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Preparation of High Purity Submicron
Powder and Synthesis of Zirconia

Young-Pil Ahn and Bok-Hee Kim

Hanyang University

1. Introduction

Producing methods have been developed to reveal the functions of ceramics for many
years.l'5 Many ceramists have investigated powder preparation, because it.was difficult to elevate
the properties of ceramics without controlling powders.

The conditions of powders to achieve high performance of ceramics are as follows;

1) Fine particles without agglomerationG’7

2) Narrow particle size distribution®

3) Sphere-shaped particles9

4) Homogeneous composition between particlesm
5) Hih purity of particles!!

There are many processes of -preparing powders such as spray drying,12 liquid drying,13
plasma spraying,14 -vapor phase reaction,’d freeze drying,16 cop'recipitation,17 hydrolysis,18 sol-
gel proces§,19 but there are also many problems such as long reaction time, complex process,
preferential reaction, and special raw materials. At this point, it is not determinative to satisfy
the above conditions of ceramic powders. So ceramics have excellent functions compared to
metal or organic polymer, but there are many difficulties to apply to the engineering materials
realistically. i

In the result, microstructure of ceramics must be designed to perform the functions and
powders must be controlled to design the microstructure. It is indispensable to determine the

" process of powder preparation. ' '

In this study for the ZrO, ceramics which is applicable to many fields such as mecanical
ceramics, 2% refractory,ﬂ‘ electrolyte ce]ls,28 and sensors. Simple process which was reci-
procals of coprecipitation was employed to solve many problems causing in the powder prepara-
tion procedure.

That is,

1) Inhibition of preferential reaction according to the pH value (homogeneous composition
between particles)

2) Inhibition-of aggldmeration
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3) Inhibition of growth of particle (large surface area)
4) Mass production of powders
5) Simple process

2. Comparison of powders according to the process

2.1 Raw materials

Table 1 shows the raw materials used in this experiment. Each raw materials was dissolved
into the distilled water and used.
Table 1, Raw Materials

Raw Materials Company Purity Sol. Concen,
ZrQClp« BHAC Kokusan Chem, Works, Ltd. |Chem. Pure 0.2 mol
Mg(NO3)o* 6H20 | Tokyo Chem. Co., Ltd. Chem. Pure 0.2 mol
Ca(NOB)Z'AHZO Kokusan Chem, Works, Ltd, |Chem. Pure 0.2 mol
¥C13* 6H20 Fluka AG 99.9 % 0.1 mol
NHAOH Shinyo Pure Chemicals First grade 1.5, 5-N

2.2 Powder preparations

Coprecipitation method and sprayiag method were used to compare powders according to
the methods in the system of (1-x) 7:0.

Coprecipitation method and spraying method were used to compare powders according to
the methods in the system of (1-x) ZrO, — xMgO (x=0.0, 0.1, 0.3, 0.5). Solutions of raw mate-
rials were mixed for 12 hours to prevent separation of solution by the gravity.

—Buret(1.5N-NH,OH solution)

Fig. 1. Schematic view of apparatus for preparing powder by coprecipitation
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Zr0012 + Mg(N03)2 solution
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Fig. 2. Flow Chart of Coprecipitative Preparation.

First, 1.5N-NH, OH was dropped into the mixed solution and coprecipitates were obtained
(Fig.1 and 2). Temperature of mixed solution was kept at 30°C constantiy. The rote of drop of
NH,OH was Sml/hr and the mixed solution was stirred by magnetic stirrer. After finishing this
reaction, strong NH,OH was put into the mixed solutior to determine the end of reaction,

Second, the mixed solution was sprayed into SN-NH,OH solution and the precipitates were
obtained (Fig. 3 and 4) Spraying was done through the nozzle of 0.5mm diameter, by the
rate of 10 1/min of compressed air. The SN-NH,OH was stirred during reaction on the magnetic
stirrer. In schematic view of Fig.3, double tube of spray was used to keep the amount of spray
constantly and spray droplet finely and uniformty. '

The precipitates obtained by these two processes were filtered, washed and dryed in the

vacuum dryer. The amount of C1 in powders analyzed by WDX was only trace.
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Fig. 4. Flow Chart of Prieumatic Spraying Preparation.
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2.3 Results

2.3.1 The change of precipitates with pH variables

Fig. 5 shows the changes of precipitate according to the pH in the (1x) Zr02-ngO
(x=0.5) system. In this figure, precipitate reaction began from strong acid to pH4 and was not
changed between pH4-pHS8. Precipitate was increased from pH8 and finished at pH10. No change
of precipitates between pH4 and pH8 was based on the finish of ZrO (OH), precipitates at pH4

.(_:%)
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Fig. 5. The change of precipitated weight with p variable

and increasing of precipitates from pH8 to pH10 was the precipitation of Mg(OH),. Mg(OH),

precipitates under pH12 which began to precipitate was inferred from the coexistance of

ZrO(OH), in the solution.
From this result, precipitate in the spraying method was obtained in SN-NH 4OH solution

because the pH of solution after reaction was above pH10.

2.3.2 Characteristics of Powders

Fig.6 and 7 shows the DTA curves of powders obtained by the coprecipitation and
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spraying processes. In this figure, endothermic reactions at 90°C 150°C and exothermic reac-
tion occurred at 400°C The first endothermic at 90 ° Cwas vaporization of absorption water and
the second at 150°C was decomposition of Z:O(OH),. Exothermic was due to the crystalliza-
tion. Endothermic at x=0.5 about 400°Cwas inferred from decomposition of Mg(OH), . Crystal-

lization temperature was increased with the amount of MgO.

H 0.9 210, - 0.1 Hg0

0.7 2r0,- 3.3 Mg0

3.5 Zro, - 0.5 ¥g0

A L 1 i L 1 1 1 's AL

200 400 600 800 1000
temperature ( C )

Fig. 6. DTA curves of powders prepared by coprecipitation in (l-x)ZrOZ-ngO system

0.9 2r0,~ 0.1 HgO

\/\/—
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i A A n It L I 1 N 1
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temperaturs { °C }
Fig.7. DTA curves of powders prepared by
spraying method in (1-x)Zr02-ng0 system
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X-ray diffraction patterns of powders heat treated at 800°C is shown in Fig. 8 and 9. In the
Xray diffraction paterns, difference between coprecipitation and spraying was at x=0.1. Cubic
and monoclinic phases were mixed in the powders by coprecipitation at x=0.1 but only cubic
phases was in the powder produced by spraying method. Particle growth caused the mixed crys-
tal phase by the long reactiontime. In spray, reaction time was very short and particle growth

was inhibited.

€ » Cuble .
M » Monoclinie |

c

C = Cudle |
M - ¥onoclinte j

Fig. 8. X-ray diffraction patterns of

specimens prepared by coprecipitaton

in (1-x) Zr02- xMgO system

Fig.?. X-ray diffraction patterns of

specimens prepared_by spraying spraying

method in (l-x)ZrOz-ngO system
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Scanning electronic micrographs of powders obtained by two processes were Fig.10. Fig.10
(a) shows agglomerated and grown particle. Fig.10(b) shows separated and spherical powders
with 1-10um diameter.

coprecipitation

Fig.10. SEM photograps of prepared powder (x=0.1)
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Surface area of powders is listed in the Table 2. Surface area of spraying method was about
10 times bigger than that of coprecipitation.

Table 2. BET Results of (1-x)2r02-xMg0 System
at 300 C Heating

Surface Area (m2/g)

Co-precipitate Sprayinsg
1 Z2r02 10.991 149.341
0.927v02-0.1MgO 13.430 134.179
0.72r02-0.3Mg0O| 20.685 111.12%

Fig.11 shows the particle size distribution. Powders obtained by spraying method had

narrow distribution range of 1-10um and fine size.

percent

mass

Cumulative

—

Fig. 11. Particle size distribution
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2.4 Discussion of powder preparation method

DTA and X-ray diffraction patterns were not so different but conspicuously different in
particle shape, size, size distribution and surface area between coprecipitation and spraying
methods.

In coprecipitation, spontaneous reaction at contacted surface between NH 4OH droplet and

mixed solution, long time reaction and preferatial reaction with pH variables caused particle

growth, agglomeration and heterogeneous composition. But reaction surface in spraying method
was so large that spontaneous reaction could be occured in short time overall. Inhibition of
agglomeration, spontaneous coprecipitation reaction (homogenization of composition), sphere
type, narrow size distribution, large surface area and mass production of powders were achieved

by simple spraying method. This method was desirable to produce powders to promote sintering.

3. Powder preparation in the system of Zr02-Y203 and ZrOz-CaO

31 Zr02-Y203 system

3.1.1 Powder preparation

Raw materials in Table 1 were used to prepare powders in the system of (1-x)ZnO,-
xY203 (x=0.01, 0.03, 0.06, 0.09). Each solution was mixed in accordance with (1-x) Zr02-
xY, 0, for 12 hours on the magnetic stirrer. Powders in Zr0,-Y, 0, system were produced with
apparatus of Fig.12. Procedure is Fig.13. Fig.14 shows the DTA curves of powders. Endothermic

Compressed Air

Z N/h\—f/--SN-NH,"OH sol.
o |==Zr0Clr YUy -

'1III1;

;!If‘
'

2| ag. sot. S

L Magnetic Stirrer
o O k

[N
' “

Fig. 12. Schematic view of apparatus for preparing powder by spraying method
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reactions between 100-200°C were vaporization of absorption water and decomposition of ZrO
(OH),. Exothermic reactions above 700°C was crystallization of amorphous powder and shifted
to the higher temperature with the amount of Y, O,. Fig.15 shows the X-ray diffraction patterns
of powder calcined at 900°C for 2hr. Crystal structure was monoclinic in the case of x=0.01.
Above x=0.03, crystal structure was cubic phase and stabilized. Particle size of powder is Fig.16.
Surface area is in Table 3. Powders had narrow distribution in the range of 1-10um and large
[ o !

1

surface area.

L Preapitation !

Filtering & Washing !

l iR lamp Drying

7
r Calcination }—1Pcuder (herecferi’aﬁonJ

1st. Pressing

2nd. Pressing

Characterization

Fig. 13. Flow chart of experimental procedure

0.91 r0, = 009 Y,05

0.99 Zr02 = 0.01Y,03

AN
AN

A 0.97 Zr05 = 003 Y,03
VAN

| 1 1 L 1

2 4 6 8 10
% 100°C

Temperature

Fig. 14. DTA curves of powders prepared by
spraying method in Zr02- Y202system
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3.2 Zr02-CaO system

3.2.1 Powder preparation

Ca(OH)2 precipitates could not be obtained under pHI3. In this case,Ca(OH), might
coprecipitate with Zr(OH), as in ZrO,-MgO system. But this system did not coprecipitate

— S }{ A
b

= + ’
0.94 2607 ~ 308 Y,04

/\__/L A" T !
"m_ M ) " ‘ 9.91210; — ooz.vzoj
) 1 , 0992r0, - 501 Y,04
20 40 60 80
Fig. 15. X-ray diffraction patterns of powders heat-treated at 900° ¢

completely with NH,OH. So in this experiment, (NH4)2CO3 was used with NH,OH to copreci-
pitate Zr(OH)2 and Ca(OH)Z. The amount of (NH4)2CO3 was 2 times of the mole of Ca. Raw

materials in the Table 1 were used to prepare powders in (l-x)Zr02-xCaO system (x=0.05, 0.1,

2
100~

Cumulative Mass Percent
o
<
T

0 1 Loan—L v v 1) S WY N S |

40 20 10 6 4 2 1 0.8

Equivalent Spherical Diameter #m

Fig. 16. Particle size distribution in ZrOzA-'Y203 system
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0.15, 0.2). Each solution was mixed in accordance with (1-x)ZrO2-xCaO for 12 hours on the
magnetic stirrer. Mixed solution of raw materials was sprayed into the mixture of 5N-NH,OH
and (NH 4),CO; using apparatus of Fig. 3. '

Table 3. Specific surface area of powders prepared by
spraying method

Powder Composition Sp‘i\(;g; (:21;?()9
0.972r0, - 003 ;05 230
0.94Zr0, =006 Y;05 29
0.9 Zro2 - 009 Y203 300

3.2.2 Characteristics of powder
Powders in this system had endothermic reactions at 100-200°C and exothermic reac-
tions at 500-600°C. Crystallization temperature was shifted to the higher temperature with CaO
content. These properties were same with Zr0,-MgO and Zr02-Y203 system (Fig.17).
X-ray diffraction patterns (Fig.18) of powders calcined at 900°C for 2hr showed cubic
crystal phase.

0.05C20-0.95210>

N 4J/\\> 0.10Ca0-0,90Zr05

N ,
4_4/\____r 0.150a0-0.85210-

-~
A__V 0.200.510-0.8021'02
v’i
] ] I | I
200 400 600 800 1000

Temperature('C)

Fig.17. DTA curves of samples prepared by spraying
method in (1-x)zl-02.-xCa0 system
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Fig. 18. X-ray diftraction patterns of powders heat-treated at 900°C

Scanning electronic micrographs (Fig.20) and pasticle size distribution (Fig.19) were sphere-

shaped powders and narrow in the range 1-10um as before.
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Fig. 19. Particle size distribution in ZrQ 2-xCa0 system
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(b)) x=0.,20

Fig. 20. Scanning electron micrographs of powders prepared by

spraying method in ZrOz- xCa0 system
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4. Ceramics in the system of Zr0,-MgO, Zr02-Y203 and Zr02-CaO

4.1 Experimental procedure

Powders produced by spraying method were calcined at 900°C for 2hrs and cold-isostatic

pressed into bar (0.4 X 0.4 X 3Cm) at 1.5t0n/cm2. The bar was put into electric furnace and
[e]
heated to 1400°C, 1500°C and 1600°C for 2hrs. The heating rate was 5 C/min. The specimens

were furnace-cooled at a rate of 5°C/min to 1000°C. Further cooling to room temperature was

somewhat slower.

Water absorption and density of the specimens fired at various temperature were measured.

X-ray analysis of the surface of specimens fired at various temperature was done. The specimens
were ground with SiC polishing paper (#400, #800, #1000, #1200) to measure 3-point MOR.
Measuring conditions are as follows;

Load : 100Kg/F.S

Span Length : 20mm

Cross Head Speed : 4mm/min
Chart Speed : Smm/min

Polished specimens with SiC polishing paper were ground finely by diamond paste of 6um,

3um and lum to remove damaged layer. Fracture toughness was determined at room tempera-

ture by using indentation technique. K value were calculated as below equation

P

K =
IC n3/2. tanf .

4.2 Result and Discussion

4.2.1 Zr0, -MgO system

(a) water absorption and density

D3/2

where

P :
D :

0

indentation load
crack length

half angle of Vicker indenter
(6 =68

Fig.21 and 22 are the plot of water absorption percent and density. Water absorption

decreased with increase of sintering temperature and MgO content. Densities were not increased

so much with increasing sintering temperature but decreased with increase of MgO content

because gravity of MgO is lighter than Z:0,.
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Fig. 21. Water absorption of samples with various MgO content
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Fig. 22. Density of samples as a function of MgO content
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(b) X-ray analysis

X-ray diffraction patterns of the specimens fired at 1500°C for 2hrs is Fig.23 (same with
1400°C and 1600°C). Zirconia was stabilized above 30 mol% of MgO because crystal was only
cubic phase. But at 10 mol% MgO, monoclinic cubic phases were coexisted in zirconia owing to

transformation from metastable tetragonal to monoclinic at room temperature.:"s’29

Cubic

(@]
i

M = Monoclinie

20 30 40 50 60

Fig.23. X-ray diffraction patterns of specimens fired at 1500°C for
2hrs in (1-x) ZrO,-xMgO system

(c) Strength and fracture toughness
The variation of the modulus of rupture of ground bar is shown in Fig.24. Strength was not
changed so much with sintering temperature and MgO content and was 320 MPa on the whole.
The cirtical stress intensity factor, KIC’ as a function of firing temperature and MgO content
is shown in Fig.25. This fracture toughness was not so different in sintering temperature but
decreased with increasing MgO content. Zirconia with 10 mol% of MgO had the highest K.
value, 15Kg/m1n3/ 2 This property originated in martensitic transformation, %293
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Fig. 24. 3-point MOR strength of samples with various MgO content
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Fig. 25. Fracture toughness of samples (with MgO) fired at

various temperature
422 Zr02-Y203 System

(a) Water absorption and density

Water absorption percent and density are shown inFig. 26 and 27 as a function of sintering
temperature and Y203 content. Water absorption was minimum at 3 mol% of Y203 and

decreased with increasing of sintering temperature. Density was maximum at 3 mol% of Y,0,
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and increased with increasing of sintering temperature contrary to water absorption. Relative
density showed 98% or more of theoretical density at 3 mol% of Y203 above 1500°C firing.

a : 1600 °C
A
o : 1500 °(C
— . 0
3 ¢ : 1400 °C
- ; k
[y
°
s
3 2
Fa)
<C
g
g s \
! 1 | {
1 3 6 9 mol%
YZO3 Content

Fig. 26. Water absorption of specimens with various Y203 content

18?‘6.0 .
K;
>
E
a o = 1600°(
g o = 1500 °C
g
< 5.0 + 0 1400 °C
T ! ] | 1
1 3 6 9 mol %

Y,0; Content

Fig. 27. Sintered densities of specimens with various Y203 content
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(b) X-ray analysis
X-ray diffraction patterns of the specimens fired at 1500°C for 2hr is shown in Fig. 28
(same with 1400°C and 1600°C). Zirconia was stabilized above 6 mol% of Y203 because crystal

was only cubic phase. But at 3 mol% of Y, 0,, monoclinic and cubic phase were coexisted in

273
zirconia owing to transformation from metastable tetragonal to monoclinic at room tempera-
ture. %2 ¢ € Cubic
C 11+ Honoclinic
¢
C
0.9 7:')? - 0,09 Y;D)
¢ ¢ e
1 o dh
ﬂ AJ o 10, - 0% T,
A An ’
r}j h 0.97 763, - 0,03 1,03 '
An A A

)l A M M 9.5 T - O Tyl
N N M A ;

: 1 L 1

20 40 60 80
Fig. 28. X-ray diffraction patterns of specimens fired at

1500°C1or 2nrs m LrU2-Y203 system

(c) Strength and fracture toughness.

Fig.29 shows the variation of the modulus of rupture. At 1 mol% of Y,0,, the specimens

X 100 7t
6—-
2 5|
g .l
o
2
s 3 o
> ,/’
% o
1t -

1 3 6 9 mol %
Y,0; Content

Fig. 29. 3-point MOR strength of specimens with various Y203 content
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fired at various temperature were broken down because of volume change originated in phase
transformation. The other specimens had tendency such as density and maximum MOR value,

700MPa was measured at 3 mol% of Y203.

20 F
15 ¥
10 L 1 ]
: 1 1
14 5 6 X 100 °C
Temperature

Fig. 30. Fracture toughness of specimens with
. 3 mol% Y, 0, fired at 1400°C1600°C
The critical stress intensity factor, K of zirconia with 3 mol% of Y203 is shown in Fig.30
as a function of firing temperature. It was difficult to measure KIC of the other specimen because
they had considerable amounts of pore in the specimens. Zirconia fired at higher temperature

had higher K, value. The specimen sintered at 1600°C had the highest K, 19Kg/mm®?. This
2,29,30

1C’
property originated in martensitic transformation.

4.2.3 Zr02-CaO System

Fig.31 and 32 show the water absorption and density as a function of firing temperature

and CaO content. Water absorption in this system was higher than any other system. Zirconia

o 1600 ¢
10 :

(o] 1500 ‘C

] 1hoo ¢

Water absorption @4
ot
H

)

0.05 .0.10 .0.15 0.20
.Ca0 content (mol)

Fig. 31, Water absorption of
specimens with various CaO content
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with CaO was not sintered enough to characterize some properties in view of water absorption.
Only X-ray analysis of specimens sintered at 1500°C is shown in Fig.33. Cubic phase only was
above 15 mol% of Ca0, and cubic and monoclinic phases were at 10 mol% of CaO.

6.0¢
. 1600 ' C
«,g 550 - 1500 ' C
> 1400 ' C
E; _
e
= v
$ 500
Q .
5 7
5 45k
[
&
1 ] 1 2
0.05 0.10. 0.15 0.20

CaO cantent (mol)

Fig. 32. Densities of specimens with various Ca0 content

C = Cubic
M- Monoclinic

x = 0,20

L e
R . \ Ax = 0.'0
A_'/\_A_A_x - 0.9%
A A—
- B |
20 30 40 50 60
Fig. 33. X-ray diffraction patterns of specimens fired at

1500C in Zr02-Ca0 system
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5. Conclusions
Powder preparation to reveal the specific functions were studied and the results were as

follows.

1. Powders produced with spraying method had characteristics below
a) Powder without aggiomeration
b) Sphere-shaped powders with diameter of 1-10um
¢) Large surface area
d) Spontaneous precipitation (not preferential precipitation)
e) Mass production

2. Crystallization temperature was shifted to the higher temperature with increase of additives
of MgO, Y203 and CaQ

3. At 10 mol% of MgO, monoclinic and cubic phase were coexisted, but only cubic phase was
above that in Z10,-MgO system.

4. At 3m01% of ¥,0;, monoclinic and cubic phase were coexisted, but only cubic phase was
above that in Z10,-Y,0, system

5. Monoclinic and cubic phases were coexisted at 10 mol% of CaQ, but only cubic phase was
above that in ZrOz-CaO system.
Zirconia with 10 mol% of MgO had the highest MOR, 320MPa and K., 15Kg/mm*/2,
Zirconia with 3 mol% Y, 0, had the highest MOR, 700MPa and K~ 19Kg/mm3/ 2
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