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Abstract

The influence of washing and calcination conditions on the powder characteristics of urea-derived ceria-yttria-doped tetragonal zircon
powders (Ce-Y-TZP) ceramics are studied. The use of urea hydrolysis followed by acetone—toluene—acetone (ATA) washing can produ
a finer and more sinterable Ce-Y-TZP powder as compared to that washed by alcohol. It is observed that as the calcination temperatt
is raised to 800C for 2 h, the sintered density achieves the highest value regardless of the increase of monoclinic content in as-derive
powders. The higher the calcination temperature, the more the monoclinic content. The transformability of tetragonal phase is related to t
As temperature and tetragonality. The monoclinic content in as-derived powders after calcination and ball-milling processes is proportion:
to theAs temperature and tetragonality of tetragonal phase. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction . . .
ther studying the characteristics of the urea-derived powders

The mechanical properties and reliability of ceramic ma- followed by subsequent crystallisation treatment.
terials are governed invariably by processing flaws [1]. An  Although acetone—toluene—acetone (ATA) washing has
appropriate powder preparation is necessary to improve bothPeen successfully employed to produce sinterable; 20
mechanical properties and reliability of ceramics. Recently, HfO2 powders [3,12], many investigators have also argued
the hydrolysis method has been extensively employed in theits effect to yield active powders as compared to alcohol
fabrication of fine ceramics due to its convenience and con- Washing in cases of CaO-ZsQ13] or Y203-Zr0O; [14].
trollability of processes [2-8]. Urea hydrolysis is one exam- This would be due to the nature of gels since various pre-
ple, which gives a relatively pure precipitate, and the degree Cibitation processes and dopants are used. It is also likely
of supersaturation is greatly decreased during precipitationthat the processing of ATA washing is not optimised such
[9]. In contrast, the fast co-precipitation, as with ammonia that the powder characteristics could not be improved.
co-precipitation, of what is performed under high pH value ~ The agglomeration state of powder significantly in-
(>10.7) and often merges a few impurities. These impu- fluences the sintering behaviour. A preferential intra-
rites may deteriorate the mechanical properties due to an@dglomerate sintering predominates over inter-agglomerate
amorphous layer formed in the grain boundary [10,11]. In Sintering and pulls away from neighbouring agglomerate,
addition, according to our previous results [7], the zirconia leaving large lenticular voids which are difficult to close
powder synthesised by urea hydrolysis can achieve 100%[15]. Alternatively, the calcination treatment would mod-
tetragonal owing to its moderate precipitation reaction. ify the size, morphology, the crystallographic defective

The degree of supersaturation during precipitation deter- configuration and the surface chemistry [16] of powder
mines the number of nuclei formed and thus controls the Particles. Recently, Montanaro et al. [17] stated that the
particle size of the precipitate. Thus, the urea hydrolysis higher calcination temperature-{000°C) can prevent the
usually yields a coarse powder due to its low supersatura-a2bnormal grain growth of cubic phase and a higher flex-
tion and the higher temperature used30—100C) [6,9]. A ural strength for a pure coprecipitated 6 mol% Y4rZP
suitable crystallisation treatment will significantly affect the Powder is achieved. As a result, one can expect that the
characteristics of the resultant powders. It is thus worth fur- Suitable calcination condition will alter the porous and de-

fective agglomerates into a denser structure and thus the

* Corresponding author. intra-agglomerate sintering is eliminated.
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This work is one of our series of tasks in the development 6H,0, and Y(NQ)3-5H,O (Merck & Co. Inc., Darmstadt,
of high strength and thermally stable Ce®,03—Zr0, Germany) with various compositions were used to prepare
ceramics [7,8,18-21]. In the current study, the influences the stock solution with a cation concentration of 0.1 M. An
of organic medium washing and calcination condition on excess addition of urea (0.42M) was introduced for en-
urea-derived powder characteristics, especially, particle hancing the hydrolysis reaction. The solutions were boiled
size distribution, sinterability and monoclinic content in continuously for 5h in a flask and then a white colloidal
as-derived powders, will be explored in detail. In addition, suspension was formed after 50 min, as previously reported

the grain morphology of sintered body is also studied. [7]. Usually the post-precipitation washing with organic
solvent significantly improves the sinterability of powders.
2. Experimental procedure In this study, comparison between the ATA washing and

ethanol washing was made. The precipitate produced by
A urea-hydrolysis process was applied to produce fine urea hydrolysis was washed by these two methods and
powders. Starting materials of ZrOG8H,O, Ce(NQ)s- then calcined at 50C for 0.5 h. The detailed procedure of

0.1 M stock solution of ZrOCl, * H,0, Y(NO,), * H,0,
and Ce(NO,), * H,0
Urea Hydrolysis
Mixed with 0.42 M of urea in deionized water and
then boiled at 100°C for 5 h

'

Washed 2 times in deionized water to

remove CI°
Ethanol dehydration and Firstly converted into organic medium by acetone wash
dispersion for 2 times and then dehydrated by toulene wash. Finally replaced
toluene by acetone wash

Dried by infrared lamp and
grinding by mortar and pestle

v

Calcination

v
Ball milled in alcohol for 36 h

A 7 L 4
Pellet forming by using cold
1sostatic pressing

Characteristics of powders

at 200 MPa
i ! v
Composition of Powders Particle Size Distribution Powder Agglomeration Sintered at 1500 C

ICP analysis Sedimentation technique TEM observation

Fig. 1. The experimental flowchart for studying the effect of organic washing on powder characteristics.
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organic washing is shown in Fig. 1. After organic washing
was carried out, calcination was employed to control the
particle size and size distribution of the powder. The cal-
cined powders were then wet-milled in ethanol for 36 h and
subsequently dried by infrared lamp.

The effect of calcination on the sintered density was
further studied. Once ATA washing was finished, the pow-
der was calcined at 50C for 0.5, 2, 4, and 8h, and at
700, 800, 850, and 100Q for 2h. The powders were

J.-D. Lin et al./Materials Chemistry and Physics 68 (2001) 42-55

3. Results and discussion
3.1. Urea hydrolysis

Firstly, the pH value of the solution in terms of boiling
time is shown in Fig. 2. The pH value of suspension solution
reaches a stable value of 8.2 after 4 h boiling. The precipita-
tion process begins at pH 4 and finishes at pH 8.1. Compared
with ammonia coprecipitation, precipitation formed by urea

uniaxially pressed at-80 MPa and were then isostatically hydrolysis processes slowly under the lower pH environ-
cold-pressed at 200 MPa. Finally, the powder compacts ments during a period of3 h [7]. For a batch of 10 g pow-
were sintered at 1300, 1400, and 1500for 2h. The  ders yielded, Fig. 3a—c show the particle size distribution of
density of samples was measured to explore the optimumpowders synthesised by ammonia coprecipitation plus cal-
calcination condition for urea-derived and ATA-washed cination, urea hydrolysis plus hydrothermal crystallisation
ceria-yttria-doped tetragonal zirconia powders (Ce-Y- (HTX), and urea hydrolysis plus calcination, respectively.
TZP). Except for the HTX-treated powders, the other two pow-

The as-derived powders composition were measured byders are ball-milled in alcohol for 36 h (the milling media
inductively coupled plasma (ICP, GVM-1000P, Shimadzu, is zirconia). The powders produced by ammonia coprecipi-
Japan). The particle size distribution was measured by atation and calcination at 50C for 0.5 h has the finest size.
SediGraph 5100 particle size analysis system (Model 5100, The HTX-treated powder exhibits a wide distribution of par-
Micrometrics Instrument Corp., USA). The particles de- ticle size ranged from 10 to dm and shows the coarsest
posited on copper grid were examined by transmission elec-mean particle size than others. The larger particle size of
tron microscopy (JEM-100cxll, Jeol, Japan), and the size of HTX-treated powders may be due to the process without
agglomerate was also probed. ball-milling and/or the use of high concentration gels in the

The volume fraction of monoclinic phasém, was eval-  HTX treatment resulting from the restriction of vessel vol-
uated by the following equation [22]: ume [7].

Similar to binary systems [8], the actual compositions of

1311y 1 coprecipitated powders are nearly identical to the nominal
M 140311, @ compositions, as indicated in Fig. 4a and b. The relation be-
tween measured compositions and nominal compositions of
Ii1y, + 111Dy, Qe—Y—TZI? ternary ceramics can be expressed by the follow-
Xm= (2) ing equations:

Cain + Lday, T a1,

whereXn, is the integrated intensity ratio and the subscripts
‘m’ and ‘t’ of | represent the intensity &f,1 for monoclinic

and tetragonal phase, respectively, after the peak separatio 10
and fitting.
The crystallite size and microstrain of ultrafine zirco- 8 —=
nia powders were determined through an X-ray diffrac- i
tion line-broadening method. Through the software based
on the Warren—-Averbach procedure, the crystallite size 6

and microstrain of both t and m phases were thus deter-
mined. A detailed analysis procedure has been reporte(I
elsewhere [21]. The density of powders and bulk den- &

sity were measured by a gas pycnometry (AccuPyc 1330, 4r

Micrometrics Instrument Corp., USA) and Archimedes rea Hydrolysi

technique, respectively, with water as the immersion ol stock concentration

medium. . 042M
Samples were sintered at 15@for 2 h and were subse-

guently polished and thermally etched at 150@or 10 min. . l . ) 1 ° 0"?’4M .

Field emission scanning electron microscopy (FESEM, Hi- 0 2 4 6 8 10 12

tachi S-4000, Japan) was used to examine the morpholog)
of polished and thermally etched surface. The grain dize,

of the sintered samples was estimated using the linear inter-rig. 2. The pH value of the stock solution in terms of boiling time at
cept technique [23]. 100°C during hydrolysis.

Boiling Time (h)
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100 ¢ (a) (b) 5.5 mol% CeO,-2 mol% YO, 5-ZrO,
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Fig. 3. The particle size distribution of 5.5mol% Ce@Q mol% YO, s—ZrO, powders produced by various methods: (a) ammonia coprecipitation and
calcination; (b) urea hydrolysis and HTX; (c) urea hydrolysis and calcination.

Mol% Ymeasured= 0.0423+ 0.9143 mol% Yominak ation of measured cerium amount with respect to the nom-
R2=0.998 SD.=0.092 ©) inal one is larger than that in yttrium. This implies that in
the fabrication of Ce-Y-TZP powders, the control of cerium
content is relatively difficult as compared to that of yttrium.
mMol% Ceneasured= 0.1147+ 0.9206 mol% Cgomina

R2=0.993 SD.=0.288 (4) 3.2. Organic medium washing

where R? represents square of correlation coefficient and  Fig. 5 compares the particle size distribution of the un-
S.D. is the standard deviation. The relationships betweencalcined powders after alcohol washing with that of ATA
measured compositions and nominal compositions derivedwashing. Powders treated by ATA washing exhibits rela-
from linear regression of data are nearly identical regardlesstively narrow distribution, being mostly around, 116

the addition of another stabiliser contents. Furthermore, un-whereas alcohol-derived powders show a rather wide dis-
like the case of binary system [8], the deviation from nom- tribution, ranging from 20 to fum. The TEM micrograph
inal composition of cerium in these Ce-Y-TZP ceramics is also provides this evidence, as shown in Fig. 6, in which the
comparable to that of yttrium. Alternatively, standard devi- size of uncalcined alcohol-derived powder is smaller than
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Fig. 4. The relation between measured composition and nominal compo-
sition in urea-derived powders: (a) cerium; (b) yttrium.

that of ATA-derived powder. After calcination at 50D for
0.5 and 36 h ball-milling in alcohol, the ATA-derived amor-
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5.5 mol% CeO,-4mol% YO, -Zr0, —— ATA washing

100 .
Ethanol washing
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Fig. 5. Particle size distribution of urea-derived amorphous powder after
ATA washing and alcohol washing and infrared drying.

raises the amount of m phase in milled powders. After a
36 h ball-milling, the alcohol-derived powders contain a
small amount of m phase, and the presence of m phase
in the powders depends on the amount of stabiliser added
(Table 1). ATA-washed powders still exhibit pure tetrago-
nal phase even after 36 h ball-milled in ethanol regardless
of stabiliser content. The presence of monoclinic phase in
alcohol-derived powder would be related to its agglom-
eration state of powders. Since the alcohol-derived pow-
ders usually contain larger agglomerates after calcination
(~4pm, as shown in Fig. 6b), the ball-milling process can
stress-induce these larger particles into m phase.

Table 2 summaries powder characteristics and sintered
density of powders prepared by three synthesis methods.
The urea-derived powder exhibits the highest powder den-
sity, while the HTX-treated one shows the highest surface
area, highest green density, and smallest powder density.
This implies that the HTX-treated powder is very porous
or post-ultrasonic dispersion does not break the agglomer-
ates of powders. In addition, ATA washing can significantly

phous powder is converted into a finer powder as comparedimprove the sinterability of urea-derived powders as com-

to alcohol-derived one (Fig. 3c). According to TEM obser-

vation, the calcined alcohol-derived powder often exhibits a
degree of large agglomerates (Fig. 6b). Similarly, on the ba-
sis of sintering experiments, the ATA-derived powders can

pared to alcohol washing. It is argued that ethanol wash-
ing only eliminates the pD adsorbed on the surface and
terminal hydroxyl of the hydroxide. But the hydroxyl lig-
and within the structure and inside the hydroxide particles

reach higher density and shows larger shrinkage at the samevould still exist. To obtain an uniform and more active pow-

sintering temperatures (Fig. 7). In summary, the ATA wash-
ing is more effective than alcohol washing to obtain active
and sinterable urea-derived powders.

Alternatively, ATA washing can inhibit the formation of
m phase after calcined at 50D for 0.5h and ball-milled
in ethanol for 36 h (Table 1). Since the ball-milling can
enhance the occurrence of>m phase transformation in
the TZP ceramic powder [24-26], the ball-milling step

der, the majority of OH ligand inside hydroxide should
be replaced by organic medium using ATA procedure. Ac-
cording to the result of DTA, obscure peaks related to hy-
drogen bond interaction between gel and water are not ob-
served in the urea-derived and ATA washed powders [7,20].
This implies that reduction in agglomeration reaction occurs
in these ATA washed powders due to the absence of OH
ligand.
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Fig. 6. TEM micrographs of urea-derived 5.5 mol% Ge@mol% YO, 5-ZrO, powders produced by various methods: (a) alcohol washing and infrared
drying; (b) alcohol washing and calcination 53@for 0.5 h; (c) ATA washing and infrared drying; (d) ATA washing and calcination°&0fbr 0.5 h.
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Fig. 7. The relative density of urea-derived powders produced by ATA washing or alcohol washing after sintered at various temperatures for 2 h.
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Table 1
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The compositions, characteristics, and monoclinic content of Ce-Y-TZP powders were treated by alcohol and ATA washing after calcinatiGn at 500
for 0.5h then followed by 36 h ball-milling in ethanol

Sample designation Cemol%) Y& (mol%) Crystallite size Microstrain Monoclinic content
of t phase(D),? (nm) 21202 ,° (x10) Vi (vol.%)

Alcohol washing
5.5-2-C36 5.29 1.92 5.26 2.15 224
5.5-3-C36 5.30 2.77 5.26 2.13 12.7
5.5-4-C36 5.23 3.62 5.36 2.52 0
8-2-C36 7.26 1.86 5.46 211 121
8-3-C36 7.48 2.36 5.53 2.12 9.4
8-4-C36 7.53 3.74 5.31 2.53 0

ATA washing
5.5-1.5-ATA 5.11 151 4.85 2.18 0
5-2-ATA - - 5.43 2.13 0
5.5-2.5-ATA - - 5.64 2.33 0
6—2-ATA - - 5.55 2.29 0
8-1.5-ATA 7.71 1.50 6.04 2.32 0

aMeasured by ICP technique.
b Area-weighted mean crystallite siz®), and microstrain(az)yzz(l/z)w)a calculated from Warren—Averbach method [21].

3.3. The effects of calcination time and temperature

[16,27].

at lower temperature (at 500 for 0.5 h) are around 83 and

present study. When the calcination time is increased from 2

to 8.6 h at 500C, the sintered density of samples is indicated
The choice of calcination condition is important to achieve in Fig. 9. It appears that the increase of calcination time at
high density. In fact, this requires a compromise between 500°C fails, however, to significantly enhance the green den-
green density and fineness of powders. The higher the greersity of samples with a green density around 35% T.D. after
density, the higher the sintered density. For example, theformed by uniaxial cold-pressing. As the sintering temper-
use of CIP tends to enhance the density of green body andature is raised beyond 140D, the final density of sintered
results in an increase of sintered density at lower temper-samples is reduced with calcination time. As the calcination
ature 1400°C), as shown in Fig. 8. The agglomeration temperature is raised, both the mean particle size and green

state of the powders will influence the sintering behaviour density increase, as shown in Figs. 10 and 11, respectively.
Fig. 10 indicates that the increment of mean particle size

After the calcination process, ball-milling in alcohol is of the calcined powders is much pronounced as calcination

necessary to deagglomerate the calcined powders. In factfemperature is raised up to 10@ For the calcination
the powder density and green density of calcined powderstemperature in the range of 500-880) the mean particle

size is around 1 mm. Once the calcination temperature is

38.6% T.D., respectively. To improve the density, the time raised to 1000C, the particle significantly grows to a size
and temperature of calcination is tentatively raised in the around 2um. Besides, the shape of particle size distribution

Table 2

Powder characteristics of 5.5mol% Ce@ mol% YO, 5—ZrO, powders prepared by three kinds processes

Powder synthesis crystallization treatment with washing method Ammonia coprecipitation Urea hydrolysis

Hydrothermal crystallisatidh Calcinatior?

Calcinatior{

Alcohol washing

- ATA washing  Alcohol washing

Phase tand m t t tand m
surface area (Ag1) 88-108.7 200-125 108 -
Particle siz& (um) 0.53 6.39 0.76 1.65
Powder densif} (apparent density) (g cnd) 5.04 4.18 5.22 -
Green density (g cr?) 2.24 2.70-2.97 2.36 25
97.5 97.7 97.6 954

Sintered density (% T.D.)

2Modal diameter.
b Measured by gas pycnometer.
¢ Without ball-milled.

d Calcination at 500C for 0.5h followed by 36 h ball-milling in ethanol.

€At 200°C for 5h.
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Fig. 8. The comparison of relative density for the 5.5mol% @efmol% YO, 5—ZrO, powders formed by CIP and uniaxial press.

remains nearly unchanged regardless of calcination temperdt appears that as the calcination temperature is at@00
ature, while the width of particle size distribution becomes the sintered density stands the highest. The crystallite
slightly broadened with calcination temperature as tempera-size of the t phase increases with the calcination temper-
ture is<850°C. In contrast, further increase of temperature ature, whereas the microstrai@?)i/zz(l/z)w) , of t phase

up to 1000C reduces the width of particle size distribution. decreases with calcination temperature, as indicated in

100 S/
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Fig. 9. The relative density of 5.5mol% Ce&l.5mol% YQ s—ZrO, ceramics. Powders were calcined at 800or 2, 4, and 8.6 h.
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Fig. 10. The particle size distribution of 5.5mol% GeQ mol% YO, 5-ZrO, powders after calcination at various temperatures.
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Table 3
The effect of calcination temperature on the crystallite size and microstrain of t phase and monoclinic content of the urea-derived 5.5m8IPto0RéO
YO15-ZrO, powders

Calcinatior? Crystallite size Microstrain <52>i/=2(1/2>(1)>,1 Monoclinic conterft Secondary particle
temperature °C) of t phase(D), (hm) (x10%) Vm (vol.%) sizé (um)
500 5.26 2.66 0 0.76
750 6.66 2.08 28.5 0.96
850 8.80 1.98 40.9 0.93
1000 12.88 1.46 435 1.59
aFor 2h.

b Modal particle size, indicating particle size at peak of particle size distribution.
¢ As-calcined powders.

Table 4
The characteristics of ternary Ce-Y-TZP ceramic powders produced by urea hydrolysis, ATA washing, and calcinati6@ &80
Sample designation Ce ya Crystallite size of Microstrain Monoclinic content
(Mol%) (Mol%) t phase(D), (nm) 2712 12y, (X100 Vi (vOL.%)
3.5x (x=2, 3, 4)
3.5-2 3.20 1.96 9.28 0.85 73
3.5-3 3.18 291 9.74 1.06 54.3
3.5-4 3.13 3.99 9.46 1.24 36.1
5.5x (x=1.5, 2, 2.5, 3, 4)
5.5-15 5.03 1.48 9.98 1.11 56
5.5-2 5.00 1.98 10.09 1.09 50.9
5.5-25 4.84 2.47 9.77 1.21 42.1
5.5-3 4.93 2.92 9.60 1.16 38.9
5.5-4 4.81 3.97 9.98 1.26 16.3
8x (x=1.5, 2, 2.5, 3, 4)
8-1.5 7.20 1.45 9.98 1.17 33.9
8-2 7.35 2.06 11.02 1.24 29
8-2.5 7.48 2.45 12.11 1.28 13.3
8-3 7.63 2.97 10.20 1.26 17.1
84 7.53 3.95 10.78 1.28 0.9
References
0-6 0.02 6.10 10.69 1.26 25
12-0 11.11 0.03 15.61 0.83 174

@Measured by ICP technique.

Table 5

The lattice parameters, theoretical density, and tetragonality of Ce-Y-TZP ceramics sintered°& i&0Dh

Ce (mol%) Y (mol%) a (hm) ¢ (nm) Theoreticd density (g cnm?) Tetragonality ¢/a)
3.18 291 0.51066 0.51945 6.11 1.0172
3.13 3.99 0.51100 0.51929 6.09 1.0162
451 2 0.51091 0.52010 6.13 1.0180
5.11 15 0.51118 0.52056 6.13 1.0183
5.09 2.03 0.51123 0.52036 6.13 1.0179
5.11 25 0.51143 0.52029 6.13 1.0173
6.22 2.79 0.511472 0.52019 6.15 1.0170
6.09 3.77 0.51180 0.52001 6.14 1.0160
6.06 4.4 0.51166 0.51965 6.14 1.0156
7.71 15 0.51198 0.52120 6.17 1.0180
7.35 2.06 0.51211 0.52087 6.16 1.0171
8.47 2.79 0.51209 0.52084 6.18 1.0171
8.20 3.56 0.51248 0.52061 6.16 1.0159
8.16 4.4 0.51265 0.52040 6.16 1.0151

aCalculated from X-ray diffraction data and measured compositions.
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Table 3 (column lengthl(, a multiple of the interplanar
spacing). Additionally, as the calcination temperature is
raised, the m content in powders also increases. As indi-
cated in Table 3, when the powder is calcined at 2a00
for 2h, the m content is 43.5v0l.%. The presence of m
phase may affect the sintering state of powders due to the
formation of m—t phase transformation during sintering.
However, according to the result of the current study, the
effect of these large amounts of m phase on the sintered
density and shrinkage of sintered bulk is not apprecia-
ble for powders sintered at 150D for 2h, as shown in
Fig. 11.

The crystallite size of these ternary powders is indepen-
dent of the composition and exhibits a value around 5.4 nm
after calcined at 500 for 0.5h, as indicated in Table 1.
Once the calcination is conducted at 8Gdor 2 h, the crys-
tallite size increases into 10 nm. For powders calcined at
800°C for 2 h, the m content in powders decreases with de-
creasing YQ@s content. Only the powders with composi-
tions of 8.0 mol% Ce®and 4 mol% YQ 5 possess 100% t
phase, as indicated in Table 4.

Itis interesting to probe the relation of the monoclinic con-

tent and the powder synthesis process employed. Firstly, as
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Fig. 12. The tetragonality contour as the function of mol% gedd
mol% YO, 5. The tetragonality values are calculated according to Eq. (5).

trend of tetragonality with respect to compositions is iden-
tical. The transformability of the t phase under an ap-
plied stress will influence the fracture toughness of TZP
materials.

In addition to tetragonality of t phase, the transforma-

mentioned in Section 3.2, the urea-derived powders washedjlity of t phase is also related to tHds temperature (the

by ATA procedure also yield 100% tetragonal phase when
calcined at low temperature (50D). In addition, for the
highly transformable powder with composition of 5.5 mol%
CeG—2mol% YO, 5-Zr0Oy, the gels derived by ammonia
coprecipitation can transform into fully tetragonal phase by
HTX, while no tetragonal is obtained by calcination alone,
as previously reported [7].

Besides, as indicated in Tables 1, 3 and 4, the microstrain
of powders at. = (1/2)(D), decreases from 2:210~2 to
1.2x1072 as the calcination temperature is raised from 500
to 800°C. This implies that the higher calcination tempera-
ture reduces the defects in the crystal, and the crystallinity of
lattice is enhanced. This result is in agreement with the work
of Morterra et al. [16], in which detailed FTIR and, CO and
CO, adsorption spectrums of the Y-TZP powders calcined

starting temperature oft+m transformation) [30-32]. This
means that théls temperature of high toughened TZP ma-
terials should be close to room temperativig temperature

is usually dependent on the dopant amount, grain size and
shape of t phase [30-32]. Urabe et al. [29] reported, however,
that the As temperature (the starting temperature of>ih
transformation) of Ce-Y-TZP ceramics can be expressed
by

As(°C) =11955 — 1707 YO1.5(mol%)

—72.2 CeQ(mol%) (5)

In general As temperature is sensitive to the dopant content,
yet is less influenced by the grain size as comparedido
temperature. Bastide et al. [33] reported that the difference

at various temperatures reveal a much more defective andoetweenMs and As temperatures for (2{ZrO»—2 mol%

reactive surface for powders calcined at lower temperature
(500°C).

3.4. Lattice parameters and tetragonality

The lattice parameters of t phase in the Ce-Y-TZP

ternary ceramic system have been measured by X-ray pow-

der diffraction. Table 5 represents the lattice parameters
of t phase for Ce-Y-TZP ceramics sintered at TSDO
for 2h. The tetragonalityc/a can be used to evaluate the
transformability of t phase [28]. As the tetragonality of

t phase approaches 1, the stability of t phase is raised.
Fig. 12 shows the contour of tetragonality for Ce-Y-TZP
ceramics as functions of mol% CeGnd mol% YQs.
Although the tetragonality in the current study is slightly
larger than that in the study of Urabe et al. [29], the

YO15]xCeQ® (x=0, 1.3, 2.1 and 3mol%) ceramics with
grain size of~1pm is around 130C regardless of stabiliser
contents. ThusMs temperature is replaced l#y tempera-
ture in further discussion. On the basis of Eq. (5), the ceria
exhibits a weaker effect than the yttria in depresdifigor

As temperatures.

As discussed in the previous section, the amount of m
phase in the calcined and ball-milled powders depends on
the calcination temperature and dopant amount. For the
same yttrium doping level, the more the ceria content, the
less the content of m phase in powders. The increase of
calcination temperature will raise the crystallite size of t
phase and the increase in stabiliser contents tend to de-
crease the transformability of the t phase [8]. In fact, the
amount of m phase in milled powders is dependent on
the transformability of t phase. Hence, it may be related
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Fig. 13. (a) TheAs temperature and (b) tetragonality plotted with respect to monoclinic amounts in Ce-Y-TZP powders after calcinatiéC d0820.

to the As temperatures or tetragonality of t phase. The of Y-TZP [19,34-36]. Theunissen et al. [37] proposed that
As temperature and tetragonality as a function of mono- when Ce-TZP was doped with yttrium, the smaller grain
clinic amount after 36 h ball-milling are thus plotted in sizes was obtained because of the segregation of yttrium to
Fig. 13a and b. It is clear that the monoclinic amount in- grain boundary and the grain growth of Ce-Y-TZP is de-
creases with théds temperature or the tetragonality of t pressed due to impurities drag [37,38]. Results of SEM ob-

phase. servation for Ce-TZP samples containing about 7—16 mol%
CeQ revealed that the shape and size of grains remain
3.5. Microstructure unchanged regardless of Cg@ontent [39,40]. Similar to

Ce-TZP, the shape and the average grain size of Ce-Y-TZP

For the powder compacts sintered at 18D@or 2 h, the ceramics are insensitive to the contents of ga®the added
morphologies of the thermally etched surface is examined. amount of YQ s is <2.5mol%, as shown in Fig. 14. This is
The average grain size of samples 5.5-3, 5.5-4, 3.5-3 andn agreement with the work by Boutz et al. [38,41] and Hi-
3.5-4 is smaller thanm. For samples doped with the same rano and Inada [42], who reported that an specific amount
mol% of YO 5, the higher the mol% Cefthe larger the of yttrium concentration is necessary to inhibit the grain
average grain size. In literature, it is well-documented that growth of Ce-Y-TZP. This yttrium amount is found to be
the average grain size of Ce-TZP is generally larger than around 2.5mol% in the current study.
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4. Conclusions

1. At a suitable amount of urea and reaction time, the com-
position of derived powder is nearly identical to that of
stock solution. The relation of measured composition and
nominal compositions have been reported in the current
study.

m0|% Ymeasuredz 00423+ 09143 m0|% Ynom|na|

m0|% C&neagured: 01147+ 09206 mOI% Cﬁomlnal

3.5

3.0
YO, 5 Dopant (mol%)

Fig. 14. Correlation of average grain size and mol%:¥@or Ce-Y-TZP ceramics after sintered at 18Q0for 2 h.

40

4. To raise the sintered density of Ce-Y-TZP powders, the

increase of calcinaton temperature is more effective than
the prolongation of calcination time. When powders are
calcined at 800C for 2 h, the sintered density achieves
the highest. The grain size of Ce-Y-TZP ceramics de-
creases with yttria content, while the addition of ce-
ria increases grain size. The grain shape and grain size
of Ce-Y-TZP ceramics are insensitive to the content of
CeO as the YG 5 amount in Ce-Y-TZP is<2.5mol%.
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