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Effects of Al and Ni doping on oxidation and
corrosion resistance of electrophoretic deposited YSZ coatings
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Abstract: Yttria-stablized zirconia (YSZ)/(Ni,Al) coatings were deposited on Inconel 600 alloy substrate by the electrophoretic
deposition combined with vacuum sintering technique. The effects of isothermal oxidation at 1100 °C on the composition of the
coatings and the crack healing were investigated, and the corrosion resistance of the coatings in 3.5% NaCl (mass fraction) solution
was also studied. The results showed that the cracks on the coating gradually healed up with the increase of the isothermal oxidation
time. During isothermal oxidation process, the coating composed of NizAl was transformed to a-Al,O; particulates. The a-ALO;
particulates can seal the defects such as pores and cracks, and meanwhile prevent the oxygen diffusion into the coatings. The
polarization curves and EIS results indicated that the coatings oxidized for 40 h had a more positive corrosion potential, higher
breakdown potential, higher impedance module at low frequency and much lower corrosion current density compared with YSZ

coated and uncoated Inconel 600 alloys.
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1 Introduction

Inconel 600 alloys have been widely applied as the
structure materials in the pressurized water reactor
nuclear power plant such as the steam generator tube
materials due to their high formability and corrosion
resistance [1]. However, they show susceptibility against
the inter-granular stress corrosion cracking [2—4]. The
pitting corrosion of the stream generating tubes emerged
as a main cause of the tube failure since the 1970s [5].
The reasons for these damages were sludge, acid
chloride, oxidizing conditions and operating temperature.
Efforts have been made to improve the corrosion
resistance by surface modification, including ion
implantation [6,7] and laser surface melting [8].
However, such physical methods can produce open pores
and pinholes on the treated surface due to the high
energy ion collision. Surface defects cause a local
corrosion of Inconel 600 alloy under the attack of
aqueous and/or gaseous corrosive environments.

Recently, electrophoretic deposition (EPD) has been
recommended due to its simplicity, controlled chemical
composition and microstructure [9,10]. However, the

appearance of cracks on coating surfaces as a result of
shrinkage during sintering severely limits its widespread
uses [11,12]. Reaction bonding is a forming technique
developed to produce near net shape ceramics and
overcome problems caused by shrinkage during
sintering.

Yttria-stabilized zirconia (YSZ) has been employed
as a protective coating on various metals and their alloys
owing to its high chemical stability and excellent
corrosion resistance [13—15]. In addition, Al,O3 is also
used in ceramic compositions. a-Al,O3 can surround the
YSZ crystals as a hard matrix and prevent its phase
transformation by the creation of compressive stresses.
Our research groups had reported that YSZ/(Ni,Al)
composite coating fabricated by EPD exhibited self-
healing due to the formation of a-Al,O3 by oxidation [16].
It seems that a particulate or layered composite of YSZ
with a-Al,O; protects the substrate from oxidation and
corrosion. There has been few published information
concerning corrosion resistance of self-healing YSZ
composite coatings containing Al and Ni particles. The
aim of this work is to study the effects of vacuum
sintering, Al/Ni doping and oxidation treatment on
corrosion resistance of YSZ composite coatings.
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In this work, YSZ composite coatings containing Al
and Ni particles (YSZ/(Ni,Al)) were deposited on
Inconel 600 alloy by EPD combined with vacuum
sintering technique, and their electrochemical corrosion
properties were investigated.

2 Experimental

2.1 Materials

The Inconel 600 alloys were used as the substrate.
Specimens in the form of plates with dimensions of
20 mm x 20 mm x 3 mm were cut and polished to a
mirror finish with 1 um Al,O; powder, then degreased by
detergent and further ultrasonically cleaned with acetone.
92% YSZ powder and 4% Al and 4% Ni (mass fraction)
powders were mixed with acetylacetone. The suspension
was stirred with a magnetic stirrer for 10 min. The
concentration of suspension was 40 g/L. Small amount of
iodine (0.4 g/L) was added to the solution and stirred
with ultrasonic for 3 h by a high intensity ultrasonic
probe. It was reported that protons were formed by a
reaction between acetylacetone and iodine. The reaction
of iodine with acetylacetone can be represented by

Eq. (1).

CH3*CO*CH2*C07CH3+212:
ICH,—CO—CO—CH,I+21 +2H" (1)

The adsorption of the formed protons onto the
suspended particles will make them positively charged.
The application of a direct current electric field causes
the positively charged particles to move towards and
deposit on the cathode. In addition, polyvinyl alcohol
was used as a dispersant to help disperse powders and
reduce agglomeration.

2.2 Electrophoretic deposition of composite coatings

Graphite electrode and the substrate were used as
the anode and cathode, respectively. The electrodes were
placed parallel and immersed in the suspension. The
distance between electrodes was kept at 30 mm. The
EPD process was performed using a constant voltage of
120 V at room temperature. The green coatings were
dried at room temperature for 24 h. The sintering of
EPD-coated samples was performed at 1100 °C for 2 h
under vacuum (6.67x107° Pa) and then furnace was
cooled to room temperature.

2.3 Characterization

2.3.1 Surface morphology and microstructure analysis
The surface morphology and cross-section of the

coatings were observed by scanning electron microscopy

(SEM, S—3400N) and field-emission-gun environment

scanning electron microscopy (FEGE-SEM, JSM-

6700F). X-ray diffraction (XRD, DLMAX-2200) was

employed to study the phase composition.
2.3.2 Electrochemical tests

Anodic polarization curves were carried out using a
potentiostat system (VersaSTAT 3F). The 3.5% NaCl
solution was kept at room temperature. A saturated
calomel electrode (SCE) was used as the reference
electrode and two parallel platinum electrodes served as
the counter electrode for current measurement. To avoid
crevice corrosion, the protective tape was used to mask
samples, allowing 1 cm® of the surface to be in contact
with the solution. Anodic polarization curves were
recorded between —500 and + 700 mV over the corrosion
potential at a scan rate of 0.2 mV/s. Electrochemical
impedance spectroscopy (EIS) measurements were
preformed in 3.5% NaCl solution at room temperature.
The frequency was varied from 10° to 0.1 Hz with an
applied AC voltage of £10 mV with respect to the open
circuit potential. The obtained impedance data were
analyzed by the software (versaStudio). The corrosion
tests were repeated at least five times for reliability and
reproducibility.

3 Results and discussion

3.1 Characteristics of coatings

YSZ/(Ni,Al) composite coatings were carried out to
promote chemical reaction between aluminum and nickel
which will enhance sintering at a relatively low
temperature. Figure 1 shows the XRD patterns of the
coatings after being isothermally oxidized at 1100 °C for
different time. It can be seen that the phase constitutions
varied with oxidation time. Figure 1(a) shows the XRD
pattern of as-vacumm sintered YSZ/(Ni,Al) composite
coatings. It can be seen that the composite coatings
mainly consist of tetragonal ZrO, and AINi;. An AINi;
phase in the composite coatings is usually resistant to
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Fig. 1 XRD patterns of YSZ/(Ni,Al) composite coatings
after isothermal oxidation at 1100 °C in air for different time:
(a) As-vacuum sintered; (b) 20 h; (c) 40 h; (d) 60 h
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corrosion in aqueous acidic corrosion environments [17].
For the YSZ/(Ni,Al) composite coatings after being
isothermally oxidized for 20 h, as shown in Fig. 1(b), the
products still consist of tetragonal ZrO, and AINis.
Figure 1(c) shows the presence of tetragonal ZrO,,
a-Al,O; on the coated samples after being isothermally
oxidized for 40 h. In contrast, complex oxide products
including tetragonal ZrO,, a-Al,O; and NiAl,O4 were
detected after being isothermally oxidized for 60 h, as
shown in Fig. 1(d).

For YSZ/(Ni,Al) coated sample, oxidation at
1100 °C causes decomposition of AINi; phase. The
relevant oxidation reactions are as follows:

4AINi;+90,=2A1,05+2NiO 2)
Al,0;+NiO=NiAl,0, 3)

Figure 2 shows the cross-sectional morphologies of

the YSZ/(Ni,Al) coated samples after being isothermally
oxidized at 1100 °C in air for different time. It can be
observed that all coated samples were around 45 um in
thickness and had good adhesion to the substrate. No
visible impenetrable crack existed in the coated
samples. Moreover, somewhat larger pores (marked with
arrows in Fig. 2(a)) were observed in the as-vacumm
sintered composite coatings. In contrast, after being
isothermally oxidized at 1100 °C for 20 h, the composite
coating contained smaller submicron pores (marked with
arrows in Fig. 2(b)). After isothermal oxidation at
1100 °C in air for 40 h, the coated samples exhibited a
relatively dense, pore-free microstructure, as shown in
Fig. 2(c). However, after being isothermally oxidized at
1100 °C in air for 60 h, some submicron pores (marked
with arrows in Fig. 2(d)) were observed again in the
coated sample.

Fig. 2 Cross-sectional micrographs of YSZ/(Ni,Al) composite coatings after isothermal oxidation at 1100 °C in air for different time:

(a) As-vacuum sintered; (b) 20 h; (c) 40 h; (d) 60 h
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It should be noted that the most important
difference in microstructure between the as-vacuum
sintered and oxidized samples was the size of porosities.
In the composite coating oxidized at 1100 °C for 20 h,
the porosities had the same size and were distributed
uniformly. But in the as-vacuum sintered sample, the
porosities had different sizes. The formation of larger
pores may be due to the phase transformation (the
formation of AINi; phase) which resulted in stress
mismatches in the composite coatings during vacuum
sintering. Taking into account the formation of a-Al,0O4
particulates (Fig. 1(c)), it is believed that the a-Al,O;
particulates can seal the defects such as pores in time and
meanwhile prevent the oxygen diffusion into the coatings
(Fig. 2(c)). With the increase of oxidation time
(oxidation for 60 h), detrimental spinel-type NiAlL,O,
oxide was formed. The NiAl,O, oxide continued
growing, and submicron pores were formed between the
NiALOy4 oxide and coating. FEGE-SEM was utilized to
investigate the surface oxide morphology of YSZ/(Ni,Al)
composite coatings oxidized for 60 h. Figure 3 proved
that the oxide scale was composed of a-Al,O; and
spinel-type NiAl,O,4oxide, which was in agreement with
the XRD results shown in Fig. 1(d). For the sample
oxidized for 60 h, a crater (not shown here) with porous
structure was observed on the surface. It is speculated
that the formation of a crater should be related to
spinel-type NiAl,O4 oxide. In corrosive environment, this
type of defect is expected to form a penetrated pathway
and leads to the formation of a galvanic cell. Meanwhile,
pitting corrosion starts due to the potential differences
between NiAlL,O4 oxide and YSZ coating.

Fig. 3 FEGE-SEM morphology of YSZ/(Ni,Al) composite
coatings after isothermal oxidation at 1100 °C in air for 60 h

3.2 Corrosion properties of Inconel 600 substrate and
YSZ coated samples
To study the effect of oxidation time on the
corrosion resistance of YSZ/(Ni,Al) composite coatings,
polarization measurements were performed in 3.5%
NaCl solution to evaluate corrosion resistance of
YSZ/(Ni,Al) composite coatings. The Inconel 600

substrate and as-vacuum sintered YSZ coated samples
had also been included for comparison. Figure 4 presents
the potentiodynamic polarization curves of as-vacuum
sintered YSZ coated samples and Inconel 600 substrate.
From both experimental curves, corrosion potential
(@ecorr) and corrosion current density (Jeon) Were
determined using the Echem analyst software. The
determined potentiodynamic parameters are summarized
in Table 1. For the Inconel 600 substrate, @.or and Jeor
were determined to be —713 mV (vs SCE) and
3.43x10° A/em’, respectively. Compared with the
uncoated substrate, the as-vacuum sintered YSZ coated
samples had more positive corrosion potential
(—268 mV (vs SCE)), much lower corrosion current
density (2.09x10 > A/cm?), which can be attributed to the
formation of a thick YSZ coating that leads to delaying
the contact between the corrosive species and Inconel
600 substrate. However, the potentiodynamic
polarization curve for the as-vacuum sintered YSZ
coated samples in Fig. 4 does not show a passive range
and the breakdown of the passive film takes place at the
open circuit potential. This indicates that the deposited
YSZ composite coatings cannot protect the substrate,
providing a significant barrier against localized attack.
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Fig. 4 Potentiodynamic polarization curves in 3.5% NaCl
solution for as-vacuum sintered YSZ coated samples (a) and
uncoated Inconel 600 alloy (b)

Table 1 Potentiodynamic polarization results for YSZ coating
and substrate

Sample Ocor/MV Jeon/ (A cm_z)
As-vacuum sintered . 5
YSZ coating 268 2.09x10
Substrate -713 3.43x107°

3.3 Corrosion properties of oxidizing YSZ/(Ni,Al)
coated samples
Figure 5 shows the potentiodynamic polarization
curves for YSZ/(Ni,Al) coated samples oxidized at
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1100 °C in air for different time. The determined
potentiodynamic parameters are summarized in Table 2.
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Fig. 5 Potentiodynamic polarization curves in 3.5% NaCl
solution for oxidizing YSZ/(Ni,Al) coated samples:
(a) As-vacuum sintered; (b) Oxidized for 20 h; (¢) Oxidized for
40 h; (d) Oxidized for 60 h

Table 2 Potentiodynamic polarization results for oxidizing
YSZ/(Ni,Al) coated samples

Peor/mV  Jeor/(Arem™) g /mV

Sample

As-vacuum sintered
YSZ/(Ni,Al) coating
Coating oxidized for20h  —285
Coating oxidized for 40 h  —221
Coating oxidized for 60 h  —257

-589 2.96x107° 381

2.85x1077 197
5.01x1078 532
1.29x10°° 283

Although the YSZ/(Ni,Al) composite coatings
exhibited consolidation by oxidation, the formation of
droplets (metal-rich particles) and/or inclusions
(detrimental spinel-type mixed oxides) in high-
temperature oxidation environments tends to lower the
oxidation/corrosion resistance [18]. At the beginning, the
composite coatings could be consolidated spontaneously,
and corrosion resistance was improved quickly. With the
increase of the oxidation time, the droplets and/or
inclusions (detrimental spinel-type oxides) were formed.
The main reason for the corrosion behavior of the
YSZ/(Ni,Al) composite coatings is that once a droplet is
formed, the defects continue growing throughout the
coatings and an interface is formed between the defect
and coating. Therefore, penetrated pathways are formed
between the defect and corrosive medium, which finally
lead to the formation of a galvanic corrosion cell.
Moreover, the growth defects cause a local corrosion of
the coatings and the substrate under the attack of the
corrosive environments. It is obvious that the
YSZ/(Ni,Al) composite coating oxidized for 40 h
exhibits the best corrosion resistance. The highest @coy
and lowest J,,; were determined to be —221 mV (vs SCE)

and 5.01x10°% A/em?, respectively, as shown in Table 2.
Also, the highest breakdown potential was determined to
be 532 mV (vs SCE). However, after being isothermally
oxidized at 1100 °C in air for less than 40 h or more, the
composite coating could not obtain excellent corrosion
resistance. Even then, the corrosion current density of all
coatings, which go through an oxidation process, is
lower than that without oxidation, and @, is shifted in
noble direction and J,, is decreased by one or two
orders of magnitude compared with those of uncoated
Inconel 600 alloys (Fig. 4).

The corrosion properties of YSZ/(Ni,Al) composite
coatings were also evaluated using EIS. Figure 6 shows
Bode plot of the impedance modulus of oxidized
YSZ/(Ni,Al) coated samples. It can be seen that the
composite coating after being isothermally oxidized
for 40 h exhibits the highest impedance module
(~10" Q-cm?) at low frequency. This indicates that
oxidation for 40 h provides good barrier properties. As
reported by SHABANI-NOOSHABADI et al [19], the
coating porosity plays a significant role in anticorrosive
properties. These pores provide an electrolytic track to
the alloy surface and results in localized corrosion sites
which ultimately lead to the increase in corrosion rate. It
is reported that the coating porosity is related not only to
the alumina mixing ratio but also to the coating
thickness [20]. Nevertheless, in the present study, all
coated samples were of almost the same thickness,
accordingly, the increase in corrosion resistance of
YSZ/(Ni,Al) coated samples oxidized for 40 h may be
attributed to the reduction of pores through the formation
of more stable and inert a-Al,O5 oxide, thus preventing
the corrosion process at coating/substrate interface. A
protective oxide on the oxidized samples is also visible at
high frequency as compared with as-vacuum sintered
sample, as shown in Fig. 6(c).

lg[|Z)/( Q-cm?)]

-1 0 1 2 3 4 5
lg(f/Hz)
Fig. 6 Bode plot of impedance modulus of oxidized
YSZ/(Ni,Al) coated samples after immersion in 3.5% NaCl
solution for 2 h: (a) As-vacuum sintered; (b) Oxidized for
20 h; (c) Oxidized for 40 h; (d) Oxidized for 60 h




1556

Based on electrochemical corrosion test results and
the morphology of the coatings, it can be concluded that
corrosion protection of the Inconel 600 alloys is
significantly enhanced by YSZ/(Ni,Al)
coating oxidized for 40 h at 1100 °C.

composite

4 Conclusions

1) A new approach was proposed to improve the
corrosion resistance of Inconel 600 alloy by EPD
combined vacuum sintering technique, followed by
isothermal oxidation at 1100 °C in air. Evolution of the
oxidation morphology indicated that dense a-Al,O4
particulates formed in the defects.

2) The potentiodynamic and EIS tests revealed that
corrosion protection of the Inconel 600 alloys was
significantly enhanced by oxidizing YSZ/(Ni,Al)
composite coating. The YSZ/(Ni,Al) composite coating
oxidized for 40 h exhibited a relatively high corrosion
resistance. The corrosion potential, breakdown potential
and corrosion current density were determined to
be —221 mV (vs SCE), 532 mV (vs SCE) and
5.01x10°* A/em?, respectively.
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