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Abstract. In the present study, AD;-40 wt.% TiQ composite coatings were fabricated on
medium carbon steel substrate by plasma sprayictinilgue. The coatings were sealed with
aluminum phosphate solution containing 5 wt.%Q3I nanoparticles and then heat treated at
400°C. The phase composition, structure morphologyrohiardness and wear resistance of the
coating were studied. The study results phase csiipo of the coatings showed that the
coatings were composgeAl,0; and AbTiOs phase. The compounds AlRPénd Al(PQ)s were
found in the coating sealed with aluminum phosphatee coatings sealed with aluminum
phosphate containing AD; nanoparticles have lower porosity density, highardness and
higher wear resistance than the coating sealed alitminum phosphate uncontain 84
nanoparticles and the unsealed coating.
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1. INTRODUCTION

Plasma spraying is a versatile technology to preduotective coatings for facilities in
extensive application. Many studies indicate thaOATiIO, plasma sprayed coatings have good
corrosion, wear and erosion resistance [1 - 11jvéi@r, owing to their lamellar structure and
rapid solidification, plasma sprayed coating ugu&live plenty of cracks and voids. These
structural defects provide paths for corrosive m®eto corrode the substrate, leading to a
deleterious effect when these coatings have tooparfn an aggressive environment (e.g.,
seawater). Thus, post-treatments of the as-spreyatihgs are necessary to reduce porosity and
enhance the corrosion resistance of the coatirgjs [1

Laser remelting and high temperature treatmentg theen applied, but the high thermal
inputs may induce microstructural changes of tHesgate material, in some cases even lead to
cracking of the coatings due to the large residtralss [12]. On the other hand, these methods
are very expensive and need very sophisticategeunit. In consideration of the economic and
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technical benefits, sealants are widely used, iretts@lutions aluminum phosphate was selected
and used in many studies. It has been reportedathatinum phosphate sealant could pores
decrease obviously and improve wear resistandeegblasma sprayed coatings [12 - 14].

The results of previous studies by the authors lsheevn that the aluminum phosphate has
contributed to reduce the porosity and enhancetbgtion against corrosion and abrasion of the
thermal sprayed coating [15 - 21]. With the desoemprove the properties of &Ds-TiO,
coating particularly wear resistant, in this stuah, will fabricate A}Os-TiO, coating by plasma
spraying technology, then the coating is impreghatéth aluminum phosphate containing
Al,O; nanoparticles and heat treated at 200Some properties of this coating will be studied
and discussed.

2. EXPERIMENTAL
2.1. Materials

The main chemical used in the study include NiCwger size of 15 + 45 um (China),
Al;05-40 wt.% TiQ, powder size of 15 + 45 pm (China)Al,O; powder size approximately
150 nm (USA), 85 % phosphoric acidRrO, (Germany), aluminum hydroxide Al(Okpowder
(Germany), medium carbon steel substrate of cortipp9$8,36 % Fe - 0,13 % C - 0,24 % Si -
1,15 % Mn - 0,12 % (S, P, Ni, ...) by weight.

2.2. Preparation of samples

The coatings were prepared by plasma spraying grip Tafa 3710-PRAXAIR (US) at
National Key Laboratory for Welding and Surfaceatment Technologies (NARIME), with the
optimized parameters as shown in Table 1. A boradirg of NiCr (thickness about 120 pm)
was deposited between the steel substrated artophtl,0:-40 wt.% TiQ composite coating
(thickness about 300 pm).

Table 1. Plasma-spraying operating parameters.

Parameters Bond coating NiCr | Al,03-40 wt.% TiQ coating
Arc current (A) 380 550

Arc voltage (V) 24 24

Flow rate of primary plasma gas Ar (ml/m) 50 60

Flow rate of secondary plasma gas(hhl/m) 8 8

Spraying distance (mm) 100 100

Powder feed rate (g/m) 30 50

Aluminum phosphate solution was prepared from phogp acid (85 % KPQ,) and
aluminum hydroxide AI(OH) powder. The molar ratio P:Al was 3:1. The solutisas mixed
and slightly heated on a magnetic stirrer unfdeatame clear. Then, 5 wt.%,8; nanoparticles
were added to the solution and constantly stime2yi hours to get a well dispersed sealant.

Aluminum phosphate solution was stood staticallyomm temperature for 12 hours and
then was slowly scanned on®k-40 wt.% TiQ coating surface. The sealed coating was stood
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at room temperature for 12 hours before heat treatmThe coatings were heat treated
according to the process given in Fig. 1. Sampdsmotions are presented in Table 2.

Table 2. Samples denotion.
a0 400°C
No. Type of sample |  Denotd
0l Cooling with The coating unsealed Wit‘h
o the fumace 1 alum|num.phosphate . AT
g The coating unsealed with
3 0l 200°C aluminum phosphate, heat
§ 2 | treated AT-T
E 00°C The . coating sealed with
= 100 aluminum phosphate - 0
wt.% Al,O; nanoparticles
3 heat treated AT-PO
. The coating sealed with
—— T aluminum phosphate - b
0 2 e 8 vooon wt.% Al,O; nanoparticles
Time, hours 4 | heat treated AT-P5

Figure 1. Heat treatment diagram.

2.3. Research Methods

The microstructure was characterized using a sogneliectron microscope SM-6510LV
(Japan). The microhardness was measured from ¢hess-sections using AVK-CO/Mitutoyo
equipment to TCVN 258-1:2007 standard. The phagseposition was done using X-ray
diffraction (XRD, X-RAY D5005/ SIEMENS, Gemany) witCu-Ka radiation and the scan step
for 26 at 0.02/s. The wear resistance of the coatings were datethby using a pin-on-disk
UMT — 3MT - CETR (US) to ASTM G99:2010 standard.eThardness of Cr pin is 63 HRC.
The test was conducted under following conditiaysplied constant load of 10 N, radius from
the center of the sample to pin of 6 mm, rotatiapaled of 60 rpm, duration of 1000s.

3. RESULTS AND DISCUSSION

3.1. The phase composition of the coating

Figure 2 shows the X-ray diffraction patterns o§@4-40 %TiQ, powder and the ADs-40
wt.% TiO, coating. The results show that, the phase compasiti Al,Os-40 wt.% TiGQ powder
before plasma spraying includeAl,O; and rutile-TiQ phases. The XRD patterns of the
coatings has the appearance-&fl,0; and ALTiOs phases. Thus, the missingwfl,O; phase
could be because of during the plasma sprayirdy,,O; phase transforms inteAl,O; phase.

During plasma sprayed, theAl,O; and rutile-TiQ phases react together to form,ADs
phases.

AT-PO and AT-P5 were composedehl,O; and ALTiOs phases, along with compounds
of AIPO, and Al(PQ)s;. However, the characteristic peaksoefl,O; phase do not appear in
XRD spectrum of AT-P5. This is explained by the temh ofa-Al,O; nanoparticles in aluminum

phosphate solution is too small. It is difficultdetect by XRD method (its content is below the
detection limit of the XRD equipment).
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Figure 2. XRD patterns of AlOs-40 wt.% TiQ powder (a) and ADs-40 wt.% TiG, coating (b).

3.2. Microstructure and microhardness of the coatig

Cross-sectional structure of the,@4-40 wt.% TiG coating is shown in Figure 3. The
thickness of the top ADs-40 wt.% TiG coating and the bond NiCr coating are about 3®0
and 120um, respectively.

Medium carbon steel substrate

SEl  15kV WD14mm  SS30 x150 100pum  e—

Figure 3. Cross-sectional of plasma sprayed@t40 wt.% TiG coating.

Cross-sectional structure of the plasma sprayetingsais given in Fig. 4. Cross-sectional
surface image of AT-T and AT showed heat treatn@t00°C without significantly affect to
the structure of AD;-40 wt.% TiG coating. This two coatings were still high porgsind
some micro cracks. Meanwhile, the sealed coatiAdsR0O and AT-P5) have lower density of
pores than the unsealed coatings (AT and AT-T).idgldd wt.% ALO; nanoparticles to
aluminum phosphate solution was made the structiutieis coating becomes more packed than
the remaining coating. The reason is that, aftat treatment to 408C, the water in aluminum
phosphate solution was evaporated wholgOahanoparticles and aluminum phosphate binder
into a solid mass fill the pores. Meanwhile, for -RD, because of lower specific weight,
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aluminum phosphate was shrinkage after the waggparates. This will creat more space in the
pores, leading to effective reduction of porousecov

The microhardness of the coatings was measuredtfreincross-sections. The measured
region were permeable by aluminum phosphate (foiPATand AT-P5 ). Largest distance from
the sample surface to the measured position in8(Results of the microhardness
measurement are presented in Table 3.

Figure 4. Cross-sectional of the plasma sprayed coatings.

Table 3. Microhardness of the plasma sprayed coatingse $¢¥D.2.

Sample Position 1 Position 2 Position 3 Average
AT 483,2 487.9 478,5 483,2
AT-T 477,8 503,3 483,2 488,1
AT-PO 635,9 644,3 632,4 637,5
AT-P5 713,0 718,6 703,3 711,6

The results showed that the microhardness of thérmgs are range from 483.2 to 711.6
HV in ascending order AT, AT-T, AT-PO and AT-P5. UEh heat treatment at 40C and
impregnation with aluminum phosphate were increaed microhardness of the coating.
However, if only the heat treatment, the hardndgdhe coating was not significantly increased
(about 1 %). Meanwhile, the hardness of the sealtdaluminum phosphate containing 5 wt.%
Al,O; nanoparticles and heat treated coating increaestal7 %. The presence of ;8%
nanoparticles have also improved the hardnessatdhting (increase about 11 %). This is the
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result of reduce the porosity of the coating. Mesroa-Al,O; nanoparticles very hard and
durable also contributed to increase the hardrfethe @oating.

3.3. The wear resistance of the coating

The wear depth is used to evaluate the wear rasshdlity of the coatings. The test results
of wear resistance are given in Table 4.

Table 4. The wear depth of the coatings.

The coatings The wear depthpum
AT 158,8
AT-T 127,8
AT- PO 64,9
AT- P5 53,2

The results in Table 4 showed that, AT-P5 had deest wear depth corresponding to the
highest wear resistance. It was suitable for tkelte of hardness and porosity above. The wear
resistance ability of AT-P5 is about 18 % and 58igher than AT-PO and AT-T, respectively.
Thus, the presence of 5 % .8k nanoparticles by weight in aluminum phosphate aseal
improved coating’s wear resistant ability. The meas after sealing with aluminum phosphate
containing nanoparticles and heat treatment théngpeecomes harder and denser.

4. CONCLUSION

Al,05-40 wt.% TiQ coatings had the appearanceyéil,O; and ALTiOs phases. In the
plasma spray process, one partiafl,O; phase changed t6Al,O; phase. The-Al,O; phase
interacted with rutile-Ti@ phase to form AITiIOs compound. The sealed coatings with
aluminum phosphate also appeared aluminum phospbatpounds of AlIPQand Al(PQ)s.

After sealing with aluminum phosphate and heatttneat, the porosity of the coating
decreased. The sealed coating with aluminum phosmiwetaining AlO; nanoparticles has the
lowest porosity.

The hardness of heat treated and sealed coatihgalitinum phosphate containing,@k
nanoparticles increased about 47 %. The presengemdo ALO; nanoparticles in the coating
also improved sealed coating’s hardness about 11THé. hardness of sealed coating with
aluminum phosphate andJ8; nanoparticles was the highest (HV 711.6).

The wear resistance of the sealed coating with ialwm phosphate containing A&
nanoparticles was about three times higher thanrnkealed coating.
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