Technical report

Journal of the Ceramic Society of Japan 118 [10] 948-951 2010

Formation of zirconia ﬁlms by aerosol gas deposition method
using zirconia powder produced by break-down method
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The purpose of this study is to form a film of dry-milled zirconia powders by aerosol gas deposition (AGD). Recently, we reported
that we could form a high-density zirconia film using wet-type zirconia powders prepared wet-chemically. From the stand point
of industrial use, the dry-milled zirconia powder seems to be much more advantageous than the wet type. In this study, we
examined the possibility to fabricate zirconia film using commercially available dry-milled zirconia powders with a mean
diameter range that is nearly the same as those of wet-type ones, for example, 0.73 to 10.2 µm in mean diameter. As a result, we
were able to make a zirconia film from all powders, although the film formation conditions for the wet-type powder was very
much limited in the diameter and the specific surface area. In conclusion, dry-milled zirconia powders are considered to have
high potential for industrial use.
©2010 The Ceramic Society of Japan. All rights reserved.
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1.

Introduction

The aerosol gas deposition method is a completely dry and
low-temperature process and needs no special heat sources or gas
precursors.1),2) Furthermore, the method allows ceramic powder
to be deposited in a very local area to form a thin ﬁlm. Hence,
many applications have been proposed for ﬁlms produced by this
method. Thermal barrier coatings for high-temperature systems,
such as a turbine engine, and some special electric devices,
such as sensors and solid oxide fuel cells, are examples.3)8)
Aluminum oxide, titanium oxide, and lead titanate zirconate
(PZT) ﬁlms have been reported to be easily fabricated by this
method.9)14) However, there were very few reports on zirconia
ﬁlm formation.15),16) There are two types of zirconia powders: a
wet-type one chemically prepared and a dry-milled one. The
wet-type powder mainly consists of agglomerated ﬁne particles
with low powder density, but the dry-type one comprises dense
particles. We have attempted to clarify the ﬁlm formation
conditions using wet-type zirconia powders and have clariﬁed the
formation conditions of the ﬁlm.17) Judging from the production
cost of zirconia powder, the dry-milled powder is much cheaper
than the wet-type powder. No one has attempted to deposit
zirconia ﬁlm using dry-milled powder until now. For this reason,
we are interested in dry-milled zirconia powder as a starting
material for zirconia ﬁlm formation.

2.
2.1

Experimental procedure

Materials used

Commercially available zirconia powders (Daiichi Kigenso
Kagaku Kogyo Co., Ltd.) were used as starting powders. Five
diﬀerent sizes of powder produced by the break-down method
were utilized to examine the eﬀects of particle size on ﬁlm
formation. Table 1 shows the characteristics of these powders.
³
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Table 1. Characteristics of zirconia powders
Mean particle Speciﬁc ZrO2+HfO2 SiO2 Fe2O3 TiO2
No.
size D50
surface area
%
%
%
%
¯m
m2/g
1

0.73

6.1

2

1.12

4.7

3

2.9

2.7

4

7.4

1.6

5

10.2

1.5

Main
elements
Main
elements
Main
elements
Main
elements
Main
elements

Product

0.14 0.12 0.17

TMZ-T

0.07 0.08 0.15

TMZ

0.18 0.16 0.17 BR-3QZ
0.12 0.05 0.18

BR-QZ

0.19 0.04 0.21 BR-12QZ

Their mean particle size and speciﬁc surface area were as
follows: TMZ-T (mean particle size 0.73 ¯m and speciﬁc surface
area 6.1 m2/g), TMZ (mean particle size 1.12 ¯m; speciﬁc
surface area 4.7 m2/g), BR-3QZ (mean particle size 2.9 ¯m;
speciﬁc surface area 2.7 m2/g), BR-QZ (mean particle size
7.4 ¯m; speciﬁc surface area 1.6 m2/g) and BR-12QZ (mean
particle size 10.2 ¯m; speciﬁc surface area 1.5 m2/g). The ﬁve
powders had a particle size in the range of 0.73 to 10.2 ¯m and
speciﬁc surface areas ranging from 1.5 to 6.1 m2/g.

2.2

Experimental procedure

The AGD facility used was the same one introduced in the
previous paper.17) Figure 1 shows a schematic diagram of the
AGD apparatus, which is composed of an aerosol container, a
deposition chamber, and a transfer pipe. First, the chamber is
evacuated, then nitrogen gas is introduced into the chamber from
the bottom of the aerosol container, and the gas is transported to
the deposition chamber through the transfer pipe. The zirconia
powder, which is encased in the aerosol container, is entrained by
the supply gas and ejected out of the nozzle in the deposition
©2010 The Ceramic Society of Japan
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Fig. 1.

Schematic diagram of the AGD apparatus.

Table 2 shows the performance of the ﬁlm, such as the ﬁlm
quality, the ﬁlm thickness and the ﬁlm formation rate. All
powders could be used to fabricate transparent and high-density
ﬁlms with 6 to 30 ¯m thickness.
Figure 2(a) shows the SEM micrograph of the BR-QZ powder
with particles of 7.4 ¯m diameter. The particle has many angles
introduced in the process of crushing a massive zirconia solidiﬁed
from melt. Figures 2(b) and 2(c) show cross sections of the ﬁlm
obtained. The ﬁlm density was rather high and the thickness of
the ﬁlm was about 25 ¯m. We could not observe any peeling out
of the ﬁlm from the substrate. The surface of the ﬁlm was rather
ﬂat. Figure 2(c) shows the SEM image of the central part of the
ﬁlm at a high magniﬁcation. We can observe many small particles
with 100 to 200 nm diameter, which are one-ﬁftieth the size of
source particles. These experimental results indicate that source
powders were crushed and deposited on the substrate glass.

Relationship between ﬁlm thickness and
amount of supplied gas and scanning times

3.2
chamber, where it is deposited on a substrate to form a ﬁlm. The
experimental conditions in this paper were as follows. Each
purchased powder was heat-treated at 773 K for 1 h before
its use as a starting powder. The nozzle had a width of 30 mm
and a slit of 0.3 mm width. Micro slide glasses (S9224)
made by Matsunami Glass Ind., Ltd. were used as substrates
for deposition. The size of substrates was about 70 mm
(length) © 50 mm (width) © 1 mm (thickness). The pressure of
the aerosol container was varied from 22 to 42 kPa (diﬀerential
pressure). The amount of source powder consumed for each
batch was 80 g, and the nitrogen gas ﬂow was varied from 4 to
16 L/min in the ﬁlm formation procedure. Scanning was
performed from 50 to 1000 times along the X direction to
obtain the ﬁnal ﬁlm. The entire deposition process was carried
out at room temperature.

2.3

Characterization

A heating furnace (Isuzu Seisakusyo Co., Ltd., DSTR-11K)
was used to standardize the humidity of the starting powders. A
laser diﬀraction particle size analyzer (Shimadzu Corporation,
SALD2100) and Micromeritics FlowSorb II 2300 surface area
analyzer were used to measure the mean particle size and the
speciﬁc surface area of the source powders, respectively. The
particle size of the starting powders and the cross section of the
deposited ﬁlms were characterized by SEM and a micrometer
(Mitutoyo, MDE-25PJ) was used to measure the thickness of the
ﬁlms.

Figure 3(a) shows the relationship between the ﬁlm thickness
and amount of supplied gas for zirconia powder (BR-QZ) with
7.4 ¯m diameter under 50 scans. The thickness of the ﬁlm
increases with the increment of the amount of supplied gas.
Three micrometer thickness was obtained with a gas ﬂow rate of
6 L/min and 25 ¯m thickness with a 14 L/min gas ﬂow rate.
Figure 3(b) shows the relationship between the ﬁlm thickness
and the number of scans from 50 to 1000 times with a 4 L/min
gas ﬂow rate. The thickness increases linearly with the number of
scans.
Figure 4 is a summary of the relationship between the ﬁlm
thickness and amount of supplied gas for 5 types of starting powder. Film thickness increases with the increment of the amount of
supplied gas for all powders. However, it is indicated the smallgrained powder (TMZ-T) and large-grained powder (BR-12QZ)
have a high eﬃciency of deposition rate for ﬁlm formation
compared with medium-size powders (BR-3QZ and TMZ).

4. Discussion
All powders could be used to fabricate transparent and highdensity ﬁlms with 6 to 30 ¯m thickness. The mean diameter of
particles composing the powders ranges from 0.73 to 10.2 ¯m.
That is, the ﬁlm formation was conducted in a wide range of
particle size. This experimental result was diﬀerent from the one
obtained with wet-type zirconia powder because the formation
condition of the wet-type powder was greatly constrained by the
particle size and speciﬁc surface. However, the primary particle

Table 2. Formation conditions and results of ﬁlm fabrication
Characteristics of powders

Result of ﬁlm fabrication

Formation condition

No.

Mean particle
size D50
(¯m)

Speciﬁc
surface area
(m2/g)

Amount of
supplied N2 gas
(L/min)

Diﬀerential
pressure
(kPa)

Quality
of ﬁlm

Film
thickness
(¯m)

Deposition
rate
(¯m/scans)

1/1
2/1
3/1
4/1
5/1
5/2

0.73
1.12
2.9
7.4
10.2
10.2

6.1
4.7
2.7
1.6
1.5
1.5

16
12
14
10
8
4

42
36
38
32
28
22

Good
Good
Good
Good
Good
Good

28
6
8
14
30
7

0.56
0.12
0.16
0.28
0.6
0.14

*Scanning speed: 1 mm/s. *Substrate: slide glass.
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(a)

(b)
(a)

(c)
(b)
(a) Relationship between the ﬁlm thickness and amount of
supplied gas. (b) Relationship between the ﬁlm thickness and the number
of scans.
Fig. 3.

Fig. 2. (a) SEM micrograph of the BR-QZ (7.4 ¯m) powder. (b) SEM
image of cross section of deposited ﬁlm obtained from BR-QZ (7.4 ¯m)
powder. (c) High-magniﬁcation image.

size of the ﬁlms obtained was 100 to 200 nm according to SEM
images, which was less than one-ﬁftieth that of BR-QZ. This
result was nearly the same as the results for wet-type zirconia.
These experimental results indicated that the source particles
injected from the outlet of the nozzle collided with the surface of
the substrate and were crushed to ﬁner sizes and that the particles
deposited to make a ﬁlm comprising rearranged ﬁne particles.
The key point of the eﬀective deposition of the powder in this
procedure will be the kinetic energy of the source particles and
the state of the powder. When particles collide with the substrate,
the kinetic energy should be concentrated at the collision site of
the particle on the substrate so as to crush the particles, leaving
sediment layers. It is also important how easily the particles are
950

Fig. 4. Summery of the relationship between the ﬁlm thickness and
amount of supplied gas.

atomized at the site. Judging from the diﬀerent performances of
ﬁlm formation between dry-milled and wet-type zirconia, the
dry-milled type seems to have a more massive body and fragile
characteristics than the wet type. On the other hand, the wet-type
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zirconia was not treated by the crushing process so that each
particle composed of powder might not contain small cracks in
the body, which reduced the fragility of the wet-type powder
compared with dry-milled powder. In any case, the kinetic energy
can be eﬀectively consumed in crushing some of the source
particles in the case of dry-milled zirconia.
Concerning the deposition rate for the 5 powders, both ﬁne
and large particles have faster deposition rates compared with
medium-size powders. This might be a result of the low
eﬃciency of crushing particles of medium-size powder. However, why the medium-size powder shows a slow deposition rate
is not yet clear. We should examine the particle crushing process
in greater detail. In particular, the properties of the particles
composed of powder should be checked.

5.

Conclusion

All powders of dry-milled zirconia could be used to fabricate
transplant and high-density ﬁlms with 6 to 30 ¯m thickness. The
mean diameter of particles composing the powders ranges from
0.73 to 10.2 ¯m, which indicates that ﬁlm formation was possible
in a wide range of particle size.
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