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Fabrication and Properties of TiO, Photo-Catalytic Coatings
by Thermal Spraying with TiO,-Al Agglomerated Powder

Akira OHMORI*, Souta MATSUSAKA** and Yoshimasa TOKI***

Abstract

In the present study, anatase TiO, photo-catalytic coatings were fabricated by plasma and HVOF spraying. In
order to prevent the transformation from anatase to rutile phase, lower heat input conditions were adopted. For
the improvement of bondability between coatings and substrate, anatase TiO,-Al agglomerated powder was used
Jfor the experiment. The microstructures of the coatings were characterized with SEM and XRD analysis, and the
photo-catalytic characteristics of coatings were evaluated by the decomposition rate of acetaldehyde gas. Due to
the addition of aluminum, thick coatings were formed even at lower heat input conditions in both plasma and
HVOF spraying. The results of XRD analysis for the plasma sprayed coatings, however, indicated the disappear-
ance of anatase phase and deoxidization of TiO, to Ti 305 or magneli phase. On the other hand, high anatase/
rutile ratio and high photo-catalytic efficiency were achieved for the coatings formed by HVOF spraying. The
temperature measurements of. ﬂj}ing particles were also carried out using DPV-2000. As a result, significant
increases in temperature of TiO -Al particles were observed compared with the case of using pure TiO; particle.

These results suggest that a chemical reaction between TiO, and Al occurs during thermal spraying.

KEY WORDS : (Photo-catalyst), (TiO,-Al agglomerated powder), (Plasma spraying), (HVOF), (Acetaldehyde)

1. Introduction

It is well-known that the semiconductor, titanium diox-
ide (TiO,), has photo-chemical characteristics[1]. In re-
cent years, applications of TiO, photo-catalyst to environ-
mental purification, such as decomposition of organic com-
pound in polluted air and wastewaters, have been in-
creasing[2, 3].

TiO, shows three different crystal structures, that is, ana-
tase, rutile and brookite type. In terms of photo-catalytic
efficiency, anatase is superior to the others[4]. However,
anatase is meta-stable and will be transformed to rutile
after an annealing treatment about at 1100K. Therefore,
TiO, photo-catalyst coatings are generally prepared by low
temperature processes such as dipping, spraying and sol-
gel method[5-7].

Thermal spraying is also one of the most promising tech-
niques to produce TiO, photo-catalytic coatings. The ther-
mal spraying process is non-equilibrium involving rapid

cooling, so that meta-stable phases are often formed in the
coatings. It follows that the thermal spraying is applicable
to fabrication of anatase TiO, coatings. In the previous
paper([8], we reported that the control of heat input is es-
sential to prevent the transformation of TiO, from anatase
to rutile phase. On the other hand, low heat input condi-
tions during thermal spraying generally causes poor coat-
ings. ‘

To produce sufficiently thick TiO, coatings with high
photo-catalytic efficiency, anatase TiO,-Al agglomerated
powders are used for thermal spraying in the present study.
The effects of addition of aluminum on the fabrication and
characteristics of TiO, coatings are investigated. The
chemical reactions between TiO, and Al during thermal
spraying are also discussed.

2. Materials and experimental procedures
2.1 Materials
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Fig. 1 SEM images of two kinds of agglomerated powders. (a) TiO, powder, (b) TiO,-20mass%Al powder.

Two kinds of agglomerated powders, anatase TiO, and
anatase TiO,-20mass%Al, were used for the experiment.
The mean particle sizes were 33.7 pm (TiO,) and 30.3
pm (TiO,-Al), and the original grain sizes of TiO, and Al
were 0.2 pm and 6.1 pum, respectively. The morphologies
of these powders are shown in Fig. 1. Stainless steel
(SUS304, 50 x 60 x 3 (mm)) was used as substrate.

2.2 Thermal spraying

Plasma spraying (PlasmaDyne) and HVOF spraying
(JetKote) were used to deposit TiO, coatings. In both cases,
spraying was performed in the ambient air. Table 1 and

Table 2 summarize the experimental conditions for plasma

and HVOF spraying, respectively. Arc current and fuel
gas pressure were changed to investigate the effect of heat
input on the structure and photo-catalytic efficiency of the
coatings. During the spraying, the mean temperatures of
flying particles were also measured by DPV-2000
(TECNAR).

Table 1 Plasma spray conditions.

Ar pressure (MPa) 0.42
He pressure (MPa) 0.21
Spraying distance (mm) | 100
Spraying atmosphere Ar
Arc current (A) 250~500
Arc voltage (V) 28~30
Traverse speed of gun (mm/s) 90

Table 2 HVOF spray conditions.

O, pressure (MPa) 0.55

Fuel gas pressure (MPa) 0.20~0.40
Carrier gas pressure (MPa) 0.15
Spraying distance (mm) 100
Traverse speed of gun (mm/s) 90
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2.3 Characterization of the coating

The structure of the coating was characterized by X-
ray diffraction (XRD) analysis. Anatase ratio expressed
as the relative content of anatase TiO, in the coating, R,
was estimated from the following equation,

Ry =1yq01) s traor) 1)
where 1,59, and Ig; ;) are diffraction intensities of the
anatase (101) peék and rutile (101) peak, respectively. The
microstructure of the TiO, coating was examined by scan-
ning electron microscopy (SEM).

2.4 Evaluation of photo-catalytic property of the coat-
ing

In order to characterize the photo-catalytic property of
the coating, decomposition tests of acetaldehyde gas were
carried out. The experimental set-up is illustrated in Fig.
2. The volume of the container was 2 1. After the con-
tainer was filled with acetaldehyde gas at 100 ppm, the
ultraviolet lamp with 360 nm wave length was switched
on. The intensity of the light at the sample surface was 1
mW/cm?2. The concentration of acetaldehyde gas was mea-
sured with a gas detector after a certain time interval. The
decay characteristics of acetaldehyde gas follows the ex-

Gas detector

Specimen
Ultraviolet light
(360nm)

Acetaldehyde (CH,CHO)

Fig. 2 Schematic illustration of experimental set-up
for decomposition test of acetaldehyde gas.
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Fig. 3
(a) 300 A, (b) 350 A, (c) 400 A.
ponential rule[8], as shown in eq. (2),
N=Nyexp(-t/ 17 )

where N and N, are the concentration at time # and initial
concentration, respectively. 7is a time constant related to
the decay speed, and the lower the value of 7, the more
rapid is the decomposition of acetaldehyde gas. Therefore,
Twas used as a characteristic decay time to evaluate the
photo-catalytic efficiency of the coating.

3. Results and discussion
3.1 Structures of the coatings fabricated by plasma
spraying

Figure 3 shows the cross-sectional microstructures of
coatings sprayed with pure TiO, powder under the condi-
tion of arc currents of 300, 350 and 400 A, respectively.
Anatase ratio, R, in each coating is also shown in Fig. 3.
In the case of arc current of 300 A, R, indicates a very
high value which is over 90 % because of low heat input.
However, the coating thickness decreased as the arc cur-
rent was reduced, and poor coating was formed at the arc
current of 300 A (also see Fig. 4). Therefore, it was consid-
ered that in this case most of the flying particles were non-
melted and not able to adhere to the substrate.

On the other hand, Fig. 5 shows the mean thickness of
the coatings fabricated from TiO,-Al powder under the
same spray conditions as mentioned above. By compari-
son between Fig. 4 and Fig. 5, it is cle:irly recognized that
the coating thickness increases in every spray condition.
In particular, at the arc current of 300 A, a thick coating
which was about 50 um could be deposited. Figure 6 shows
the XRD patterns of these coatings. As can be seen in Fig.
6, it was observed that Ti;O5 and magneli phases were
formed in the coatings. These results suggest that flying
Ti0O, particles were deoxidized by aluminum during spray-
ing. However, the formation of Al,O3 was not observed.
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Cross-sectional microstructures of coatings plasma sprayed with TiO, powder at the arc current of

160 v 7 y
140 -
120:
100 A
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Coating thickness (um)

20"

0 - T
300

Arc current (A)

Fig. 4 Effect of arc current on thickness of coating
sprayed with TiO, powder.

160 T Y v
140;
120-
1004

Coating thickness (um)

Arc current (A)

Fig. 5 Effect of arc current on thickness of coating
sprayed with TiO,-Al powder.

Although the reason of disappearance of Al,O; is not clear
at present, the formation of amorphous phase may be pos-
sible.

The measurements of the mean temperatures of flying
particles were carried out for both powders using DPV-
2000. The temperature profiles at the arc current of 500 A
are shown in Fig. 7. These figures clearly indicate the tem-
perature increase (about 900 K) of particles because of the
addition of aluminum. It is considered that the heat gen-
eration is due to the chemical reaction between TiO, and
Al, which is, for example, written as follows,

9TiO, + 2Al --> 3Ti;05 + AL, Os. 3)
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Fig. 6 X-ray diffraction patterns of coatings sprayed
with TiO,- Al powder at various arc currents.

This phenomenon, therefore, also suggests deoxidization
of TiO, to Ti;O5 or magneli phase.

3.2 Structures of the coatings fabricated by HVOF
spraying
Figure 8 shows the cross-sectional microstructures of

coatings sprayed with pure TiO, powder under the condi-
tion of fuel gas pressure of 0.35 and 0.40 MPa, respec-
tively. In the case of gas pressure of 0.35 MPa, a coating
was hardly deposited as shown in Fig. 8 (a). A coating
with 20 pum thickness could be deposited at 0.40 MPa. By

comparison between Fig. 3 (b), (c) and Fig 8 (b), it is found
that a coating sprayed by HVOF has higher anatase ratio
than that by plasma spraying. These results are due to the
lower heat input and higher particles speed in HVOF spray-
ing process.

Figure 9 shows surface morphologies and cross-sectional
microstructures of coatings sprayed with TiO,-Al powder
under the condition of lower fuel gas pressure of 0.20 and
0.25 MPa. As can be seen in Fig. 9 (b) and (d), relatively
thick (about 50 pm) coatings with high anatase ratio were

Temperature (i)

g
g
® 2000
(]
£
E 1800
'—
1600
30
4% s % Q
X 4y, -10 20 .\9@
o) o s

Fig. 7 Temperature profiles of flying particles at the
surface of substrate (Arc current : 500 A).
(a) TiO, powder, (b) TiO,-Al powder.

Fig. 8 Cross sectional microstructures of coatings
HVOF sprayed with TiO, powder at the fuel
gas pressure of (a) 0.35 MPa, (b) 0.40 MPa.
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Fuel gas pressure (MPa)

Surface morphology

Cross section

R,:924% |

Fig. 9 Surface morphologies and cross-sectional microstructures of the coatings HVOF sprayed with TiO,-Al powder.

formed. Figure 9 (a) and (c¢) indicate that the surfaces are
covered with powder-like TiO, particles with higher R,
values. Such surfaces are probably formed by the follow-
ing mechanisms, that is, the flying particles with high speed
collide with substrates, and then the agglomerated pow-
ders are crushed to the original grains and adhere onto the
substrates. In this process, melted aluminum plays the role
of 'binder'. From the point of view of photo-catalyst, these
coatings are most suitable, because they have large effec-
tive areas for photo-chemical reaction.

3.3 Decomposition characteristics of acetaldehyde gas

Figure 10 shows typical results of decay characteristics
of acetaldehyde concentration. This experiment was per-
formed using pure anatase and rutile TiO, powders which
were set in petri dish with 30 cm? (same area as sprayed
specimen). In this case, characteristic decay times, 7, were
0.56 h for anatase and 1.8 h for rutile, respectively.

Table 3 shows 7 of coatings fabricated from TiO, and
TiO,-Al powders by plasma spraying. It was found that the
photo-catalytic performance was improved with reduction
of arc current for both powders. However, the decomposi-
tion rates of specimens from TiO,-Al powder were worse
by two order than that from anatase TiO, powder. It is con-
sidered that these results are due to the formation of Ti;O;
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Fig. 10 Decay characteristics of acetaldehyde
concentration by pure anatase and
rutile TiO, powders.

Table 3 Characteristic decay times, T, of the coatings
fabricated from TiO, and TiO,-Al powders at
various arc currents.

Arc current (A TO, TiO, -Al
Time constant (B) 300 | 350 | 400 | 300 | 350 | 400
T 0.29 | 0.61 | 077 | 77 99 114

Table 4 Characteristic decay times, T, of the coatings
fabricated from TiO, and TiO,-Al powders at
various fuel gas pressures.

Fuel gas pressure] TiO, TiO, -Al
MPay—, 0o | 020 0.25

Time constant (h) 35 04 : .
T 0.45 0.46 0.60 1.79




Fabrication and Properties of TiO, Photo-Catalytic Coatings

and magneli phase in TiO,-Al system.

Table 4 shows 7 of coatings fabricated from TiO, and
TiO,-Al powders by HVOF spraying. As can be seen in
Table 4, the photo-catalytic properties of the coatings from
TiO, powder were excellent. On the other hand, the coat-
ings from TiO,-Al powder also had high photo-catalytic
performance. Especially, the decomposition property of the
coating fabricated under the fuel gas pressure of 0.20 MPa
was equivalent to that of pure anatase powder.

4. Summary

TiO, photo-catalytic coatings were fabricated from TiO,
and TiO,-Al agglomerated powders by thermal spraying.
The effects of addition of aluminum on the fabrication and
characteristics of TiO, coatings were investigated. The re-
sults are summarized as follows.
(1) Due to the addition of aluminum, thick coatings were
formed even at low heat input conditions both in plasma
and HVOF spraying. In the plasma spraying process, how-
- ever, Ti305 and magneli phase were formed in the coat-
ings because of deoxidization of TiO, by aluminum. As a
result, the photo-catalytic efficiency of coatings from TiO,-

Al powder were worse by two orders than those from pure .

anatase TiO, powder.

(2) The thick coatings with high anatase ratio could be
fabricated from TiO,-Al powder by HVOF spraying. The
surfaces of these specimens were covered with powder-
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like TiO, particles and the coating thickness was 50 pm.,
The photo-catalytic properties of these coatings were
equivalent to that of pure anatase powder.
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