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Abstract: The Al2O3-13 wt.% TiO2 (AT13) composite coatings were prepared on Q235 steel by plasma
spray technique. The spray parameters were designed by the orthogonal experiments, and the
properties of the coating were evaluated. Results showed that with respect to the bond strength
of the coating, the optimized spraying parameters were the plasma current of 530 A, Ar flow of
41 L/min, H2 flow of 10 L/min, and spray standoff distance of 100 mm. The plasma spray process
led to the transition of α-Al2O3 to γ-Al2O3, resulting in the increase in the porosity of AT13 coating
prepared at nonoptimized parameters. Meanwhile, the porosity and cracks were also increased due
to the decrease in the Ar flow and the increase in spray standoff distance. The low porosity, a few
cracks, and the uniformly dispersed TiO2 particles contributed the enhanced properties including
mechanical and corrosion behaviors of the AT13 coating prepared at optimized parameters. The bond
strength, microhardness, and thermal shock resistance of the AT13 coating could reach 25.01 MPa,
1000.6 HV0.5, and 40 times when the coating was prepared at optimized parameters, respectively.
Especially, the static Icorr of the AT13 coating prepared at optimized parameters was two order of
magnitude less than that of Q235 steel. In addition, the erosion weight loss of Q235 steel could be
decreased about 30 times by the protection of the AT13 coating.
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1. Introduction

Due to the high strength, low density, and good welding property, the Q235 steels have been
widely used as the main materials of the steel structures in many fields like electric transmission
system and marine engineering [1]. However, the resistances of the Q235 steels to outside impacts
are not good enough when they confront the severe working surroundings. Especially, the working
environments related to wear, corrosion, high-temperature oxidation, etc. can bring into the severe
failure behaviors of the Q235 steels, which can lead to the terrible challenge in security of the working
systems [2,3]. Therefore, the effective and protective coatings are in great request for enhancing the
working properties of the Q235 steels.

In recent decades, a kind of novel high-performance A12O3-TiO2 (AT) ceramic composite coating
has been extensively researched due to the superior hardness, corrosion resistance, wear resistance,

Coatings 2020, 10, 1122; doi:10.3390/coatings10111122 www.mdpi.com/journal/coatings

http://www.mdpi.com/journal/coatings
http://www.mdpi.com
http://www.mdpi.com/2079-6412/10/11/1122?type=check_update&version=1
http://dx.doi.org/10.3390/coatings10111122
http://www.mdpi.com/journal/coatings


Coatings 2020, 10, 1122 2 of 15

and high-temperature stability. The researches have suggested that the AT coatings could be the qualified
protection for Q235 steels [4–12]. For example, Zorawsk et al. [4,5] fabricated the nanostructured
A12O3-13 wt.% TiO2 (AT13) coatings by plasma spray and found that the coating possessed the
superior microhardness, modulus, and tribological properties. Celik [6] utilized the plasma spray
technique to fabricate the AT13 and AT40 (40 wt.% TiO2) coatings, and their microhardness were
800 ± 39 HV0.1 and 1500 ± 35 HV0.1, respectively, which could improve the tribological property of
the substrates. Cui et al. [7] sprayed AT20 (20 wt.% TiO2) coatings on Grade D steel and found that
the wear rate of the coating was less than 2% of that of the steel. Among these AT series coatings,
the plasma-sprayed AT13 coatings have attracted the main research interest due to their superior
integrated mechanical properties including hardness, Young’s modulus, toughness, wear resistance,
etc. [4,5,8–11]. For instance, Zou et al. [13] adopted the air plasma spray (APS) to fabricate the AT13
coatings and found that the spraying current had strong effects on the mechanical and tribological
properties of the coatings. In addition, the best wear resistance of the coatings was obtained at the
spraying current range from 600 to 650 A. Mehar et al. [14] found that the addition of 20 wt.% Y2O3

particles resulted in the better densification and enhanced fracture strength of AT13 coating. In addition,
the Y2O3 could reduce the friction coefficient and wear rate. Lu et al. [15] investigated the phase
composition of the plasma-sprayed AT13 coatings and found that the α-Al2O3 phase of the raw particles
was transformed into the metastable γ-Al2O3 phase of the AT13 coating. Although many investigations
on the fabrication and characterization of the AT13 coatings were carried out, the detailed investigations
on the influences of the plasma spray parameters on the microstructure and properties of the AT13
coatings are inadequate, consequently limiting the broadening applications of the coatings. As the
main parameters, Ar flow [11], plasma current [16], H2 flow, and spray standoff distance have greatly
important effects on the establishment of the AT13 coatings [17–19]. Therefore, the effects of these
parameters on the fabrication of the AT13 coatings need to be comprehensively explored. Especially,
how the microstructure and property of the coatings evolve with various parameters should be deeply
investigated, which is greatly meaningful for enhancing the applications of the AT13 coatings.

Herein, the various AT13 coatings were fabricated on the substrates of Q235 steels via plasma spray
process with a series of different parameters including plasma current, Ar flow, H2 flow, and spray
standoff distance. The morphology, composition, microstructure, and property of the AT13 coatings
were analyzed. Especially, the properties of the coatings including bond strength, microhardness,
erosion, corrosion, and thermal shocks were deeply evaluated. The relationship between parameters,
microstructure, and properties of the AT13 coatings were established.

2. Materials and Experiments

2.1. Fabrications of the AT13 Coatings

The Q235 steels with the size of 25 mm × 25 mm × 5 mm worked as the substrates for the
fabrication of the AT13 coatings. The as-received AT13 composite particles (agglomerated and sintered
particles, Harbin peize material technology co., LTD, Harbin, China, as shown in Figure 1a,b) worked
as the feeding materials for the establishment of the AT13 coatings by plasma spray technique.
To improve the adhesion strength of the ceramic coatings, a kind of bonding layer of Ni5Al (Ni-5 wt.%
Al) composite metals was firstly prepared on Q235 steels before fabrication of the ceramic coatings.
The surface morphologies of the as-received Ni5Al particles (Shanghai Yongan welding materials
company, Shanghai, China) are exhibited in Figure 1c,d. From Figure 1, it can be seen that the composite
particles are all approximately spherical shaped, which consist of two different ceramics or metals.
In addition, the average sizes of the as-received AT13 and Ni5Al particles are almost 45 and 75 µm,
respectively. The composite coatings were fabricated by plasma spray instruments (UniCoatProTM,
Oerlikon Metco Co., Ltd., Pfäffikon, Switzerland) with F4MB-XL spray gun and PT3X IPS-1000 power
supply employing the Ar and H2 gas. By adjusting the spray gun moving speed and spray passes,
the thickness of all the coatings could reach about 130 µm.
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at X2000, (c) as-received Ni5Al composite particles at X500, and (d) as-received Ni5Al composite 
particles at X2000. 

Before plasma spraying, a 25 × 25 mm2 surface of Q235 substrates were treated by Al2O3 sand 
blasting to remove the surface contamination and optimize the surface conditions of the substrates. 
After that, the substrates were ultrasonically cleaned by the pure water and ethanol in sequence for 
5 min. 

In the plasma spray process, the main parameters to be investigated were plasma current, Ar 
flow, H2 flow, and spray standoff distance, which had the relative more effects on the fabrication of 
the coatings. Other spray parameters were fixed, like Ar carrier gas flow of 3.2 L/min, spray scanning 
speed of 200 cm/s, and step of 2 mm. For the establishment of Ni5Al bonding layer, the plasma 
current, Ar flow, H2 flow, and spray standoff distance were fixed to 650 A, 45 L/min, 13 L/min, and 
90 mm, respectively. These parameters endowed the coating with the good bond strength (27.37 ± 
1.18 MPa) and mechanical property, which was verified by previous experiments. 

After plasma spraying, the samples were ultrasonically cleaned by the ethanol for the further 
characterization. The cross-sections of coatings were fabricated by polishing and etching in mixed 
solutions of 500 mL/L nitric acid (H3NO3) and 500 mL/L glacial acetic acid (C2H4O2) for 10 s to exhibit 
clear cross-sections of the samples. 

2.2. Characterization of the AT13 Coatings 

For the accurate evaluation on microstructure and properties of the coatings, three samples were 
prepared at the same parameters and repeatedly characterized.  

The surface and cross-section morphology and composition distribution of the coatings were 
characterized by the scanning electron microscope (SEM, Hitachi TM3030, Tokyo, Japan) and energy 
dispersive spectroscopy (EDS, Oxford Swift 3000, Oxford, UK). With the assist of ImageJ software, 
the porosity of the coatings could be evaluated from the SEM morphology in a fixed threshold value. 
The determination principle of the threshold value was that adjusting the values of red color to 
exhibit as many pores as possible. The phase composition of the coatings was analyzed by X-ray 
diffraction (XRD, Rigaku Ultima IV, Tokyo, Japan) with Cu-Ka radiation (wave length = 0.154 nm). 
The voltage and current of XRD were 40 kV and 30 mA, respectively. The detected angles were 
ranged from 20° to 100°. The X-ray scanning speed was 2°/min, and the step was 0.02°.  

Figure 1. (a) As-received A12O3-13 wt.% TiO2 (AT13) particles at X500, (b) as-received AT13 particles at
X2000, (c) as-received Ni5Al composite particles at X500, and (d) as-received Ni5Al composite particles
at X2000.

Before plasma spraying, a 25 × 25 mm2 surface of Q235 substrates were treated by Al2O3 sand
blasting to remove the surface contamination and optimize the surface conditions of the substrates.
After that, the substrates were ultrasonically cleaned by the pure water and ethanol in sequence for 5 min.

In the plasma spray process, the main parameters to be investigated were plasma current, Ar flow,
H2 flow, and spray standoff distance, which had the relative more effects on the fabrication of the
coatings. Other spray parameters were fixed, like Ar carrier gas flow of 3.2 L/min, spray scanning
speed of 200 cm/s, and step of 2 mm. For the establishment of Ni5Al bonding layer, the plasma current,
Ar flow, H2 flow, and spray standoff distance were fixed to 650 A, 45 L/min, 13 L/min, and 90 mm,
respectively. These parameters endowed the coating with the good bond strength (27.37 ± 1.18 MPa)
and mechanical property, which was verified by previous experiments.

After plasma spraying, the samples were ultrasonically cleaned by the ethanol for the further
characterization. The cross-sections of coatings were fabricated by polishing and etching in mixed
solutions of 500 mL/L nitric acid (H3NO3) and 500 mL/L glacial acetic acid (C2H4O2) for 10 s to exhibit
clear cross-sections of the samples.

2.2. Characterization of the AT13 Coatings

For the accurate evaluation on microstructure and properties of the coatings, three samples were
prepared at the same parameters and repeatedly characterized.

The surface and cross-section morphology and composition distribution of the coatings were
characterized by the scanning electron microscope (SEM, Hitachi TM3030, Tokyo, Japan) and energy
dispersive spectroscopy (EDS, Oxford Swift 3000, Oxford, UK). With the assist of ImageJ software,
the porosity of the coatings could be evaluated from the SEM morphology in a fixed threshold value.
The determination principle of the threshold value was that adjusting the values of red color to exhibit
as many pores as possible. The phase composition of the coatings was analyzed by X-ray diffraction
(XRD, Rigaku Ultima IV, Tokyo, Japan) with Cu-Ka radiation (wave length = 0.154 nm). The voltage
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and current of XRD were 40 kV and 30 mA, respectively. The detected angles were ranged from 20◦ to
100◦. The X-ray scanning speed was 2◦/min, and the step was 0.02◦.

The bond strength of the whole sprayed coatings was evaluated by the pull-out tester (BGD 500
Digital Display Adhesion Tester, Guangzhou Biaogeda Laboratory Instrument Supplies Co., Ltd.,
Guangzhou, China). The 3 M Scotch-Weld structural glue worked as the bonding medium between
coatings and buttons/dollies of the pull-out tester with the diameter of 10 mm. After being coated with
the scotch-weld glue, the samples were placed in the oven and solidified at 100 ◦C for 3 h.

The microhardness of the coatings was measured using a Vickers Microhardness Tester (HXD-100
TMC/LCD microhardness tester, Shanghai Taiming, Shanghai, China) along the cross-section.
The working load and loading time were 500 gf and 15 s, respectively. To ensure the accuracy
of the microhardness value, 3 points of the same depth with an interval of 0.5 mm were measured in
each test area, and the average value was taken.

The thermal shocks property of the coatings was evaluated by the heating–cooling experiments,
which were conducted by a KSJO chamber electric furnace (Shanghai Yanshi electric furnace company,
Shanghai, China). In priority, the samples were heated at 550 ◦C for 15 min. After that, the heated samples
were placed into the pure water at room temperature to rapidly cool down. Consequently, the resistance
to thermal shock of the coatings were investigated by the repetition of the above heating and cooling
process. The repetition times were the final evaluation of the resistance to thermal shocks when peeling
off about one-third of surface area of the coating.

The corrosion behaviors of the coatings were analyzed by an electrochemical workstation
(Swiss Metrohm Autolab Electrochemical Workstation, Herisau, Switzerland) with standard three
electrodes system at room temperature. The corrosion media was 3.5 wt.% NaCl solution. In the
three electrodes, the coating, platinum plate, and Ag/AgCl electrode worked as the working, counter,
and reference electrodes, respectively. The open-circuit potential (OCP) of the coating was measured
for 1 h. The potentiodynamic polarization experiments of the coatings were carried out with the
scanning speed of 1 mV/s around OCP. Before each corrosion experiments, the samples were firstly
immersed in 3.5 wt.% NaCl solution for 2 h.

The erosion behaviors of the coatings were characterized by an erosion test setup [20].
The experimental solution consisted of the 3.5 wt.% NaCl and 40 wt.% SiC sands (~100 µm) suspension.
The rotation speed of impeller was kept at 550 rpm and the stirring time was 10 h. After erosion
experiments, the samples were rinsed by the pure water and ultrasonically cleaned in ethanol. After that,
the samples were completely dried by the warm hairdryer. The weight loss of the samples was evaluated
by a precision electronic balance model FA1004N (Shanghai Precision Scientific Instrument Co., Ltd.
Shanghai, China). Moreover, the surface morphology of the coating after erosion was characterized
by SEM.

3. Results and Discussion

3.1. Fabrication of the Optimized AT13 Coatings

The orthogonal experiment method was used to select the optimized spray parameters in terms
of bond strength [21–23], which was essentially important for safeguarding the service of the coating.
In the orthogonal experiments, the plasma current, Ar flow, H2 flow, and spray standoff distance
were the variations, which was adopted as the common four factors and three levels listed in Table 1.
Moreover, the Ar carrier gas flow, spray scanning speed, and step were set to 3.2 L/min, 200 cm/s,
and 2 mm, respectively. At each set of parameters, three samples were prepared for the evaluation on
bond strength.
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Table 1. Four factors and three levels for spraying A12O3-13 wt.% TiO2 (AT13) coatings.

Level Number Plasma Current (A) Ar Flow (L/min) H2 Flow (L/min) Spray Standoff Distance (mm)

I 530 31 10 80
II 565 36 12 100
III 600 41 14 120

According to Table 1, the orthogonal experimental parameters are listed in Table 2 in detail to
explore the effects of various parameters combinations on establishment of the AT13 coatings. The bond
strength of three samples prepared under each combined parameter were examined. The bond strength
results of the coatings are listed in Table 3. It can be found that the effects of the parameters on the
bond strength were much severe. The bond strength of some coatings could reach 23 MPa, while some
were less than 10 MPa.

Table 2. Designed parameters combination in orthogonal experiments of AT13 coatings.

Sample Number Spray Current (A) Ar Flow (L/min) H2 Flow (L/min) Spray Standoff Distance (mm)

1 I (530) I (31) I (10) I (80)
2 II (565) II (36) II (12) I
3 III (600) III (41) III (14) I
4 I II III II (100)
5 II III I II
6 III I II II
7 I III II III (120)
8 II I III III
9 III II I III

Table 3. Bond strength of the AT13 coatings prepared at designed parameters.

Sample Number Bond Strength (MPa) Average Bond Strength (MPa)

1 19.86 21.80 22.74 21.47
2 14.61 13.23 14.41 14.08
3 16.36 18.33 17.03 17.24
4 18.31 20.58 19.63 19.51
5 23.76 24.28 21.69 23.24
6 24.20 22.59 22.08 22.96
7 19.79 21.17 18.30 19.75
8 16.63 14.68 14.85 15.39
9 10.42 12.62 13.29 12.11

Table 4 shows the range analysis of the bond strength of the AT13 coatings prepared at three levels.
It is observed that the effects of four factors on the bond strength of the coatings are very different.
The maximum value of bond strength appears at the level I, level III, level I and level II for the plasma
current, Ar flow, H2 flow, and spray standoff distance, respectively. The spray standoff distance has
more effects on the bond strength of the coating than other parameters. Thus, the plasma current
(530 A), Ar flow (41 L/min), H2 flow (10 L/min), and spray standoff distance (100 mm) were determined
to be the optimized spray parameter combination. To further verify the accuracy of the optimized
spray parameter combination, the bond strength of the coating prepared at the optimized parameters
were examined to be 25.01 ± 2.20 MPa derived from the average value of 23.41, 25.10, and 26.52 MPa of
three samples, which was higher than that of the coating prepared at other parameters listed in Table 3.
This further illustrated that the determination of the optimized parameters could be appropriate.
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Table 4. Range analysis of the bond strength of the AT13 coatings prepared at three levels.

Level Number Plasma Current (A) Ar Flow (L/min) H2 Flow (L/min) Spray Standoff Distance (mm)

I sum 60.73 59.82 56.82 52.79
II sum 52.71 45.70 56.79 65.71
III sum 52.31 60.24 52.13 47.25

I average 20.24 19.94 18.94 17.60
II average 17.57 15.23 18.93 21.90
III average 17.44 20.08 17.38 15.75
Range (D) 2.8 4.85 1.56 6.15

3.2. Morphology and Composition of the AT13 Coatings

The surface morphology of sprayed Ni5Al layer is exhibited in Figure 2. It is observed that the
surface of the Ni5Al coating is coarse with some hills and pores. This coarse surface is beneficial to the
enhancement in the bond strength of the AT13 coatings.
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Figure 2. (a) Surface morphology of the Ni5Al layer and (b) the corresponding magnified image.

To investigate the effects of spray parameters on the establishment of AT13 coatings, the optimized
spray parameters and the parameters of No. 8 in Table 4 (nonoptimized parameters) were selected to
fabricate the AT13 coatings. Their surface morphologies are exhibited in Figures 3 and 4. Figure 3 also
shows the element mapping of a representative surface morphology of the coating prepared at the
optimized parameters. It is observed that the brighter area is the TiO2 area, while the darker area is the
Al2O3. From Figure 4, it is seen that the TiO2 areas are larger and brighter in the coating prepared at
nonoptimized parameters than optimized parameters. This demonstrates that the distribution of TiO2

is not uniform in the AT13 coating prepared at nonoptimized parameters. Moreover, lots of cracks and
pores appear on the surface of AT13 coating prepared at the nonoptimized parameters. These defects
were bad for enhancing the service property of the coatings. However, a few TiO2 appear on the surface
of the coating prepared at the optimized parameters and they are uniformly distributed. In Figure 4d,
a few cracks can be found on the surface of the coating, while a relative high content of pores appear.
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Figure 4. SEM morphologies of the AT13 coatings prepared at (a,b) nonoptimized parameters and
(c,d) optimized parameters.

These surface morphologies and structures were caused by the intrinsic characteristics of the
plasma spray technique [24]. The establishment of the AT13 coatings was the accumulated results
of the successively solidification of melt particles when they arrived on the surface of the substrates.
Thus, the spaces between the melt particles on the substrate could lead to the formation of lots of
pores and cracks during the plasma spraying. At the nonoptimized parameters, high plasma current
(565 A) could directly decrease the plasma voltage and subsequently melt degree of the AT13 feedstock
although the high H2 flow (14 L/min) favored the enhanced the plasma voltage. The low Ar flow
(31 L/min) also decreased the heat output to lower the melt degree of the AT132 feedstock. Meanwhile,
a large spray standoff distance (120 mm) lead to the rapid decrease in temperature of the melt particles
before the particles arrived on the substrate [24]. Thus, the melt particles were easier to solidify during
spraying at nonoptimized parameters than at optimized parameters (plasma current of 530 A, Ar flow
of 41 L/min, and spray standoff distance of 100 mm). Consequently, more cracks appeared in the
coating prepared at nonoptimized parameters due to the weak adhesion force among the particles
on the substrate, whereas the low plasma current, high Ar flow, and short standoff distance at the
optimized parameters decreased the cracks of the coating as shown in Figure 4d.

The porosities of the AT13 coatings prepared at nonoptimized and optimized parameters were
evaluated by Image J software [25]. The results are shown in Figure 5, in which the red area represent the
pores. It is observed that the porosity is much higher in the coating prepared at nonoptimized parameters
than that at optimized parameters, which are 5.62± 1.71% and 3.05± 1.07%, respectively. The formation
of porosity was also induced by the intrinsic characteristics of the plasma spray technique as discussed
above. The faster cooling and solidification of the melt particles at nonoptimized parameters led to the
increased possibility of large spaces among the melt particles, which brought into the high porosity.
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The cross-sectional morphology and element mapping of the Ni5Al layer and AT13 coating
prepared at optimized parameters is exhibited in Figure 6, which is obtained from the BSE (backscattered
electrons) mode of SEM. The brighter area represents the Ni5Al layer and the darker top layer is
the AT13 coating. The thickness of the Ni5Al and AT13 composite coating are about 80 and 130 µm,
respectively. The TiO2 phases are uniformly distributed in the AT13 coating, which is induced by
the good melting conditions of the TiO2 particles during spraying. At the optimized parameters,
the TiO2 particles could be melted throughout, so that the TiO2 melting pool could be diluted by the
subsequent melt Al2O3 particles. Consequently, the TiO2 particles were not accumulated at some
area. Additionally, there are two slight transition zones appearing between Q235 and Ni5Al, Ni5Al,
and AT13 coating, which is caused by the high melt temperature of spray particles.
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The XRD patterns of the as-received AT13 particles and AT13 coatings are exhibited in Figure 7.
It is observed that the main phases of as-received AT13 particles are α-Al2O3 and anatase TiO2

phases. After spraying at nonoptimized parameters, lots of γ-Al2O3 phases appear and the XRD
peak of γ-Al2O3 phase is the strongest one as shown in Figure 7, whereas, a few α-Al2O3 phases
were transformed into γ-Al2O3 phases at nonoptimized parameters, in which the α-Al2O3 phases are
still the dominated phases. The phase transformation from α-Al2O3 to γ-Al2O3 was also verified in
related literatures [5,8,15]. They believed that the formation of γ-Al2O3 was induced by the preferential
nucleation of metastable γ-Al2O3 with low surface energy during solidification. During solidification,
the much rapid cooling of the melt Al2O3 particles led to the numerous nucleation and the survival of
the metastable γ-Al2O3. The formation of numerous γ-Al2O3 phases was favorable for the increase
in porosity of the coating prepared at nonoptimized parameters [15]. Moreover, another new phase
of Al2TiO5 was formed and some of α-Al2O3 were retained, which was induced by the roles of
TiO2 particles. The mixture of melt Al2O3 and TiO2 particles led to the eutectic products of Al2TiO5.
The retained α-Al2O3 was caused by the inhibiting effects of TiO2 on phase transition of α-Al2O3 and a
few not completely melted α-Al2O3 particles. The phase transition and the content of various phase
could greatly affect the property of the AT13 coatings prepared at different parameters.
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3.3. Mechanical Property of the AT13 Coatings

From Table 3, it can be found that the bond strength (cohesive strength) of the AT13 coatings
prepared at nonoptimized parameters is 5.39 MPa, which is much lower than that of the coating
prepared at optimized parameters (25.01 MPa). This was induced by the porosity and cracks of the
coatings. From Figures 4 and 5, it is observed that the coating prepared at nonoptimized parameters
possessed high content of pores and cracks, which led to the poor bond strength among solidified
particles in the coating. This poor bond strength could bring into the easy peeling off of the coating
from the substrate. As shown in Figure 8, the more surface area of the AT13 coating prepared at
nonoptimized parameters are peeled off, which proves the weak bond strength of the coating.
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The microhardness distribution of the sprayed samples along cross-section are shown in Figure 9.
It is seen that the microhardness of the samples gradually increases from the Q235 substrate to AT13
coating along cross-section direction, no matter the samples are prepared at the nonoptimized or
optimized parameters. The microhardness evolution of the samples along cross-section are divided into
3 stages, which represent the microhardness of Q235 substrate, Ni5Al, and AT13 coating, respectively.
The microhardness of the substrate and Ni5Al are the same in all samples, whose average values are
191.2 ± 8.7 and 837.1 ± 19.2 HV0.5, respectively, whereas, the microhardness of the AT13 coatings in both
samples are much different. The average microhardness of the AT13 coating prepared at optimized
parameters is 1000.6 ± 30.8 HV0.5, which is higher than that of the coating prepared at nonoptimized
parameters (951.8± 25.7 HV0.5). This difference in microhardness of the AT13 coating was caused by the
pores and cracks in the coating. The high content of pores and cracks more easily led to the expansion
of the indentation, so that the microhardness of the coating was decreased. Additionally, it can be
found that there is a gradual microhardness increase between the substrate and Ni5Al, Ni5Al, and AT13
coating, which is induced by the formation of the transition layers among them. The transition layers
are derived from the mixture of the high-temperature melting particles and the substrates.
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The thermal shock behaviors of the AT13 coatings were examined. The surface morphologies of
the coatings after different times of heat shock experiments are presented in Figure 10. It is observed
that the coating prepared at the optimized parameters possesses the better thermal shock resistance.
The coating still keeps the integrated surface morphology even through 45 heat shock experiments.
However, after 30 times of heat shock, the severe peeling off of the coatings prepared at nonoptimized
parameters already appears. The porosity, cracks, and the distribution of TiO2 particles in the coating
also strongly affected the thermal shock behaviors of the AT13 coatings. The high content of pores
and cracks contributed to the stress concentration in the locations of the defects, which brought in the
rapid development and extension of the cracks under the alternating stress during heating and cooling.
The nonuniform distribution of the TiO2 particles also could increase the severe differences in volume
changes of adjacent TiO2 and Al2O3 phases during cooling of the coating due to their different thermal
expansion coefficient. Especially in the area of lots of TiO2 phases, the differences in volume changes
between TiO2 and Al2O3 were more severe than that in area of a few TiO2 particles, which consequently
induces the development of the cracks. Additionally, the multitimes heat treatment could lead to the
transition of the γ-Al2O3 to α-Al2O3, causing changes in the volume of the coatings and subsequent
peeling off. Therefore, the AT13 coating prepared at optimized parameters possessed better thermal
shock resistance.
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3.4. Corrosion Behaviors of the AT13 Coatings

The static corrosion behaviors of the coatings were characterized by the potentiodynamic
polarization curves as exhibited in Figure 11. It is obvious that the corrosion potential (Ecorr) value of
the coating prepared at optimized parameters is the most positive one, whereas that of the Q235 substrate
is the most negative one. The extrapolation method was utilized to calculate the Ecorr and corrosion
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current (Icorr) of the coatings from the potentiodynamic polarization curves, which are listed in Table 5.
It is observed that the Ecorr values of the coatings prepared at optimized and nonoptimized parameters,
and Q234 substrate are −699 ± 15, −718 ± 21, and −997 ± 9 mV, respectively. The corresponding Icorr of
the coatings and substrates are 1.41 ± 0.51, 1.96 ± 0.48, and 103.1 ± 1.9 µA/cm2, respectively.
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Table 5. Ecorr and Icorr calculated from the potentiodynamic polarization curves.

Samples Ecorr (mV) Icorr (µA/cm2)

Nonoptimized AT13 −718 ± 21 1.96 ± 0.48
Optimized AT13 −699 ± 15 1.41 ± 0.51

Q235 −997 ± 9 103.1 ± 1.9

The positive shift of Ecorr accompanied by a decrease in Icorr indicated a decreased tendency to
corrosion of AT13-coated samples produced by optimized parameters. The polarization test results led
directly to the conclusion that AT13-coatings produced by optimized parameters could significantly
improve the overall corrosion protection of Q235 components. The Icorr of the AT13 coating prepared
at optimized parameters decreased two order of magnitude than that of the Q235. The enhanced
resistance to corrosion of the AT13 coating prepared at optimized parameters was attributed to the
low content of pores and cracks in the coating. The less pores and cracks could prevent the extending
of corrosion media to the internal metals, consequently reducing the occurrence of the corrosion.
The enhanced resistance to corrosion of plasma-sprayed AT13 coatings was also verified by the related
works that illustrated also the significant dependence of the corrosion on the spray parameters [26].

The dynamic corrosion behaviors (erosion) of the AT13 coatings and Q235 substrate were evaluated.
The surface morphology of the AT13 coatings and Q235 substrates after erosion are shown in Figure 12.
Compared to Figure 4d, it is observed that the surface of AT13 coating prepared at optimized parameters
is seem to be changed a little with the impact of the erosion as shown in Figure 12a, while some erosion
areas including pits and cracks as shown in magnified image of Figure 12b appear in the surface of
the AT13 coating prepared at nonoptimized parameters. This was attributed to the microstructure
and properties including microhardness and corrosion resistance of the AT13 coatings. The AT13
coating with the microstructure of more pores, cracks, and the properties of low microhardness and
corrosion resistance could be easily damaged by the outside impacts, which was caused by the synergy
of corrosion and friction [20,27]. The low microhardness and corrosion resistance accelerated the wear
and corrosion failure of the coatings, consequently bringing in the more weight loss in locations of
pores and cracks. Thus, the coating prepared at optimized parameters possessed the low weight
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loss. The high microhardness and corrosion resistance of the coating could enhance the ability of
specimen surface to resist the outside erosion impacts. With respect to the substrate of Q235 as shown
in Figure 12c,d, lots of erosion areas appear on the surface of Q235 substrate when erosion rest.
Especially in Figure 12d, some pits, cracks, and scratches are formed in the erosion area with a larger
size. These erosion areas were caused by the poor microhardness and corrosion resistance of the
substrate. The corresponding weight loss of the coatings and substrate are listed in Table 6. The weight
loss results exactly supported the surface conditions of the samples, in which the weight loss of the
AT13 coatings prepared at nonoptimized and optimized parameters and Q235 substrates were 12.4,
5.7, and 155.8 mg, respectively. The weight loss of the AT13 coating prepared at optimized parameters
was about 30 times less than that of the Q235 substrate.
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Table 6. Weight of the samples before and after erosion.

Samples Before Erosion (g) After Erosion (g) Weight Loss (mg)

Samples coated by nonoptimized AT13 10.0799 10.0675 12.4
Samples coated by optimized AT13 10.6003 10.5946 5.7

Q235 substrate 10.3221 10.1663 155.8

4. Conclusions

The Ni5Al and AT13 composite coatings were successfully established on the substrates of Q235 by
plasma spray technique. The spray parameters of the AT13 coatings were designed by the orthogonal
experiment method with 4 factors and 3 levels, in which plasma current, Ar flow, H2 flow, and spray
standoff distance worked as the main variables. With respect to the bond strength of the coating,
the enhanced bond strength of the coating could reach to 25.01 MPa, which was prepared at the
optimized spray parameters, i.e., the plasma current of 530 A, Ar flow of 41 L/min, H2 flow of 10 L/min,
and spray standoff distance of 100 mm.

In this work, the presprayed Ni5Al layer with coarse surface conditions worked as the middle
layer between the AT13 coating and the substrate of Q235. The AT13 coating prepared at the optimized
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parameters possessed less pores and cracks in the coating than at nonoptimized parameters, in which
the porosities were 3.05% and 5.62%, respectively. Moreover, the TiO2 particles were also more
uniformly distributed in the coating prepared at optimized parameters, in which the less amount of
γ-Al2O3 was formed. The plasma current, Ar flow, and spray standoff distance played more important
roles in changing the microstructure of the AT13 coatings, in which the low plasma current, high Ar
flow, and small spray standoff distance could bring into the low porosity and the uniform distribution
of TiO2.

The less porosity and cracks of the AT13 coating with the uniformly distributed TiO2 endowed the
coating with the better mechanical properties including bond strength, microhardness, thermal shock
resistance, and corrosion resistance including static and dynamic corrosion. The bond strength,
microhardness, and thermal shock resistance of the AT13 coating could reach 25.01 MPa, 1000.6 HV0.5,
and 40 times when the coating was prepared at optimized parameters, respectively. Especially, the static
Icorr of the AT13 coating prepared at optimized parameters was two order of magnitude less than
that of Q235 steel. The erosion weight loss of Q235 steel could be decreased about 30 times by the
protection of the AT13 coating. Therefore, the AT13 coating with the presprayed Ni5Al layer could be
fully qualified as the protection of the Q235 steels in harsh environments.
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