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Several sintering aids were tested to lower the CaZrO3; ceramic sintering temperature.
Numerous additions are shown to lower the densification temperature and to promote the
dielectric properties with a QF product, an insulating resistivity and a permittivity
enhancement, and a lowering of the temperature coefficient 7,. A combination of dopants
was tested and optimised, resulting in a low temperature sintering ceramic based on
CaZrOs, LiNOs3, SiO, and TiO,. The samples sintered at 1000°C in oxidising or reducing
atmosphere exhibit very attractive properties, with a QF product of nearly 15, ¢ ~ 28, a near
zero 7, and p; ~ 10'2 @ - cm. The sintering mechanisms of this ceramic are also debated.
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1. Introduction

The aim of this study is to decrease the temperature of
sintering of the CaZrO3 material to allow a co-sintering
with base metal electrodes and thus in the short term
to produce base metal electrode-multilayer ceramic ca-
pacitors (BME-MLCC). The dielectric material chosen,
CaZrOs has a relatively high permittivity (25-30), low
losses and a high insulation resistivity.

This objective has two major constraints. The first
is to have to sinter the material at temperatures lower
than those of melting of the base metals (1083°C for
copper and 1450°C for nickel). The second imposes
to work under reducing atmosphere since these base
metals oxidise very easily, losing thus their properties of
good conductivity to become semiconductor. Initially,
we were attached to the first point, the second one being
only treated when a material with a sufficiently low
sintering temperature was found.

The literature is very rich concerning the various
ways of decreasing the sintering temperature. Many au-
thors have noted a beneficial effect of the atmosphere
control (nature of the atmosphere, pressure) during this
stage. Readey & Ritland for instance have shown that
an accurate checking of the atmosphere made it pos-
sible to control the porosity and the size of the pores
[1]. Dominguez and Bigot have highlighted on nano-
metric iron powders that a reducing atmosphere could
shift the temperature of the shrinkage rate’s maximum
to lower temperatures [2]. Conversely, Kutty ef al. have
evidenced on uranium oxides a lowering of 300400 K
of the temperature of the shrinkage rate’s maximum
while changing the atmosphere from a reducing to an
oxidising one [3]. Harada has confirmed this result, ob-
serving a better densification and crystalline growth by
increasing the partial pressure in oxygen [4]. Poirson
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et al. have noted a beneficial effect of the impover-
ishment in oxygen in the atmosphere for the sintering
of the Lag gSrp ,MnQO3 material [5]. This effect was at-
tributed to an induced oxygen non-stoichiometry. More
recently, we have observed that the CaZrO; material
doped with manganese and tungsten could densify more
easily, for an identical sintering temperature, using a
reducing atmosphere [6, 7]. With regard to the present
study, we have excluded this alternative to limit us to
only two sintering atmospheres: first, the air, during a
prospective step where we have exclusively attempted
to decrease the sintering temperature; secondly, the final
atmosphere used in the co-sintering process, a reducing
atmosphere based on an argon/hydrogen mixture.
Another relatively effective means to decrease the
temperature of sintering is to modify the grains size
of the powder. Indeed, one can easily imagine that the
lower the size of the particles is, the more the exchange
surfaces are raised and thus the sintering is enhanced
[8, 9]. Kanters et al. have modelled the compact’s be-
haviour during the sintering while varying the initial
particles size. They have shown, in the case where the
mobility at the grain boundaries was the mechanism that
dominates the growth, that higher densities could be
reached if the initial particles were thinner [10]. Other
simulations carried out by Darcovich et al. have high-
lighted that a broad grain size distribution could en-
hance the sintering [11]. According to their approach,
the finest particles being absorbed by largest, the dis-
tribution is shifted to higher average sizes during the
sintering and is broadened. As Shiau et al. have un-
derlined, the disadvantage when increasing the grain
size is to promote the grains growth and to facilitate the
retention of intragranular pores, whereas a narrower
distribution allows decreasing efficiently the grains
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growth during the intermediate stage of the sintering
to reach nearly 90% of the theoretical density [12]. In
the particular case of a liquid phase sintering, Lumley
and Schaffer have shown that flux particles of bigger
sizes could be beneficial for the sintering if the solubil-
ity of the flux in the basic material was good enough
[13]. Concerning the CaZrOs material, a study within
the framework of a traditional treatment of the prob-
lem via a simple crushing has shown that this solution
was efficient but unfortunately insufficient to decrease
amply the sintering temperature, the grains size being
not sufficiently reduced using this technique [6]. Nev-
ertheless, note that a chemical way of preparation of
this material has led Borglum and Buchanan to a sim-
ilar conclusion concerning the beneficial effect of the
reduction of the grains size [14].

As evoked above, the non-stoichiometry also
promises an unnegligible opportunity to decrease the
sintering temperature. By decreasing for instance the
oxygen partial pressure in the atmosphere, vacancies
can be created in the anion sub-lattice what can in-
crease the mobility of the species in this sub-lattice; on
the other hand, the reduced cations are bigger and their
mobility are diminished; the stake is then to find the best
compromise between these two antagonistic situations.
In certain materials, it can also be interesting to modify
the ratio between the different cations. Thus, for exam-
ple, Kulcsar has observed that an excess of barium oxide
in BaTiOj3 could reduce the crystalline growth, and that
this low grains size contributed to reduce the sintering
temperature [15]. Choi and Kim have confirmed this
result in a more detailed study [16]. Haussonne et al.,
Desgardin et al. and later Tolino and Blum have shown
that a ratio Ba/Ti > 1 was beneficial to the sintering of
BaTiO3 assisted by LiF or BaLiFs3, shifting the initial
stage of the sintering to lower temperature, and increas-
ing the shrinkage rate [17-19]. These two formers have
attributed this effect to the formation of a solid solution
of BaTiO; and BaLiF3, which is partially responsible
for the low sintering temperature. In the same way, An-
derson and Proudian have highlighted in the SrTiO3/LiF
system that a ratio Sr/Ti > 1 was beneficial for the sin-
tering [20] what has been corroborated by Haussonne
et al. [21]. In this case, the non-stoichiometry promotes
for the formers the liquid phase quantity whereas for the
seconds, a mechanism similar to the case of BaTiO3 is
considered. More recently, on the contrary, Kleveland
et al. have observed the effect of the ratio La/Co on
the shrinkage of the LaCoO3 and have shown that an
excess of either La,O3 or CoO could increase the sin-
tering temperature [22]. They have correlated this phe-
nomenon to the higher melting point of the precursor as
compared to the one of the final phase LaCoQ3. Lastly,
related to CaZrOs3, a recent study has highlighted that
a non-stoichiometry in zirconium or in calcium could
shift the temperature of the maximum shrinkage rate to
lower temperature with an optimum value close to 1%
deficit of zirconium. Nevertheless, the most spectacular
result is obtained by introducing the non-stoichiometry
a posteriori by adding an excess of CaCO; to the
stoichiometric phase. In this way, it has been shown
that an addition of 5 mol% could shift the tempera-
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ture of the maximum shrinkage rate to some 350 K
[6].

Nevertheless, the most intensively used and most ef-
fective means to decrease the sintering temperature is
the use of doping agents and/or additions. Thus, lithium
salts have proved their effectiveness to lower the sinter-
ing temperature with materials such as BaTiO3 [17, 19],
SrTiO3 [20, 21], CaZrOs3 [6] or AIN [23]. For the three
formers, the shift in the sintering temperature is around
300400 K while for the last, it reaches approximately
150 K. In the same way, the systems using the boron
derivates are very numerous. For instance, the addition
of B,Oj3 facilitates and accelerates the formation of the
superconducting phase Bi;SryCa;Cus0,, without any
degradation of the properties [24]. Kanai et al. have
also noted a positive effect of B,O3 for sintering of
lead-based perovskites, certainly due to the formation
of an eutectic phase with a low melting point [25]. This
same doping agent combined with ZnO is also very ef-
ficient to decrease the sintering temperature of BaTisOg
shifting it from 1300 to 900°C [26]. Many other exam-
ples concerning the use of boron oxides are available in
the literature [27-30]. Lastly, note that the use of BN
additions has also been evidenced to be of great interest
in the case of (Bag 9,Sr¢ 03)TiO3 ceramics, lowering the
sintering temperature of nearly 100 K [31].

The majority of alkaline earth has also been tested in
order to facilitate the shrinkage of ceramic materials.
As already evoked, the calcium carbonate is an inter-
esting sintering agent in the case of CaZrO3 [6]. In the
same way, strontium and barium oxide excesses have
been shown to be beneficial in the cases of BaTiO3
and SrTiOj [17-21]. The magnesium oxide is quite as
attractive. Refer for instance to the studies of Haitao
et al. who have shown its interest to densify Si3Ny [32]
or those of Mori et al. with the LaCrO3; material [33].
These later have moreover made an interesting com-
parison between the effects of magnesium, calcium and
strontium oxides addition to their material: MgO offers
the best advantages allowing for the same final density
a sintering temperature 100 K lower than the others.

Many oxides with low melting points are also fre-
quently used to decrease the sintering temperature of
ceramics. Their list is interminable and the use of a
specific one depends naturally on the system studied,
then we will only on a purely illustrative basis men-
tion some particular cases. Thus, the vanadium ox-
ide V,0s was used successfully by Huang et al. with
NdAIO; ceramics, shifting the sintering temperature
from 1650°C to nearly 1400°C, while maintaining the
good dielectric properties of this material [34]. Its ef-
fect on the shrinkage is not always such satisfactory and
in the case of (ZrggSng2)TiO4, Huang er al. showed
that the density decreased with the amount of V,Os5
added [35]. Nevertheless, these authors have also shown
that this system answered in a satisfactory way to cop-
per or bismuth oxides additions reducing the sintering
temperature from 1400 to 1300°C. Wang et al. have
lowered the sintering temperature of the ferrite mate-
rial (Nig.38Cug, 12Zng 5)Fe;O4 from 1250 to 1000°C by
adding a mixture of glass made of PbO and SiO; or
B,03 mostly composed of PbO [36].



Rezlescu et al. have successfully lowered Nig g
Zng ¢4Fe, 04 ferrite powders sintering temperature us-
ing PbO [37]. MnO; is also an interesting particular
case since it can also be used to protect the materi-
als under reductive atmosphere [38—43]. It has been
observed that manganese oxide could promote the den-
sification of SnO-based ceramic [44] and SnO,-based
ceramic [45].

Lastly, and to finish with this non-exhaustive list,
we can still evoke the derivatives of silicon which are
abundantly used either as doping agents, or for their
ease to form liquid phases with low melting points
[46, 47].

Of course, all these various agents, though a number
of them can be used alone, are very often combined to
cumulate their various effects or to form new phases
likely to enhance the sintering. We can mention for in-
stance the BaLiF; phase, well-known in forming a solid
solution with BaTiO3 [18] or the numerous eutectic
phases with low melting points such as those resulting
from the PbO-WO3 system [48] or those resulting from
the systems CaF,-LiF, SrF,-LiF, PbF;-LiF [49-51].

The results reported in this paper are divided into two
main parts: a first one describing the results obtained
through a large prospective study implying the most
frequently used sintering aids; the second one concerns
exclusively the most efficient sintering aid found, which
allows the sintering of CaZrO3 bellow the copper melt-
ing point and moreover maintains the good properties
of this dielectric material.

2. Experimental procedures

First, a stoichiometric CaZrO3 phase was prepared us-
ing grade reagents (CERAC) CaCO3 (99.95% purity)
and ZrO; (99.95% purity). These two powders were
wet-ball-milled in ethanol during 2 h in a Teflon recip-
ient with zircon balls. The mixture was dried under in-
frared lamps and manually de-agglomerated in an agate
mortar. This mixture was calcined in a tubular furnace
(PIROX) at 1000°C during a 2 h dwell using a 150°/h
heating/cooling rate.

All the additions were carried out using either car-
bonates, oxides or nitrates as will be specified in the
results and discussion part. For the sintering aids used
in the first part, the addition was systematically 5 mol%,
the reference for one mole being CaZrO3; and the per-
centage referring to the cation (for instance, the addition
was 5 mol% for SiO, and 2.5 mol% for Bi,O3). The
powders (i.e., the CaZrO3 phase and the sintering aid)
were wet-ball-milled in ethanol during 30 min. using
an agate mortar with agate balls. The mixture was dried
under infrared lamps and manually de-agglomerated in
an agate mortar. An organic binder was added to the
powder, which was then uniaxially pressed into green
discs. 6.36 mm (diameter) discs for dilatometric mea-
surements were pressed under a load of 2100 kg and
8.06 mm (diameter) discs for sintering were pressed
under a load of 3880 kg.

In order to investigate the influence of these additions
on the resulting phase, all of the synthesised powders
and discs were analysed by X-Ray diffraction either

with a Guinier’s camera (ENRAF NONIUS FR590),
with a SEIFERT diffractometer (Copper’s K,, radia-
tion) or a INEL X-ray generator equipped with a Huber
four-circle goniometer and a position sensitive detec-
tor covering an angle of 120° (INEL CPS-120) with a
spatial resolution of 0.03°.

Dilatometric measurements were carried out in static
air using a SETARAM TMAO9?2 dilatometer. For all the
measurements, the temperature ramp was heated and
cooled at 2°/min with a dwell at 1350°C for one hour.
A slight charge of 1 g was applied to allow the mea-
surements.

The co-fired sample was prepared using two 8.06
mm discs (around 1 mm thickness). One face of each
was painted with a mix of copper powder and organic
linker. The painted faces were placed facing each other
and the two discs were pressed together under a charge
of 3880 kg. Using base metal as inner electrode, the
atmosphere of sintering was a 10%H,/90% Ar mixture
to avoid the metal reduction. The sintering tempera-
ture was 1000°C and a dwell duration of 6 hours was
imposed. the heating rate was 2.5 K/min.

The polished samples were observed under a po-
larised optical microscope (Olympus BH2-HLSH) or,
after gold-sputtering, using a scanning electron micro-
scope (Philips XL30 FEG SEM).

Phase composition analysis was determined using an
energy dispersive spectrometer coupled with the SEM
(EDS—Oxford Link ISIS).

Electrical measurements were realized on shaped
discs painted on both faces with an In-Ga eutectic
paste and dried in an oven at 120°C. Insulating resis-
tance measurements were obtained using a SEFELEC
DMS500A megohmmeter and the dielectric characteris-
tics (&, tg(8)) were acquired at | MHz with a FLUCKE
6306 LCR meter. The high frequency characteristics
were measured through a cavity method.

3. Results and discussion
3.1. The effect of standard sintering
aids addition

As already introduced, a large range of sintering aids
has been tested. For this prospective phase, they were al-
ternatively tested through dilatometric measurements,
then they were sintered; their dielectric properties were
measured and the samples were analysed using X-ray
diffraction and observed using the SEM. All the tested
sintering aids are shown in Fig. 1. The effect of lithium
salts has already been published [6, 7] and will not be
further discussed in this part. The alkali-earths have
been retained for their efficiency as sintering aid [6,
17-21, 32, 33] as well as, dealing with the barium and
strontium ions, for their ability to form a solid solu-
tion with CaZrO3 and enhance the dielectric properties
[52-54]; the magnesium oxide has been observed to
not enter the CaZrOj structure [55]. The ions from the
same column as the zirconium in the periodic table have
been chosen for the same reasons. The ions from the
same column as the vanadium in the periodic table have
been tested for two reasons: a first evident one is the low
melting point of the vanadium oxide (670-685°C [56]);
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Figure I Tested allows to try to improve the sintering behaviour of CaZrO3 ceramics; the legend is given in the lower-right box.

the second one is their small radius size in the six-fold
coordination [56] which could facilitate their insertion
in the CaZrOj structure and enhance the mobility in the
cationic sub-lattice (Y'Zr** = 0.72 A). A similar con-
sideration was made for choosing the chromium oxide
and the cations of the same column, since MoO3 melts
atnearly 800°C and the ion radius in the six-fold coordi-
nation are 0.615, 0.41, 0.42 for respectively Cr, Mo and
W [56]. The boron oxide was evidently tested because
of its low melting point (450°C [56]). The aluminium
oxide was chosen for two reasons: the first one is due to
an experimental observation, which has shown that our
material was reacting with the Al,O3 made-of recipient,
through the formation of a liquid-like phase; the second
one is that the radius of the aluminium cation is 0.535
in the six-fold coordination [56] which can promote its
mobility in the cationic sub-lattice. The thallium, lead
and bismuth oxides were chosen for their ability to melt
at low temperature: respectively 579, 866 and 817°C for
T1,0, PbO and Bi,03 [56]. Tin oxide has a high melt-
ing point (1625°C [56]) and Sn an ionic radius in the
same order as the Zr one (0.69 A), nevertheless, it has
been shown that the BaTisOg ceramic sintering tem-
perature could be lowered using this agent [57]. SiO,
has been chosen for the low melting point of its amor-
phous phase. Finally, a few rare earths were also stud-
ied: Badenes et al. have observed that a praseodymium
doping was beneficial since Pr could enter the CaO-ZrO
solid solution and could improve the ceramic densifica-
tion [58]. Arbitrarily, it was decided to observe the be-
haviour of the praseodymium neighbouring ions in the
periodic table, i.e., cerium and neodymium. The result-
ing behaviour depends of course of the doping agent.
Classically, the observations follow this scheme: (i) if
the addition is able to melt, the densification can be
enhanced by a liquid phase sintering; (ii) if the added
specie reacts with the base-material, it can lead either
to the formation of a liquid phase and this case is the
same as the upper-mentioned one, (iii) or the new phase
can eventually promote the diffusion; (iv) the addition
can simply enhance the diffusion; (v) finally, nothing
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can happen. Note that for convenience, all the tested
additions will be referred with the name of the cation
in the following (for instance, Ba addition for BaCO3
addition, Pr addition for PrgOq; addition, ... ).

The dilatometric measurements for the alkali earths
are shown in Fig. 2. Only the densification rate (cal-
culated from the shrinkage data assuming an isotropic
densification) is plotted, since it offers a better mean to
compare the results (the temperatures written near the
curves are the one for which the shrinkage is almost
finished). The result for a CaCOs3 addition (5 mol%)
from reference 6 is also given for comparison. Except
for MgO (which does not present any twelve-fold coor-
dination) it is evidenced that the smaller the ionic radius
is (respectively 1.34, 1.44, 1.61 A for Ca, Sr, Ba in the
twelve-fold coordination [56]), the lower the temper-
ature to achieve the shrinkage rate maximum (SRM)
is. In the same way, the SRM decreases with the ionic
radius. Concerning the sintering temperature (7s), i.e.,
the temperature that coincides with the almost ended
shrinkage, it is noticeable that these three additions al-
low its decrease. The case of CaCOs3 addition, which
is the most favourable, has already been debated [6].
Since no liquid phase formation is expected for such
low temperatures, these behaviours may be interpreted
as a diffusion enhancement. It could arise from the for-
mation of a solid solution (CaX)ZrO3,, (X =Ca, Sr
or Ba) as suggested in [6]. In such a solid solution,
the induced vacancies should enhance the mobility in
both the cationic and anionic sub-lattice. As evoked just
above, the behaviour with an Mg addition follows a dif-
ferent trend. All the parameters (SRM, Tsgm, Ts) are
improved but the changes are very slight. As already
said, the Mg ion is not able to adopt a twelve-fold coor-
dination (except using hard conditions, as it is the case
for the perovskite MgSiO3 in the earth mantle [59]).
Nevertheless, it is well known that it can easily enter
six-fold sites as it is the case in the mixed perovskites
Ba(Mgy/3Tay/3)05 [60, 61], Ba(Mg;,3Nby/3)03 [61]
and Sr(Mg; 3Tay/3)O3 [62], or in the illmenite MgTiO3
[63]. Its six-fold coordination ionic radius is 0.72 A,
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which is the same that the zirconium one in this neigh-
bourhood. This could explain why its behaviour is so
far from those of the other alkali earths. Anyway, as can
be seen in Fig. 3, its behaviour is more similar to the
one of the zirconium [6] and co-allows. Except for the
Hf doping, the dilatometric results show that Tsry is
slightly decreased for all these doping (Zr, Ti and Mg)
with the best result obtained, concerning the atoms of
the zirconium column in the periodic table, with the
zirconium oxide (Tsgm ~1400°C); Mg doping leads to
a better improvement with Tsgm ~1370°C. It can also
be noted that the SRM is maximum with a Zr doping,
slightly decreases with the Ti doping and is vanish-
ing with the Hf doping resulting in a behaviour almost
similar to the one of the pure CaZrO3; material. In all
theses cases, Ts is upper than 1450°C. This behaviour
of slight improvement in the case of a B site doping (in
the perovskite ABO3) suggests a low mobility of the
species in this site, which is a well-known purpose in
these structures. The fact that the Tsgry with an Mg dop-

ing is somewhat better may be due to the lattice defects
induced in the anionic sub-lattice, since its entering in
the lattice should imply the release of an oxygen ion
(ZrO,/MgQ)), allowing an extended mobility in the an-
ionic sub-lattice. This reduction is also to some extent
to decrease the strain in the lattice and could also allow
a diminution of the activation energy for the diffusion
of the Mg doping. Note that another interpretation very
close to the previous one is simply to consider the for-
mation of a non-stoichiometric phase where the A site
of the perovskite and the anionic site would be defi-
cient. In the case, the diffusion through these deficient
sites would be obviously increased. The fact that the
improvement is weak could result from a very sharp
domain for the solid solution as evoked in [6]. The
densification rates for the vanadium, niobium and tan-
talum oxides doping are plotted in Fig. 4. The most
surprising effect is the one obtained using the vana-
dium oxide; it was chosen for its low melting point that
could make the sintering begins at lower temperature.
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Here, it hardly begins at around 800°C, which seems to
show that there were no or few liquid phase, is maxi-
mum at 1360°C and ends at roughly 1450°C. Tsry for
Nb and Ta are respectively 1300 and 1400°C, Ts be-
ing higher than 1450°C. These three additions present
a SRM higher than the one of the CaZrOz material
(~x%3). As in the case of the zirconium, the improve-
ment is very slight, nevertheless, for these three doping,
the sintering starts earlier. The interpretation could be as
in the previous case that the entrance of these atoms in
the B site of the perovskite induces a non-stoichiometry
in the A site and to a lower extent in oxygen, enhanc-
ing the diffusion through both the A site diffusion path
and the anionic sub-lattice: CaZrOsz + 2.5%X,05; —
Ca(ZrX.05)03.125 = Cag.952(Zr0.952X0.048)02.976. The
main difference between the previous case and this
one stands in the valence of the doping element: +4
for Ti, Zr, Hf and +5 for V, Nb and Ta. Following
the scheme of the deficient A site and anionic sub-
lattice, it results in a less deficient anionic sub-lattice
in the second case. Nevertheless, no evidence for this
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purpose has been found. The densification rates for
the chromium, molybdenum and tungsten oxides dop-
ing are presented in Fig. 5. Here again, no meting
is clearly evidenced, although MoO3; melts at 800°C.
These three dopants allow a sintering beginning at
around 900°C and the densification continues up to
temperature higher than 1450°C, the worst case be-
ing with the chromium doping for which the end of the
shrinkage is not visible through this experiment. Note
that this last ion is the one having the highest radius
in the six-fold coordination (the lowest radius being
for the Mo ion), which could partially explain the poor
results obtained. Note moreover than considering the
entrance of the dopant in the CaZrO; structure, this
would lead to Cag 952(Zrg.952X0.048)O3, that is to say a
non-deficient anionic sub-lattice. This last point could
explain the very slight (W, Mo) or non-existent (Cr)
improvement of the sintering behaviour. The densifica-
tion rates for the materials with a B,O3, SiO, or Al,O3
doping are shown in Fig. 6. The SiO, contribution to
the enhancement of the densification is very slight and
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Figure 6 Densification rates curves in the case of a doping with Al,03, SiO,, and B,O3 (The estimated ending shrinkage temperature is written near

the alloy).

the shrinkage is almost ended at 1500°C. With Al,O3
doping, Tsgm = 1270°C and Ts~ 1400°C. In both
cases, the SRM is barely twice the one of CaZrOs. The
behaviour of the Al,Os3-doped material might be re-
lated to the formation of the liquid-like phase already
evoked. No phase diagram between CaZrOs; and Al,O3
has been found that could account for the formation of
this liquid phase. Fischer et al. have established that
the eutectic temperature is 1910 £ 20°C [64], which
is obviously too high to account for our observation.
Nevertheless, Chaterjee et al. have reported a eutectic
temperature in the CaO-Al, O3 system of about 1390°C
[65]. This temperature, although too high to explain the
SRM could be correlated to the incident observed on
the densification rate curve. The result obtained with
B, 03 is the most interesting, with Ts ~ 1200°C. It ex-
hibits a two steps behaviour with Tsgy ~ 1070°C and
Tsrmz ~ 1280°C. The results for the thallium, lead and
bismuth oxides are presented in Fig. 7. On this fig-
ure is although plotted the result for SnO,. Although
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the three formers have low melting points, no evi-
dence for a liquid phase sintering can be deduced from
the curves. None of these three aids display any pos-
itive (nor negative) effect and will not further be dis-
cussed. The SnO,-doped material exhibits a three steps
behaviour with TSRMl = 13600(:, TSRMZ = 1400°C and
Tsrm3 = 1455°C. It can also be noted that a dilatation is
also observed on the densification rate curve and cen-
tred at around 1260°C. We were not able at this stage
to find any explanation for these behaviours. Finally,
the last case tested is the doping with rare earths. Their
densification rate curves are plotted on Fig. 8. These
dopants are supposed to enter either the A site or the
B site of the perovskite (or both) structure since they
can have either a six- [66, 67] or twelve-fold coordina-
tion [67]. Their Tsgy are 1325°C for CeO,, 1280 and
1380°C for PrgOq; that exhibits a two steps behaviour,
and finally, 1350°C for Nd,Os. All these materials have
a Tg > 1450°C and no obvious particular trend seems
to be evidenced from this analysis.
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Figure 7 Densification rates curves in the case of a doping with Tl,03, PbO, Bi; O3 and SnO; (The estimated ending shrinkage temperature is written

near the alloy).
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Finally, this first prospective stage can be sum-
marised in this way: (i) none of the addition normally
able to melt at low temperature has formed any appar-
ent liquid phase; (ii) the most efficient additions are the
twelve fold coordinated alkali earths and B,0Os3; (iii)
the firing temperature seems highly dependent on the
oxidation state of the B site ion, the SRM being gen-
erally reduced with its increase (see columns IVA, VA
and VIA in Fig. 1; the stable oxidation state of the
chromium ion is +3).

Although these additions did not allow sufficiently
reducing the sintering temperature, all the doped-
materials were sintered in order to characterise their
dielectric properties. They were fired at 1400°C dur-
ing 12 h except the B,O3-doped sample that was fired
at 1200°C. The final relative density and the proper-
ties are summarised in Fig. 9. Note that not all the
QF values could be measured due to the bad shapes of

several samples inadapted to the measurement by the
cavity method. Unsurprisingly, the less densified sam-
ples correspond to ones that have the highest Tsry.
Nevertheless, the minimum density obtained is nearly
85% of the theoretical one for the Cr,O3-doped mate-
rial. A representative microstructure of the alkili earths-
doped samples is in Fig. 10 except for the MgO-doped
as illustrated in Fig. 11. For the three formers (Ca, Sr
and Ba-doped materials) the grain size is comprised
between 0.5 and 2 um, whereas the Mg-doped sample
exhibits a great coarsening of the grains that reach sizes
greater than 40 um. The samples doped with alloys
containing element of the zirconium column are well
represented by the microstructure presented in Fig. 12
with grains sizes comprised between 1 and 3 um. These
seven samples did not show any secondary phase nei-
ther using X-ray diffraction, nor EDS. Besides, the EDS
results account for an homogeneous repartition of the
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34 24
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Figure 9 Relative density and dielectric results; the legend is given in the lower-right box (The grey box indicates a sintering at 1200°C).
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Figure 12 Microstructure of a TiO2-doped sample.

doping elements in the material and for the entrance of
the alkali earths in the A site of the perovskite and of
the Ti, Zr and Hf ions in the B site. In the same way,
the repartition of Nb and Ta seems to be homogeneous

-
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100 pm

and no secondary phase was here again observable. On
the other hand, the vanadium oxide has a different be-
haviour with the formation at the interface of the grains
of a phase apparently composed of CaVO3 [68] identi-
fied using the EDS (Fig. 13); nevertheless, such a phase
could not be detected through X-ray diffraction. It is
also noticeable that ZrO, particles are observable. An
interpretation could be that the zirconium could have
a poor miscibility in the vanadium oxide liquid or that
the calcium could have a great one; thus on the vana-
dium oxide melting, the ion the most able to diffuse in
the flux should be the calcium that leaves the CaZrOs3
matrix; on cooling, there should remain CaZrO3, ZrO,
because of the departure of the calcium and CaVOj3 be-
cause of the affinity of Ca with the vanadium oxide.
Since the mobility of one of the ions should be reduced
and the other one enhanced, the behaviour during the
sintering should be mixed: on one hand the temperature
of the beginning of the sintering should be lower than
the one expected for CaZrOs; on the other hand, the
end of sintering should be merely constant or slightly
shifted depending on the advance in the densification.
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Figure 14 Microstructure of a MoO3-doped sample. The insets are the cartographic EDS analysis.

This interpretation seems to be roughly in agreement
with the result plotted in Fig. 4, with a shrinkage be-
ginning slowly at around 800°C (T,,[V20s] = 670°C),
a soft slope in rate up to the SRM and a end of the den-
sification at around 1450°C. Of course, further experi-
ments are necessary to confirm or invalidate this inter-
pretation. The microstructure accounts for a similar be-
haviour with MoOj3 (Fig. 14). The secondary phase has
a composition compatible with CaMoQj, [69] although
X-ray diffraction could not evidence its formation. Con-
trary to the case of V,0s-doped material, this phase is
not homogeneously distributed and is grouped in heaps
in the material. No other phase than CaZrO3 and the
assumed CaMoQ, has been evidenced. The CaZrO;
particles size is around 2 pm. If the densification rate
curve plotted in Fig. 5 is examined again, an interpre-
tation almost similar to the one exposed for V,0s can
be submitted. The W- and Cr-doped materials present
the same microstructure with fine grains (<1 um) and a
good apparent density, confirmed the measured ones. A
secondary phase is detected in the case of the W-doped
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material; this phase observed only using the EDS is
compatible with the CaWQO,4 composition [69]. Never-
theless, this phase is extremely in the minority. Con-
cerning the rare earths doping, the samples containing
either praseodymium or neodymium display a homo-
geneous composition and the EDS results show that the
doping ion enters the A site of the perovskite. The be-
haviour with the cerium oxide is somewhat different
with the formation of a secondary phase of compo-
sition determined through EDS as Cay 1371 27Ce 60;.
This phase could not be detected through X-ray diffrac-
tion. Nevertheless, such a phase exists in the CaO-ZrO;
system with the composition Cag 134710 36601.866 [70],
which is in very good agreement with the upper found
composition if it is admitted that the cerium ion re-
places a part of the zirconium. Of course, as already
evoked, such a hypothesis could not be validated since
this phase does not appear on the X-ray patterns. Con-
cerning the lead and neighbouring ions doping, the re-
sults are dispersed. The thallium oxide seems to not or
fewly participate to the sintering since the particles of
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Figure 16 Microstructure of a Bi;O3-doped sample.

T1,03 are clearly observable using the SEM and that
no other traces of Tl can be found in the sample, nei-
ther in the CaZrO3 grains nor at the grain boundaries.
Using the tin or lead oxides, the result is quite similar
(Fig. 15) with well-densified ceramics; the grain size is
respectively 3—5 um and 0.75-2 pm. Using the bismuth
oxide, the ceramic is also well-densified and the grains
have grown to reach nearly 20 um (Fig. 16). In these
four cases, the dopant seems to be homogeneously dis-
tributed in the ceramic. Using SiO;, the material con-
tains 2 phases: CaZrOj3 in the majority and CaSiO;
distributed homogeneously in the ceramic. The use of
Al,O3 makes the material become biphasic (Fig. 17),
with smaller grains composed of CaZrsOg [71] and
larger ones composed of CaZrOs;. The repartition of
the minority phase (CaZr4Oy) is not homogeneous and
concentrates in the bulk of the sample. The results
with B,O3 were encouraging since it was sintered at
1200°C and displayed a high density. Unwisely, addi-
tional tests have shown that increasing the amount of

20 pum

Figure 17 Microstructure of a Al,Oz-doped sample.
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Figure 18 Dilatometric measurements of LiNO3-Si0,-CaCO3-doped CaZrO3; materials.

Figure 19 Microstructure of a CZ-LSC sample.

B,03 was not efficient to reduce significantly more the
sintering temperature.

The permittivity at round temperature for all the
tested compositions has an average value of 27.5, the

larger decrease being with the SnO;, and Bi,O3; dop-
ing (17.1 and 20.5) and the larger increase with SiO;
and TiO, (33.6 and 33.4). Unfortunately, no particu-
lar trend can be evidenced from these measurements
concerning the effect of the different dopants. All the
temperature coefficients (z.) are less than 100 ppm/K
except those of the Cr,O3 and MoO3; doped materials.
Note that only four are found negatives: —1, —95, —8
and —3 for respectively the MgO, TiO,, PrsO;; and
Nd, O3 doped materials. The insulating resistivities are
generally more than 10'* Q-cm except with additions
of bismuth, silicon, vanadium and the elements in col-
umn VIA in the periodic table (the values reported with
pi < 10'° Q.cm have a poor accuracy). All the high fre-
quency Q factors were measured at round temperature
and among all the tested samples, the WO3 and SrO-
doped samples display the most important QF prod-
uct with respectively 47.4 and 42 THz; nevertheless,
numerous other elements allow values greater than 30
THz (Ca, Cr, Ce, Nd, Al, TI, Bi). It would have been
of great interest, in order to still improve this value, to

B CZ-LSC (airsintered)
30 ® CZ-LSC (Ar/H_sintered)
2
) A CZ-LSTC (air sintered)
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Figure 20 Evolution of the permittivity of the CZ-LS(T)C samples sintered in oxidising or reducing atmosphere.
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30 um

Figure 21 Microstructure of CZ-LSC water-quenched-samples (a:
650°C; b: 750°C; c: 950°C; d: 1000°C; e: 1100°C; f: 1200°C).

modify the doping rate and to try to substitute the A or
B site of the perovskite rather than to simply add these
elements to the stoichiometric phase, nevertheless it is
not the aim of this article and this study is sill opened.
Finally, note that B,O3-doped sample, i.e., the only one
sintered at 1200°C, exhibits attractive properties with
& = 31.4 and dielectric losses less than 0.1% at 1 MHz,
an insulating resistivity of 10'3 Q-cm, a temperature
coefficient of 24 ppm/K and a QF product at 15.9 GHz
equal to 34 THz.

Owing to the main aim of this paper, this first part
can be summarised in a very few words, remembering
that none of the sintering aids was efficient enough to
consent to a sintering bellow the copper melting point.
Nevertheless, all of these doping agents are sufficient to
permit a co-sintering with nickel electrodes. Moreover,
it has been shown that the permittivity can be slightly
enhanced using certain dopant such as TiO; or SiO,.
These numerous prospective tests applied to CaZrO;
also offer an important range of doping agents able to
allow a fine control of the temperature coefficient .

3.2. A sintering aid addition for low firing
temperature

This second part is dedicated to the low temperature
sintering of the CaZrOs3-based material and to its char-
acterisation. Based upon the above results and those
reported in [6], a test combining several alloys was car-
ried out, the objective being to both reduce the sintering
temperature and naturally to maintain the good dielec-
tric properties of the material. Four dopants were kept:
LiNO3, CaCOs3, amorphous SiO; and TiO;. LiNO3; was
chosen since it has proved to be efficient to reduce effi-
ciently the sintering temperature. The idea was the same
concerning the use of CaCO3. Si0O, was chosen for two
reasons. First, it is well known in SiO;, glasses that
the lithium can promote a low melting temperature and
can lower the viscosity of the liquid phase; both these
effects could enhance the densification. Secondly, an
excess of Ca’" is introduced and this ion was assumed
to enter the CaZrOs structure; consequently, the choice
was made to add an ion, Si**, that could compensate
for the induced non-stoichiometry. This last point has
also motivated the tests carried out using the TiO, dop-
ing. Finally, note that these two valence IV cations also
offer advantages in terms of dielectric properties: the
doped-samples present the two highest permittivities
(Fig. 9) among all the compositions reported in the first
part and the Ti- and Si-doped samples display opposite
temperature coefficients, which can be used to adjust
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Figure 22 Evolution of the X-ray patterns as a function of the quench temperatures. From bottom to top: 650, 750, 800, 850, 900, 950, 1000, 1050,
1080, 1100, 1150, 1200°C. The inset shows the lattice parameters evolution as a function of the quench temperatures.
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TABLE I Additions to CaZrOs for the experiments plan

L C S LC LS CS LCS Av. %d mg/mi Tumsr

-1 -1 -1 1 1 1 -1
-1 -1 1 1 -1 -1 1
-1 1 -1 -1 1 -1 1
—1 1 1 -1 -1 1 -1
1 -1 -1 -1 -1 1 1
1 -1 1 -1 1 -1 -1
1 1 -1 1 -1 -1 -1
1 1 1 1 1 1 1

80% 96% 1500
89% 96% 1290
81% 96% 1400
89% 95% 1345
76% 93% 1300
91% 95% 1050
74%  94% 1240
90% 93% 1192

— o e e

TABLE II Results of the experiments plan (%d in percent, m¢/m; in
percent and Tsry in °C)

L C S LC LS CS LCS Aw.

Yod -09 -03 6.0 —-03 1.9 00 0.1 837
mg/m; —10 —04 0.1 -0.1 0.1 —-04 —-02 947
Tmsk  —94.1 4.7 =704 159 —4.1 446 59 1290

the one of this multi-alloys-doped material. In a first
step, only the LiNO3, CaCOj3 and SiO, dopant were
used. This system was analysed using simply a 2° ex-
periments plan (3 parameters and 2 levels used for each
parameter) [72, 73]. The levels for the doping agents
are (—1) when a specified dopant is not used and (41)
when it is used. When they were used, the amounts of
dopant were respectively 5 mol%, 2.5 mol% and 2.5
mol% for LiNO3, CaCOj3 and SiO,. These 3 parame-
ters were simultaneously studied through dilatometric
measurements. Table I summarises the different addi-
tions to CaZrOs3 and the results of the experiments plan
are given in Table II. The uncertainty on the relative
density being around 2%, the only significant effects
can be attributed to the presence of SiO; and eventu-
ally to the combined action of SiO, and LiNOj3, which
improve the density (after a thermal cycle that reaches
1400°C for the dilatometric measurements). The mass
losses are due to the departure of the NO, of LiNO3 and
CO,, of the calcium carbonate. The most interesting pa-
rameter concerns the evolution of Tsgym and owing to
this simple analysis, some results emerges: (i) the ben-
eficial effect of LiNOj is confirmed and it is the most
interesting in terms of sintering temperature decrease;
(i) the SiO,-doping displays an as attractive behaviour;
(ii1) the Ca 4+ Si combination seems to be deleterious
for the reducing of the sintering temperature; this could
be interpreted in terms of secondary phase formation
(CaSiOs3), which prohibits the silicon oxide from par-
ticipating to the sintering temperature decrease; (iv) the
Ca 4+ Li combination seems to be slightly detrimental,
nevertheless, no explanation is given for this. Addi-
tional tests were carried out to optimise the composi-
tion. Based on the assumption that the SiO;, addition
needed to be compensated (if it enters the perovskite
structure), the CaCO3 addition was kept. Few trials
made by increasing the LiNO3; content and/or dimin-
ishing the CaCOs3 one (and consequently the SiO, one
too) are represented in Fig. 18. The best result emerging
from the experiments plan is also plotted as a compari-
son (CaZrOs + 5 mol% LiNO3 + 2.5 mol% amorphous
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Si0;). It is shown that simply doubling all the dopants
amounts (CaZrO3 + 10 mol% LiNO3 + 5 mol% amor-
phous SiO; + 5 mol% CaCOs) is not sufficient to re-
duce the sintering temperature, but if, in addition, the
amounts of CaCO;3; and SiO, are decreased (3 mol%),
the Tsgryv is reduced by nearly 100 K. Note that the use
of quartz instead of amorphous SiO; shifts the sintering
temperature to higher temperature by nearly 130 K. In
the same plot (Fig. 18), the dilatometric results for two
samples with this last composition (CaZrO3; 4+ 10 mol%
LiNO3 + 3 mol% amorphous SiO; + 3 mol% CaCO3)
sintered at 1000°C and 1500°C are displayed. It is evi-
denced that a sintering at 1000°C is sufficient to obtain
an almost full densification. Adding the titanium oxide
(CaZrO3 4+ 10 mol% LiNO3 + 2.5 mol% amorphous
Si0; + 2.5 mol% TiO, + 5 mol% CaCO3), the densi-
fication temperature is shifted to higher temperature by
about 50 K. This two composition will be referred in
the following as CZ-LSC for the first one and CZ-LSTC
for the second one. Samples with these compositions
were sintered at 1000°C for 6 h with a heating and cool-
ing ramp of 150 K/h. The densities reached are 4.3 for
the CZ-LSC samples and 4.2 for the CZ-LSTC sam-
ples, whatever the atmosphere (the density of CaZrO3
is 4.62). The microstructure of the air sintered CZ-LSC
sample is shown in Fig. 19. This microstructure of a
polished surface is representative of the one of all the
four samples (CZ-LSC and CZ-LSCT in air or in reduc-
ing atmosphere). Their dielectric properties measured
at 1 MHz are shown on Fig. 20. Both these compo-
sitions exhibit very attractive properties both using an
oxidising or reducing atmosphere. In the case of CZ-
LSC, the use of a reducing atmosphere decreases the
permittivity (from 28.4 to 26.2 at round temperature)
and the temperature coefficient . is roughly maintained
(from 26 to 31 ppm/K). Conversely, in the case of CZ-
LSTC, the reducing atmosphere contributes to an in-
crease of the permittivity from 26.2 to 28.9 and the
temperature coefficient changes in sign from —12 to 43
ppm/K. Note in this last case that the negative temper-
ature coefficient for the samples sintered in air is in
agreement with the observed value for the TiO,-doped
sample discussed in the first part (Fig. 9). It is thought
that a rigorous control of the atmosphere could allow
to maintain 7, near zero. The dielectric losses were too
low (<10 x 10~*) to be measured at 1 MHz. These com-
positions were also made into pellets to measure their
dielectric properties at high frequency using the cav-
ity method. The QF products (in THz) are respectively
16.3 (air) and 13.5 (Ar/H,) for the CZ-LSC sample
and 14 (air) and 15.2 (Ar/H;) for the CZ-LSTC sam-
ple. The permittivities are respectively 27.6 (air) and
27.9 (Ar/Hy) for the CZ-LSC sample and 28 (air) and
27.8 (Ar/H,) for the CZ-LSTC sample. These high fre-
quency measurements evidence a small evolution of the
dielectric properties versus the atmosphere used during
the sintering. Whereas the change of atmosphere from
an oxidising one to a reducing one slightly enhances the
QF of the CZ-LSTC sample, it diminishes the QF of the
CZ-LSC sample. This behaviour suggests an unnegli-
gible positive contribution of the titanium. This result
was surprising since this ion was thought to be partially



reduced from Ti** to Ti** during the sintering under
reducing atmosphere, promoting the formation of addi-
tional charge carriers. No satisfying interpretation has
yet been found to explain this unexpected behaviour.
The insulating resistivities are all around 10'? Q.cm
and owing to the uncertainty on this measurement, no
comparison can be made between the different samples.
A sample with the CZ-LSC composition was heated
and water-quenched at several temperatures (where the
densification rate in non-zero, from 650 to 1200°C with
a 50°C step) in order to observe the different stages of
its densification. Some microstructures are presented
in Fig. 21. The first one (Fig. 21a) represents the mi-
crostructure at the beginning of the sintering at 650°C.
The particles are small (< 150 nm) and dispersed; the
porosity is very large. In Fig. 21b, one can see the parti-
cles coming closer and more or less weak necks forming
between them. Fig. 21c shows the microstructure of a
sample quenched at 950°C = Tggy; the microstruc-
ture appears as heaps of joined particles; the necks are
already well defined and some bigger particles begin
to absorb the smallest ones. The next microstructure
(Fig. 21d) represents the one of a sample quenched at
1000°C; the particles size is comprised between 100
and 250 nm evidencing the growth of the grains and
revealing structures characteristic of the intermediate
stage of the sintering with evident dihedral angles at
the boundary intersection and a continuous pore phase
[74,75]. Fig. 21e represents the 1100°C quenched sam-
ple; the grains have a polyhedral shape and their size is
greater than 400 nm; no porous channels are visible and
there remains only closed porosity. Finally, Fig. 21frep-
resents the 1200°C quenched sample; the particle size
is comprised between 600 nm and 1.5 pum; there are
still remaining closed pores homogeneously dispersed
in the microstructure. None of these microstructures
evidence any liquid phase formation and neither do the
EDS support this idea (no additional phase between
the grains or at the grain surface). Nevertheless, the
amount of added flux is sufficiently low to hardly ap-
pear on the microstructure; moreover, the lithium ion
is not visible through our EDS analysis (Be window).
Finally, all these quenched samples were analysed by
X-ray diffraction. The results are plotted in Fig. 22. All
these patterns were fitted using the software MAUD
(Material Analysis Using Diffraction written by Luca
Lutterotti). First, note the presence of the small peak at
26 = 29.37° which belongs to the CaCO3 phase. This
peak remains until 950°C and has entirely disappeared
at 1000°C. The most surprising feature concerns the
CaZrOj; phase with an evolution of the cell parameters
as a function of the temperature. This behaviour is plot-
ted in the inset in Fig. 22 and lines are also drawn on
the patterns as guides for the eyes. The most spectacular
effect is the increase in cell’s parameters till 1050°C up
to 1150°C. It appears during the grain growth and could
be due to the entrance of the lithium ions in the CaZrO;
structure, since it is slightly bigger than the zirconium
in the six-fold coordination (0.74 A). The following de-
crease (till 1150°C) in the cell’s parameters dimensions
could hence be explained by the lithium departure of
the ceramic, which would agree with the absence of

remaining lithium in samples doped with lithium salts
[6, 7]. It would be interesting to confirm or invalidate
this scheme. A second effect, more discreet, can be ob-
served at around 950°C, which is the Tsgy, when the
parameters slightly decrease. This effect could be due
either to the entrance in the structure of a small ions like
Si*t (0.4 A in six-fold coordination) or more probably,
since the most important effect is observed for Tsrm,
to the loss in the structure of diffusing atoms.

4. Conclusion

Several known sintering aids were tested in a system-
atic study to try to lower the CaZrO3 ceramic sintering
temperature. Among all these additions, a few emerges
as interesting aids as the heavier alkali earths or the
boron oxide, nevertheless, none of them is sufficient to
allow a sintering bellow the melting point of the cop-
per. In parallel, several additions promote the dielectric
properties with QF product as high as 47 THz with
a WOs3-doping, permittivity enhancement (up to 33),
lowering of the temperature coefficient t, and increase
of the insulating resistivity. Owing to past works [6, 7]
and to the present study, a combination of dopants was
tested and optimised, resulting in a low fireable compo-
sition based on CaZrOs3, LiNO3, SiO; and eventually
TiO;. The samples sintered at 1000°C exhibit very at-
tractive properties, with a QF product of nearly 15, ¢ ~
28, anear zero 7, and p; ~10'2 Q.cm. These properties
are roughly maintained when the samples are sintered
in a reducing atmosphere. Although it could not be ob-
served, the sintering process is though to be due to the
formation of liquid phase based upon LiNO3 and SiO;.
It was evidenced that the lattice parameters evolves dur-
ing the sintering, passing through a minimum for the
temperature of maximum shrinkage rate and through
a maximum during the coarsening stage. The second
part of this article will concern the study of the cop-
per co-sintered chips: their feasibility, optimisation and
electrical and dielectric properties.
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