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Abstract

The microstructure and mechanical properties of 8 mol@2fully stabilized zirconia (8Y-FSZ) with BaTi@additive were investigated.
The introduction of BaTi@additive would significantly increase the density and the grain size of 8Y-FSZ ceramics. XRD, Raman spectroscopy,
and dielectric measurement were performed. A rhombohedral BaZFi)O; ferroelectric phase resulted in the composite with 5mol%
additive, while for those with higher additive content, the secondary phase changes to cubjc,Ba()ld;. The fracture toughness of the
xBaTiOs/(1—x)8Y-FSZ composites reached a maximum and then decreased with increasing the amount of additive. The highest value reached
6.1 MPan¥? for 0.05BaTiQ/0.95(8Y-FSZ) sintered at 147& for 3 h, where the piezoelectric/ferroelectric secondary phase toughening
played an important role. Moreover, the fracture toughness of the composites increased firstly and then decreased with increasing sintering
temperature.
© 2004 Elsevier Ltd and Techna S.r.I. All rights reserved.
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1. Introduction (SOFC) and oxygen sensor because of its high oxygen-ion
conductivity over a wide range of temperature and oxygen
Toughening is a very important issue for ceramics. partial pressur§l3—-15] However, the fracture toughness of
During the past two decades, a serial of toughening ap-8Y-FSZ ceramics just ranges from 0.9 to 3 MPH%nac-
proaches have been proposed and develfh@l Recently, cording to different authoid 3,16}, and it is not high enough
Chen and coworkers have proposed a new tougheningto suffer the thermal stress and the stress caused during pro-
method[3-5], in which a piezoelectric and/or ferroelectric cessing. Therefore, toughening of 8Y-FSZ ceramics is a key
secondary phase was introduced into ceramic matrix asissue in applying them as the components of SOFC and
toughening agent and the energy dissipation and/or con-oxygen sensors. So far, some work has been performed on
version due to domain wall motion and piezoelectric effect this topic[13,17,18] Monoclinic zirconia has been added to
were considered as a new toughening mechanism. Someoughen the 8Y-FSZ ceramics, unfortunately the addition de-
other groups also showed their interests in this method graded the conductivity of 8Y-FSZ ceramics to an unaccept-
[6-9]. The so-called piezoelectric/ferroelectric secondary able level for SOFC applicatiofi3]. The addition of fine
phase toughening approach was successfully applied inparticles of partially stabilized zirconia and alumina has en-

the systems: BaTigAl,O3 [3,8], Nd2TioO7/AlIO3 [4], hanced the fracture toughness without significantly degrad-
SrNbO7/3Y-TZP [5,10], LiTaOs/Al,03 [6,7], glass/PZT ing the conductivity of 8Y-FSZ cerami¢$3,17] Moreover,
[9], SENbO7/ZTA [11], and SpNbyO7/LaAlO3 [12]. nanosized SiC particles were selected as the reinforcement

On the other hand, fully stabilized zirconia with 8 mol% for 8Y-FSZ ceramics, and both the fracture toughness and
Y203 (8Y-FSZ) has been widely used in solid state fuel cell the fracture strength were improved, while the conductivity
had not been investigatgi8].
- ) In the previous work, the effects of BaTiQupon the
" Corresponding author. Tel.:86-571-8795-2112; microstructures and mechanical properties of 3Y-TZP ce-
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BaTiOz additive decreased the amount of transformable effective elastic modulus. Herg/a = 1/7.11 andw = 0.45
tetragonal zirconia in 3Y-TZP, and, therefore, decreased thewere used during calculating.

toughness due to the phase transformation toughening, and The fracture toughness was evaluated by the modified
this effect was greater than that of piezoelectric/ferroelectric indentation method21,22] at room temperature using a
secondary phase toughening, so the overall toughness dediamond Vickers indenter with a loading time of 15s at
creased with the BaTi@ additive in 3Y-TZP ceramics. a constant load of 50N on polished surface. The results
However, there is no transformable tetragonal zirconia were averaged over six indentations per specimen and the
phase in the 8Y-FSZ ceramics, and, therefore, the signif- following formula was used for the calculatioffsl,22]:

icant effects of piezoelectric/ferroelectric secondary phase

_ Kic i \2/5 1\ 12
toughening should be expected. ( 1f 2> (_> = 0.035<_) (2)
In the present work, BaTi©added 8Y-FSZ ceramics Hal/ E¢ a

are prepared, and_ the mec_hanical properties were inveswhere,ch was the toughness of the composite ceraric,
tigated together with the microstructures. The effects of \yas the Vickers hardness,was the effective elastic modu-
piezoelectric/ferroelectric secondary phase toughening arejys, ¢ was the constraint factor@), | was the crack length,

emphasized. anda was the half diagonal length of an indentation.
2. Experimental procedure 3. Results and discussion
Reagent-grade BaG@99.93%) and TiQ@ (99.5%) in 1:1 The bulk densities 0kBaTiOs/(1 — x)8Y-FSZ ceramics

mole ratio were mixed by ball milling in ethanol using zir- with various compositions are shownHig. 1as a function
conia media for 24 h. The slurry was dried and then cal- of sintering temperature. Dense 8Y-FSZ ceramics cannot be
cined at 1250C for 3h in air to prepare BaTi® Then, obtained even by sintering at 1600 for 3 h, and the rela-
the as-received 8Y-FSZ powders (Shenzhen Nanbo Struc-tive density is about 91%. The introduction of Bagieddi-
ture Ceramics Co. Ltd.) with BaTiadditive were mixed in tive greatly improves the densification behavior of 8Y-FSZ
the formula ofxBaTiOs/(1 — x)8Y-FSZ (x = 0, 0.05, 0.10, ceramics. As shown iRigs. 2 and 3the grain size increases
and 0.15) by ball milling using zirconia media in ethanol with increasing the content of BaTiadditive and the sin-
for 24 h. After drying, such mixed powders were pressed tering temperature. These results show that the addition of
into disc compacts of 12mm in diameter and 1 to 4 mm in BaTiOz additive improves the mobility of grain boundary of
height, and these compacts were sintered between 1450 anthe 8Y-FSZ ceramics, and the higher movable grain bound-
1600°C for 3h in air. ary will lead to both grain size and relative density increase.
The microstructures were evaluated by scanning electron  Fig. 4shows the XRD patterns eBaTiOz/(1—x)8Y-FSZ
microscopy (SEM, HITACHI S-570), and the phase consti- ceramics sintered under different conditions. ket 0, the
tution of the composite ceramics was characterized by X-ray single cubic phase is obtained. For samples with BgEd
powder diffraction (XRD) analysis using CuoKradiation. ditive, the major phase is cubic zirconia, but the secondary
To identify the exact BaTi@phase in the sintered sample, phase cannot be identified only from the XRD patterns since
Raman scattering measurement was conducted using a Rathe patterns of BaTi@polymorphic phases are very simi-
man scope (Thermo Nicolet ALMEGA Dispersive Raman) lar. To exactly identify the secondary phase, Raman spec-
and the excitation light source was a diode pump solid state

frequency doubled YAG lasek (= 532 nm) with 30 mW of 6.0

power, and the variation of dielectric constant in the temper- [ ———————— .

ature range from-60 to 130°C was measured at a precious 551 v o A

LCR meter (HP 4284A) at 10 kHz. = T~
The effective elastic modulus was evaluated using the & | -

method proposed by Marshall et §0] where a diamond 2 /

Knoop indenter was used combined with a diamond Vick- %

ers indenter. The results were averaged over six indentations & 4.5r e %=0.00

per specimen and the following formula was used in the cal- E —e— %=0.05

culations[20]: S 4.0} —a—x=0.10

¥ b aH v Y0

— === — Q) 3sb—t

d a E 1450 1475 1500 1525 1550

where b'/a’ andb/a were the ratio of diagonal dimensions of Sintering temperature (C)

Knoop indentation and that of Knoop indenter, respectively, Fig. 1. Bulk densities oBaTiOs/(1 — x)8Y-FSZ ceramics sintered at
o was a constantl was the Vickers hardness aRdvas the different temperature for 3h.
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Fig. 2. SEM micrographs ofBaTiOs/(1 — x)8Y-FSZ ceramics sintered at 1475 for 3h: (a)x = 0.00; (b) x = 0.05; (c) x = 0.10; (d) x = 0.15.

troscopy and dielectric measurement are investigdtigd 5 transitions of BaTiQ@ ceramics afl'; = 183K, 7> = 283K,
shows the Raman spectrax®aTiOs/(1— x)8Y-FSZ ceram- andT; = 400 K, and the Curie point of Ba(ii,Zr,)Os ce-

ics sintered at 1475C for 3h. The peak around 630 cth ramics decreases with increasing the Zr content, while the
is the characteristic peak of 8Y-F32Z3], and a strong po-  other two phase transition temperaturBsandT; increases,
larized spectrum is shown for pure 8Y-FSZ, which origi- and the three phase transitions will merge into one broad
nated from the breakdown of wave-vector selection rules duepeak forx = 0.15 [24,25] The Ba(Ti_,Zr,)Os ceramic is

to the structural disorder of the oxygen atof8]. While cubic at the temperature above the broad peak, while it is
the spectra of 8Y-FSZ with BaTigadditive evolves with rhombohedral ferroelectric phase under the peak. Combina-
the additive content, and the variation trend is very simi- tion of the results of Raman spectra and dielectric spectra,
lar to that of Ba(Ti_Zr,)O3 with increasing the amount one can find that for th&BaTiOs/(1 — x)8Y-FSZ compos-

of replacemen{24,25] The two ions radius being close ite with x = 0.05 the secondary phase is rhombohedral fer-
(Ti**:0.075 nm, Z#*: 0.085 nm), the substitution of 4f in roelectric phase, and those composites wite 0.10 and
BaTiOz with Zr*t in 8Y-FSZ is very easy. And the previous x = 0.15 are cubic phase at the room temperature.

work has showed that the phase of Ba(lZr,)O3 changed The mechanical properties are showmable 1 Forx =

from tetragonal to orthorhombic, rhombohedral, and then 0, when the sintering temperature is lower than 18D0the
cubic phasg24]. To confirm the secondary phase, the vari- mechanical properties cannot be obtained using indentation
ation of the dielectric constant with temperature has been method for these very low relative densities. Even for the
investigated and the results are showtrig. 6. There is no 8Y-FSZ sample sintered at 1600 for 3h, the Young's
peak for 8Y-FSZ ceramics, while a broad peak arounti®0  modulus is much lower than the one reported in the literature
for 0.05BaTiQ/0.95(8Y-FSZ) ceramics, and a sharp peak [16] for this low relative density (about 91% T.D.), while
around 0°C for x = 0.10 andx = 0.15 in xBaTiOs/(1 — the fracture toughness is similar to the value reported by
x)8Y-FSZ composites are observed. There are three phaséMinh [13]. In general, the Young’s modulus xBaTiOs/(1—
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Fig. 3. SEM micrographs of 0.05BaTi®.95(8Y-FSZ) ceramics sintered at: (a) 14733 h; (b) 1500C/3 h; (c) 1525C/3 h; (d) 1550C/3 h.
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Fig. 4. XRD patterns of 0.05BaTil0.95(8Y-FSZ) ceramics sintered under different conditions (a) »BailiOs/(1 — x) 8Y-FSZ ceramics sintered at
1475°C for 3h (b).
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Fig. 6. Dielectric constant okBaTiOz/(1 — x)8Y-FSZ ceramics sintered
Raman shift (Cm'l) at 1475 C for 3 h at different testing temperature at 10 kHz: Xa} 0.00;
(b) x =0.05; (c)x =0.10; (d) x = 0.15.
Fig. 5. Raman spectra oBaTiOgz/(1 — x)8Y-FSZ ceramics sintered at
1475°C for 3h.
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x)8Y-FSZ decreases with increasing the content of additive
because of the low modulus of BaH@hase, while the K
Vickers hardness increases firstly and then decreases with . /
increasing the additive content.

The fracture toughness ®BaTiOs/(1—x)8Y-FSZ ceram-
ics sintered under different conditions is shownHig. 7.
The fracture toughness of 8Y-FSZ ceramics is significantly
enhanced by incorporating BaTi@dditive, and it reaches

(o2
T

1/2
K. (MPam™)
N

the maximum of 6.1 MPa M? (twice that of 8Y-FSZ ma-

trix) at x = 0.05. Beyond this limit, the fracture toughness I 1, “
begins to decrease with a further increase of the amount of 3 , , , , , , ,
BaTiOs additive. To identify the toughening mechanisms of 0.00 0.05 0.10 0.15
composite ceramics, the microstructures of ceramics should X

be carefully considered. As shown Fig. 2, the fracture
surface of 8Y-FSZ ceramics consists of small and uniform
grains, while those okBaTiOs/(1 — x)8Y-FSZ composite

Fig. 7. Fracture toughness @&BaTiOz/(1 — x)8Y-FSZ ceramics sintered
under different conditions.

Table 1

Bulk densities and mechanical propertiesxBaTiOz/(1 — x)8Y-FSZ ceramics sintered under different conditions

Sintering Composition Density Young’s Vickers Fracture toughness

conditions ¢C/3h) %) (g/cn?) modulus (GPa) hardness (GPa) (MPam/2)

1450 0.05 5.74 13% 15 11.6+ 0.3 4.4+ 05
0.10 5.74 159+ 34 11.5+ 0.3 41+ 0.1
0.15 551 185+ 45 6.9+ 0.1 3.8+ 0.2

1475 0.05 5.70 176 45 11.6+ 0.8 6.1+ 0.3
0.10 5.63 167+ 24 12.1+ 0.3 46+ 0.2

1500 0.05 5.68 154t 28 10.7+ 0.9 5.0+ 0.6
0.10 5.58 147+ 47 10.0+ 0.2 4.6+ 0.6

1525 0.05 5.62 143 18 11.9+ 0.3 52+ 0.8
0.10 5.50 134+ 18 11.0+ 0.6 4.6+ 0.5
0.15 5.24 115+ 18 99+ 1.5 3.6+ 0.2

1550 0.05 5.63 1314 48 11.14+ 0.6 47+ 0.8
0.10 5.562 128t 22 8.7+ 0.2 4.0+ 0.5
0.15 5.27 90+ 16 8.4+ 0.1 3.8+ 0.6

1600 0.00 5.36 14% 30 8.9+ 2.8 3.2+ 03
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ceramics consist of mixtures of large grains and some smallimproved by introducing BaTi@additive, and the optimum
grains located at the grain boundaries of large grains when value of 6.1 MPari? was obtained for 0.05BaTyZ0.95

is not less than 0.05, and the crack deflections should occur(8Y-FSZ). With the BaTiQ@ additive higher than 5mol%,

in these composite ceramics because of their inhomoge-the fracture toughness started to decrease. Moreover, the
neous microstructures. The fracture toughness of compos-fracture toughness increased firstly and then decreased with
ite ceramics is higher than the 8Y-FSZ ceramics becauseincreasing sintering temperature.

of the crack deflection. There are also some needle-like

grains as observed in the 0.1Ba%i0.9(8Y-FSZ) ceramics,

and these needle-like grains can contribute to the over- Acknowledgements

all toughness via crack deflection and/or grain bridging

toughening. From the above analysis, it can be deduced This work was supported by National Nature Science
that the toughness of 0.1BaTi0.9(8Y-FSZ) ceramics  Foundation of China under grant number 59782007 and Na-

should be higher than that of 0.05Ba#0.95(8Y-FSZ)  tional Science Foundation for Distinguished Young Scien-
ceramics because there are more active toughening mechtists under grant number 50025205.

anisms in the former than those of the latter, but in fact

the fracture toughness of 0.05BaBi0.95(8Y-FSZ) ce-

ramics is higher than that of 0.1BaTi0.9(8Y-FSZ), so

another toughening mechanism should exist in this ceramic. References

Noted that the 0.05BaTi§0.95(8Y-FSZ) ceramics con-

sists of rhombohedral ferroelectric Ba{Tj.Zr,)Os phase [1] P.F. Becher, Microstructural design of toughened ceramics, J. Am.
and cubic 8Y-FSZ phase, and other composite ceramics __ Ceram. Soc. 74 (1991) 255-269. _

consist of non-piezoelectric cubic Ba(TiZr,)Os phase [2] A.G. Evans, Perspective on the development of high-toughness ce-

. . ramics, J. Am. Ceram. Soc. 73 (1990) 187-206.
and cubic 8Y-FSZ phase, so the hlgh fracture tothneSS [3] X.M. Chen, B. Yang, A new approach for toughening of ceramics,

of 0.05BaTiG/0.95(8Y-FSZ) ceramics should be due to Mater. Lett. 33 (1997) 237-240.
piezoelectric/ferroelectric secondary phase toughening as [4] B. Yang, X.M. Chen, Alumina ceramics toughened by piezoelectric
shown in a previous work3—10]. That is, the energy dis- secondary phase, J. Eur. Ceram. Soc. 20 (2000) 1687-1690.

; ; ; ; : : 5] X.M. Chen, X.Q. Liu, F. Liu, X.B. Zhang, 3Y-TZP ceramics tough-
ipation and/or conversion main wall motion will !
Sipation a dfor conversion due to doma a otio ened by SfNb,O; secondary phase, J. Eur. Ceram. Soc. 21 (2001)

hinder the extension of fractures and subsequently enhance ;77 451
the fracture toughneg8,5]. On the other hand, the frac-  [6] v.G. Liu, D.C. Jia, Y. Zhou, Microstructure and mechanical properties
ture toughness of the composite with same composition of a lithium tantalate-dispersed-alumina ceramic composite, Ceram.
increases with increasing sintering temperature to a max- __ Int. 28 (2002) 111-114.. o
imum value and then decreases with further increasing [/} Y-G-Liu Y. Zhou, D.C. Jia, Q.C. Meng, Y.H. Chen, Domain switch-

. . . ing toughening in a LiTa@ dispersed AlO3 ceramic composite,
sintering te_mperatureFlg. 3 shows the fr_acture surface Scripta Mater. 47 (2002) 63-68.
of 0.05BaTiQ/0.95(8Y-FSZ) sintered at different temper-  [g] s. Rattanachan, Y. Miyashita, Y. Mutoh, Microstructure and fracture
atures for 3h. The grain size increases with increasing toughness of a spark plasma sintered@y-based composite with
temperature, and the fracture mode changes from intra- and _ BaTiO; particulates, J. Eur. Ceram. Soc. 23 (2003) 1269-1276.
intergranular mixed fracture to intergranular fracture. In [9] A.R. Boccaccini, D.H. Pearce, Toughening of glass by a piezoelectric

I, for the intergranular fracture mode, the toughness, , . Secondary phase, J. Am. Ceram. Soc. 86 (2003) 180-182.

g?n‘_ara’ . 9 . . . T, 9 [10] X.Q. Liu, X.M. Chen, Microstructure and mechanical properties of
will increase with the grain size, while for intragranular SKNb,O7-toughened 3Y-TZP ceramics, Ceram. Int. 29 (2003) 635—
fracture mode, it will decrease with the grain size. In present 640.
system, the density of the composite decreases with sinter{11] X.Q. Liu, X.M. Chen, Effects of $iNb,O7 additive on microstruc-
ing temperature, and the toughness should increase with the  tures and mechanical properties of 3Y-TZP&¢ ceramics, Ceram.

. . Int. 28 (2002) 209-215.
densr[y. Comblnlng the two results, the fracture tothneSS 12] X.Q. Liu, X.M. Chen, Dielectric and mechanical characteristics of

Wi” in_crease ﬁrStIy and then will decrease with increasing lanthanum aluminate ceramics with strontium niobate addition, J.
smtenng temperature. Eur. Ceram. Soc. 24 (2004) 1999.
[13] N.Q. Minh, Ceramic fuel cells, J. Am. Ceram. Soc. 76 (1993) 563—
588.

[14] J.P.P. Huijsmans, Ceramics in solid oxide fuel cells, Curr. Opin.
Solid State Mater. Sci. 5 (2001) 317-323.

) ) . [15] M. Takeuchi, @ sensor, Bull. Ceram. Soc. Jpn. 17 (1982) 433-438.
The 0.05BaTiQ@/0.95(8Y-FSZ) composite consisted of [16] A. Selcuk, A. Atkinson, Strength and toughness of tape-cast

cubic zirconia major phase with rhombohedral ferroelec- yttria-stabilized zirconia, J. Am. Ceram. Soc. 83 (2000) 2029-2035.
tric Ba(Ti;_,Zr,)O3 secondary phase, while the cubic [17] Y. Ji, J. Liu, Z. Lu, X. Zhao, T. He, W. Su, Study on the propgrties
Ba(Til_erx)O;; Secondary phase was observed together of Al,O3-doped (ZrQ)o.92(Y 203)0.08 €lectrolyte, Solid State lonics

. ) . . . . , 126 (1999) 277-283.
with the cubic ercomf”‘ major phase n 0.13a§!0>.9 [18] N. Bamba, Y.H. Choa, T. Sekino, K. Niihara, Microstructure and
(8Y-FSZ) and 0.15BaTigl0.85(8Y-FSZ) composites. The mechanical properties of yttria stabilized zirconia/silicon carbide

fracture toughness of 8Y-FSZ ceramics was significantly nanocomposites, J. Eur. Ceram. Soc. 18 (1998) 693-699.

4, Conclusions



X.Q. Liu, X.M. Chen/Ceramics International 30 (2004) 2269-2275 2275

[19] B. Yang, X.M. Chen, X.Q. Liu, Effect of BaTi@addition on struc- [23] A. Feinberg, C.H. Perry, Structural disorder and phase transitions
tures and mechanical properties of 3Y-TZP ceramics, J. Eur. Ceram. in ZrO,—Y,03 system, J. Phys. Chem. Solids 42 (1981) 513-
Soc. 20 (2000) 1153-1158. 518.

[20] D.B. Marshall, T. Noma, A.G. Evans, A simple method for deter- [24] P.S. Dobal, A. Dixit, R.S. Katiyar, Z. Yu, R. Guo, A.S. Bhalla,
mining elastic-modulus-to-hardness ratios using Knoop indentation Micro-Raman scattering and dielectric investigations of phase tran-
measurements, J. Am. Ceram. Soc. 65 (1982) C175-C176. sition behavior in the BaTi@-BazZrQ; system, J. Appl. Phys. 89

[21] A.G. Evans, E.A. Charles, Fracture toughness determinations by (2001) 8085—-8091.
indentation, J. Am. Ceram. Soc. 59 (1976) 371-372. [25] R. Farhi, M. EI Marssi, A. Simon, J. Ravez, A Raman and dielectric

[22] K. Niihara, R. Morena, D.P.H. Hasselman, Evaluationkaf- of study of ferroelectric Ba(1i,Zr,)Os ceramics, Eur. Phys. J. B 9
brittle solids by the indentation method with low crack-to-indent (1999) 599-604.

ratios, J. Mater. Sci. Lett. 1 (1982) 13-16.



	Microstructures and mechanical properties of 8Y-FSZ ceramics with BaTiO3 additive
	Introduction
	Experimental procedure
	Results and discussion
	Conclusions
	Acknowledgements
	References


