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A wet-chemical approach has been applied to derive fine powders with various ceria and yttria
compositions in the Ce0,-Y,03;-ZrO, ceramic system by the co-precipitation method. The
characteristics of the as-derived powders have been evaluated through differential thermal
analysis, thermogravimetric analysis, BET surface-area analysis, and inductively coupled
plasma technique. The hardness and fracture toughness of the as-sintered specimens were
evaluated by the indentation method. A highly toughened ceramic with K,.>25 MPam'/? was
achieved with the composition 5.5 mol% Ce0,-2 mol% YO, .—ZrO,. The relationship between
the mechanical properties and the compositions of stabilizers, CeO, and Y,0; is discussed
with respect to the degree of tetragonal to monoclinic transformation as well as the grain size

of the as-sintered ceramics.

1. Introduction

The investigation of zirconia has continued to attract
the interest of a great number of scientists and techno-
logists, and solid evidence of commercial application
for the engineering ceramics is now available. To use
zirconia to its full potential, the properties of the oxide
have been modified by the addition of a cubic stabiliz-
ing oxide, particularly MgO, Ca0O, Y,0; and CeO,
[ 1-7]. Tetragonal zirconia polycrystal (TZP) ceramics
are attractive because of their excellent room-temper-
ature mechanical properties, wear properties and a
thermal expansion coefficient close to that of iron and
iron-based alloys [8-12]. The high strength and
toughness of TZP is considered to be largely due to
the stress-induced martensitic transformation of the
metastable tetragonal phase to the stable monoclinic
phase. Unfortunately, the fatal disadvantage of yttria-
doped Y-TZP occurs at low-temperature ageing in a
humid atmosphere [ 13—17]: mechanical properties de-
crease with increasing ageing time as a consequence of
the spontaneous tetragonal to monoclinic phase
transformation.

It has been reported that the ceria-doped Ce-TZP
exhibit better thermal stability and higher toughness
than Y-TZP [18-20]. However, the strength of
Ce-TZP is comparatively low. In order to enhance the
strength of Ce-TZP and to improve the thermal
stability of Y-TZP at low temperature, Sato et al. first
reported the availability of Y,0;-CeO,-Z1O, ceram-
ics [21]. CeO, caused no significant degradation in
sinterability and mechanical properties in this system.
The stability of the tetragonal phase in Y,0;-CeO,~
ZrO, ceramics increased with increasing amounts of
Y,0; and CeO, and with decreasing grain size. Duh
et al. [20] also showed that partial substitution by
Y,0; in CeO,-Zr0, resulted in reduced grain size
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and tended to stabilize the tetragonal structure. In
addition, Y,0, substitution in CeOQ,-ZrO, increased
the hardness, while it decreased the fracture tough-
ness. Hence, it is expected that a optimal composition
exists in the Y,0;-CeQ,-ZrO, system, in which the
advantages of individual Y,0;-ZrO, ceramics and
Ce0,-Zr0O, ceramics are retained and the final prod-
uct can be used as a promising material with high
strength, high toughness and good thermal stability.

This study is the first phase of continuous research
in the development of a highly toughened and ther-
mally stable zirconia system. The optimal composi-
tion for mechanical properties in the Y,0;~
CeO,~ZrQ, system has been investigated. The pow-
ders were fabricated by a co-precipitation method and
then characterized by thermal analysis, BET surface
measurement and X-ray diffraction. The fracture
toughness of the as-sintered specimen was evaluated
through an indentation test. The relationship between
property, microstructure and fabrication process has
been probed and is discussed.

2. Experimental procedure

The powder preparation for this study was based on
the coprecipitation method. A similar approach has
been reported elsewhere [22]. The previous study [22]
dealt with the fabrication of higher CeO, contents
around 10 mol %. In this study, however, the CeQO,
content was varied from 5-9.5 mol %. ZrOCl, - 8H,0,
Y(NO3);-5H,0 and Ce(NO,;)-6H,0 were used to
prepare the stock solution. The concentrated am-
monia solution was dropped into the well-stirred solu-
tion in which the pH value was continuously con-
trolled. The stock solution was added to the ammonia
solution to form the coprecipitate, which was filtered
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by water suction. The filtered coprecipitate was
washed at least twice with alcohol, acetone or ethyl
ether, following the deionized water wash. The res-
ulting gel was desiccated using an infrared lamp and
ground every 5 min until a dry powder was obtained.

The powder was examined by thermogravimetric
analysis (TGA) and differential thermal analysis
(TG/DTA, Seiko 300). The experiments were carried
out to 500°C with a heating rate of 10°Cmin~1.
Calcination of the powder was fulfilled at 500 °C for
1 h and followed by wet ball milling for 10-12 h. The
wet-milled powder was dried with an infrared lamp.
The surface area of as-dried powder was analysed by
BET (Micrometrics, ASAP-2000) with helium as the
analysis gas. The powders were pressed into pellets in
a 1cm diameter die under various pressures. The
green density was about 35% theoretical density. The
sintering experiment was carried out in air in an
alumina muffle furnace (Linberg, USA}) at 1500 °C for
1-8 h.

The bulk density was measured by Archimedes’
technique with water as the immersion medium. X-ray
phase analysis was performed with an X-ray diffrac-
tometer equipped with copper radiation at 30 kV and
20 mA (Rigaku Geigerflex D/MAX-B, Japan). X-ray
scans of 26 between 27 and 33 °C were conducted to
estimate the monoclinic to tetragonal ratio. The frac-
tion of monoclinic phase was evaluated from the
equation [23]

I,(11T) + I,(111)
I,A1T) + I,(A11) + L(11)
(1)

where I (111), I, (111) and I,(111) represent the
intensity in the monoclinic peaks (111), (111) and
tetragonal peak (111), respectively. In addition, the
powder compositions were determined by inductively
coupled plasma (ICP, Shimadzu GVM-1000P).

The morphology of the as-sintered specimen surface
was examined with a scanning electron microscope
(SEM, Cambridge 250 MK3). The average grain size
of the samples was estimated by the intercept method.
For the indentation test, samples were ground with
SiC paper and polished with 6 and 1 pm diamond
pastes in sequence to produce an optically reflective
surface. The hardness was measured by Vickers’ in-
dentation (Matsuzawa MV-1) with a load from
196-490 N. The fracture toughness was calculated
from the following equations [24].

(1) Niihara et al. [25]

K ¢ H 2/5 B l —1/2
() (e) - ool) @

for 0.25 < lja < 2.5,

2/5 -3/2
AT - o) o

for c/a =25
(2) Shetty et al. [26]

% monoclinic =

P

KIC = 0'0319(111/2

)
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(3) Lankford [27]

E 2/5 P a 1.56

(4) Lawn et al. [28]

E\Y?( P
K¢ = 0.0134(5) <E~”/—2> 6)

where K¢ is the Mode I critical stress intensity factor,
H the hardness, E the Young’s modulus, ¢ the radius
of the surface crack, a the half-diagonal of the Vickers’
indent, P the load on indentor, [ a parameter defined
as c-a, and ¢, defined as hardness H to uniaxial yield
stress o, is almost a constant (¢ = 2.7-3).

Low-temperature annealing experiments in water
were performed in a sealed stainless holder at 200°C
for various times [22]. The annealed specimens were
examined by X-ray diffraction and their mechanical
properties were also measured by an indentation
method.

3. Results and discussion

3.1. Powder characteristics

The differential thermal analysis (DTA) and thermal-
gravimetric analysis (TGA) of dry uncalcined powder
for the composition 5.3 mol % CeO,-2 mol % YO, 5—
ZrO, with different solvents are shown in Fig. 1. In
Fig. 1a and b, the exothermic peak of the glow trans-
ition [29] is not as sharp as that in Fig. 1c and d. As
shown in Fig. la and b, DTA curves of alcohol-
derived and acetone-derived gels exhibit a similar
shape. Nevertheless, the alcohol-derived gel has two
obscure peaks at 228 and 317.5°C, respectively, while
the acetone-derived gel has only one at 299.6 °C. The
peak at 228.0°C in Fig. 1a may be due to the inter-
action between CeQ,-YO, ;~ZrO, gel and the hy-
droxide functional group in alcohol. In fact, the
Ce0,-YO, 71O, gel has excellent dispersion in
alcohol and acetone. There is a sharp exothermic peak
at 440°C as indicated in Fig. 1c and there is also an
obscure peak at 299.6 °C, similar to that in Fig. 1b. As
shown in Fig. 1d, there is a sharp exothermic peak at
459 °C and a clear peak at 278.2 °C which is due to the
strong hydrogen bond interaction between gel and
water. This indicates that the temperature radiated by
the infrared lamp on the gel is below 278°C. The
strong and sharp exothermic glow transition peak in
Fig. 1c and d implies that mass crystalline transition
takes place.

The compositions of the as-synthesized powders
were evaluated by the ICP technique. Table I sum-
marizes the compositions of powders employed in this
study. The measured compositions are usually less
than those in the nominal compositions because the
raw materials may absorb humidity and also the
coprecipitation reaction is not fully completed. In
the case of calibrated compositions, the yttria oxide
contents (YO, 5) in Series I are normalized to 2.0%,
while those in Series II are normalized to 1.5%. The
corresponding CeQ, contents are then proportionally
weighted. The purpose of the employment of the
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Figure I TG/DTA thermograph for 5.3 mol % CeO,~2 mol % YO, s~ZrO, uncalcined powder with various solvent agents: (a) alcohol, (b}

acetone, (c) ethyl ether, (d) water.

TABLE I Compositions of powders (x% CeO,-y% YO, 5-ZrO,)
employed in this study

TABLE II Surface area and related properties for the synthesized
powder

Series Nominal Measured Calibrated
composition composition composition
(x-) (x-) -y

1 5.0-2.0* 4.77-191 5.00-2.0
5.2-20 5.15-2.00 5.15-2.0
5.3-20 497-1.91 5.20-2.0
5.5-20 5.33-1.94 5.50-2.0
6.0-2.0 591-1.97 6.00-2.0
6.5-2.0 6.37-1.96 6.50-2.0
8.0-2.0 7.93-1.97 8.05-2.0
9.0-2.0 8.83-1.93 9.15-2.0

1T 6.7-1.5 6.66—1.50 6.66~1.5
8.7-1.5 8.78-1.50 8.78-1.5
9.5-1.5 9.21-1.40 9.87-1.5

25-2 represents 5 mol % CeO,-2 mol % YO, s—ZrO,.

calibrated composition is the availability to draw the
relationship between the composition and the mech-
anical property, as discussed below.

The powder surface area was analysed by BET with
helium as the analysis gas. Table II shows the meas-
ured surface area, which casts an influence on the
mechanical property. The larger the surface area, the
better is the mechanical property and also the denser
is the as-sintered bulk. The reason for this is that the
large surface area corresponding to fine particles
possesses a high driving force for sintering [30]. It

Fabrication Alcohol Water Alcohol
process unmilled milled milled
Surface 82.28 + 0.69 90.67 + 0.26 106.27 + 0.54
area (m?g~1)

Particle 11.8 10.7 9.1
size® (nm)

H, (GPa) 6.5 6.8 9.0
Kie MPam'?) 7.3 8.7 16.8
As-sintered 95 96 > 99
density

(% TD)

2 Particle size is derived from the equation D = 6000/pA based on
the ideal sphere model, where D is the corresponding particles size
(nm), p the theoretical density of the powder (gem™3) and A4 the
surface area (m2g~1!).

appears that the well-fabricated powders by the copre-
cipitation method are very fine, with a particle size of
the order of 10 nm.

The as-fabricated uncalcined powder shows no
crystalline phase, as indicated in Fig. 2a. Fig. 2b shows
the X-ray diffraction pattern for the calcined powder.
There exists an intensive peak around 30° (26) which
identifies the existence of tetragonal phase. The cal-
cined powders with various compositions employed in
this study all exhibit the same results as in Fig. 2b.
From the DTA curves as shown in Fig. 1, it can be
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Figure 2 X-ray diffraction patterns of 5.5 mol% CeO,~2 mol %
YO, s—2rO, powder, (a) uncalcined, and (b) calcined at 500 °C for
1h

concluded that 500 °C is sufficient to calcine the pow-
ders in the CeO,-Y,0,-ZrO, ceramic system.

3.2. Sintering behaviour

The sintering experiments were carried out at 1500 °C
for sintering times ranging from 1-8 h. Table 111 sum-
marizes the sintering data for the specimen 5.2 mol %
CeO,-2mol % YO, s—ZrO,. The average grain size
in the as-sintered specimens was estimated by the
intercept method. The grain size increases with the
sintering time, as expected. The value ranges from
1 um at 1 b sintering to 2.5 pm at 8 h sintering. Hard-
ness decreases with increasing sintering time due to
the increasing grain size. The above observations are
in agreement with the previous results reported by
Duh et al. [20]. It is interesting to note that the
fracture toughness is relatively high around a sintering
time of 2 h, as indicated in Table III. On the basis
of the above descriptions, it appears that the best
sintering time at 1500 °C with respect to hardness and
fracture toughness is around 2 h in the Ce-Y-TZP
ceramic system.

3.3. Mechanical properties

3.3.1. Composition dependence

The mechanical properties of the specimens employed
in this study were examined with respect to the hard-
ness and fracture toughness measurement. Fig. 3
shows the relationship between Vickers’ hardness and
CeO, contents in xCeO0,-2YO, —ZrO, ceramic sys-
tem, in which x = 5-9.15mol %. The hardness in-

8 . . o
5 6 7 8 9 10

Ce0; {mol %)

Figure 3 Hardness measurement by the indentation method as a
function of CeO, content in the 2 mol % YO, s—ZrO, system.

30

5 . . A . .
6 7 8 9 10
Ce0y (mol %}

Figure 4 Fracture toughness measurement by the indentation
method as a function of CeQ, content in the 2 mol% YO, ~ZrO,
system.

creases when CeO, contents increase from 5 to
6.5mol % and then reaches a stable value around
10.6 GPa. The fracture toughness, K-, calculated
from Equation 2, for specimens containing various
CeO, contents is shown in Fig. 4. Y-TZP containing
5.5 mol % CeO, exhibits the highest value of fracture
toughness, even exceeding 25 MPam!?2. In fact, the
K¢ trend in the Ce—Y-TZP system is similar to that in
the Y-TZP system [31]. In addition, there appears a
wide range of CeQ, contents, from 5.15~6.5 mol %,
which possess K over 15 MPam!/?. With respect to
both hardness and fracture toughness, the optimum
composition is the 55mol% CeO,-2mol%
YO, 5—ZrO, ceramic system. Fig. 5 shows scanning

TABLE III Sintering data for 5.2 mol % CeO,-2 mol % YO, s—ZrO, at 1500°C for various periods of time

Sintering time (h)

1 2 4 6 8
Monoclinic phase (%) 134 9.6 24.8 222 29
Relative density (%) > 99 98 98 97 98
Grain size (um) 0.99 1.44 2.03 2.01 2.53
H, (GPa) 9.2 8.9 8.9 8.8 8.1
K;c MPam'/?) 182404 19.0+ 1.3 181+ 14 16.0 + 1.0 136 + 2.2
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Figure 5 Scanning electron micrographs of the as-sintered surface
for the specimen of 5.5 mol % CeO,-2 mol % YO, ;—ZrO,.
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Figure 6 Correlation of hardness values with grain size.

TABLE 1V Mechanical data of 1.5mol % YO, ~ZrO, alloyed
with various CeQ, contents

CeO, (mol%) H, (GPa) Kic (MPam?!/?) Relative
density (%)

6.66 9.1 17.5 4+ 0.6 97

8.87 9.7 122 +£03 > 99

9.87 > 9.7 64 1+ 0.1 96

electron micrographs of the as-sintered surface for the
specimen S5.5mol% CeO,-2mol% YO, s-ZrO,.
The granular grains exhibit a rather broad size dis-
tribution. The smaller ones are in the range of 0.5 um,
while the larger ones are around 2 pm.

Fig. 6 represents the dependence of hardness on the
grain size. The hardness decreases with grain size,
which is consistent with widely demonstrated varia-
tion of hardness with grain size [20]. Deviations from
this trend would be due to the effects of density and
phase composition. These two are apparently partially
related, as expected, possibly because of cracking
from the presence of monoclinic phase. Table IV
summarizes the mechanical data of CeO,-doped
1.5mol % YO, s—ZrO, ceramic system. It appears
that the hardness in the xCeO,-1.5mol%
YO, —Zr0O, system is generally lower than that in
xCeO,2mol % YO, ~Zr0O,, due to the lower
yttria content. The fracture toughness in the x%
Ce0,-1.5% YO, s~2ZrO, system at x =887 is
12.2 MPam'/?, However, Fig. 4 indicates that the K ¢
value at x = 8.87 in the x% Ce0,2% YO, s—ZrO,
system is only 7.5 MPam'/2. In addition, it is inter-
esting to note that 6.66 mol % CeO,-1.5YO, s-ZrO,
shows lower H, and higher K- than 8.87 mol %
Ce0,-1.5Y0, s—TZP does. Hence, according to Figs
3 and 4, it is expected that there will exist an optimal
composition in the xCeO,~1.5mol% YO, ;—ZrO,
ceramic system and that the appropriate CeO, com-
position would lie between 6.66 and 8.87 mol %.

3.3.2. K\c equation evaluation

Equations 2, 4-6 are applied to calculate the fracture
toughness measured by the indentation technique.
Table V displays the fracture toughness data for speci-
mens with various compositions. As shown in Table
V, a lower load (196 N) gives lower I/a value than that
under higher load (490 N). Consequently, fracture
toughness measured under 196 N load is usually
higher than that under 490 N load for l/a-< 2.3. The
effect of indentation load on the fracture toughness in
the Ce—Y—TZP system is similar to that in the Y-TZP
system [31]. Fig. 7 shows the reclationship between
fracture toughness and //a. It appears that all fracture

TABLE V The fracture toughness data for specimens with various compositions

Specimen Load l/a Ky K¢ K¢ Kic
designation (N) (N) (SWMCQC) (L) (LEM)
Eq. 2 Eq. 4 Eq. 5 Eq. 6
5.5-2 490 0.083 254 + 3.5 2777 £3.7 271+ 08 13.7 £ 04
490 0.098 2374+ 34 265+ 37 270 £ 1.0 136 +£ 0.5
8.7-1.5 490 0.30 122402 138+ 03 19.6 £ 0.3 100+02
6.5-2 490 0.38 114 + 0.8 132 £ 09 18.5+ 0.9 94405
196 0.19 12.6 + 0.9 145+ 0.9 18.7 £ 0.7 94+ 04
8-2B 490 1.1 69 +04 81405 9.6 £ 0.5 50403
196 0.55 8.0+ 04 9.1+0.1 129 + 0.7 6.6 +04
8-2A 490 1.5 65402 6.7 +0.2 93+ 05 50403
196 0.62 72+04 80+ 04 11.6 + 0.7 60+ 04
9.5-2 490 2.5 45401 544 0.1 53+03 28402
196 1.89 43101 51401 49+ 03 26+ 0.1
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Figure 7 Fracture toughness as a function of //a. Equation: (—@—)
N,(-<¢ )L, (-—— W --) SWMC, (——O--) LEM.

toughnesses calculated using four different equations
decrease with increasing l/a. Under the same half-
diagonal indent length, a, the shorter surface crack
length, I, means higher resistance to crack propagation
and hence larger K¢ value is observed. In fact,
fracture toughness calculated using Equation 5 (L)
usually gives the highest value and that computed
using Equation 6 (LEM) gives the lowest value, as
indicated in Fig. 7. The correlation of relative error,
defined as the ratio of deviation to fracture toughness
value, as a function of l/a is shown in Fig. 8. In
comparison with Equations 5 (L) and 6 (LEM), the
larger relative error of Equations 2 (N) and 4 (SWMC)
in the low l/a region (l/a < 0.38) means that the ap-
plication of these two equations to low I/a situation,
ie. high K- value, is improper. However, N and
SWMC equations are suitable for use in a high l/a
region (I/a > 1.1) due to their lower relative error in
this region. It should be pointed out that for Equa-
tions 5 (L) and 6 (LEM), no [ term exists. Thus these
two equations are relatively insensitive to [ in the low
I/a region, where ! is critical. On the basis of the above

Relative error (°/o)

t/a

Figure 8 Relationship between relative error and //a in K, meas-
urement. Equation: (—@—) N, (- - L, (—— B ——) SWMC,
(--O--) LEM.

discussions, it is concluded that in the CeO,-Y,05-
Zr0O, ceramic system both N and SWMC formula-
tions are better ones to apply in the low [/a situation
(I/a < 1.1), while L and LEM are more suitable to the
high I/a region (I/a > 1.1). The test load, in fact, pre-
sents a considerable factor in fracture toughness meas-
ured by the indentation technique.

3.4. Ageing test

The ageing experiments were carried out in 200°C
water for specimens with various compositions for
different periods of time. Table VI summarizes the
ageing data. As shown in Table VI, the degradation of
5.2-2, 5.5-2 and 6.7-1.5 specimens are obvious after
4 days annealing. This is attributed to the low stabil-
izer contents to stabilize the tetragonal phase under
ageing conditions. Similarly, Specimens 6-2 and §-2
failed to survive after 7 days and Specimen 8.7-1.5
broke into picces after ageing for 11 days. However,
Specimens 9.5-1.5 and 9-2 retain the same hardness
and fracture toughness even after ageing for 21 days.

TABLE VI Hardness and fracture toughness for specimens after different ageing times

1

Ageing Specimen
time (days)
52-2 5.5-2 6.7-1.5 6-2 8-2 8.7-1.5 9.5-1.5 9-2
9.3 9.6 9.1 9.7 10.3 9.9 9.0 10.6
0 - i _ - - - _
20.2 229 17.5 16.5 7.5 8.2 6.5 6.8
4 : : : s4 0499 d d
14.0 73 7.7
7 3 < @ d d
7.6
c d d
9.0 10.5
t 6.5 63
92 10.0
21 6.5 6.6

* The numerator indicates the hardness, while the denominator presents the fracture toughness.

®The specimen broke into pieces during indentor loading.
°The specimen broke into pieces after ageing.
9No data measured.
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Figure 9 X-ray diffraction patterns for the specimen of 9.5 mol %
Ce0,~-1.5 mol % YO, 5—ZrO, after ageing treatment for 21 days.

The X-ray diffraction patterns for Specimen 9.5-1.5
reveal no monoclinic content after ageing treatment,
as indicated in Fig. 9. Identical behaviour prevails for
Specimen 9-2.

To improve the resistance of Ce-Y-TZP materials
to mechanical property degradation on low-temper-
ature ageing, several approaches have been employed
through 'a surface modification technique [32-34].
Continuous research has been conducted in our labor-
atory by the use of liquid infiltration of cerium-
containing solution into Y-TZP ceramics. The results
will be reported shortly.

4. Conclusions

1. The coprecipitation process is employed to de-
rive fine powder with various compositions in the
Ce0,-Y,0,—Zr0O, ceramic system. Calcination at
500 °C for 1 h is sufficient to achieve full crystallization
for derived powders.

2. The mechanical properties of as-sintered speci-
mens are significantly influenced by sintering time. At
1500 °C, the optimum sintering time with respect to
hardness and fracture toughness is around 2 h.

3. Vickers’ hardness and fracture toughness are
measured by the indentation method. The K¢ values
are affected by the equations employed as well as by
the indentor load. The optimum composition for
high fracture toughness is 5.5 mol % CeO,-2 mol %
YO, s-ZrO, with  K,c>25MPam%?  and
H, ~ 9.8 GPa.

4. The ageing degradation decreases with increas-
ing stabilizer content. 2 mol % YO, s~ZrO, alloyed
with 9 mol % CeO, is sufficient to inhibit ageing
degradation and 9.5 mol % CeO,-1.5 mol % YO, s—
ZrO, ceramic can also endure the ageing treatment.
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