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Abstract: The ceria-stabilized zirconia (CSZ) coating with an excellent hydrogen resistance performance was prepared by micro-arc

oxidation (MAO) with cerium addition. The thickness, bonding strength, morphology, phase structure, chemical valence, and

hydrogen resistance of ceramic coatings were investigated by coating thickness gauge, auto-scratch tester, scanning electron

microscopy, energy dispersive X-ray spectrometer, X-ray diffraction, and X-ray photoelectron spectroscopy, and vacuum

dehydrogenation experiment. Results show that CSZ ceramic coatings are mainly composed of monoclinic zirconia (m-ZrO,),

tetragonal zirconia (t-ZrO,), and t-Zr,Ce, ,,O,. With increasing the cerium content, the thickness of coating is increased. When the

cerium content is 9mol%, the thickness of CSZ ceramic coating reaches the maximum of 135.5 pum, the bonding force is 52.46 N, and

the hydrogen permeation reduction factor (PRF) is 19, which indicates an excellent hydrogen resistance. The cerium addition inhibits

the phase transformation from t-ZrO, to m-ZrO,, thereby promoting the formation of stable t-ZrO, at elevated temperatures.
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Zirconium hydride is one of the ideal neutron moderator

materials in small reactors!?

! due to its low neutron absorption
cross-section, negative temperature coefficient of reactivity,
high stability, and high hydrogen density. However, the zirco-
nium hydride will lose hydrogen from the substrate at the
service temperature of 600 °C, which reduces the efficiency and
shortens the life of neutron moderator. Therefore, the barrier
coating with a certain thickness and high compactness on the
surface of zirconium hydride is crucial™. The researches on
hydrogen permeation barriers mainly focus on the surface
modification technique which can improve the hydrogen barrier

properties of coatings. Pan et al

reported that the hydrogen
barrier coatings can be divided into two categories: (1) using
metal materials to synthesize dense compound coatings;
(2) using surface treatment technique on the metal surface. The
latter not only affects the performance of the zirconium
hydride, but also inhibits the loss of hydrogen effectively.

The preparation techniques for hydrogen barrier coatings

mainly include in situ oxidation, electroplating, spraying
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technique, sol-gel, and micro-arc oxidation (MAO)™". MAO
can apply on complex parts due to its simple process and high
forming efficiency'”. There are a few researches on rare earth
additives in MAO electrolytes, but the influence mechanism
of rare earth ions on MAO process is still unclear™. Lim et
al'” added CeO, into the silicate electrolyte during MAO for
AZ31 magnesium alloys, and found that the corrosion
resistance of AZ31 magnesium alloy is improved greatly. Cai
et al"'"! found that the corrosion resistance of magnesium alloy
prepared by MAO after cerium addition is improved. Xiao et
al" reported that the cerium can improve the surface quality
of titanium alloy and the biocompatibility of ceramic coatings
prepared by MAO.

The detailed research on electrolyte of MAO was presented
in Ref.[13,14]. However, the reaction process and mechanism
of additives in the electrolyte are still unclear. Thus, the
hydrogen resistance of ceramic coatings at a constant voltage
was investigated in this research.
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1 Experiment

The experiment material ZrH,, (Beijing General Research
Institute for Nonferrous Metals) was cut into the specimens of
@20 mmx2 mm by wire cutting, and a hole of @3 mm was
drilled at 2 mm away from the edge of the specimen. The
ZrH, , specimens were ground by SiC abrasive papers from
360# to 1200#. Then all specimens were degreased with
acetone and alcohol for 15 min, separately. After that, all the
specimens were dried for MAO process.

In the phosphate electrolyte system, Na,P,O,, is the main
film former, while KOH, Na,(ethylene diamine tetraacetic
acid) (Na,EDTA), and NaF are auxiliary film formers.
Ce(NO,),"6H,0 as an electrolyte additive was added into the
electrolyte with different contents of 3mol%, 6mol%, 9mol%,
12mol%, and 15mol%, separately. The main electrolyte com-
ponents and parameters are shown in Table 1.

The T-MAO-B30 MAO power was used. The suspended
specimen in the electrolyte was taken as the anode and the
electrolytic cell was the cathode. During the MAO process of
ZrH, ; alloy, the electrolyte temperature was under 17 °C by
the cooling circulation system.

The thickness of coating was tested by the MiniTest-745
thickness gauge, and the phase components of the ceramic
coating was characterized by X-ray diffraction (XRD). The
APD automatic powder diffraction (PHILIPS, Cu target, step-
scan velocity of 0.02° -s™") was used. The QUANTA 400
environmental scanning electron microscope (SEM) was
applied to observe the surface and cross-section morphologies
of coatings. The element distributions were characterized by
energy dispersive spectroscope (EDS). The bonding force of
coatings was tested by WS-2005 coating adhesion automatic
scratch tester. The X-ray photoelectron spectroscopy (XPS)
was applied to analyze the chemical valence of ceramic layers.
The hydrogen resistance performance was tested by the
vacuum dehydrogenation experiment. Both the uncoated and
coated specimens were heated at 650 °C under the vacuum
pressure of 10 Pa for 10 h and then cooled to room
temperature. Anti-permeation ability was evaluated by the
permeation reduction factor (PRF), which could be calculated
by Eq.(1), as follows">'""":

Aw,

PRF = Ao

O

where Aw, and Aw, are the addition of hydrogen per-
meated into the ZrH, , alloys with and without coating,

2 Results and Discussion

2.1 Surface morphology

The surface morphologies of ceramic coatings with cerium
of different contents are shown in Fig. 1. It can be observed
that MAO coatings have many cracks and pores when the
cerium addition is 3mol% . Some large pores exist and the
coating surface is extremely uneven. With increasing the
cerium content, the micro-cracks on coatings are decreased.
The pore size is decreased while the number of pores is
increased, but the surface tends to be flat gradually, as shown
in Fig. la~lc. The surface quality of the ceramic coating is
optimally modified after MAO with 9mol% cerium, because
few cracks and pores exist. With further increasing the cerium
content, the ceramic coating begins to generate some micro-
cracks and deposits which are synthesized at the early stage,
as shown in Fig. 1d and le, because of the thermal stress
during MAO process'”'"". The high temperature effect during
MAO process forms an instantaneous temperature difference
between the high temperature coating and the low temperature
electrolyte. The rapid solidification of melt due to its
quenching in electrolyte leads to the decreased compactness
and the rapid expansion of micro-cracks of the ceramic
coatings.

Fig.2 displays the element distributions of Zr, O, and Ce of
the ceramic coatings after MAO with 9mol% cerium. The
surface of the ceramic coating mainly consists of Zr, O, and
Ce, and Ce has an even distribution. It is indicated that Ce™
participates in the coating formation process and forms the Ce-
Zr-O solid solution.

2.2 Cross-section morphology

The cross-section morphologies of ceramic coatings after
MAO with cerium addition of different contents are shown in
Fig.3. It can be observed that the ceramic coatings consist of a
dense layer near the substrate and a loose layer on the outside,
and there is no obvious boundaries between them. The
ceramic coating is loose and porous with large pores, and the
surface of the ceramic coating is irregular after MAO with
3mol% cerium. With increasing the cerium content to 6mol%,
the pore size is decreased significantly, the proportion of the
dense layer in the cross-section is increased, whereas an
obvious crack appears between the loose layer and the dense
layer. With increasing the cerium content to 9mol% , the
ceramic coating surface is smooth and compact due to the
high conductivity and low arc voltage of the electrolyte with
cerium addition which makes the MAO process more stable

respectively. and continuous. The conductivity of ions in the electrolyte is
Table 1 Electrolyte components and related parameters
Electrolyte ) ) .
. Forward voltage/V Negative voltage/V Duty cycle Frequency/Hz Duration/min
Component Content/g'L"
Na,P.O,, 18
KOH 15
350 120 50 100 15
Na,EDTA

NaF 4
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Surface morphologies of ceramic coatings after MAO with cerium addition of different contents: (a) 3mol%, (b) 6mol%, (c) 9mol%,

Fig.2 EDS analysis of ceramic coating after MAO with 9mol% cerium addition

enhanced rapidly with increasing the cerium content, which
accelerates the growth of the ceramic coatings and increases
the breakdown
simultaneously. Therefore, the large cracks and pores appear

threshold of ceramic coating surface
on the formed coatings, which reduces the density of the
ceramic coating, as shown in Fig.3d and 3e.

2.3 Bonding strength

Fig.4 shows the bonding strength of ceramic coatings after
MAO with cerium addition of different contents. It can be
seen that with increasing the cerium content, the bonding
strength is decreased generally. When the cerium content is
3mol%, the bonding strength reaches the maximum of 84.39

N, whereas the minimum bonding strength is obtained when
the cerium content is 15mol% . When the cerium content is
9mol%, the bonding strength is 52.46 N owing to the increase
in thickness of ceramic coatings, which results in the
brittleness rise, thereby increasing the cracks in the ceramic
coatings'”. During MAO process, the coating growth at later
period can mainly generate the loose layer rather than the
dense layer. Therefore, the bonding strength is decreased with
further increasing the thickness of ceramic coating, i.e., the
bonding strength is decreased with increasing the cerium
content from 9mol% to 15mol%.
2.4 Phase components

XRD patterns of ceramic coatings after MAO with cerium
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Fig.3 Cross-section morphologies of ceramic coatings after MAO with cerium addition of different contents: (a) 3mol%, (b) 6mol%, (c) 9mol%,

(d) 12mol%, and (e) 15mol%
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Fig4 Bonding strengths of ceramic coatings after MAO with

cerium addition of different contents

addition of different contents are shown in Fig.5. It is found
that the ceramic coating is mainly composed of m-ZrO,,
t-ZrO,, and t-Zr,,,Ce, ;O,. The variance of cerium content has
no obvious effect on the phase components of the ceramic
coatings. However, with increasing the cerium content, the
intensity of m-ZrO, diffraction peak is weakened gradually,
whereas that of t-ZrO, diffraction peak is strengthened
gradually. The new solid-solution phase t-Zr,,,Ce, O, appears
when the cerium content is 6mol% , and its intensity is
gradually increased with further increasing the cerium content.

Table 2 illustrates the relative contents of each phase in the
ceramic coatings, which are calculated by the K-Value method
of XRD results. The ceramic coating is mainly composed of
m-ZrO,. With increasing the cerium content, the content of
m-Zr0, is decreased, while that of t-Zr,,Ce, O, is increased.
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.t'zro.xzceo.lsoz
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Fig.5 XRD patterns of ceramic coatings after MAO with cerium

addition of different contents

Table 2 Relative content of phases in ceramic coatings after

MAO with cerium addition of different contents

Ce content/mol% 3 6 9 12 15
m-ZrO, content/wt% 940 793 769 758 747
t-ZrO, content/wt% 4.0 8.1 8.7 9.3 9.3

t-Zr, ,Ce, O, content/wt% 2.0 126 144 149 16.0

It can be found that the content of t-ZrO, is basically
unchanged when the cerium content is 12mol% ~15mol% .
Thus, it can be concluded that the m-ZrO, is mainly converted
to t-Zr,,,Ce,,;0,. Moreover, according to Fig. 5, the ZrO,
diffraction peak shifts towards the small angle area as the
cerium content increases. It is indicated that the ceria-
containing large grain phases are dissolved and transformed
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into the zirconia-containing small grain phases, which
generates an oxygen vacancy of zirconia. Thus, the phase
transition from t-ZrO, to m-ZrO, is inhibited during MAO
process, and the metastable t-ZrO, exists at room temperature
and generates the ceria-stabilized zirconia (CSZ) composite
coatings. The cerium addition is beneficial to the formation of
stable multi-phases of Ce-Zr-O composite coating, thereby
ameliorating the performance of zirconium hydride at service
temperatures above 600 °C.

2.5 Coating components

XPS spectra of the ceramic coatings after MAO with
9mol% cerium are shown in Fig. 6, revealing the chemical
valence of different elements of ceramic coatings. The
ceramic coating surface is mainly composed of Zr, O, and Ce
elements, and contains a small amount of Na, F, and P.
According to Fig.6b, the Zr 3d has two characteristic peaks.
The peak with binding energy of 182.28 eV is at the position
of Zr 3d,,, corresponding to ZrO,. It is also found that the
peak with binding energy of 185.3 eV is at the position of Zr
3d,,, corresponding to ZrO,. O 1Is has two characteristic
peaks: the peak with binding energy of 530.73 eV corresponds
to Zr0O, (529.9 eV), and the other of 532.27 eV corresponds to
O-H (532.4 eV) which may form Zr(OH), and CeO(OH) with
Zr and Ce elements, respectively. Ce 3d,, has two charac-
teristic peaks: the peak with binding energy of 882.44 eV
corresponds to CeO, (882 eV) and the other one of 884.82 eV
corresponds to the cerium oxide. It can be concluded that the
Zr, O, and Ce elements on the ceramic coating surface mainly
exist as Ce-Zr oxides, which is in agreement with the results
of XRD and EDS analyses for ZrO, and Zr,,Ce, ,;O,.

The detailed reactions during MAO in this research are
presented as follows:

H,0—H'+OH )
ZrH,<=7Zr*"+H, (3)
Ce(NO,),— Ce*"+3NO; 4)
Zr* +OH = Zr (OH), 5)
Ce’"+30H = Ce(OH), 6)
Ce(OH),— CeO (OH)+H,0 )
4CeO(OH)+6H,0+0, = 4Ce (OH), (8)
Zr(OH),— ZrO,+2H,0 ©)
Ce(OH),— CeO, +2H,0 (10)

The Zr*" in Eq.(3) is derived from the ZrH,, substrate. A
strong electric field is formed between the ZrH,, and
electrolytic cell, thereby ionizing the zirconium hydride into
Zr*" in the electrolyte. Meanwhile, the OH™ undergoes a series
of chemical reactions on the cathode to produce Zr(OH),
precipitates, metastable Ce(OH),, and H,””. With the MAO
process proceeding, the multi-discharge phenomenon occurs
on the ZrH,, alloy surface. The instantaneous temperature of
melt can reach thousands degree of Kelvin, which reduces the
solubility of Ce(OH), and dehydration of Ce(OH), to form
CeO(OH) (Eq. (7)). However, the metastable Ce(OH), and
CeO(OH) are very unstable. These precipitations are oxidized
to Ce(OH), quickly (Eq.(8)). The migration rate of ions in the
electrolyte is accelerated after the cerium addition. Mean-
while, the energy is concentrated on the interface between the
coating and the electrolyte, so the hydroxides, such as Zr(OH),
and Ce(OH),, are deposited in the discharge channels with the
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Fig.6 XPS spectra of ceramic coatings after MAO with 9mol% cerium: (a) total spectrum; (b) Zr 3d; (c) O 1s; (d) Ce 3d,,
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electrophoresis. Zr(OH), and Ce(OH), are converted into
crystal ZrO, and CeO, by plasma chemistry, thermal
decomposition, and reactions in the discharge channels under
high temperature and high pressure” (Eq. (9) and Eq. (10)).
Ceria and zirconia have the similar thermal expansion
coefficients and they can jointly form a wide tetragonal phase
solid solution zone. Based on this character, the temperature
of martensite transformation (t-ZrO,—m-ZrO,) is reduced
greatly, which is beneficial to the production of CSZ coatings.
2.6 Thickness and hydrogen resistance of coatings

The relationship between the coating thickness and
hydrogen PRF of the ceramic coating prepared by MAO with
cerium of different contents is shown in Fig.7. It indicates that
with increasing the cerium content from 0mol% to 9mol%, the
coating thickness and the hydrogen PRF are increased
gradually. With further increasing the cerium content, the
hydrogen PRF is decreased. In brief, the hydrogen resistance
permeation ability of ceramic coatings after MAO is greatly
improverd compared with that of bare ZrH , and it is
increased firstly and then decreased with increasing the
cerium content in MAO process. This is because the high
chemical activity of Ce’ can promote the ionization of various
components in the electrolyte™. With increasing the cerium
content, the ion transport process is further accelerated in the
electrolyte and the plasma physicochemical reactions in the
discharge channels are intensified, which promotes the
formation of ceramic coatings. The ceramic coating has an
optimal hydrogen resistance performance after MAO with
9mol% cerium: its hydrogen PRF achieves the maximum of
19. It can be concluded that the cerium addition can uniformly
promote the electrochemical and thermochemical plasma
reactions. The mechanical interlocking between the coating
and substrate increases the proportion of dense layer, so the
hydrogen resistance performance of the ceramic coatings is
improved. According to Fig.1d, le, Fig.3d, and 3e, the coating
thickness is increased with increasing the cerium content from
12mol% to 15mol%. But there are obvious cracks appear on
the ceramic coatings, which decreases the hydrogen resistance
performance of ceramic coatings.
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Fig.7 Coating thickness and hydrogen PRF of ceramic coatings

after MAO with cerium addition of different contents

3 Conclusions

1) The ceria-stabilized zirconia coating with good hydrogen
resistance permeation can be prepared by micro-arc oxidation
with cerium addition. The ceramic coating consists of a loose
layer on the outside and a dense layer near the ZrH
substrate. With increasing the cerium content from 3mol% to
15mol%, the thickness of ceramic coatings is increased gradu-
ally while the bonding strength is mainly decreased. When the
cerium content is 9mol%, the ceramic coating has the optimal
bonding strength and thickness.

2) The ceramic coating is mainly composed of m-ZrO,,
t-Zr0,, and t-Zr,,Ce, ;O,. The cerium addition promotes the
formation of stable t-ZrO, at high temperature and inhibits the
phase transformation of zirconia. When the cerium content is
9mol%, the ceramic coating is uniform and dense with few
defects, such as cracks and pores. Meanwhile, the ceramic
coating has good hydrogen resistance ability with the
maximum hydrogen permeation reduction factor of 19.
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