass gain curves of AZ91D magnesium alloy
and the two kinds of coatings at 410 °C for different
oxidation time are shown in Fig. 10. The mass gain of
AZ91D magnesium alloy shows a quick increase with
the time, but the mass gain remarkably decreases by
MAO process. Compared ZrO,—~MgO coating with
YSZ-MgO coating, the mass gain of YSZ—MgO coating
is lower than that of ZrO,—MgO coating, especially in a
longer oxidation time.

The thermal shock resistances of ZrO,—MgO and

25
=—AZ91D
20 B ‘—Zl‘og—MgO
. *—YSZ-MgO
|g )
}_./n 15F
=
by
;" 10+
&
=
S -
’ il
. 2 T 1
0 2 4 6 8 10 12
Time/h

Fig. 10 Mass gain—time curves of samples after oxidation at
410 °C before and after MAO process
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YSZ-MgO coatings are shown in Table 6. As shown in
Table 6, the thermal shock resistance of YSZ—MgO
coating is superior to ZrO,—MgO coating.

Table 6 Result of thermal shock test of MAO coatings

Sample M N, N
ZrO,—MgO 18 30 40
YSZ-MgO 23 45 55

N,: Cycle number for the first cracking appearance; N,: Cycle number for a
few fall-off in the corners of the coating; N;: Cycle number for large areas
fall-off

It can be found from Fig. 10 and Table 6,
YSZ—MgO coating is provided with a higher thermal
shock resistance and fall-off resistance because the Y,0;
stabilized ZrO, can restrain the cracking tendency and
improve the toughness of the coatings. Additionally,
YSZ-MgO coating with a certain thickness of inner
compact layer shows a higher bonding strength with
substrate. Thus, the YSZ—-MgO coating is not easy to
crack or peel in thermal shock process. A small part of
the coating falls off from the corner of the sample after a
certain time of thermal cycling. This is because the
growing process of coating after the MAO process is
often accompanied by “edge effects”, namely, vigorous
point discharge occurs on the corner of the specimen,
which makes the coating on the corner several or even
over 10 times thicker than the coating in the middle. In
addition, the radiated heat exchange is greater and the
heat transfer channel of gas molecules is also shorter in
the corners. As a result, more heat loss and faster cooling
rate are available. Therefore, during the thermal shock
process, fall-off occurs at the corner of the specimen
[20,21]. When the coatings started to peel, they are
hardly protective to substrate and lead to large areas
fall-off.

4 Conclusions

1) A YSZ-MgO-containing composite ceramic
coating was successfully prepared on AZ91D magnesium
alloy by immersing in Y(NOs); aqueous solution as
pretreatment before MAO process. The coating mainly
consists of ZrO,, Y,0; MgO, Mg,SiO, and MgF,.
Among these compounds, Y,0; accounts for 26.7% of
(Y05 + ZrO,).

2) The thickness of YSZ—MgO coating is smaller
than that of ZrO,—MgO coating, but its compactness and
surface roughness are better than those of ZrO,~MgO
coating.

3) YSZ-MgO coating shows a lower corrosion
current density, nobler open circuit potentials and higher
polarization resistance compared with the ZrO,—MgO
coating. When YSZ—MgO coating is soaked in 5% NaCl
aqueous solution for 120 h, its corrosion rate is lower

than that of ZrO,~MgO and only about 8.5% of that of
AZ91D magnesium alloy.

4) After oxidation at 410 °C, the mass gain of
AZ91D magnesium alloy presents a linear increase with
the oxidation time. The YSZ-MgO and ZrO,—~MgO
coating can remarkably decrease the oxidation mass gain.
The oxidation mass gain of YSZ—MgO coating is lower
than that of ZrO,—MgO coating, especially in a longer
oxidation time. The thermal shock resistance of
YSZ-MgO coating is superior to ZrO,—MgO coating.
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