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Processing and characterization of nanocrystallin®8iHfO,_Y ,0; composite solid electrolyte having
high density and conductivity has been investigated and reported in this paper. Nanopowders of mixed
bismuth oxide, hafnia, and yttrium oxide inBi3:HfO,:Y ,0; = 3:2:1 molar ratio have been prepared by
a reverse titration chemical coprecipitation fron¥BiHf**, and Y8+ containing aqueous solution. The
high density, nanocrystalline Bd;_HfO,—Y,0; solid electrolyte has been synthesized by microwave
plasma and pressureless sintering. From the XRD results, the growth behavior indicates that growth of
both 0-Bi»0s and c-HfQ crystallites obeys the parabolic rate law, expresseddas Dg)? = kt, during
the sintering process. After the samples were sintered in microwave plasma &€ 70030 min, the
relative density was found to be greater than 96%. Moreover, the sintered specimens exhibit considerably
finer microstructure and greater densification compared to that of samples sintered by conventional
pressureless sintering. Results of AC impedance spectroscopy of the solid electrolyte indicates that the
conductivity of nanocrystalline BD;—HfO,—Y ;03 electrolyte was more than 19S cnr! at 350°C
and 102 S cnt?! at 550°C, which is significantly higher than that of microcrystalline Hfeased solid
electrolyte.

1. Introduction Therefore, a new dense nanocrystalline composite solid
_ . . electrolyte in the BiO;—HfO,—Y ;03 system is expected to
Functional ceramics based on stabilizeédi.O; phase  haye jonic conductivity superior to,0s-stabilized HfQ and
with high oxide (3~) ion conductivity are promising solid  yechanical properties superios®s-stabilized BiOs.
electrolyte materials for solid oxide fuel cells (SOFC), high
purity oxygen generators, and electrochemical serisérs.
The oxide ion conductivity of microcrystalline E)s-based
solid electrolyte, e.g., XOs-doped B3}Os, is several orders
of magnitude higher than that of the corresponding ZrO
based material at temperatures below 8@Y HfO, has
similar crystal structure and physical and chemical properties
akin to ZrQ. Compared to Zr@based solid electrolyte,
HfO,-based solid electrolyte has superior mechanical proper-
ties and much lower limiting oxygen partial pressure for the
onset of electronic conductioR¢ < 10*? Pa) which implies
that HfO,-based solid electrolyte can exhibit higifGon
transference number at much lower oxygen partial pressure.

Systematic investigations for the production and properties
of nanocrystalline BO;—HfO,—Y ;05 solid electrolyte have
been scanty although there is enough literature available on
synthesis, densification, and measurement of physical as well
as electrical properties of microcrystalline ,8—Y ;03
ceramics and Hf@-Y,Os-related ceramick.1° Recently,
nanopowders of materials containing,®; or HfO, have
been prepared by using various methods, such as reverse
chemical titratiort, chemical precipitatioA 13 sol—gel !
spontaneous combustiéhand solid-state reaction meth&u.
The bulk density of sintered ceramics approaching close to
the theoretical density could be easily achieved at fairly low
temperatures when the particle size of the powders is in the
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nanometer range compared to the conventional ceramicand a pH~ 12 was prepared by mixing analytically pure aqueous
powders in submicron rangéBesides this, the nanostruc- ammonia and distilled water. The analytically pure Bi@#§3H;O,
tured h|gh_dens|ty Compact also exhibits Signiﬁcant'y im- HfOCIz and Y(NQ)g‘GHzO, in a molar ratio of 3:1:1, were dissolved
proved mechanical properti&Application of nanocrystal- in dilut.e nitric acid to prepare a nitrate splution containing a total
line ceramics can lead to the development of electrochemicalMeta! ion (B, Hf*" and ¥&*) concentration of 0.125 mol/L. The
devices that have considerably low operating temperatures50 mL prepared nitrate solution was added dropwise into the

d hibit sianificantly i dioni ductiviy aqueous ammonia solution in a reaction vessel at room temperature.
and can exnibit significantly Improved 1onic conductivity. The solution was continuously stirred using a magnetic needle and

Thergfgre, ngnocrystalline E.Da—.HfOz—Y203 C_0U|f'j be a  \yas maintained at pkt 12. During the chemical titration, 1 wt.%
promising solid electrolyte material for the fabrication of gas pEG6000 (poly(ethylene glycol) of average molecular weight equal
sensors for in-line monitoring of automotive emission, air- to 6000) dissolved in aqueous ammonia solution was added as a
to-fuel ratio in automotive combustion process, designing dispersing agent. The obtained suspension was further agitated in
planar fuel cells, and monitoring the atmospheric pollutants. an ultrasonic bath to prevent any formation of agglomerates and

The fabrication of nanocrystalline Fd;—HfO,—Y 03 was washed repeatedly with distilled water to washout all the
solid electrolyte involves two key steps: first the preparation chloride anions. The precipitate containing mixed hydroxide &f,Bi

. . X K 4+ -+ i :
of mixed nanopowders and second their transformation into ?(f)o"‘capoc: r h tgﬁ;gﬁ&fg'ﬁgﬂf ia,%é?; ;fz B?) inl—(|jf(()zak:\l(n(E)d “
nanocrystalline BOs;—HfO,—Y ;03 solid electrolyte powder. _ y P _ 3 s
Among the methods mentioned earlier for the synthesis of The mixed oxide nanopowders synthesized as above were pressed
nanopowders of materials containing,® or HfO,, the uniaxially into disk-shaped pellets having an outer diameter of 10
. . . ' . d a thick f 2 t latively | f 15

chemical precipitation process incorporating surface modi- A and a tIckness 91 2 T 2t 8 relatvely low pressure

. . MPa. Approximately 3 wt.% polyvinyl alcohol (PVA) was used
fiers has been one of the most effective methods for the as a binder and a 20 wt.% stearic acid mixed with ethyl alcohol as

preparation of nanopowders of functional ceramics. The 3 |ypricant. The samples were sintered at temperature of 600, 700,
nanopowders of functional ceramic materials can prove to and 800°C in microwave plasma under oxygen atmosphere of 40
be technologically useful if they are transformed into dense mmHg for different lengths of sintering time in order to study the
structures by sintering at elevated temperatures without microstructure development and grain growth kinetics. Figure 1
allowing excessive grain growth. The main advantage of shows the schematic diagram of microwave plasma equipment used
microwave plasma sintering process is that the process isin this study. This equipment consists of microwave generator,
rapid and can prevent excessive grain growth during sintering micrqwave transmission and conversion system, gas con_trol system,
process in comparison to the other conventional sintering reaction chamber, vacuum system, and pressure monitor. In this

: : ; k, the microwave power was maintained in the range-ef@0
r . Further, th ling of microwave with the WO
processes. Further, the coupling o crowave with t .e W at 2.45 GHz frequency. The samples’ temperature was measured

iabl h h ¢ . h,gwith an infrared optical temperature monitor. The reaction chamber
process can appreciably enhance the mass transfer wit Monsists of a quartz bell-japl20 mm), quartz current equalizer,

the ceramic compact which can in turn influence the sintering quartz platform 76 mm), and quartz sample holder. The samples
and grain growth kinetics of the material compared to that \ere placed in the center of the quartz holder in order to keep them
observed in the conventional sintering processes of ceramicin the center of plasma during the sintering period so that the
materials. There is a very limited understanding of the samples could be heated uniformly and rapidly by plasma.
influence of microwave sintering process on the grain growth  puplicate specimens were sintered by a conventional pressureless
and kinetics of sintering process in ceramic materials due to sintering process at the same temperature for comparison with the
the limited number of investigations in this area of research. microwave plasma sintering process. The heating rate of all the
Hence, the present work has been focused on preparin?amples during ’[heT sin_tering stage was maintained_ aC1in.
mixed nanopowders of BDs+HfO,+Y,0; by reverse After the selected time interval, the samples were Wlthdrawn from
chemical titration coprecipitatidrand fabrication of dense € furnace and were allowed to cool naturally in ambient
nanocrystalline BOs;—HfO,—Y,0; solid electrolyte by a atmosPhere'_ o _
novel microwave plasma sintering process. The molar ratio 2'_2' Materials Character_lzatlon. The phases present in the
of BiOs:HfO,:Y,03 = 3:2:1 is maintained for two main C?"C'”e.d nanqpowder and sintered S?mp'es were ana Iyzeq by X-ray
. - . diffraction (Rigaku D/max2550V) using CudKradiation with a
reasons, first to produc&-Bi,O3; and c-HfQ single phases

fully i - d al ble si ) fnickel filter at room temperature. The mean diameter of nanocrys-
successiully in a composite and also to enable sintering o talline grains was determined according to Scherrer forntuta,

the composite solid electrolyte at lower temperatures with g gi/8 cosg), from the X-ray diffraction peak width at half-maxima.

the assistance 0#-Bi>Oz acting as a sintering aid while  The morphology of nanopowder and sintered samples were also
c-HfO; acting as a toughening agent. In addition to this, the determined using transmission electron microscopy (Hitachi H-800)
grain growth kinetics 0b-Bi,Oz and c-HfQ, as well as the and high-resolution scanning electron microscopy (JSM-6700F).

electrical properties of the dense nanocrystallingOBt The bulk density of the sintered specimens was measured at am-
HfO,—Y .05 solid electrolyte, have been measured in this bient temperature with an accuracy of 10§ cm® using an
study. electronic densimeter (SD-120L, Mirage JICC Co) that employed

the Archimedes principle. In all cases, distilled water was used as
an immersion medium.

AC impedance spectroscopy using a two-probe method with Ag
2.1. Sample PreparationMixed nanopowders of BD;—HfO,— electrodes was carried out using a PAR M273A frequency response
Y,03 in Bi,O3:HfO2:Y,03 = 3:2:1 molar ratio has been prepared analyzer over a frequency range of 0.01 Hz to 99 kHz. The
by reverse chemical titration coprecipitatibrkirst, 550 mL of frequency response analyzer was interfaced to a computer using
aqueous ammonia solution having a concentration of 1.26 mol/L ZPlot software. Due to the small sample impedances at high

2. Experimental Methods
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Figure 1. A schematic diagram of microwave plasma equipment.

Table 1. pH Range of B#, Hf**, and Y3 Metal lon Precipitation 5800
pH value when ] —~
pH value when precipitation ends 57004 -
precipitation (residual ion concn ] <
initial concentration commences < 104 mol/L) 5600 o.c
Bi3* initial concentration 4.24 8.53 ” 5500_. £ SN
(0.075 mol/L) Q Is
Hf4* initial concentration 8.4 11.2 < l o
(0.025 mol/L) 2 54004 = =
Y3* initial concentration 6.37 10.5 S T = g
(0.025 mol/L) € 5300 o o
1 o S
temperature, a nulling technique was necessary to remove any 52007 @ %
artifacts caused by inductive responses of the test leads and the 5100_' It
equipment. The impedance of the leads without a sample was |
obtained and subtracted from the measurements involving the oo [TomeNesVWF 7 W buieeltiuriviame” W7 WPNAT W
sample and the electrical leads. The measurements were conducted 15 20 25 30 35 40 45 50 55 60
between 200C and 600°C in ambient atmosphere. 2Theta/(’)
Figure 2. XRD pattern of mixed powder a§-Bi,O3 and c-HfQ calcined
3. Results and Discussion at 700°C for 1 h.

3.1. Powder Preparation.The uniformity of the powders
is significantly influenced by the preparation process and HfO(OH), precipitates can also be present simultaneously
conditions. Since the solubility product of Bi(OHHf(OH)., during the hydrolysis process of HfOCP Therefore, it was
and Y(OH) are 4.0<10°3, 4.0x1026 and 3.%10 25, difficult to obtain the pure Bi(OH) Hf(OH),, and Y(OH}
respectivelyt’ the pH range for the commencement and Mixed powders by the forward titration process. In order to
completion of the precipitation of different metal ions{B8i ~ overcome this difficulty and obtain pure Bi(O&Hf(OH)a,
Hf4*, and ¥8*) has been determined separately and is listed @nd Y(OH} mixed powders, the reverse chemical titration
in Table 1. coprecipitation process was adopted in this research work.

It is well-known that a series of precipitates' such as In this process, nitrate solution with three metal |0n§+B|

BiONO; and Bi(OH), can be present simultaneously during Hf**, and ¥** was simultaneously titrated with the aqueous
the hydrolysis process of Bi(Ng3.111819]t was noticed that ~ @mmonia solution having pt 12 to obtain uniform Bi-
during the forward titration process of Bi(Npwith aqueous ~ (OH)s, Hf(OH)s, and Y(OH) mixed powders without the
ammonia, BIONG, which could interfere in the successive formation of BIONQ and HfO(OH). The suitable pH value
reactions, was first precipitated' and as a result the final of aqueous ammonia solution in the reverse chemical titration
product of the precipitation process was a multiphase mixture COprecipitation process was greater than 11.2 from the data

of precipitates of Bi* salts mentioned earlier. Analogously, Presented in Table 1. _ _

X-ray diffraction pattern of mixed hydroxide powders

(17) Stephen, H.; Stephen, Solubilities of Inorganic Compoundsl. 1; calcined at 700°C, 1 h isshown in Figure 2. The result
Pergamon Press: Oxford, 1963. o ) indicates that the calcined powder mainly consist§-8i,0;

(18) Pourbaix, M. Atlas of Electrochemical Equilibria in Aqueous Solutions;
Pergamon Press: Oxford, 1966.

(19) He, W. M.; Zhen, Q.; Liu, J. Q.; Pan, Q. ¥. Funct. Mater. (Chinege (20) Ivanova, E. A.; Konakov, V. G.; Solovyeva, E. Rev. Adv. Mater.
2003 34, 702-706. Sci. 2003 4, 41-47.
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Figure 3. TEM image of nanoparticles a#-Bi-O3 and c-HfQ mixed 2Thetal(")

powder after calcining at 708C for 1 h.
Figure 4. XRD patterns of the samples sintered by using microwave plasma

: ; a- 600°C, 30 min; b- 600°C, 60 min; c- 700°C, 5 min; d- 700°C, 30
and c-HfQ with only traces of3-Bi.O; (tetragonal) because min: e- 700°C, 60 min: f- 800°C, 5 min: g- 800°C, 30 min: h- 800°C,

it is believed that during the calcination process at 700 60 min.
the following solid solution reactions occur between the

component oxides: composite material i8-Bi»Oz and c-HfQ phases with only
traces of3-Bi,Os coexisting during the sintering process. The
Bi, 05 + XY ,0; = Bi,Y 5,055, (1) presence of traces @FBi,O; is manifested by the presence
of a broad peak around 33f 2-theta in Figure 2 and in
HfO, + XY ,0; = HfY , 0, 5, 2 Figure 4. As the temperature and time of sintering is
increased, the peak doublet a28 2-theta in Figure 4 also
As a result of the above reactions betweestBand Y03 increased in intensity and became a singlet. This in our

as well as Hf@ and Y,Os; the 3-Bi,O; (tetragonal) phase  opinion is due to the transformation of traces of impurity
transforms int@-Bi,O; (cubic) and the m-Hf@(monoclinic) phase consisting ¢-Bi,O3 to 6-Bi,Os. On sintering for 30
phase transforms into c-HfQcubic) with Y,03 acting as a min and 60 min at 800C, the intensity of thé-Bi,Os; peak
stabilizer. No noticeable residual peaks due to unreactedat 27.5 of 2-theta increased whereas that at 88creased
component oxides could be observed in the XRD trace. and the peak intensity of c-Hfat 31° of 2-theta decreased
Figure 3 shows the TEM micrograph of the powder after too. This is possible due to the partial formation of ternary
calcination. The particle size of powder was about 40 nm solid solution between BD;—HfO,—Y,0s. Further, the
without significant agglomeration as seen in Figure 3. X-ray diffraction peak width at half-maxima diminished with
According to the Scherrer formula and from the X-ray increase in temperature and sintering time because of the
diffraction data, the mean diameter ®Bi,Os; and c-HfQ slight increase in the grain diameter ®Bi,Os; and c-HfQ
has been found to be approximately 40 and 35 nm, grains during the microwave plasma sintering process.
respectively. This is in qualititative agreement with the results ~ 3.3. Grain Growth. The variation of crystallite size of
shown in the TEM image in Figure 3, suggesting that the 6-Bi»O; and c-HfQ of the nanocrystalline BO;—HfO,—
particles do not exhibit the tendency of forming agglomer- Y,0; solid electrolyte samples sintered by the microwave
ates. Further, the particles af-Bi,O; and c-HfQ are plasma process as a function of time at 800 700°C, and
equiaxed, suggesting that the structure of both the solid 800 °C is presented in Figure 5 and Figure 6, respectively.
solution composition is cubic. It was difficult to determine It can be seen that the variation of the grain size of both
the exact composition @f-Bi,Os (cubic) and c-HfQ (cubic) 0-Bi»03 and c-HfQ with sintering time follows a parabolic
with YOz acting as a stabilizer due to less than 40 nm grains rate law at different sintering temperatures for the samples
by EDAX analysis of individual grains, as the spot size of sintered by the microwave plasma process. It is clear from
the electron beam in SEM is comparable with the grain size. Figure 5 and Figure 6 that the crystallites grew rapidly in
However, on the basis of the binary-K phase diagram of  the early sintering stage at 660G because both-Bi,Os; and
BiOs—Y 03 and HfGQ—Y,0; system reported in the litera-  c-HfO, have a high specific surface area in the initial stages
ture and the initial cation concentration reported in Table 1, of sintering as a result of smaller crystallite size. However,

the concentration of O3 in 0-Bi»Os (cubic) and c-HfQ the growth rate reduced as the grain size increased with
(cubic) is estimated as 25-@) mol % and 12.542) mol increase in sintering time. A similar grain growth behavior
%, respectively. has been observed at 700 for 6-Bi,Oz and c-HfQ, but as

3.2. XRD Analysis.The XRD patterns of nanocrystalline expected the rates of grain growth were higher at 700
solid electrolyte samples synthesized from mixed nano- than that at 600C for both the solid solution composition.
powders ofd-Bi,O; and c-HfQ by the microwave plasma At 800 °C, the rate of grain growth a§-Bi,O3; and c-HfQ
sintering process at 60, 700°C, and 800 C for different increased dramatically as seen in Figure 5 and 6, respectively.
lengths of sintering time are shown in Figure 4. It is clear We believe that this phenomenon is expected as the rate of
from Figure 4 that the major phase constitution of the sintered diffusion of ionic species, and as a result the mass transfer
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Figure 5. Rate of change a¥-Bi,O3 grain size of nanocrystalline gD;—
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Table 2. Grain Growth Rate Constants k) of 4-Bi-O3 and c-HfO»

material 600°C 700°C 800°C
0-Bi0s3 11.31 55.99 311.94
c-HfO, 14.75 30.41 77.43

HfO,—Y .03 solid solution system at the three different
sintering temperatures can be represented by the following
equations. The value @, for 6-Bi»Os; and c-HfQ used in
the calculation is 40 and 35 nm, respectively, obtained from
the average size @-Bi,Os; and c-HfQ mixed nanopowders
calcined at 700°C for 1 h. Therefore, from the results
obtained in this study, the following relationships have been
derived at 600, 700, and 80C, respectively.

The following relationships have been obtained at different
sintering temperatures for theBi,O3 grains,

600°C: (D — Dy) = 3.36 x t'2 (4)

700°C: (D — D) = 4.66 x t'2 (5)

800°C: (D — Dy) = 17.66x t'2 (6)
and for the c-HfQ grains,

600°C: (D — Dy) = 3.83x t'2 (7)

700°C: (D — D) = 4.54 x t'2 (8)

800°C: (D — Dy) = 8.81 x t'2 (9)

Based on the above dynamic equations, the calculated rate
constant for the growth a$-Bi,O3 and c-HfQ grains as a
function of time at three different sintering temperatures is
given in Table 2.

According to the Arrhenius equation, the above rate
constant ) in eq 3 can be expressed as a function of the
reciprocal of absolute temperature by the expression:

k =k, ex _AE)

Rx T, (10)

across the grain boundaries in the sintered specimens is likely
to increase within the solid solution phase as the temperaturewherek is a rate constant at a fixed temperature of grain
increases. The interesting point is that there is a window of growth, k, is a preexponential constant at the same temper-

temperature and time, typically between 600 and ZDfor
30 to 60 min, within which the grain growth is limited to

ature,AE is a apparent activation enerdy,s the universal
gas constant, and is the absolute temperature. Using the

below 100 nm even though the densification of the sample data from Table 2, eq 10 yields the apparent activation energy
is greater than 95% for microwave-sintered specimens and(AE) for the growth of nanocrystalling-Bi,Oz and ¢c-HfQ
greater than 90% for pressureless sintering process as willgrains to be equal to 125.87+kdol* and 62.77 kdnol™?,

be seen later.

As a first approximation, the oxide nanoparticles can be

respectively within 1% of the uncertainty limits.
The variation of grain size a§-Bi,O; and c-HfQ of the

considered close to spheres for a cubic solid solution of composite nanocrystalline fs;—HfO,—Y,0O; solid elec-

Bi,Os—Y,03 and HfQ—Y,0s. According to the spherical
model?! the relationship between the variation of grain size
(D — D) in a sintering process, and sintering tintgdt a
fixed temperature is given by the expression:

(D — Dy)* =kt 3)

wherek is a constantD is average grain size after sintering,

trolyte samples sintered by microwave plasma and by
pressureless sintering as a function of time at 7Q0is
compared in Figure 7 and Figure 8, respectively. It can be
seen from Figure 7 and Figure 8 that the rate of grain growth
of both 6-Bi,O; and c-HfQ using the microwave plasma
sintering process is significantly lower compared to that of
pressureless sintering.

andDy is the average initial grain size. Therefore, using the (21) Kingery, W. D.; Bowen, H. K.. Uhiman, D. Rintroduction to

data in Figure 5 and Figure 6, the grain growth in thglBt

Ceramics John Wiley and Sons Inc.: London 1967.
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Figure 7. Rate of change a¥-Bi,O3 grain size of nanocrystalline gD;— 80 ] . : . : . .
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160
1401 which when coupled with microwave, significantly enhances
E the diffusion of charged particles @i Hf*", Y3*, and G")
g 120 present in the composite solid electrolyte leading to the
< 1004 enhancement of the rate of sintering processes in the field
o A of microwave plasma. Consequently, the samples having
80 greater than 96% of the relative density could be easily
60 obtained at 700°C within 30 min of sintering time with
40 negligible grain growth during microwave plasma sintering
T T T T T T T N . .
0 15 30 45 60 as shown in Figure 5 and 6 compared to the conventional
Time/min pressureless sintering process.

Figure 8. Rate of change of c-Hf@grain size of nanocrystalline Edz—

HIO,— Y05 samples at 706C by different sintering process. 3.5. Microstructure. The microstructure at 40 000 mag-

nification of the nanocrystalline BD;—HfO,—Y ;03 com-
From the results shown in Figures8, it is apparent that posite solid electrolyte sintered by microwave plasma and

the appropriate temperature and time for microwave plasmaPy Pressureless sintering is shown in Figure 10a and b,
sintering of nanocrystalline composite solid electrolyte "€SPECtively. The sample sintered by microwave plasma at
materials made from mixed nanopowdersdeBi,O; and 700 °C for 60 min has dgnse mlqros_tructure with a small
c-HfO, is probably between 600 and 76 for 60 min or amoupt of residual porosity and is virtually crack free as
more. Under this condition, the grain growth in nanocrys- S€€n in Figure 10a.
talline Bi,Os—HfO,—Y ;03 solid electrolyte is at a minimum However, the sample sintered by the pressureless sintering
during the densification process. It is well-known that Process at an identical temperature and for the same length
prevention of excessive grain growth is essential to reap the©f time (700°C, 60 min) shows that there is significant
benefits of nanostructured materials on the physical, electri- Porosity and has relatively larger grain size, greater than 100
cal, and mechanical properties of the sintered high density "M, as seen in Figure 10b. From Figure 10a, it can be also
solid electrolyte. seen that botld-Bi.Os; and c-HfQ grains have an average
3.4. Density Variation. The variation of the relative  Siz€ between 60 and 70 nm and have equiaxed morphology,
density of BpOs—HfO,—Y,03 nanocrystalline samples sin- WhIC_h is excellent for superior mecha_mcal prope_rt|es such
tered by microwave plasma and pressureless sintering procesS high fracture toughness and electrical properties such as
as a function of sintering temperature between 80(and high ionic conductivity.
800°C for 30 min is shown in Figure 9. It can be seen from  3.6. Conductivity. Conductivity of the BjO;—HfO>—
Figure 9 that both processes exhibit a high densification rate Y203 composite solid electrolyte sintered by the microwave
probably due to the smaller grain size, high surface area,Plasma process at 70 over a period b1 h has been
and smaller diffusion distances. However, at all the three measured using a two-probe AC impedance spectroscopy
temperatures selected, the relative density of samples sinterefn€thod. A typical complex impedance diagram at 400s
by microwave plasma is much higher than that by the shown in Figure 11. The measured impedance as a function
pressureless sintering process. This is probably due to theof signal frequency was modeled using commercial software,
effect of microwave plasma sintering on the rate of diffusion and the intercept of the arc at lower frequency was treated
of ions within the ceramic material, enhanced mass transfer
at lower temperatures, and improved sintering and grain (22) Tiegs, T. N.; Kiggams, J. O.; Kimrey, H. IMat. Res. Soc. Symp.
growth kinetics?**The nanocrystalline particles have a large (5 Proc. 1990 189 243245,

) ) A ) Janney, M. A;; Kimrey, H. DMat. Res. Soc. Symp. Prd99Q 189,
surface area, grain boundaries, and a concentration of defects, = 215-217.
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(a)
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Figure 10. Morphology of BpOs;—HfO,—Y 203 materials by different sintering process. (a) by microwave plasma atZp60 min (b) by pressureless
sintering at 700C, 60 min.
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Figure 12. Conductivity of the BiO3;—HfO,—Y 203 and HfG-based solid
electrolyte materials. The error in the measured data is approximafsky.
0 , L . | LNy , Table 3. Calculated Grain, Grain Boundary, and Total Conductivity
0 10000 20000 30000 40000 50000 G000 of BioO3—HfO,—Y 03 Composite Solid Electrolyte from the
210 Complex Impedance Diagrams at Different Temperature of
Measurement
Figure 11. Typical complex impedance diagram of,:Bg—HfO2—Y 203 — — - —
composite solid electrolyte at 40C. The frequency of ac signal increases conductivity of - conductivity of grain  conductivity of
from right to left in the diagram. temp grains ) boundary §gp) total (0)
(°C) (@ L-cm™) (Q7L-cm) (@ L-cm™)
as a measure of impedance of grain and grain boundary 200 5.10x 103 1.22x 1(Tj 9.86 % 1&2
; ; 250 2.59x 10~ 1.10x 10~ 7.74x 10
yvhereas the mterf:ept at high frequency was treated as the 300 1.65% 10-6 590 107 435 % 1077
impedance of grain. 350 6.84x 10° 6.16x 107 3.24x 10°6
The grain and grain boundary conductivity of the com- 400 1.11x 10: 3.02x 1<Ti 2.38x 102
; ; ; 450 2.32x 10~ 1.92x 10~ 1.05x 10~
posite nanostructured solid electroly_te at different ter_npgra- 500 583 10°3 185% 10-4 4145 10-4
tures computed from the measured impedance data is given ssg - 1.10x 10-2 1.10x 102
in Table 3. The conductivity of nanocrystalline .Bg— 600 - 6.36x 102 6.36x 102

HfO,—Y,0; is compared with the cubic form of microcrys- ¢ itude | h hat Gf-Bi . £
talline HfO,—Y ;05 solid electrolyté* and the delta form of ~ © magnltu25e ower than that af-Bi,O, consisting of 25
(Bi»0s)o7(Y 205)o.5 solid solutior® in Figure 12. It can be m_oI%Yzog. This clearly su'ggests.that the nanocryst'al.llne
seen from Figure 12 that the conductivity of nanocrystalline Bi0s—HfO,—Y,0; composite solid electrolyte exhibits
Bi,O;—HfO,—Y ;O3 solid electrolyte obeys an Arrhenius type average condgctlng properties co mpared. with thg pure
relationship and is 2 to 4 orders of magnitude higher than HfO,—Y20; solid electrolyté and (BEOs)o.7oY 205)o.25S0lid

1 25
that of the microcrystalline Hf@based solid electrolyte solution: ) ) i
reported in literaturé? We assume that the composite solid electrolyte material
Further, from Figure 12 it can be seen that the conductivity 'Nvestigated in this study is predominantly an oxygen ion

of the composite solid electrolyte is approximately 2 orders con_ductor; th":fefo,fe' t_he activation energy for oxygen ion
(O?7) conduction in BiO;—HfO,—Y,O; solid electrolyte

(24) Zhuiykouv, S.J. Euro. Ceram. So@00Q 20, 769976, obtained using the Arrhenius relationship is 1.134 eV, which
(25) Takahashi, T.; lwahara, Hiater. Res. Bull197§ 13, 1447-1453. is less than that of the Hfbased microcrystalline solid
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electrolyte?* 1.431 eV, and very similar to that 6f(Bi>Os)o.7s estimated at 12.5 mol %. The dynamic equations of grain
(Y203)0.25 solid solution?® 0.87 eV. This suggests that the growth obtained in this investigation at the three different
activation energy for the oxygen ion conduction in the temperatures follow the parabolic rate law. Moreover, under
composite solid electrolyte also tends to exhibit an average microwave plasma sintering conditions, grain growth rate is
behavior akin to the conductivity as shown in Figure 12. much lower than that under conventional pressureless sin-
These values compare reasonably well with the data reportectering. The apparent activation energy for the grain growth
in the literature by Kale et &8 for ceramic oxide materials ~ (AE) of nanocrystalling-Bi,Os and c-HfQ grains has been
bearing similar crystal structure. As a result, the nanocrys- found to be 125.87 kdol~* and 62.77 kinol™2, respectively.
talline BiO3—HfO,—Y ;03 electrolyte can be successfully There is a window of temperature and time, typically between
used as an oxide ion conduction membrane in devices such600 and 700°C for 30 to 60 min, within which the grain
as solid-state gas sensors, low-temperature single chambegrowth is limited to less than 100 nm while the density of
SOFC, and oxygen separation membranes. However, thisthe sample is greater than 95% for microwave-sintered
remains to be proved and needs further investigation into specimens relative to 90% for a pressureless sintering process
the chemical stability of the composite electrolyte in oxygen probably because of the greater driving force for sintering
potential gradients and determination of the ionic conduction of the nanopowders af-Bi,Os and c-HfQ admixture and
domain as a function of temperature and oxygen potentials. possible enhancement of mass transfer within the ceramic
compact at lower temperatures due to the coupling of
4. Conclusion microwave with the cations and anions in #i,O; and
c-HfO, ceramic composite. The conductivity of nanocrys-
talline Bi,Os—HfO,—Y,03; composite solid electrolyte has
been found to be an average of the two end members. The
activation energy for oxygen ion conduction of,8—
HfO,—Y 03 composite solid electrolyte has been found to
be 1.134 eV, which is less than that of Hfdased solid
electrolyte?* 1.431 eV, and greater thanBi,0s, 0.87 eV?®

In conclusion, mixed nanopowders ®Bi,Os; and c-HfQ
were successfully prepared by a reverse chemical titration
coprecipitation process using Bi(NJ@5H,0, HfOCl, and
Y (NO3)#6H,0 as starting materials and PEG6000 as dispers-
ing agent. After calcination at 70 for 60 min, the mixed
oxide powders were found to exhibit insignificant ag-
glomeration and were composed &fBi,O; and c-HfQ
having an average particle size of approximately 40 and 35
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