E coatings

Article

Study on the Microstructure, Corrosion Resistance and
Dielectric Properties of Atmospheric Plasma-Sprayed Y,0;3
Ceramic Coatings

Kuoteng Sun 1 Wancai Zhong 1 Shankui Qiu !, Weichen Cai !, Xiaojie Xie 1 Haoran Wang 2 Shitao Zhang 2

and Wenge Li *

check for
updates

Citation: Sun, K.; Zhong, W.; Qiu, S.;
Cai, W.; Xie, X.; Wang, H.; Zhang, S.;
Li, W. Study on the Microstructure,
Corrosion Resistance and Dielectric
Properties of Atmospheric
Plasma-Sprayed Y,O3 Ceramic
Coatings. Coatings 2024, 14, 377.
https://doi.org/10.3390/
coatings14040377

Received: 19 February 2024
Revised: 12 March 2024
Accepted: 21 March 2024
Published: 23 March 2024

Liuzhou Bureau of China Southern Power Grid Company Limited UHV Transmission Company,
Liuzhou 545006, China; sunkuoteng@163.com (K.S.); zhongwancai@ehv.csg.cn (W.Z.);
13517807586@139.com (S.Q.); caiweichen-csg@outlook.com (W.C.); xiexiaojie@ehv.csg.cn (X.X.)

2 Merchant Marine College, Shanghai Maritime University, Shanghai 201306, China;
18006448981@163.com (H.W.); zstcameron@sina.com (S.Z.)

Correspondence: wgli@shmtu.edu.cn

Abstract: Atmospheric plasma spraying (APS) is one of the most efficient processes for the preparation
of yttrium oxide (Y,O3) ceramic coatings. Changing the spraying process parameters can significantly
improve the microstructure and enhance the coating properties. In this study, the combination of
plasma-spraying process parameters (current, spraying distance, and argon (Ar) flow) was varied
by Response Surface Methodology (RSM) with the help of Minitab 19 software. Applied to the
design of experiments, improvement of errors, and prediction of microstructure property results,
the optimization and validation of experimental parameters for attaining the desired microstructure
of Y,O3 coatings, especially porosity, was achieved. Process parameters were optimized by RSM:
current 613.64 A, Ar flow rate 46.92 L/min, spray distance 15.38 cm, and optimum porosity 1.8% after
optimization. Electrochemical corrosion experiments and breakdown voltage experiments revealed
that the corrosion resistance and dielectric properties increased significantly as the porosity of the
coatings decreased. Therefore, by optimizing the plasma-spraying process parameters, the porosity
of the coatings can be significantly reduced and the corrosion resistance and dielectric properties of
Y,03 coatings can be effectively improved.

Keywords: atmospheric plasma spraying; yttrium oxide coating; RSM; corrosion resistance;
dielectric properties

1. Introduction

Ultra-high voltage transmission and transformation equipment is usually built in nat-
ural environments that are susceptible to corrosion and electrochemical attack. By adding a
ceramic protective coating to the equipment, the corrosion resistance, insulation, and ser-
vice life of the equipment can be greatly improved while ensuring economic benefits [1,2].
Ceramic materials such as Al;O3, SisNy, and Y,0O3 are often used in the preparation of
insulating coatings due to their good dielectric properties and corrosion resistance. APS
can replace large shielding components that are difficult to produce using conventional
sintering ceramics due to its high economy, flexibility, wide applicability, high degree of

Copyright: © 2024 by the authors.

automation, and high suitability to oxide ceramics because large-scale ceramics are techni-
Licensee MDPI, Basel, Switzerland.

cally difficult to produce and their costs are often high [3]. The common corrosion-resistant
coatings prepared by APS are aluminum-based ceramic coatings and yttrium-based ce-
ramic coatings [4], and yttrium-based ceramic coatings have good porosity and corrosion
resistance due to their special porous structure [5]. However, there are still few existing
studies on the optimization of APS process parameters, especially the optimization of
individual parameter combinations and their influence on coating performance, which

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Coatings 2024, 14, 377. https:/ /doi.org/10.3390/ coatings14040377 https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings14040377
https://doi.org/10.3390/coatings14040377
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://doi.org/10.3390/coatings14040377
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings14040377?type=check_update&version=1

Coatings 2024, 14, 377

2of 16

greatly limits the in-depth research and extended application of APS in the preparation of
ceramic coatings [6-8].

Al,O3 coatings represent the most established and extensively utilized ceramic coat-
ing materials, renowned for their excellent thermal stability, resistance to thermal shock,
and high dielectric strength. However, Al,O3 coatings fabricated via atmospheric plasma
spraying (APS) are subject to phase transformations that can lead to a diminution of their
insulative capabilities. Bu Zhenyu et al. [9] used APS to prepare Al,O3 coating for electro-
erosion protection of motor bearings and mainly analyzed the relationship between the
spraying process, coating structure, and coating performance of Al,O3 coating. The results
indicated that the insulation performance of the Al,O3 coating was closely related to its
microstructure. Features such as pores, cracks, and grain boundaries were identified as
areas susceptible to electrical breakdown. Therefore, it could be seen that controlling the
porosity and thickness of the coating, i.e., by optimizing the process parameters, is the key
to improving the dielectric properties of Al,O3. Wen et al. [10] enhanced the insulation
properties of Al,O3 coatings by applying penetrant sealing with silicone resin and epoxy
sealant. This treatment markedly decreased the coating’s porosity and increased its dielec-
tric strength. The improvements were observed in both the sprayed coatings and those
sealed with silicone resin. Y,O3 coating has high hardness, low porosity, high corrosion
resistance [11], and high dielectric strength [12], which can effectively improve the mechan-
ical properties, corrosion resistance, and insulating properties of workpieces [13]. The Y03
coating has been widely used in the preparation of APS coatings. Kotlan et al. [14] studied
and compared the dielectric strength of Y,O3 coatings and several other metal oxides
prepared by APS. The maximum scattering of dielectric strength values was observed in
the Y,Oj3 coating, in which a strong correlation with grain size was also observed, and the
crystallite size increased with increasing spray distance. Dai et al. [15] found that Y,0O3
coating well inhibited the progression of structural degradation and hindered interfacial
reactions, which was the direction for further development of high-nickel cathode materials,
and Y,O3-coated samples exhibited much lower charge transfer resistance compared to
uncoated YpOs-coated samples. Qiao et al. [16] researched plasma-sprayed yttria-stabilized
zirconia coatings. Porosity was found to decrease with time in high temperatures. After
200 h, porosity dropped from 9.38% to 5.79%. Higher porosity led to complex pore struc-
tures and stress concentration. This affected mechanical properties. Hardness increased
from 2.52 GPa to 3.12 GPa. Elastic modulus went up from 32.3 GPa to 43.6 GPa.

Numerous studies have been conducted on Y,03 coatings. However, investigations
into the process’s impact on coating porosity and structural characteristics are few. Research
on optimization of the process parameters of APS, particularly the interaction effects of
parameter interactions on the microstructure, remains limited. This gap constrains the
advancement and practical applications of APS in fabricating yttrium-based ceramic coat-
ings. Conventional experimental approaches tend to rely on orthogonal methods, which
are prone to substantial errors and can be disproportionately swayed by single factors.
Response Surface Methodology (RSM) was employed for the optimization of experiments,
enhancing the interaction among multiple variables while concurrently diminishing the
number of experiments required, thereby substantially reducing experimental error. In
this study, the RSM approach was utilized to elucidate the correlation between the atmo-
spheric Plasma-spraying (APS) process parameters of Y,O3 coatings and their resultant
porosity. By selecting three experimental groups representing ‘maximum, medium, and
minimum’ porosity levels, we comprehensively investigated the effects of the APS process
on porosity and the overall performance of the coatings. This investigation encompassed
phase structure characterization, microstructural analysis, electrochemical assessments,
and breakdown voltage testing.

In this study, Response Surface Methodology (RSM) was employed to utilize a facto-
rial experimental design with a three-factor, two-level framework. The variables under
consideration were current, Ar flow rate, and spraying distance. A comprehensive analysis
was conducted to elucidate the influence of atmospheric plasma-spraying (APS) parameters
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on the microstructural attributes of Y,O3 coatings, including grain size, porosity, and pore
size. Furthermore, this study delved into the porosity’s impact on the coatings’ corrosion
resistance and electrical insulation characteristics. Ultimately, the research delineated the in-
terplay between APS processing conditions and the resultant microstructural and porosity
features of the coatings.

2. Experiments and Characterization
2.1. Preparation of Materials and Coatings

Commercial Y,03 powder with 99.9% purity was used as the spraying material
(provided by Changzhou Geoquin Nano New Material Company, Changzhou, China).
The substrate was made of 20 mmx 20 mm X 8 mm aluminum alloy 6061, which was
sandblasted before spraying, and ultrasonic cleaning was carried out to remove oil and dirt.

Figure 1a is the image of the powder taken by scanning electron microscope (SEM),
and Figure 1b is the particle size distribution of the powder. The particle size of the powder
predominantly ranged from 20 to 50 pm and was either spherical or ellipsoidal in shape.
Phase analysis was conducted using an X-ray diffractometer (XRD, Rigaku Ultima IV,
Tokyo, Japan) with a copper target and Ka-ray radiation. The test conditions were set at a
power of 40 kW and a current of 30 mA, with a scanning speed of 5 degrees per minute and
a diffraction angle range of 10 to 90 degrees for the X-ray diffraction of the Y,O3 powder.
As shown in Figure 1c, the (211), (222), (400), and (622) crystal planes corresponding to the
body-centered cubic phase (bcc) were obtained by calibration.

Indensity(a.u.)

99
(400) %
o .

20 (degree)

Figure 1. (a) SEM morphology, (b) particle size distribution of Y,O3 powder, (¢) XRD diagram of
Y,03 powder spectrum.

An atmospheric plasma-spraying equipment (APS, Oerlikon Metco UnicoatProTM,
Switzerland), with the help of a robotic arm, was used to prepare the Y,O3 coatings. The
four spraying process parameters of current, main arc flow rate (Ar), auxiliary gas flow
rate (Hpy), and spraying distance were selected as variables, the design of experiments
(DOE) was carried out by RSM using Minitab 19.1 software, and the effect of other process
parameters on the coating porosity was investigated by keeping the powder feed rate
at 30%. According to the experimental results, three groups of coatings with maximum
porosity (MAX), medium porosity (MED), and minimum porosity (MIN) were screened for
subsequent characterization and performance testing.

Phase analysis was performed by XRD with a set scanning speed of 5°/min and
diffraction angles of 10-90°. The Y,Oj3 coating was characterized using a scanning electron
microscope (SEM, Hitachi TM3030, Tokyo Japan) and energy dispersive spectrometer
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(EDS, Oxford, UK). The porosity of the coatings was calculated by the grey scale method
using Image J 1.53 t software. The Image ] software was adopted in this work, and the
measurement process was consistent with the related literature, which was ruled as follows:
firstly, take SEM images with the scale removed; secondly, determine the size of the images
as needed; thirdly, import them into the Image J software; and, finally, set the threshold—the
32-bit grey scale value was set to a maximum of 255 and a minimum of 0. The pores were
then calculated and counted. In this work, the porosity of all the coatings was analyzed five
times by the software and, finally, the average value was obtained to illustrate the actual
porosity. The Scherrer equation was used to calculate the grain size of the Y,O3 coating.

2.2. Corrosion Resistance Dielectric Performance Test of Y,03 Coatings

The corrosion resistance of the Y,O3 coating was tested by potentiodynamic polar-
ization experiments using Metrohm autolab in 3.5 wt % NaCl solution. The workstation
used a three-electrode system: the working electrode was Y,O3 coatings, the reference
electrode was saturated calomel, and the counter electrode was platinum. The coating was
immersed in 3.5 wt % NaCl solution for 4 h before the experiment, and the polarization test
was performed at a rate of 1 mV /s between —0.8 V and +0.8 V.

Figure 2 was a schematic diagram of the breakdown voltage test principle and insula-
tion tester. The ground terminal was connected to the substrate and the test bar was set atop
the coating. An AC voltage was then applied incrementally at 500 V/s until the breakdown
voltage was reached. At this point, the voltage application ceased. Upon breakdown, an
audible alarm from the insulator signaled, and a “FAIL” message appeared on the interface
display. The dielectric strength was calculated by dividing the breakdown voltage by the
coating thickness.

Test bar

Power
Coating

Supply
(AC)
(l) Substrate

(a)

(b)

Figure 2. (a) Schematic diagram of breakdown voltage test principle, (b) operation interface of
insulation tester.

3. Results and Discussion
3.1. RSM Modelling and Analysis

In this study, the effects of current, Ar flow, H, flow, and spraying distance on the
porosity of Y,03 coating were studied. In order to determine the center of the response
surface analysis, it was necessary to design a reasonable step size for the parameters
and increase the intensity of the experiment to approximate the area with the best effect
before designing the response surface analysis method. Therefore, the Plackett-Burman
(PB) experimental design method was chosen to reduce the number and volume of RSM
experiments [17]. PB design and responses were shown in Table 1, in which four parameters
were current (—1 was a low level of 700 A, 0 was a medium level of 600 A, 1 was a high
level of 600 A), Ar flow rate (—1 was a low level of 40 L/min, 0 was a medium level of
50 L/min, +1 was a high level of 60 L/min), H, flow rate (—1 was a low level of 2 L/min,
0 was a medium level of 3 L/min, +1 was a high level of 4 L/min) and spraying distance
(—1 was a low level of 13 cm, 0 was a medium level of 15 cm, +1 was a high level of 17 cm).
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Table 1. Experimental design table.
. Spraying .
Experiments Current Ar Flow H; Flow Distance Porosity
No. (A) (L/min) (L/min) (cm) (%)
1 500 (low level) 40 (low level) 2 (low level) 13 (low level) 3.27
2 700 (high level) -1 -1 -1 2.59
3 -1 60 (high level) -1 17 (high level) 6.48
4 +1 +1 -1 -1 5.25
5 -1 -1 4 (high +1 3.77
level)
6 +1 -1 +1 -1 4.56
7 -1 +1 +1 +1 5.67
8 +1 +1 +1 -1 2.31
9 600 (medium 50 (medium 3 (medium 15 (medium 250
level) level) level) level) ’

The order of the influence of each factor on porosity was current > Ar flow > spray
distance > H flow. According to the PB experimental design factor effect table, as shown
in Table 2, the p-value of the model was less than 0.05, indicating that the model was
significant, and the p-value less than 0.01 was extremely significant. The higher the p-value,
the less the association of variables in the sample can be considered to be a reliable indicator
of the association of variables in the population. The p-value of H, flow was 0.047, close to
0.05. In general, the result of a p-value in many fields of science < 0.05 was considered to
be a statistically significant boundary line, but this significance level also contained a fairly
high probability of error; further, the p-value was a decreasing indicator of the confidence
of the results, and the larger the p-value, the less it was considered that the association
of variables in the sample was a reliable indicator of the association of variables in the
population, so the H, flow rate was excluded from the subsequent RSM design.

Table 2. Table of factor effects for PB experimental design.

Factors Coefficients p-Values Significance
Current (A) 1.126 0.004 Highly significant
Ar flow (L/min) 7.27 0.001 Highly significant
H, flow (L/min) 0.298 0.047 Significant
Spraying distance (cm) 0.14 0.021 Highly significant

Following the preliminary screening through the Plackett-Burman (PB) experiment,
the Central Composite Design (CCD) methodology was adopted to devise an experimental
framework aimed at dissecting the impact of current, argon (Ar) flow rate, and spray
distance on the porosity of the coatings. The central composite experimentation was
conducted using Minitab software, which incorporated three central points into the factorial
design consisting of twelve points, resulting in a comprehensive analysis of a total of fifteen
experimental runs and their corresponding response outcomes.

According to the experimental results, the second-order polynomial representing
the response surface of the porosity was fitted, and the functions of the porosity, P on
the current, the Ar flow rate, and the spraying distance were designed. Equation (1) is
shown below:

P=F(I,A D) (1)

where P was the porosity, I was the current, A was the Ar flow, and D was the spraying distance.
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The second-order polynomial regression equation for the response surface for repre-
senting the porosity is shown below:

k k k k
y=by+ Zi:l bix; + Zi:l Zj:l bi]'xixj + Zi:l b,'ixiz +e 2)

where y was the response variable about porosity, € was the error of the experiment, b was
the regression coefficient estimation of the polynomial, by was the constant, b; was the linear
coefficient, b;; was the bidirectional interaction coefficient, b;; was the quadratic coefficient,
and x was the factor.

A central combination experiment was performed on the data using Minitab software,
and 15 sets of response surface protocols were generated, as shown in Table 3.

Table 3. Response surface testing programs and results.

Serial Number Cltifnt 1(&{/23:;, Di(sctr;r)lce Po(r:/ls)ity
1 550 (low level) 45 (low level) 15 (medium level) 3.27
2 650 (high level) -1 0 2.59
3 -1 55 (high level) 0 6.48
4 1 1 0 5.25
5 -1 50 (medium level) 13 (low level) 3.77
6 1 0 -1 4.56
7 -1 0 17 (high level) 5.67
8 1 0 1 2.31
9 600 (medium level) -1 -1 2.50
10 0 1 -1 4.77
11 0 -1 1 2.61
12 0 1 1 5.13
13 0 0 0 2.02
14 0 0 0 1.80
15 0 0 0 1.94

The experimental data were analyzed, and the models for the current, Ar flow, and
spraying distance were obtained and equations were fitted, as in Equation (3)

P =1.920 — 0.5600C + 1.3325A + 1.401C? + 1.076 A? + 0.756D*> — 1.037C x D (3)

where P was the porosity, I was the current, A was the Ar flow, and D was the spraying distance.

As can be seen from Table 3, the porosity of the 15 groups of experiments ranged from
1.80% to 6.48%, and the overall change was obvious, which indicated that changing the
combination of parameters within a reasonable range had a more obvious impact on the
porosity of the coatings. In order to verify the adequacy of the model [18], the analysis of
variance (ANOVA) of the model was shown in Table 4.

According to ANOVA, various models of the fitting equations were seen to determine
the influence of the experimental treatment on the research results. When the p-value
was less than 0.05, the effect was significant, and when the p-value was greater than 0.05,
or even greater than 0.1, the effect of this source on the response experiment was not
considered [19].
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Table 4. Analysis of variance (ANOVA) of the coating porosity model.

Source Degree of Freedom Adj SS AdjMS  F-Value p-Value
Model 9 33.0983 3.6776 59.49 0.000
Linearity 3 16.7151 5.5717 90.13 0.000
Current 1 2.5088 2.5088 40.58 0.001
Ar flow 1 14.2045 14.2045 229.77 0.000
Distance 1 0.0018 0.0018 0.03 0.871
Square 3 11.9863 3.9954 64.63 0.000
Current x Current 1 7.2499 7.2499 117.27 0.000
Ar flow x Ar flow 1 4.2769 4.2769 69.18 0.000
Distance x Distance 1 21117 21117 34.16 0.002
Dual-factor interaction 3 4.3969 1.4656 23.71 0.002
Current x Ar flow 1 0.0756 0.0756 1.22 0.319
Current x Distance 1 4.3056 4.3056 69.65 0.000
Ar flow x Distance 1 0.0156 0.0156 0.25 0.637
Errors 5 0.3091 0.0618 - -
Lack of fit 3 0.2843 0.0948 7.64 0.118
Pure error 2 0.0248 0.0124 - -
Total 14 33.4074 - - -

As shown in Table 4, the p-value of the model was 0.118 > 0.05, indicating that the
model was not out of fit. For the model of the primary term, the p-value of current was
0.01 < 0.05, the p-value of Ar flow rate was 0.00 < 0.05, and the p-value of spraying distance
was 0.871 > 0.05, so the p-value of current and Ar flow rate was less than 0.05, is the
main influencing factor of the porosity of the coating, and the influence of current (C) was
more significant. For the interaction term model, the p-value of the interaction term of
current and spraying distance was less than 0.05, and the F-value was 69.65, which was
much larger than that of the other two interaction terms, indicating that the interaction
term of current and spraying distance played the most important role. Figure 3 shows the
residual plot analysis of the experiment. As can be seen from Figure 3a, the residuals were
clustered around the fitted line, which was consistent with the predicted values and was
in accordance with the law of normal distribution. Figure 3b showed that the residuals
fall on both sides of the zero, and there was no “V” trend, showing a random distribution.
Figure 3c was a Pareto plot with the absolute values of the normalized effect for each factor
in descending order. Among them, the current, the square term of the current, the square
term of the Ar flow, the square term of the Ar flow, the interaction term of the current
and the spraying distance, and the square term of the spraying distance were above the
effective line, and only the spraying distance alone had no significant effect on the model.

According to the quadratic term cross-fitting equation and model ANOVA, it can be
seen that the Ar flow rate had the greatest influence on porosity, and the porosity was more
sensitive to the change of the interaction term of current and spraying distance. Therefore,
the effects of the interaction terms of current and spraying distance on porosity at 45 L/min,
50 L/min, and 55 L/min for Ar flow rates were studied, respectively, and the response
surface plot of porosity and its contour plot was shown in Figure 4.
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Figure 4. Surface plots and contour plots of the response of spraying distance and current to
porosity at different Ar flow rates, (a) response surface plot of porosity at Ar flow rate 45 L/min,
(b) contour plot of porosity at Ar flow rate 45 L/min, (c) response surface plot at Ar flow rate
50 L/min, (d) contour plot at Ar flow rate 50 L/min, (e) response surface plot at Ar flow rate
55 L/min, (f) response surface plot at Ar flow rate 55 L/min.

As shown in Figure 4a,c,e, when the interaction term of current and spraying distance
remains constant, with the increase in Ar flow, the porosity of the coating first increased and
then decreased, and the maximum porosity was 6.48% when the Ar flow rate was 55 L/min.
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The minimum porosity was 1.80% when the Ar flow rate was 50 L/min. When the spray
distance and current change synchronously, the change in porosity is not described simply
by increasing or decreasing. However, there was an optimal area for the interaction of
current and spray distance, corresponding to the highest point of each response surface. As
shown in Figure 5, the interaction of porosity coincides with the analysis described above.

13 14 15 16 17

Distance X Current

6

Current o o 4
550 = =

rrrrrr 600 -
650 3

Current X Distance

6

. Distance
N 13
N ™ < I 15
s % /
N\ . 17
3 \ h >

o

550 575 600 625 650
Current Distance

Figure 5. Mean value plot of porosity interaction fit.

The effect of the current and spray distance interaction terms on the porosity of the
coating was more complex. For example, the porosity was 2.50% when A was 45 L/min,
D was 13 cm, and the current was 600 A. The porosity was 3.27% when the Ar flow rate
was 45 L/min, the current was 550 A, and the spraying distance was 15 cm. Therefore, it
showed that when the current and spraying distance were changing synchronously, the
change in porosity was not described by simply increasing or decreasing. Nevertheless,
an optimal interplay between current and spray distance was identified, corresponding
to the nadir on each response surface as depicted in Figure 4a—c. The lowest value of the
corresponding coating porosity was close to 1.43%. Finally, the surface response method
was used to analyze the porosity, and the response of the porosity was optimized by
software, as shown in Figure 6.

Porosity (%)

Figure 6. Optimized RSM parameters.

According to the software analysis, the 95% confidence interval for the porosity of the
coatings was (1.16, 1.70). Combined with the actual experimental data, the credibility of
the response surface method was verified. In summary, when the current was 613.64 A,
the Ar flow rate was 46.92 L/min, and the spraying distance was 15.38 cm, the porosity
reached the minimum value. The Y,O3 coating was prepared with the predicted process
parameters in this study; the average porosity was 1.46% and the error was 14%. This is
shown in Table 5. The actual test porosity met the 95% confidence interval (1.16, 1.70),
indicating that the predicted value of this model was credible.
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Table 5. Validation of actual and predicted values.

Actual and Current Ar Flow Spraying Porosity Error
Projected (A) (L/min) Distance (cm) (%)
Actual 1 613 47 15 1.410 0.0226
Actual 2 613 47 15 1.630 0.1974
Actual 3 613 47 15 1.400 0.0326
Actual 4 613 47 15 1.660 0.2274
Actual 5 613 47 15 1.210 0.2226

Actual average - - 1.46 0.14

Projected 613.64 46.92 15.38 1.43 -

3.2. Coating Structure and Performance Analysis
3.2.1. Phase Structure and Microstructure Analysis of YoO3 Coatings

In Figure 7, it can be seen that the strongest diffraction peak for all Y,0O3 coatings
was the (222) crystal plane diffraction peak of around 20 = 29°. As shown in Figure 7b,
combined with the experimental data in the previous article, the porosity of the coating
samples with the largest, medium, and smallest porosity was taken as an example: 3 (MAX),
1 (MED) and 14 (MIN) samples were 6.48%, 3.27%, and 1.80%, respectively.

(@) (b) 222)
(222)
P N R Pl MAX: 6.48%
S T s
< S
= =
Z MAX: 6.48% | Z
3 é MED: 3.27%
MED: 3.27%
\‘
- MIN: 1.80% MIN: 1.80%
I o
20 30 40 50 60 70 28.6 28.8 29.0 29.2 29. 4 29.6
20(degree) 20(degree)

Figure 7. XRD patterns of Y,O3 coatings with different parameter combinations, (a) MAX, MED and
MIN XRD pattern, (b) (222) Peak enlargement of crystal plane.

The volume and characteristics of the grain boundaries evolved with alterations in
grain size, and it was noted that variations in both grain size and boundaries significantly
influenced porosity. The primary factor affecting grain size was identified as the melting
behavior of the Y,O3 powder particles. The better the melting effect, the smaller the
porosity of the coating, and some studies have found that there was a high correlation
between the effective permittivity and the effective conductivity, and, with the increase in
porosity, both the dielectric constant and the effective conductivity decreased strongly [20].
According to the Scherrer equation, the grain size (d) and grain size of the coating were
calculated [21,22] as follows: P

- Bcos 6

where A was the X-ray wavelength, § was the diffraction peak at half height and width,
and 6 was the diffraction angle because  was half height and width and K was a constant
of 0.9. The grain sizes of the MAX, MED, and MIN specimens were 45.94 nm, 44.81 nm,
and 36.02 nm. The melting effect of Y,O3 powder particles was the main reason for the
grain size and partially melted powder particles tend to form larger size grains. Therefore,
the higher concentration of small grains in the coating was a direct result of the greater

4)
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melting of the particles in flight during the spraying process. This, in turn, led to the
formation of flat solid/liquid interface grains [23]. Consequently, it was deduced that
optimal spraying parameters influence the degree of powder particle melting, with a more
effective melting process yielding a greater proportion of small-sized grains. If the melting
effect was insulfficient, a larger grain size was produced, and the macroscopic porosity of
the corresponding coating would be poor [24].

3.2.2. Analysis of Pore Types

As shown in Figure 8, the coating cross-section had the typical layered characteristics
of APS coatings. According to previous studies [25], smaller pores in APS coatings were
formed as a result of interactions between material particles, with larger pores caused
by spatter particles when colliding with deposited material, or larger pores due to poor
deformation of partially melted particles, which had different sizes and extremely complex
shapes, as a result of interactions between material particles [26]. However, the formation
mechanism of different types of pores and cracks was not analyzed, and the porosity and
crack types of Y,O3 coating were analyzed in this study.

Figure 8. SEM cross-sections of porosity for different parameter combinations, pores type of D, @
and 3, (a) MAX, (b) MED, (c) MIN.

It has been found that the different proportions and numbers of porosity and cracks in
each type have an impact on the performance of coatings. Chen et al. [27] investigated the
relationship between pore characteristics and coating bond strength. Their findings demon-
strated a clear inverse relationship: as porosity levels diminished, the bond strength of the
coating correspondingly increased. This suggests that a reduction in porosity enhances the
overall integrity and adhesion of the coating. With the change of APS process parameters,
the pore size and crack direction were classified in this study, and the pore diameter below
10 um was regarded as type ), the pore diameter of 10-25 pm was regarded as type @,
and the pore diameter was more than 25 pm as type 3. As shown in Figure 8c, MIN was
mainly of type @, and the porosity was 1.80%. Figure 8b MED was dominated by (O and
@ types, with a porosity of 3.27%, and the porosity was mainly affected by the interaction
between the current and the spraying distance, and, when the current was small and the
spraying distance was large, the difference in the thermal expansion coefficient between the
coatings caused the cooling stress to increase, which was closely related to the difference
in the thermal expansion coefficient and the residual stress of the coatings [28]. Stress
increased the generation and propagation of microcracks in the coating, which increased
the porosity to a certain extent. The residual stresses due to this cooling varied depending
on the process parameters of the coating and the enhanced resistance to crack propagation
in the coatings. It has been reported that the decreased grain size can effectively hinder the
rapid propagation of the cracks, especially since the determination of crack propagation
paths was strongly related to the grain size. Decreased grain had a higher brittle crack
extension resistance to release the applied strain energy. This reflected that the crack propa-
gation rate of the fine grains was lower than that of the coarse grains, which was caused by
the propagation behaviors of the cracks. In fine grains, the crack propagation was easily
blocked by the grain boundaries, especially the grain boundary triple junction. Therefore,
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the crack propagation rate of the fine grains was much lower than that of the coarse grains,
which could be beneficial to the enhancement of the cohesion strength of the coating. If
there is a significant difference in the coefficient of thermal expansion between the particles
and the substrate material, they will expand and contract at different rates when cooled
and heated at various temperatures. This mismatch can lead to increased stress between
the coating and the substrate, which may result in the formation of cracks or pores in the
coating. Partially melted particles are compressed when sprayed onto the substrate surface.
If the surrounding particles cannot flow sufficiently to fill the gaps, tiny pores will form
within the coating. These pores, ranging in size from approximately 10 to 25 um, can affect
the porosity and mechanical properties of the coating. Figure 8a MAX is dominated by
® and (@ types, with a large porosity of 6.48%; at this time, there were more unmelted
particles in the coating, and large pores appeared when the layers were tiled above the
unmelted particles.

3.2.3. Effect of Spraying Parameters on the Corrosion Resistance of Y,O3 Coatings

The self-corrosion potential of the MAX, MED, and MIN coatings was tested, and
the dynamic potential polarization curves of the Y,0Oj3 coating prepared with different
parameters were shown in Figure 9, and the data of corrosion potential Eo,r and corrosion
current density I, were obtained by fitting the polarization curves according to the
Stern—Geary formula [29], and the self-corrosion potential of the coating shifted positively
as the porosity decreased, as shown in Table 6.

_ Bu X Bc
Teorr = 2.303 X Ry (Ba + Bc) ©)

where B, was the anode Tafel slope, Bc was the cathode Tafel slope, and R, was the
polarization resistance.

1X10°
1X10% |~
1X10% ¢

—MIN
—MED
1X10¢ |} _MAX

1X107

log (i, A/cm?)

1X10° 1 1 1 1 1 1 1 1 1 1
-6 -1.4 -1.2 -1.0 0.8 -0.6 -0.4 -0.2 0.0 0.2
E(vs.SCE)

Figure 9. Kinetic potential polarization curves of Y,0Oj3-coated specimens.

Table 6. Ecorr and Iy of YoO3 coatings.

Experiment No. Porosity (%) Ecorr (mV) Lcorr (Alcm?) x 109
3 6.48 —986 3.36
1 3.27 —-918 4.39

14 1.80 —887 1.29
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As can be seen from Table 6, the Ey, of the coating increased with the decrease in
porosity, while the I, showed a decreasing trend. The No. 14 specimen (porosity 1.80%)
had an open circuit potential of —887 mV and an I.or of 1.29 X 1072 A/cm?. Specimen No.
3 (porosity, 6.48%) had an Ey+ of —986 mV and an I of up to 3.36 x 102 A/cm?.

Figure 10 shows the Nyquist and Bode plots of the coating at different porosities.
As can be seen from Figure 10a, the Nyquist diagram of the Y,O3 coating was close to a
semicircular arc, and the smaller the porosity of the coating, the larger the radius of the
semicircular arc was. The magnitude of the Z,,4 value in Figure 10b Bode impedance and
the maximum phase value in Figure 10c Bode phase can verify the corrosion resistance of
the coating, and it can be seen that with the decrease in porosity, the Z,,4 value and phase
maximum value of the composite deposition layer gradually increased, so the No. 14 speci-
men with the smallest porosity had the best corrosion resistance. The corrosion resistance
of the coating is also linked to the nature of the porosity and the presence of cracks within
the coating. Pores or cracks are regarded as pathways for electrolyte ingress; thus, coatings
with low porosity present a considerable barrier to corrosive electrolytes. Consequently,
such coatings demonstrate enhanced corrosion resistance. However, corrosive electrolytes
were more likely to penetrate into highly porosity coatings through their inherent micro-
cracks, which then eroded the substrate, reducing their corrosion resistance [30]. In this
study, the amorphous phase primarily appeared in the form of amorphous particles. Due
to the process parameters, some particles cooled too quickly and could solidify from the
molten state into an amorphous phase. This uneven distribution of amorphous particles
can increase the brittleness of the coating and lead to stress concentration. Furthermore,
the emergence of the amorphous phase can contribute to the formation of cracks in the
coating, thereby establishing new channels for corrosion and diminishing the coating’s
corrosion resistance.

1.0x10°
(a) M No3 | .L(b) 4 No.3 L) 4 No.3
3.5x10° | B
e Py, @-No.1 Y @-No.1
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Figure 10. Y,O3-coated specimens No. 3, 1, 14, (a) Nyquist plot, (b) Bode impedance plot, (c) Bode
phase plot.

3.2.4. Dielectric Strength of the Coatings

Breakdown voltage tests were conducted on three samples exhibiting varying porosi-
ties (MAX, MED, MIN), each with a coating thickness of approximately 200 um. The
dielectric strength for each coating was determined by dividing the breakdown voltage by
the coating’s thickness. Figure 11 illustrates the relationship between the coatings’ porosity
and their dielectric strength.

As depicted in Figure 11, there is a clear trend showing that a lower porosity in the
coating correlates with a higher dielectric strength. Specifically, the dielectric strength
of the specimen with minimum (MIN) porosity reached 16.67 kV/mm, which is 53.92%
higher than that of the specimen with maximum (MAX) porosity, at 10.83 kV/mm. When
examining the porosity and types of cracks presented in Figure 8, it becomes evident that
optimizing the spray process parameters can considerably reduce the coatings” porosity
and enhance their dielectric strength. The fundamental mechanism behind the dielectric
breakdown of coatings is a combination of corona discharge and thermal breakdown.
Discharges in internal defects cause localized corrosion, while an imbalance between
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the heat produced and dissipated within the coating results in permanent damage [31].
By minimizing defects and cracks within the coating, the number of conductive paths
is reduced, thereby increasing the dielectric strength of the coating and enhancing its
insulative performance.

18

16-.

11 4

"
\_/

Dielectric strength (kV/mm)

10 - (3>

8
Figure 11. Dielectric strength of coatings with different porosities.

4. Conclusions

(1) Yo0O3 coatings were prepared using atmospheric plasma spraying, and the three
significant factors affecting the coating’s porosity were identified as the current, Ar flow
rate, and spraying distance using the Plackett-Burman (PB) experimental design method.
Response Surface Methodology (RSM) was utilized to establish a model for analyzing the
effects of these three process parameters on the porosity of Y,O3 coatings. Among these
factors, the interaction between current and spraying distance had the most significant
impact on coating performance, and there was an optimal region for their interaction,
corresponding to the peak of each response surface. The interaction effect of current and
spraying distance on porosity was that it increased first and then decreased, and the value
of porosity was more sensitive to the change in spraying distance. When the current was
613.64 A, the Ar flow rate was 46.92 L/min, and the spraying distance was 15.38 cm, the
minimum porosity of the coating reached 1.43%. The porosity values of Y,O3 coatings
prepared by the predicted process met the 95% confidence interval (1.16, 1.70), indicating
the reliability of the prediction of the model.

(2) In this study, the pore sizes were classified, and the high porosity coatings were
mainly larger pores and parallel cracks larger than 25 pm, which were caused by insulfficient
melting when the particles reached the matrix, large differences in the thermal expansion
coefficient between the matrix and the coating material. The low porosity coating featured
small pores and pores under 25 pum, influenced by the interplay between current and spray
distance. Additionally, discrepancies in thermal expansion coefficients between coatings
caused increased cooling stress under conditions of low current and greater spray distances.

(3) Electrochemical testing on MAX, MED, and MIN samples showed that Y203
coatings with lower porosity presented larger semi-circular arcs in Nyquist plots, indicative
of better corrosion resistance. This was corroborated by higher impedance values and
peak phase angles in Bode plots. The MIN coating, with the lowest porosity of 1.80%,
demonstrated the highest corrosion resistance, evidenced by its high corrosion potential
and low corrosion current density.

(4) Dielectric strength tests on MAX, MED, and MIN samples revealed that lower
porosity coatings, like the MIN with 1.80% porosity, required higher voltages to form
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conductive channels. Consequently, the MIN coating’s dielectric strength was 53.29%
greater at 16.67 kV/mm compared to the third sample at 10.83 kV/mm.

(5) Low porosity coatings offer enhanced corrosion resistance by limiting corrosive
penetration and protecting the substrate more effectively. They also improve dielectric
strength due to a more uniform internal structure that supports even electric field distribu-
tion and minimizes discharge. Optimizing process parameters like spray current, Ar gas
flow, and spray distance in plasma spraying is key to reducing porosity and boosting the
coating’s corrosion resistance and dielectric properties.
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