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Liquid phase sintering of Re;03 YSZ ceramics:
Part Il  Grain boundary electrical properties
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Grain boundary electrical properties of Y,0;3 stabilised zirconia with small additions of
Er,O3 and Pr,03 sintered via silicate liquid phase were studied by the impedance
spectroscopy technique. Grain boundary specific conductivity of the praseodymium doped
samples was found to be independent of sintering time, while the erbium doped sample
showed high anomalous conductivity for the 1.0 h sintered samples. The electrical
behaviour is explained considering the grain boundary to be a series association of the
glass film and the space charge region. Specific conductivity and Debye length of the space
charge region of erbium doped samples were found to be 6.7 x 10-8 S/cm and 0.25 nm,
respectively. © 1999 Kluwer Academic Publishers

1. Introduction region may be the cause of the grain boundary resistivity
This paper deals with the study of grain boundary elecof high purity systems such as that studied by Verkerk
trical conductivity of YSZ-ReOs ceramic discs sin- et al.[8].
tered via silicate liquid phase, as described in Part | of The results of the grain boundary electrical conduc-
this paper. The excessive liquid phase and rare earttivity of this study are discussed considering the “elec-
ions result in unusual electrical behaviour in the graintric grain boundary” as being a series association of a
boundary. glass film and the space charge region of the neighbour-
Silica is frequently found associated with zirconia ing grains.
ceramics, causing a deleterious effect on their grain
boundary electrical properties, evenin very low concen-
trations [1, 2]. Siliceous phases are normally found in
the triple junctions and pockets along the grain bound2. Procedure
ary. In the past, several studies were done aimed at th2 1. Experimental
effect of the impurities on grain boundary conductivity Ceramic discs for electrical measurements were pre-
[3-5]. More recently, @dickmeieret al.[6] studied the pared as described in Part | of this paper. Discs were
effect of intergranular films by the addition of silica and pressed from powders of eight batches, two for each
alumina on the grain boundary electrical conductivity of the YPr, YPrEr, YY, and YEr compositions that are
of 3Y-TZP ceramics. Clarke [7] theoretically studied shown in Table I. These discs were used to perform the
the equilibrium thickness of these intergranular glassvork of Part | and present study. Thus, all the electrical
films and concluded that they are close to 2.0 nm. Allmeasurements of this study were done on discs prepared
the studies done in the past have shown that silica glagsom the same powders and following the same proce-
films always decrease grain boundary electrical condures of cold isostatic pressing and sintering at 610
ductivity. in air. The discs were polished with a diamond paste
The grain boundary conductivity of high purity YTZ with a final grit of 3.0um. Platinum electrodes were
ceramics has been studied by Veketkal. [8]. Their  applied by painting with platinum paint (Demetron 308
results have shown that specific grain boundary is stilA, Germany) and heat treated for 1/2 h at 10Q0n air.
low when compared to grain conductivity. The spaceDisc conductivity, capacitance and relaxation time were
charge concept originally introduced by Frenkel [9] andmeasured by the impedance spectroscopy technique in
later developed by Kliewer and Koehler [10], and Yanthe range of 5 Hz to 13 MHz with an impedance anal-
et al.[11] has been applied by several authors [12—-16}ser (HP 4192 A LF, USA). Measurements were taken
to explain the interface electrical properties of severaln the temperature range of 350-5%0 with stability
ceramic systems. Vacancy depletion in the space chardeetter than 3C.
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TABLE | Nominal samples compositions (mol %)

Y203 Pr,O3 Er,O3
YEr 6.5 — 0.5
YPr 6.5 0.5 —
YPrEr 6.5 0.5
YY 7.0 —

In addition each composition has: 0.585, 0.12TiQ; 0.12CaO;

2.5SiQ (mol %).
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Figure 1 Cole-Cole plots, imaginary part (¥ vs. real part (9 of the

impedance, measured at 408D of YEr sample.

2.2. Complex impedance analysis

The experimental results of the imaginary part)(Z

of view. Let us consider the microscopic grain bound-
ary quantities, specific conductivity, dielectric constant,
and thickness of the grain boundaries. The electrical
contact between two grains is made through the grain
boundary material that can be represented locally by
a resistance;;, and a capacitance;, in a parallel ar-
rangement. The grain boundary sample resistaRgg,

is a combination of alt; that is dependent on their pe-
culiar arrangement inside the solid. The same can be
said forCgy, because both are extensive quantities. The
relaxation time, of each of these, andg¢ pairs, is

an intensive quantity, given by = r; x ¢;, that can be
expressed by:

T =11 % G = (ogydab/) x (0egnet/Sgn)

= Pgnfofgb = Eofg/ g (4)
wherepgp, eqn, andog are, respectively, the specific re-
sistivity, dielectric constant and specific conductivity of
the grain boundary material, the electric permittivity

of vacuum jyy, the thickness of the grain boundary and
a the area of part of the grain boundary considered. If
the grain boundary material is uniform, the relaxation
time of the whole sample will be the same as that of the
elementary capacitors and resistors, regardless of the
model used to relate the microscopic with the macro-
scopic quantities. Therefore:

/60 = RgoCqb/e0 = £gb/0gh = Ti/60  (5)

This result allows for measurement of the ratio of spe-
cific quantities of the grain boundary, conductivity and
dielectric constant, regardless of the model used to cor-
relate microscopic with macroscopic quantities. This is
true evenin asystem where large amounts of glass are in
the grain boundaries, like the systems we are studying.

The degree of uniformity of the grain boundary mate-
rial can be estimated by how much the corresponding

of the impedance spectra, plotted against the real pagole-Cole plot deviates from a semicircle [17].

(Z2) of the impedance, measured in the 350-850

Although the percolation model would more

range, show well defined arcs for the grain and grairadequately represent the system studied, it lacks an
boundary impedance of the ceramic discs, Fig. 1analytical representation. A simple model, such as the
These experimental results will be introduced throughbrick layer model”, is needed to calculaig, andcgy

the well known quantitieRRy, Rgh, Cg, and Cgyp, the
grain and grain boundary resistance and capacitanc®y other authors [1, 6] using Equations 6 and 7
respectively, obtained directly from the impedance

measurements after analysis of the Cole-Cole plots. The

macroscopic grainyg, and grain boundaryygp, electri-

cal conductivities as well as the normalised capacitance,

Cgh, Were obtained as follows [1, 6]:

og=L/RyS
ogb = L/RgpS
Cgb = CgbL/S

(1)
()
@)

from the specific quantities, as has already been done

(6)
()

Ogb = Ggsgdg/agb
Cgb = 08gbdy/ Sgb

According to these equations, thg,/dg ratio will be
constant ifoy and 8qp are constants. Moreover, the
Cgb/dg ratio will be constant itg, andsg, are constants.
Laterin this paper, a correctionto Equations 6 and 7 will
be discussed to aid interpretation of thgandcy, data.

whereSandL are the electrode area and the thickness

of the ceramic discs, respectively. The above quanti3. Results

ties are macroscopic quantities in the sense that theyhe grain conductivityyg, divides the studied discs into
are the combination of the elementary resistors and cawo groups: that ofthe YErand YY samples with higher
pacitors that make the sample from the electrical pointonductivity and the group of YPr and YPrEr sample
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TABLE Il Conductivity activation energies (eV)

YPr YEr YY
Grain boundary conductivity
Sintering time (h) 0.5 1.0 16.0 0.5 1.0 16.0 0.5 1.0 8.0 16.0
Activation energy (eV) 1.09 1.10 1.09 1.08 1.03 1.08 1.09 1.09 1.08 1.08
Specific grain boundary conductivityh
Sintering time (h) 5 1.0 16.0 5 1.0 16.0 0.5 1.0 8.0 16.0
Activation energy (eV) 1.11 1.11 1.11 1.12 1.05 1.11 1.10 1.10 1.08 1.08
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Figure 2 Grain conductivity, measured at 400, vs. sintering time.

Sintering time, h

500°C, vs. sintering timets.

discs, whose conductivity values are around 40% lower
as shown in Fig. 2. Conductivity grows in the first hours
of sintering in the case of each sample composition.
Activation energy for the grain conductivity was found
tobe 1064+ 0,02 eV from 350 to 550C for all samples.
The ratio of the grain boundary electrical conduc-
tivity and grain sizeggp/dg, and the ratio of the nor-
malised capacitance and grain sizg/dy, dependence
with sintering time are shown in Figs 3 and 4, respec-
tively. If the intensive quantities;, andeg, as well as
dgp are constants, according to Equations 6 and 7 these
ratios should be time independent. The activation en-
ergiesogp, Fig. 5, range from 1.11 t0.a8+ 0, 02 eV.
The YEr 1.0 h and the YY 8.0 h sintered discs show
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Figure 4 Reduced capacitance over the grain sigg/dy, measured at

activation energies of 1.03 andd8+ 0.01 eV, respec-
tively (see Table I). Growth of they,/dg ratio with
sintering time is |arger for the YPrEr and YPr samplesFigure 5 Arrhenius plot of the grain boundary conductivity. See also

and smaller for the YEr sample. The YEr 1.0 h sintere

sample discs have, as shown in Fig. 3, 4jg/dq ratio

~2.5 times higher than expected from the dependencg
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Figure 3 Grain boundary conductivity over the grain siags/dg, mea-

sured at 500C, vs. sintering timets.

1000/ T, K

dTable Il for the activation energies.

f ogp With dy from Equation 6. Theg/dg ratio does

not show this same high anomalous increase as shown

in Fig. 4. The 8.0 h sintered discs of the YY sample also

show an anomalous dependencegf/dy with sinter-

ing time, albeit less pronounced, as shown in Fig. 3.
The above results show the behaviour of the exten-

sive macroscopic electrical properties with sintering

time. Let us now observe the behaviour of the intensive

variables that are directly connected with the material

properties, as already previously discussed. We chose

to represent the intensive variables with tHgzgy, ra-

tio. From Equation 5 this ratio is,/tqp = agg’/egb. The

€0/ Tgb ratio has the following characteristics for each

sample. The YPr and YPrEr samples show ghgerg,

ratio is soaking time independent and increases with the

measuring temperature, with activation energy slightly

higher than that ofyp, see Fig. 6, Fig. 7 and Table II.
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e YPIYPIES by ~0.3 mol %, (see Table Il, Part I). The effect of

300 e T=500C —e— YEr the ionic radius on grain conductivity was studied by
—E=YY¥ Staffordet al. [18], who found neodymium ion doped
250 zirconia is 5 times less conductive than thgO{ sta-
bilised zirconia, both with the same molar concentra-
e tion. The difference in grain conductivity between the

samples of this study can be understood considering
-~ N /:\\‘\-\-\2 that 4.6% of the ¥ ion was substituted by the F
[/ ion, of nearly the same ionic radius as the*Rdon.
¢ ° ° Assuming that the effect of the ionic radius misfitgn
; ” ' T is linear with concentration, the calculated conductivity
Sintering time, h decrease of the praseodymium doped samples is 23%
smaller than the yttrium doped one. This is quite close
Figure 6 Vacuum permitivity over the grain boundary relaxation time, t0 the observed 25% difference.
€0/Tgb, VS. sintering timets. The conductivity increased with sintering time shows
almost the same behaviour for all samples, irrespective
= YEr1o0h of their grain size. In the first 1/2 h of sintering the
o YEr average] conductivities have attained nearly 85% of their final

5‘ a YY16.0h values and after 4.0 h of sintering they maintain a con-
i stant value. YY samples show slightly higher conduc-
£ tivity for the 8.0 h sintered samples. The conductivity
] increased with sintering time indicates that, due to the
fast rate of grain growth, the grains are not in equi-
librium with the liquid phase. The effect of porosity
2 on conductivity must be discarded because the micro-
] graphs showed very few pores in the grains. Although
further experiments are needed to clarify the effect of
fast grain growth on grain conductivity, the following
0

T T Y L L | S e experiment was made. The EDS analysis of the liquid
1000/ T K phase of the YEr sample of the present work found

' the presence of erbium in the liquid phase in the first

Figure 7 Vacuum permitivity over the grain boundary relaxation ime 4-0 h of sintering, while at higher sintering times it was
£0/Tgh = Tgb/Egh- not detected. From this observation we may conclude

that in the first 4.0 h of sintering the concentration of

i ) o stabilising ions in the liquid phase is above its equilib-

Forthe YEr 1.0 h sintered discs the sarpgegp ratiois  jym concentration. Therefore, up to the first 1/2 h of
2.5 times larger than for other sintering times, follow- gjntering, the grains would have incorporated a lower

ing the same behaviour of;,. The activation energies concentration of stabilising ions, but this concentration
are the same for the discs of YEr composition, while forjncreases progressively, following the decreased rate of

ogh, the 1.0 sintered disc has a lower activation energygrain growth, in order to establish the thermodynamic
1.05+0.01 eV. Theso/7gp for the YY samples changes equilibrium between both phases.

with the sintering time, showing a maximum at 8.0 h
of sintering as shown in Fig. 6.
The cgp/dy ratio, Fig. 4, scales witlrg,/dg in or- 4.2, Grain boundary
der to produce the respectivg/ rqp, ratio of each disc.  This section discusses grain boundary electrical prop-
Note that the anomalous growthayj,, as well ofe,/ 7, erties, while the anomalous conductivity behaviour of
of the YEr 1.0 h sintered discs is not followed by anthe YEr 1.0 h and YY 8.0 h sintered samples will be
appreciable growth in the grain boundary capacitancediscussed in the next section. Usually, quantities such
Therefore, according to Equations 5-7, the anomalouas ogsg egn, and égp are obtained from the quantities
growth inogy is entirely attributable to the} increase.  agp, Cq» and additional data, e.g., grain boundary thick-
This result means that the anomalous increase of theess, are obtained through high-resolution electron mi-
grain boundary conductivity is due to a large change ircroscopy, with the help of a model that relates these
material electrical conductivity and a very small varia- quantities, such as the brick layer model [6,8]. In this
tion in grain boundary capacitance. model, the grain boundary is represented by layers of
equal thickness and the same area of the electrodes,
S, normal to the current flow. To represent the grain
4. Discussion boundary of the samples of this study, where only a part
4.1. Grain conductivity of the grain boundary is conductive, the best approach
Rare earth additions have a clear influencerggrain ~ would be to use a percolation model (see Fig. 1a, Part|).
conductivities. The YY and YEr sample grains are 25%However, this model lacks an analytical representation
more conductive in relative to the YPr and YPrEr sam-for the extensive quantities, which makes it difficult
ples, as shown in Fig. 2. The total stabilising ion con-to use. Another much simpler approach is to consider
centration between the two pairs of compositions differthe model represented in Fig. 8, whekes the total
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TABLE 11l 3gsS/A (nm)y* dependence with sintering time at 50D andegy, = 30

YEr YprEr YPr YY
Sintering time (h) 6gbS/A (nm) A/A0_5hb SgpS/A(nm)  A/Agsn  A/S Sgp(nm)  8ghS/A(nm)  A/Agsn  SgpS/A(nm)  A/Agsh

0.5 2.04 1.00 5.9 1.00 036 2.1 6.6 1.00 3.9 1.00
1.0 1.95 1.05 6.5 0.91 033 21 7.0 0.94 4.0 0.97
2.0 2.06 0.99 6.2 0.95 034 21 6.5 1.01 3.9 1.00
4.0 1.74 1.17 53 111 040 21 5.8 1.14 — —

6.0 — — — — — — — — 2.9 1.34

8.0 1.75 1.16 4.3 1.37 0.49 2.0 5.0 1.32 2.8 1.39
16.0 1.75 1.16 4.0 1.47 053 21 4.7 1.40 2.9 1.34

8Calculated using Equation 8.
PRelative growth of the contact area.

TABLE IV Specific grain boundary conductivity,p, at 500°C

- s
P - P - agsg x 1078
Ceramics (S/cm) Observations
YEr (1.0 h) 90.0 This workdg, = 30)
ZZ YEr (average) 36.6

YPr/YprEr (average) 45.0

S
YY (low) 37.0
YY (high 8.0 h) 47.0
l L 15 mol % CaO (FSZz) 3.8 Ref. [1] high purity
7

3 Zr0, (dg = 12 pum)
T 10 mol % Y,03 (FSZ) 15.7 Ref. [2] high purity
ZrO; (dg = 12 pm)
7 mol% Y,03 (FSZ) 58.0 Recalculated from Ref. [8]

(dg =12 pm) and €gp = 30)

through Equation 9, as is shownin Table I1l. Tdyg/dgp
Figure 8 Modified “brick-layer” model. S—disc area; L—disc thick- ratlo_ShOUId be mdepen_dent Of_ the Sl,ntermg time, ac-
nessg—thickness of thinner regions of the grain boundary. cording to Equation 9, if the dielectric constan&b,
and theA/S ratio were constant, takedy, constant,
as has already been assumed. The dielectric constant
was chosen to be constant because the relaxation time
does not correlate with the capacitance increase. Thus,
the increase in they,/dy ratio with the sintering time
is due to the increase of th&/S ratio. The A/S ra-
Eo of YPrer 8.0 h sintered discs was evaluated from
ig. 1 of Part 1 at 0.5. It was considered that the average
A /Sratio is equal toA/S. This result, together with
the relative variation ofA, was used to calculate the
A/S values for the other sintering times, as shown on
Table Ill. TheseA/S values are a rough estimate but
Cgb = €0egbdgA/SgbS (®) indicate that ifeq, = 30, the electrical grain bound-
ary thickness is close to 2.0 nm. THg' S values for
Equation 5 is valid even in a percolation model becauséhe YEr samples are higher than those of the YPrEr
itrefers to the intensive quantities of the ceramic disc. Ifhecause of their smaller grain size, givifg, values
the conductivity or the dielectric constant changes acslightly smaller than 2.0 nm.
cording to position, then the corresponding Cole-Cole The specific grain boundary conductivities can now
plot is no longer a perfect semicircle. Modelling on ape calculated using Equation 10, the above discussed
large electric circuit, a variation of 2% anwas mea-  value of the dielectric constanty, = 30, and the exper-
sured by doubling the relaxation time of 2% of the indi- imentale, /gy data shown in Fig. 6. Table IV compares
vidualr;c; pairs. For thisreason, we will take Equation 5 theasg’ of the samples of this work with literature val-
as being suitable to express our results in the following,es, recalculated to be close to the grain size and dielec-

effective conducting area normal to the current fléyy,

is the grain boundary thickness, a8ds the electrode
area. Introducing the fractional conducting aré#s,
the following modifications in Equations 5—7 should be
made. Equation 5 does not change, while Equations
and 7 become, respectively,

form: tric constant of our data. The highest values of the spe-
. cific grain boundary conductivity, shown in Table IV,
Ogb/ €gb = €0/ Tgb (10)  referto the YEr 1.0 h sintered sample and the high pu-
rity sol-gel processed sample of Verkezkal. [8] The
We take, for the macroscopic dielectric constagg,=  high purity sample of Badwal and Drennan [2], where

30, a choice that producegy, values around 2.0 nm asmall amount of second phase was found, has specific
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grain boundary conductivity close to the YPrEr sample Bgb
discs. The dependence of grain boundary conductivity ;
on sintering time follows the same general behaviour:
of cgp, as expected from Equations 8 and 9.
Activation energies folrg, and UJE are shown in
Table II. Although the difference between them is
small, the activation energies fory, are systemati-
cally lower than those of ). The YEr 1.0 h sintered
discs also show activation energies smaller than those;
of other samples. The increase of the activation ener-|
gies ofogp/eqn relative toog, can be accounted for if «-—
the grain boundary thicknes&y,, increases with the Sgl
temperature, Equation 8. An increase of about 4% in
8gb, In the measuring temperature range, is sufficient Ryl Rsc

to account for the difference in the activation energies
betweensyy, andog,. — N

The dependence ef}}/s4p, with the sintering time, )
Fig. 6, shows that specific grain boundary electri-

cal prop'e'rtles ha_‘S a hlgh d'egre.e of _ConStanCy for e_aCngre 9 Model of the thinner regions of the grain boundary=gjlass
composition during the entire sintering process, bemgilm;sc:space charge region of each grain in contact with the glass film;
grain size independent. Significant changes were obs, = glass film thicknessi, = total grain boundary electrical thickness;
served simultaneously with the anomalous increase iff. Rgi. andRsc are, respectively, the capacitance per unity area, glass
Ogb- For the YPr and YPrEr sample discs the degree Ofﬂm resistance per unity area and space charge resistance per unity area.
constancy otgy,, measured at 50 for each sintering

time (average values shown in Fig. 6), has a deviation of

around 5% that is attributed to temperature instability ) . .
during measurements. describes well the electrical behaviour of the YPr and

In this section a model is proposed to understand’ PrEr samples characterised by a constant relaxation
the results of conductivity. First, it was considered thatime. Moreover, it is also considered that a large in-
grain boundary electrical conduction is done, prefer-créase in the glass conductivity cannot occur because
entially, through the thinner regions. It has been asihese glasses lack a source of charge carriers, such as
sumed that the glass phase present in these thinner 1€ alkali ions. HenceRy will be considered constant
gions is squeezed 2.0 nm thickness, as proposed or having small variations among samples. The YPrand
by Clarke [7]. The consequence of this choice allocate&'® YPrEr samples also have a constant valueRier
to the dielectric constantg, = 30, a value between According to the space charge model of ceramic inter-
the bulk dielectric constant of zirconia and that of thef@ces [9, 16], these two samples should have a depleted
glass film. To take into account the uneven structure/2Cancy concentration in the space charge region, cor-
of the grain boundary, in order to use the brick layer®Sponding to an enrichment of the grain surface with
model approximation, the authors introduced the fracirivalentions, in this case P?ions. This means that the
tional contact area between the grains, which was foungegregation of the Praseodymium must be high, as was
to increase with sintering time. The slightly higher acti- Proven experimentally (see Table IV Part I). It should
vation energies of the specific grain boundary conducPe noted that the segregation coefficient of the?y
tivity can be attributed to the increase of grain boundary{n® majority stabilising ion, is close to 1.0 and, there-
thicknessgp, With the increase in measuring temper- f0re, the build-up of t?_e space charge must have a large
ature. The constancy of the grain boundary relaxatioffontribution of the Prionsin the YPrand YPrEr sam-
time throughout the sintering time suggests constancf!€s- This does not apply to the YY and YEr samples,
of the electrical properties of the grain boundary mateWhere only the low concentration ions like Caare

rial and will be discussed in the next section. segregated. The large increasergp of the YEr 1.0 h
sintered sample is followed by a corresponding jump

in ogsg. The capacitance also increases, although only

to a very small extent=7.0%, Fig. 4. The measured
4.3. Anomalous conductivity behaviour capacitanceC in Fig. 9, is the series association of the
Let us consider the conducting grain boundary as conglass phase capacitan€®y, with the space charge ca-
sisting of a thin glass film squeezed between two cepacitanceCs.. It is assumed thals. is larger tharCy
ramic grains, each grain with its space charge region asecause the dielectric constant of the ceramic grains is
shownin Fig. 9, where “gl” refers to the glass phase filmhigher than that of the glass phase and the thickness of
and “sc”tothe space charge regions. Ifthe space chargtihe glass phase is expected to be larger than the Debye
as well the nature of the glass film, do not change withength of the space charg€s. > Cg. Assuming val-
the sintering time, the relaxation timgy, will be con-  ues for the dielectric constant of the space charge and
stant. This means that the resistance per unit area difie glass phase of 50 and 15, respectively, the Debye
the glass film and that of the space charBg, and length of the space charge can be calculated from the
Rsc, respectively, as well the capacitance per unit areagxperimentally observed 7.0% capacitance variation,
C, remain constant throughout the sintering time. Thisconsidering the following. For sintering times during

()]
A%
Q
[72]
O

6112



and after the conductivity increase, the capacitance ah the depleted region. This possibility cannot be dis-
the space charg€s., and glass filmCy, are given by:  carded in this study, but it seems difficult to explain
the transient behaviour observed, sincé%ibns were
Csc = €08scAi /6sc (11) presentinall the samples and were strongly segregated.
Co— s 12 We propose the following tentative explanation for the
g = £ofgl A /dgl (12) " opserved behaviour of the space charge. As mentioned
earlier, yttrium ions have a segregation coefficient close
to 1.0, that means no segregation, between the glass
®bhase and the zirconia grains. Erbium was not detected
in the grain boundary glass after eight hours of sin-
ring. However, Ef® ions were present in the glass
phase in the first hours of sintering due to the fast rate
of grain growth at that sintering stage. Itis also possible
that excess B ions migrating from the glass phase to
. . . . %he grain bulk, their preferred location, had disturbed
dielectric constantygp, is a combination ofg andesc. g grain surface charge and therefore temporarily in-
Assuming that during the increase in conductivity the e a5e the vacancy concentration in the space charge
Debye length becomes very small, in order to decreasg,qinn gecause Yttrium segregation is close to 1.0 the
the grain boundary resistance, the series capamtancgpace charge build-up will be dominated by the seg-

C, becomes regation behaviour of the other stabilising ions;"€a
and Er3. These two ions have opposite segregation be-
haviours, the C& being strongly segregated, like the

, , ) Prt3ion in the YPr and YPrEr samples. The process of
From the Equations 11 to 13 is possible to calculate thgycorporating Et2 ions stops when the concentration

space charge Debye length, that is found to be 0.25 nny¢ £+3 in the glass phase becomes small, making the
Letus now consider the grain boundary resistance peifect of the Ca? ions dominant. It is emphasised that
unit area, see Fig. 9, during and after the conductivityihe important point in the interpretation of these results
Increase. is the segregation behaviour of most of the stabilising
) s Y+3 jons, i.e. close to 1.0. This imparts instability to
Ryb = £gi 8l (14)  the system that brings the space charge region from the
Rg — o5+ o0 (15) non-conducting to th.e c_:ondgcting state and \(ice versa.
b gv9 sctse Therefore, small variations in the concentration of the
minority ions can produce the anomalous conductiv-

Where Ry, and Ry, are the grain boundary resistance iy, growth observed. This is a transient process that is
per unitareas during and after the conductivity increaseg e the finite amount of E8 ions. Preliminary mea-

respectively,. and ps¢ are the glass film and space g, rements have shown that it lasts around 20 min at
charge specific resistivity, respectively. From Equa-1g10°C.
tions 14 and 15 and from the experimental data, the spe- A similar, though less intense, process occurred in the

cific conductivity of the glass filng and the spa;ce chargeyy samples for a longer period of time. We tentatively
were calculated and found to bg™ = 6.0> 1077 S/Cm  attripyte this behaviour also to a temporary disturbance
andost = 6.7x10~® S/cm. The value farsf compares i the space charge. An excess concenration 6f Y
well with the grain boundary conductivity of very pure jons in the glass phase that wets the grains will increase
boundaries, like the sol-gel samples of Verket8l.[8].  the diffusion of Y*2 ions to the grains. The temporary
This comparison should take into account the values ojhcrease in the Y3 ion concentration may originate in
the grain boundary electrical thickness. Qijf was  the glass phase separation (see Part I).
calculated for a thickness nearly ten times smaller than
in the Verkerket al.[8] work. The glass phase conduc-
tivity, ogi, agrees well with the grain boundary conduc-
tivity found by Gddickmeier [6] for 3Y-TZP with an 5. Conclusions
intergranular glass film. The electrical properties of the grain boundaries of the
The above results, based on the assumption that tHeur studied compositions have been analysed consid-
glass phase thickness and conductivity were constamring the grain boundary to be made of a glass film
during sintering, shows that in fact the specific grainand the space charge inside the solid surface in a series
boundary resistivity of ¥O3 doped high purity zirconia association. Grain boundary relaxation time, directly
is due to the depleted vacancy concentration inside theelated to specific grain boundary resistivity, was used
space charge region. These results could be improvedib study this association. The constant relaxation time
the thickness of the thin glass phase were measured of Prt3 doped samples was interpreted as being due to
order to allow for a better estimate of the space charga stable space charge, in the sense that it keeps the va-
Debye length. In a recent paper Guo [13] discussedancy depleted space charge region stable. For those
the possibility of improving the grain boundary con- samples, therefore, the Debye length and electrical re-
ductivity. This author considered the introduction of sistance of the space charge is constant with sintering
interstitial aluminium trivalent ions in the space chargetime. This behaviour was attributed to the strong seg-
region as a way to increase the vacancy concentratioregation of Pt ion, taking in account that the™? ion

In the above expressiors: andeg are the dielectric

tively, 8sc the Debye length of the space charge agd
the glass film thickness that we have already assum
to be 2.0 nm. The values for the dielectric constagts
andeg were chosen in the following way. Thg was
taken from reference [6]. Thg:now refersto the zirco-
nia grains dielectric constant, while the grain boundar

C=Cy (13)
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has a segregation coefficient close to 1.0. Due to thiss.
Y+3 jon behaviour and the E? ion preference for the 6.
grains, the space charge of the YEr and YY samples

becomes susceptible to diffusion of these ions to the

grains, causing vacancy depletion inthe space charge te.
decrease or be annihilated. This transient effect woulds.
eventually be halted by the smaller concentration ions,

such as the C# ion, that is strongly rejected. One pos-
sible source of extra ¥® ions was attributed to the glass
phase separation inside the grain boundaries. Thus, seg-

9.

regation behaviour and glass phase separation distuth.

the space charge, temporarily decreasing its resistance.
12

13.
14.
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