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Abstract. The atmospheric plasma spray process (APS) is a well-established and widely
employed technology used to create various types of coating for the fabrication of numerous
industrial applications. Speciallity, this process is considered as a suitable technique for
fabricating ceramic coatings. However, the structure of thermal spray coatings consists of
particles, semi-molten particles, oxides, pores, and cracks that significantly influence the coating
properties, especially their erosion-corrosion resistance. In this study, the Al,O3-40TiO, coating
applied by APS was penetrated with aluminum phosphate (APP) by ultrasonic excitation
method, and then, the effect of heat treatment after the sealing on corrosion protection of Al,Oz-
40TiO, ceramic coating was investigated. The results show that, after being impregnated with
APP, the heat treatment at 800 °C assures the coating a lower porosity and better corrosion
resistance than heat treatments at 400 and 600 °C. The existence of the durable crystalline phases
Al(PO3); (Cubic), Al,P¢O1s (Monoclinic), and AIPO, (Orthorhombic) on the surface of the
sample heat-treated at 800 °C has contributed to enhancing the corrosion resistance of the Al,O5-
40TiO, coating.
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1. INTRODUCTION

It has been reported that sprayed Al,O5-TiO, composite ceramic coatings have high
durability in various environments, especially in terms of corrosion and wear resistance [1, 2].
The corrosion resistance of Al,O3-TiO, coatings fabricated by the thermal spray-coating
technique using combustible gas has been investigated by Pinzén et al. [3]. The results reveal
that as the coating's porosity rises, its corrosion resistance effectiveness declines. The corrosion
and wear resistance of Al,O3-13 wt.% TiO, composite ceramic coatings with nanostructures of
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different porosity were studied by Tian et al. [4]. The authors indicated that the coating has low
porosity, decent corrosion, and wear resistance in environments with high temperatures and
pressure. The corrosion resistance of Al,O3-TiO, coating was investigated by Zavareh et al. [5].
According to the authors, the coating created by the APS method has better anti-corrosion ability
than the coating created by the HVOF method. In 2010, the wear resistance of Al,O3-13wt.%
TiO, and Al,05-43wt.% TiO, composite ceramic coatings were investigated by Vargas et al.
[6], the authors indicated that the Al,O5-13wt.% TiO, coating has higher wear resistance than
the Al,Os-43wt.% TiO, coating. However, the corrosion resistance of Al,0s-43 wt.% TiO,
coating is significantly higher than that of Al,O;-13wt.% TiO, coating. The nanographene with
different structures (Gpt and GNs) has dramatically improved the wear resistance of Al,O;-
13wt.% TiO, created by APS, which was investigated by Wang et al. [7]. The graphene
nanoplatelets (GNPs) used to reinforce the Al,03-40TiO, coating created by the APS method
were investigated by Verma et al. [8]. According to the authors, the porosity of the coating
decreased from 17 % to 6 % when the coating material was added with 1.5 % GNPs.

Many studies have shown that aluminum phosphate (APP) is highly effective in improving
the corrosion resistance property of ceramic coatings and composite ceramic coatings [9 - 12]. In
our previous works [13 - 16], the combination of sealing with APP and heat treatment for
thermal coatings was also mentioned. The obtained experimental results demonstrated that after
applying the treated method, the thermal spray coatings have excellent resistance to corrosion
and wear corrosion. For example, when NiCr electric arc sprayed coating was impregnated with
APP and heat-treated in the range of 400 to 1000 °C, its corrosion resistance was enhanced
considerably in comparison with the unsealed coating. After 1052 hours of immersion in pH 2.0
H,SO, solution, for the unsealed samples, the boundary between the NiCr layer and the steel
substrate had a clear separation, while for the sealed ones, this separation was insignificant and
decreased with the higher the annealing temperature.

In addition, in the presence of ultrasonic excitation, APP had penetrated deeply into the
coating through cracks, and open pores of the coating, thus the reducing porosity and the anti-
corrosion protection of the coating were greatly enhanced [17, 18]. The ultrasonic waves
accelerate thermal motion, reduce interfacial tension, and improve the compatibility between the
coating and the penetrant. With the energy of ultrasonic waves, the air in the pores of the coating
is pushed out, enabling APP to penetrate deeply into the pores. Moreover, the ultrasonic wave
also causes the air contained in the APP to continuously escape by buoyancy force and pressure.
This process is constantly repeated, through which a large amount of the penetrant is penetrated
deeply into the coating. In this study, we carried out a penetration treatment for the coating with
APP in the presence of ultrasonic excitation. The Al,O3-40TiO, coating after spraying was
immersed in an ultrasonic vibration tank containing APP. Then, the coating is heat-treated in a
temperature range of 400 to 800 °C. The effect of the heat treatment on the erosion-corrosion
resistance was investigated.

2. MATERIALS AND METHODS
2.1. Material preparation
The material of the substrate is carbon steel of dimension 50 x 50 x 3 mm® with chemical
composition listed in Table 1. The bond coat and top coat are fabricated from Ni20Cr and Al,Oz-

40TiO, powder, respectively. These powders have a particle size of 45 = 5 pm, which is
provided by Sulzer Metco. Table 2 is the detailed composition of the spray powders.
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Table 1. Chemical composition of the carbon steel substrate.

Element C Si Mn P S Cr Fe
Chemical composition, % 0.465 0.258 | 0.656 | 0.022 | 0.025 | 0.355 | Bal.

Table 2. Chemical composition of the spray powders (wt.%).

Powder Ni cr |Fe |[Mn |ALO; | TiO, [Fe,0s | MgO | CaO ?r:]gir)
Ni20Cr Bal, 95|10 |15 |- - - - - <17
AlL,O5-40TiO, | - e - Bal. 395 | <03 ]<02 |<0.1

2.2. Coating fabrication and aluminum phosphate preparation
2.2.1. Coating fabrication

Before the spraying, the surfaces of the substrate were roughened by the a-Al,O; abrasive
blasting method with the parameters as follows: a-Al,O; grain size of 0.8 + 1.2 mm, grit blasting
distance of 120 mm, blasting angle of 90° and blasting pressure of 6 bar. Then, the sample’s
surface was cleaned with dry air before coating deposition. The coating application was
performed on a PRAXAIR-TAFA plasma-spraying machine using the SG-100 spray gun with
the technical parameters as shown in Table 3. The bond coat is NiCr20 with a thickness of about
100 pm and the thickness of the Al,05-40TiO, coating is about 300 pm.

Table 3. Plasma-spraying operating parameters.

Spray Parameters Ni20Cr bond Al,05-40TiO, coating
Spray angle 90° 90°

Spray distance, mm 120 100
Powder feed rate, g/min 20 30

Plasma current, A 550 600
Primary gas Ar, L/min 65 45
Secondary gas H,, L/min 5 12

Nozzle moving speed, mm/min ~ 250 - 300 80 - 90

2.2.2. Aluminum phosphate preparation

Aluminum phosphate solution (APP) was prepared from the phosphoric acid solution
(85 % H3PO,) and aluminum hydroxide powder Al(OH)s; with a P/Al molar ratio of 3. After
completion of the chemical reaction, the mixture was diluted with about 20 wt.% of deionized
water and stirred until the solution became transparent. The aluminum phosphate was stored in
solution at the ambiance for 12 hours.

2.2.3. Impregnation for the coating

The coating samples were immersed into APP in the presence of ultrasonic vibration for 5
hours with a vibration frequency of 30 kHz. After immersing, the samples were heat-treated at
three temperature levels of 400 °C, 600 °C, and 800 °C for 2 hours and left to cool down in the
oven for 12 hours [17]. After heat treatment, remove any remaining APP on the surface before
analyzing the coating’s properties.
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2.3. Characterization methods

The microstructure of the coatings was studied using a scanning electron microscope SM-
6510LV (Japan). The anti-corrosion property of the coating was determined by electrochemical
measurements: Dynamic potential curve scanning and electrochemical impedance spectroscopy
(EIS) in 3.5 % NaCl solution. The polarization curve was scanned in a potential range from -250
to 250 mV around the open circuit potential (Eoc,). The polarization curves were obtained at a
scan rate of 1 mV/s. The EIS curves of the coating samples were measured with oscillation
amplitude AE = 5 mV in the frequency range from 10° to 10 Hz, 7 points/decade. The Biologic
VSP-300 electrochemical measuring instrument coupled with EClab software was used to study
the anti-corrosion/corrosion properties of the coating. The phase composition of the residual
aluminum phosphate on the coating surface was investigated by X-ray diffraction (XRD D5005/
SIEMENS) at 25 °C with Cu-Ka radiation, 20 angle scanning from 10° to 70 °, a step width of
0.03° [16, 19]. The erosion-corrosion resistance of the sample was tested by centrifugal spinning
method, rotation speed 1000 rpm, corrosion test time 168 hours, in 3.5 % NaCl solution
containing 0.25 % SiO, particles causing erosion. The change in the coating’s appearance was
observed with time during the erosion-corrosion test.

3. RESULTS AND DISCUSSION
3.1. Phase analysis

According to the literature, the phase composition of APP coating samples changes when
the temperature increases. When heat-treated in the range of 60 - 80 °C, free water in the APP
evaporates, resulting in Al(H,PO,);.3H,0. When the treatment temperature is increased to
400 °C, Al(H,P0,);.3H,0 salt turns into crystalline phases [Al(POs)s], (dominant phase) and
AlH,P;044.2,5H,0 (secondary phase). These phases will continue transferring to Al,P¢O4s and
AI(PO;);(cubic) when the temperature is in the range of 400 °C - 700 °C. When the temperature
reaches 800 °C, besides the main phase of Al(POs); (cubic), there is the formation of AIPO,
(trigonal) [20, 21].

The water molecule separates from the APP compound according to the following chemical
reactions from (a) to (f) [18].

AlH;(PO,),.3H,0 — AlH3(PO,),.H,0+H,0 (a)
2AIH;(PO,).H,0 — Al(H,PO4) —Al(H,PO,); +AIPO, +2H,0 (b)
Al(H,PO,); — Hy(AIP;040).2H,0 (©)
H,(AIP;040).2H,0 — Hy(AIP;040).H,0 + H,0 (d)
2H,(AIP;040).2H,0 — Al,PsOy +4H,0 (e)
AlLPsO15 — 2A1(PO5); (f)

Although the heat treatment can reduce the porosity of the coating, the separation of water
molecules from aluminum phosphate compounds during this process can affect the porosity
treatment efficiency of APP due to the volume decreasing of APP solution in the pores.

In this research, the APP compound that remained on the coating surface after heat
treatment was separated from the coating and then determined the phase composition by the
XRD method (Figure 1). This is also the reason why the XRD patterns do not include the high
intensity of peaks belonging to the steel substrate and the Al,05-40TiO, coating.
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Figure 1. XRD spectra of coating samples.
(AP4 - The APP heat-treated at 400°C; AP6 - The APP heat-treated at 600 °C;
AP8 - The APP heat-treated at 800 °C).

On the XRD patterns of the AP4 sample, there are major crystalline phases of Al(PO3)s
(cubic), AIPO, (hexagonal), Al,P¢O;5 (monoclinic), and Al(POz); (N). However, on the XRD
pattern of the AP6 sample, AIPO, (hexagonal) crystals were not found. The reason is that AIPO,
(hexagonal) crystalline phase has changed to AIPO, (orthorhombic) in the increasing
temperature process from 400 °C to 600 °C. Crystalline phases Al(POs)s (cubic), Al,P¢Osg
(monoclinic), and AIPO, (orthorhombic), which are stable, were also found on the XRD pattern
of the AP8 sample.

Moreover, in the XRD result, no new compound consisting of the original coating elements
was detected. This can indicate that the sealing mechanism of APP is only adhesive bonding.

3.2. Cross-sectional structure of the coating

Figure 2 shows the cross-sectional images of the Al,05-40TiO, coating taken by a scanning
electron microscope. It can be seen that the coating has a heterogeneous structure. However, the
structure tends to become more uniform after sealing with APP and being heat treated at 400 and
800 °C. After heat treatment at 800 °C, the coating had less porosity than those treated at 400 °C
and 600 °C. The reason might be that besides the porosity treatment efficiency of APP, the
thermal diffusion also took place strongly at 800 °C. Conversely, the PR6 sample had the highest
porosity and cracks in comparison with other treated ones due to the separation of water
molecules from aluminum phosphate compound AlH,P304,.2,5H,0 (the secondary APP phase at
400 °C) during the process of increasing temperature from 400 °C to 600 °C [20]. After being
separated from the aluminum phosphate, the vaporized water escapes from the coating causing
many small cracks and pores in the RP6 coating’s structure. In the XRD patterns (Figure 1),
AlH,P3040.2,5H,0 did not appear because its content seems to be low.

467



Nguyen Van Tuan, et al

e T WOSmm B840 (o onBd o A e—

Figure 2. SEM cross-sectional image of the Al,O5-40TiO, coating (x500).

(LP - Coating without APP permeation treatment; RP4 - Coating permeation-treated with APP in the
presence of ultrasonic excitation and heat-treated at 400 °C; RP6 - Coating permeation-treated with APP
in the presence of ultrasonic excitation and heat-treated at 600 °C; RP8 - Coating permeation-treated with

APP in the presence of ultrasonic excitation and heat-treated at 800 °C).

3.3. Potentiodynamic polarization

The corrosion resistance property of the coating was investigated by scanning the dynamic
potential polarization curve in the 3.5 % NaCl solution (Figure 3). In which, the cathodic
polarization branch is related to the reduction of dissolved oxygen and the anodic polarization
branch corresponds to the anti-corrosion of the coating [22, 23]. E. is the corrosion potential of
the coating, which depends on the electrochemical reaction between the anode and the cathode.
Besides the corrosion potential, corrosion current density (icorr) is also an essential parameter that
represents the corrosion resistance of the coating. A more positive value of the corrosion
potential or a smaller current density indicates that the coating has greater corrosion resistance
[22].

The corrosion potential (Ecor) values and the corrosion current density (icr) Obtained from
these curves by Tafel fitting using EClab software are listed in Table 4. Electrochemical
parameters E..; and I, Of the samples were determined according to the expression of Stern—
Geary (1) [24].

BaxBc _ B

leorr = 5303 (Ba+Bc)xRp Ry (1)

as shown in Figure 3, E.,, of RP4 and RP8 samples shifted more to the positive side than E., of
the LP sample. Meanwhile, E.,, of the RP6 sample shifted more to the negative side than E, of
the LP sample. The corrosion potential of RP6 was the lowest among corrosion potential values
of the treated samples with APP because of the largest number of pores and cracks in its
structure. During the process of increasing temperature from 400 °C to 600 °C, the aluminum
phosphate compound AlH,P;040.2,5H,0 (the secondary phase of aluminum phosphate at 400 °C)
was dehydrated [20, 21]. The water evaporation from the aluminum phosphate is the root of
creating many small cracks and pores in the coating’s structure. These cracks contribute to
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promoting corrosion in the RP6 coating. Moreover, the corrosion current density values of three
treated samples with APP listed in Table 4 also have the same sort order as the corrosion
potential.

In comparison between the RP6 sample and LP sample, E, of the RP6 sample shifted
more to the negative side than E,, of the LP sample, but the corrosion current density the of
RP6 sample (icor = 4.907 uA/cmZ) is significantly smaller than that of the LP sample (i¢or =
24.608 pA/cm?). This indicates that the coating impregnated with aluminum phosphate and
heated treatment has higher corrosion resistance than the untreated coating with aluminum
phosphate. This proves that the sealing APP and heat treatment improved the corrosion
resistance of the RP4, RP6, and RP8 samples.

log(i),mA/cm?

61 LP 1
RP4
7 RPS
RP6
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0
E, mV/SCE

Figure 3. Polarization curves of different coating samples in 3.5 wt.% NaCl solution.
(LP — Coating without APP permeation treatment; RP4 — Coating permeation-treated with APP in the

presence of ultrasonic excitation and heat-treated at 400 °C; RP6 — Coating permeation-treated with APP
in the presence of ultrasonic excitation and heat-treated at 600 °C; RP8 — Coating permeation-treated with
APP in the presence of ultrasonic excitation and heat-treated at 800 °C).

Table 4. Determined corrosion parameters from polarization curves measured in 3.5 % NacCl solution.

Samples Ecorr icorr Rn Si

LP - 518.678 24.608 1.542 -
RP4 -438.666 2.647 9.855 89.24
RP6 -551.766 4.907 5.316 80.05
RP8 -353.786 1.159 22.505 95.29

In Table 4, the porosity treatment efficiency (S;) of the sealed coatings which is calculated
according to expression (2) is also recorded. Whereby, the porosity treatment efficiency of the
RP4, RP6, and RP8 samples are 89.24 %, 80.05 %, and 95.29 %, respectively. These values
demonstrate that the coating permeation-treated with APP and heat treated at 800 °C has the
lowest porosity in comparison with the sealed others. The LP sample was not treated with
aluminum phosphate, so it has no porosity treatment efficiency.

S =X % 100 % [12] (2)

Ic

in which: I is the corrosion current density of untreated coating with APP; lc is the
corrosion current density of treated coatings with aluminum phosphate.
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The EIS method could be used to determine the mechanism of electrochemical processes
occurring on the interface [25]. For our samples, the Nyquist impedance plot is shown in Figure
4a and the Bode impedance plot is shown in Figure 4b. Equivalent circuit diagram
R+Q:/(R1+Q/R,) was selected to simulate the corrosion behavior of Al,0s-40TiO, coating in
3.5 % NaCl solution. In which, R is the resistance of the solution. R; is the resistance to current
flow through the pores in the coating and R, indicates the charge transfer resistance [12]. R; and
R, depend on the ion exchange process in the pores of the coating and the corrosion process that
occurs for the steel substrate. Q; and Q, are phase constants that characterize the diffusion
process in the pores of the coating and on the interface between the coating and the steel
substrate [22, 26]. The R and Q values shown in Table 5 were obtained from the electrochemical
impedance spectroscopy analysis using EClab software.

= oanna P ©

as can be seen in Table 5, the samples impregnated with APP and heat-treated have higher
corrosion resistance than the untreated coating samples. In addition, for the samples penetration-
treated with APP in the presence of ultrasonic excitation and heat treatment, the highest R, value
of the RP8 sample demonstrates the best corrosion protection of the sample heat-treated at
800 °C. In contrast, after heat treatment at 600 °C, the sample has the lowest R, value, indicating
that its corrosion resistance is the worst. The reason is that R, indicates the charge transfer
resistance at the interface between the coating and the steel substrate. This value characterizes
the anti-corrosion protection ability of the coating for the substrate. The R, values of the samples
are different due to the difference in the porosity and number of cracks in the structure of the
coatings which is explained in section 3.2.

Table 5. Electrochemical parameters determined from the equivalent circuit diagram.
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Figure 4. Nyquist plots (a) and Bode plots (b) of the coating samples.
LP - Coating without APP permeation treatment; RP4 - Coating permeation-treated with APP in the

presence of ultrasonic excitation and heat-treated at 400 °C; RP6 - Coating permeation-treated with APP
in the presence of ultrasonic excitation and heat-treated at 600 °C; RP8 - Coating permeation-treated with
APP in the presence of ultrasonic excitation and heat-treated at 800 °C.

Samples | R (Q) Q(Fs“Y) | Ri(Q) o Q(Fs*Y) | Ry (kQ) (P}
LP 41.96 0.001389 68.45 0.1879 | 0.005153 1673 0.5805
RP4 86.34 0.00005199 | 2770 0.4412 | 0.000308 7895 0.8197
RP6 29.27 0.0002795 42.77 0.7526 | 0.0008553 5552 0.7526
RP8 95.48 0.00003449 | 256.2 0.4559 | 0.0001605 69242 0.5003
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In the Bode plot (Figure 4b), the low-frequency region characterizes the corrosion process
of the steel substrate and the high-frequency region characterizes the electrochemical process in
the coating [12]. Research results show that |Z| measured in the low-frequency region for sample
RP8 is larger than that of other coating samples, this result further confirms that RP8 sample has
greater corrosion resistance than RP4 and RP6 samples.

3.4. Erosion-corrosion test

The results of the erosion-corrosion test for 168 hours are shown in Figure 5. It shows that
the appearing red rust spots were observed on the surface of the LP and RP6 samples after 24
hours of the test as well as on the surface of the RP4 sample after 168 hours. Meanwhile, the rust
phenomena have not occurred in the RP8 sample during the testing process. The result proves
that the erosion/corrosion resistance of the samples in NaCl solution containing the causative
agent of erosion in descending order are as follows RP8, RP4, and RP6. RP6 is the worst, almost
like the untreated sample LP while the sample with lower treated temperature RP4 is better. This
is also consistent with the above research result about the structure of the samples. As explained
in section 3.2, after heat treatment at 600 °C, the water molecules in the aluminum phosphate
were separated and evaporated causing small cracks and pores in the coating reducing the

erosion - corrosion resistance of the coating.
.- )

48h
.
RP8
168h

Figure 5. The surface image of the coating samples during the erosion-corrosion test.

72h
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4. CONCLUSIONS

Effect of heat treatment on microstructure and corrosion resistance of plasma sprayed
Al,Os-TiO, coating sealed with aluminum phosphate is summarized as follows:

- Coatings after penetrating in the presence of ultrasonic excitation and heat-treated at 800 °C
have the lowest porosity and the best corrosion and erosion-corrosion resistance in NaCl solution
containing the causative agent of erosion in comparison with the samples heat-treated at 400 and
600 °C.

- The porosity treatment efficiency of the sealing with aluminum phosphate and heat
treatment at 400 °C, 600 °C, and 800 °C for the Al,05-40TiO, coating are 89.24 %, 80.05 %, and
95.29 %, respectively.

- The aluminum phosphate crystalline phases are detected on the surface of the samples
including Al(POs;); (cubic), AI(PO3); (N), AlPsO15 (monoclinic), AIPO, (orthorhombic), and
AIPO, (hexagonal). The presence of stable aluminum phosphate phases such as Al(POs)s(cubic),
Al,PsOg(monoclinic), and AIPO4(orthorhombic) after heat treatment at 800 °C has contributed
to the improvement of corrosion resistance of the Al,O3-40TiO, coating.
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