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Copper oxide as a sintering agent for
barium titanate based ceramics
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The purpose of this work was to study the effect of CuO as a versatile sintering agent for
BaTiO3; based ceramics. The response is shown to exist in three directions. Firstly, as
liquid-phase former at comparatively low temperatures. Hence, the influence of various
CuO-based flux formers on the shrinkage behaviour and the microstructure development of
the ceramics was investigated. Secondly, the aptitude as an internal susceptor for
secondary phase initiated microwave sintering. The use of CuO as a lossy secondary phase
leads to an accelerated microwave heating of the ceramics. Thirdly, the addition of CuO to
BaTiO3z powders with Ba-excess results in a phase transition cubic — hexagonal at about
1300°C, which is a indication for the incorporation of Cu?* ions into the BaTiOs lattice at Ti
sites under this conditions. © 2001 Kluwer Academic Publishers

1. Introduction 2. Experimental procedures
Barium titanate based ceramics have an acknowledgethe BaTiQ-based powders were synthesized by the
positioninthe set of advanced ceramics because of thegonventional mixed-oxide method using Ti(Merck,
unique electric/dielectric and electromechanic properCharge 808), BaC® (Feinchemikalien GmbH Bad
ties. These can be controlled mainly by varying theLiebenstein, Charge 3018) and CuO (Merck, GR for
sintering conditions and by using externally preformedanalysis) as raw materials and deionised water as
secondary phases in the sense of microchemical desigmilling liquid. The BaTiQ-starting powder was pre-
ing. Normally barium titanate green powders containpared by mixing/milling stoichiometric amounts of
diverse additives because of two reasons: BaCG; and TiG, (agate balls, water), followed by cal-
cination at 1100C for 2 hours. The additives or mix-

1. toinfluence the sintering behaviour (densificationyres of the additives used were added to the calcined
and grain growth) barium titanate by mixing (zirconia balls, water) in a

2. to develop desired electrical properties. planetary mill.

Thermal analysis runs were carried out with the
92-multi-modul thermo-analysis system (SETARAM).

Wetting experiments were carried out in a heating
; X ) : microscope MHO 2 (Carl-Zeiss-Jena) using the ses-
oxides, such as s, Bi2O, LIF and SiQ [2-5] are ;) drop method. The heights of the eutectic powder

added as low melting flux former. . .
g ) . . tips on BaTiQ substrates were measured and anal-
The adjustment of special electrical properties can be

achieved for example by doping with rare earth metaléls'(ad by video equipment. Detailed informations are
mple by doping : described in [8]. A CAMEBAX (CAMECA) device
to create a semiconductor with PTCR behaviour or by

o . . . d for electron-probe microanalysis (EPMA).
substitution of T by isovalent cations like 2, Sif+ s Us€ . .
and/or B&*+ by P&X Mg2*. SP+ [6,7] to shift the The samples were moulded in epoxy resin and were

Curie point. In the set of sintering additives for BagiO thoelinShgzjound down to the centre of the drop and

Cﬁ;in;'\?vsﬁighug jgzgl]g ;c; be a multi-purpose secondaR/ The crystalline structure of the sintered samples
P was examined by X-ray diffraction analysis (URD 63;

In order to lower the sintering temperature for
BaTiO; ceramics, besides an excess of Ji{@utectic
melt Ba;Ti17040-BaTiOs at about 1330C) [1] many

1. low melting flux former Freiberger Pazisionsmechanik GmbH; CugKradia-
2. internal susceptor for microwave sintering tion; Ni filter). _ _ _
3. acceptor substituent at Ti-sites. The ceramics were microwave (mw) sintered in

a multi-mode cavity (2.45 GHz, 1 kW) equipped
The aim of this study was the investigation of thewith a black body sensor for temperature measu-
above mentioned properties of CuO. rement.
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3. Results and discussion
3.1. CuO as a flux former I e
To attain lower firing temperatures without scarifying T

high densities several sintering aids have been studieg Ton0e N

in the past and CuO has been found to be an effectiv® 6 , __A\/ A A 6

sintering aid for BaTi@ceramics [9—14]. CuO can cre- g , ]

ate various melting phases [15-17] and the systems (3 M 1020°C

interest are shown in Table I. ' % 4 oo, 4
To proof the effect of the above-mentioned flux for- < — -\

mers on the densification behaviour of the BaJi®- e a2 N’“?M ,

ramic, systems with the following nominal composition  “ 7" —o—system 3

were prepared and investigated:

system 1: BaTi@+ 1 mol% (BaCQ + 2 CuO)
system 2: BaTi@+ 1 mol% (TiO; 4+ CuO)
system 3: BaTi@+ 1 mol% CuO

900 1000 1100
temperature (°C)

1200

Figure 2 DTA measurements of the systems 1-3: system 1:
BaTiOz +1 mol% (BaCQ +2 CuO) system 2: BaTi®+ 1 mol%
Compared to the system BaTi@ 1 mol% TiO, (eu-  (TiO2+CuO) system 3: BaTi®+ 1 mol% CuO.
tectic melt BaTi;7040-BaTiOs atabout 1330C) the ef-
s e oy & e e e PTEEE . The e or s st shoud
sponse with the expected formation of the CuO-basege the in dac:g_ra&s s'|[0|fh|ofmet(;y r?f t(r;e _Ba}';]@ow-
liquid phases at about 890 on the densification pro- ‘?ﬁ? used. AbIC .tr?'[ 8]a§>+u_n that Iurlngr]]tde wet—f
cess rather the complete densification was observed ngﬂ' Ing process with HO Ba'™ ions are leached out o

until distinct higher temperatures. Similar results Werefage%:ﬂecr%r:tsrjlgurévggdugi?]nss(l?oeigm/o%Q;irclcrgt?gro_f
published by other authors too [9-14]. y ' 9

In the presence of a liquid phase the densificatiorF’aCQ” and TiQ,, after the fine-milling process with

L e O - o ;
behaviour and grain growth depend certainly on theWater as milling liquid a 1-2 mol% excess of 0as

. I : o o be taken into consideration.
properties of the liquid phase as a high wettability and . .
solubility of the solid matrix material in the liquid. The Thus, the f_ormatlon of the.obser.ve_d melts (Fig. 2)
sessile-drop method was used to evaluate the wetti re probably influenced by this a priori presence of the
behaviour of the Cu-containing liquid phases. 10, excess.

At first the expected formation of the corresponding th_ln_IE_he case of system t:I% (IBa'(I}G}t- 1 trr]nollc% le{.o) f
melts were proofed by DTA-measurements (Fig. 2) Is TIO, excess apparently leads to the formation o

The observed endothermic peaks only partly cor-Cu3T'O4’ which melts at 102 instead of the ex-

. . ected eutectic melt of CuO-Cuy@t 1075C. Similar
respond with the known melting temperatures (Seér)esults were published by Yang [12], but he explained

the identical melting temperatures of the above men-
tioned systems not with the presence of the ;T&-
cess rather than with a eutectic melt between CuO and

TABLE | Melting points of different CuO-based flux former

System BaO-CuO [15] Ti®CuO [16]  CuO [17] BaTiO; at about 1000C. Our own DTA measurements
Melting phase BaCu@CUO CuTiOs CUO-CuO of both pure CuO and CuO-containing Bagighowed,
(formation of (formation at that there is no influence of BaT¥®@n the eutectic tem-
BaCuG at830C)  980°C) perature of the system CuO-&.
Melting point 890 1020 1075 In order to find out the reasons for the observed melt-
[°Cl ing point of the system BaTi9+ 1 mol% CuO, wet-
ting experiments were carried out using the sessile-drop
method.
100 S S S 100 A small quantity of CuO powder was tipped onto
e A n Ve a BaTiO; compact (both sintered ceramic and single
%01 o emd wTol / % crystal) and heated in a defined manner under video
£ w0 * ;/ w j 50 record!ng. In order_to getan ovgrall view of the process
= f/ .(:’MW the height of the tip was continuously measured and
g 70 Ao 70 plotted against the temperature (height curve). Every
° d / change in the height of the tip indicates a reaction of
5 ol 60 the CuO itself or with the BaTi@compact.
e M U The height curve of the system CuO powder/BagliO
50 50 single crystal is shown in Fig. 3. The increase of the
height at about 105@ corresponds with the release

900 1000 1100 1200

temperature (°C)

1300 of oxygen during the reaction 2Cu9® Cu20+% 0,.

This is followed by a slight decrease of the height,

Figure 1 Dilatometric measurements of the systems 1-3 andWhICh corresponds with the begmnmg of the eutectic

BaTi; 0103,02: System 1: BaTi@-+ 1 mol% (BaCQ + 2 CuO) system 2:
BaTiOz + 1 mol% (TiO; + CuO) system 3: BaTig+ 1 mol% CuO.
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melt (also seen in the video as the formation of a drop
shape). At about 1128 the formation of the eutectic
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Figure 3 Heightvs. temperature plot of CuO on a BaZi@ngle crystal. ~ Figure 5 Heightvs. temperature plot of CuO on asintered BaTiDO,
excess).

melt is completed, resulting in a distinct decrease of the
height. requires the formation of BaCuyQCat lower temper-

In order to detect possible boundary reactions beatures. The formation of BaCyQOoccurs at lower
tween the CuO powder and the surface of the BaTiO temperatures (80C) only in the presence of BaO
single crystal, the cross section of an as-fired specime(BaO+ CuO— BaCuQ). In case of BaC@as a start-
was investigated by EPMA measurements (Fig. 4). Nang reagent, the decarbonization to BaO takes place at
migration between CuO and BaTi@as found accord- distinct highertemperatures. This leads to a delayed for-
ing to the element distribution images. Consequentlymation of BaCu@and consequently to a “delayed” for-
there is no reaction between CuO and Bagliintil mation of the eutectic melt (BaCy@uO). This could
1125. be confirmed by DTA measurements (with 2 heat up cy-

Furthermore, we used sintered Ba3jQprepared cles) of the system (2Cu® BaCG;). Whereas during
with an excess of TigQ as a compact. Compared to the first heat up cycle a delayed formation of the liquid
the single crystal we found a distinct decrease of theohase was observed, during the second cycle the en-
height only at about 105C, which indicates a reac- dothermic peak appeared at the expected eutectic tem-
tion between the CuO and the Ti@ich phases at the perature (89TC), since the formation of the BaCyO
grain boundaries of the BaTgompact (Fig. 5). already was completed (Fig. 7).

This assumption could be confirmed by EPMA in- Another reason for the suppression of the eutectic
vestigations (Fig. 6). In the area of the CuO drop wemelt seems to be the possible reaction of Bg@a0)
found distinct Ti-enrichments, which establish the for-with TiO, : BaO+ TiO, — BaTiOs. This leads to a de-
mation and melt of C4liO4. Therefore, the observed crease of the BaO concentration or the BaO disappears
endothermic peaks (ref. Fig. 2) in systems 2 and 3 can beompletely. In the case of system 1 the strong endother-
attributed to the formation of the flux former €li04.  mic peak (Fig. 2) should be attributed to the eutectic

However, the greatest disagreement between the olrelt of CuO-CuO.
served and expected formation of the liquid phase The active flux formers of the investigated systems
we found in system 1 (BaTi§+ 1 mol% (BaCQ+2 1, 2 and 3 are shown in Table Il. Although CuO creates
CuQ)). a liquid phase at comparatively high temperatures, it

In the phase diagram BaO-CuO, published by Zhangeems to be the more suitable flux former. Compared
et al [15], there should be an eutectic melt betweento Cu;TiO4 the complete densification and grain growth
BaCuQ and CuO at about 89C, which admittedly occurs at lower temperatures.

CuO

—

% : '.H-, :

BaTiOs-single crystal

.
3 Fe976 SE 5243 BEBx B4.86.1938

a)

1 Fe973 Ti S243 888x B4.86.1398 6 Zyklen

c)

Figure 4 EPMA measurements of the system CuO/Bafl#ihgle crystal a) SE image b) Cu distribution c) Ti distribution.
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— e 30
BaTiOs-sintered ceramic R

¢ W
1 Fe363 SE S239 §88x B4.86.1938 18 Zyklen 2 Fe964 Cu S239 888x B4.86.1938 18 2yklen 1 Fc966 Ti S239 B8Bx 84.86.1998 18 Zyklen |

a) b) c)

Figure 6 EPMA measurements of the system CuO/BaFgintered ceramic a) SE image b) Cu distribution c¢) Ti distribution.
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Figure 8 Video image of a melted drop of (BaG@ 2CuO) for the

temperature (*C) determination of the wetting angle=42° (1030°C).

Figure 7 DTA measurements (2 heat up cycles) of the system
(BaCGQ; +2Cu0). .
3.2. CuO as an internal susceptor for

TABLE |l Active flux formers of the systems 1-3 and sintering mlcr.oy\'/ave heat'”g .

temperature for a complete microstructure development (heating ratel N€ p055|b|||ty't0 use microwaves as an ?—ltemaﬂve
10 K/min; dwell time: 60 min) source for the sintering of ceramic materials is strongly
dependent on the ability of the material to absorb mw

0, 0, i 0, . . . . .
Added 1mol% (BaC@ — 1mol% (T, 1mol%  qnargy The magnitude of energy dissipation in a mate-
Flux former +2 CuO) + CuO) CuO i . . .
rial (absorbed power per unit volume) is determined

Active CuO-CyO CwsTiO4 cwTio, by both device and material parameters, as seen in

Flux former Equation 1.
Sintering 1200 1250 1250

temperature ,r

[oc]p Pnbs= |E|2(’~)£0 Er (l)

7—/ &K

From Table Il is also evident that in case of CuO-

based flux former there is no immediate connectionp, - ahsorbed power per unit volume: E: electric field
with the formation of a liquid phase and grain growth ggrength: w: frequency:eo: permittivity of free space:
as it is known from the eutectic BaTiBagTi17040. <" dielectric loss

"

The densification behaviour and grain growth depend
certainly on the properties of the liquid phase as highAn efficient mw heating requires sufficient power of the
wettability and good solubility of the matrix material incident mw field and a minimum dielectric loss of the

in the liquid [19]. Wetting experiments were carried ceramic, respectively. Unfortunately, Bagiftas avery

out using the sessile-drop method to evaluate the CuGsmall dielectric loss especially in the lower temperature
based liquid phases in this direction. In F&ja video  range.

image of the melted drop (BaCu€CuO) on BaTiQ Beside the increase of the mw power, an alternative
at 1030C is seen. The wetting angle is with“4li-  way to achieve an efficient mw heating is the use of so-
tially relatively high, compared with that of the eutectic called susceptors. These are materials with sufficiently
BaTiOs/BagTi1 7040 With 8°. For the secondary phases dielectric loss over a wide temperature range which can
CuO and CuO-TiQa similar behaviour was observed. be used as internal (secondary phases of the ceramic) or
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external susceptors (positioned around the ceramic) t
improve the heat up in the lower temperature range. It~ 1000 £ 1000
the set of internal susceptors for Bagi€eramics CuO é,é /
seems to be a suitable material in a twofold manner: W.,:’
/ -
1. CuO has sufficient dielectric loss also in the lower

temperature range. ‘ posses!
2. CuO can be used as a flux former and, hence, & 7004~ I :Z__.f:TTE’Hmoi%cUo

an appropriate sintering aid, as discussed above.
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The dielectric properties of CuO [20] are shown in
Fig. 9. Compared to BaTi§)21] the distinctly higher
dielectric loss of CuO is clearly seen. Figure 11 Heat up behaviour of BaTigand (BaTiQ + 1 mol% CuO)

In order to investigate the effect of CuO as an inter-in the mw cavity at constant mw power (700 W) (preheated in a classical
nal susceptor, following systems were mw heated fronfurmace until 700C).
room temperature:

100 4 100

i) CuO ' - .
) ol T o

i) BaTiO3 + 10 mol% CuO [ ¢

i) BaTiO3+ 1 mol% CuO g ‘ I R
2 80 80
The heat up behaviour of the above mentioned sysg 70 /

70

tems are seen in Fig. 10, which shows the strong mv.:z;

—@—MW T, =1000°C
absorption of pure CuO and so its ability as internale

—a—MW T, =1050°C

susceptor &0 - O conv. T.= 1050°C |60

On the other hand, with additions up to 10 mol% of 501 5
CuO to BaTiQ, a heat up of this specimen from room 0 1o 20 3 40 50 60
temperature up to sintering temperature could not b dwell time (min)

achieved by pure, mw irradiation because of the IlmltedFigure 12 Isothermal shrinkage of the system (Ba3i®1 mol% CuO).
power of the equipment. Nevertheless the effect of CuO
as internal susceptor was demonstrated at least at higher

temperatures preheating the sample until*toth a conventional furnace. Fig. 11 shows the action of CuO

on the mwe-initiated heating behaviour compared to that

10+ - 10 of pure BaTiQ under these conditions.

- Beside the effect of CuO as lossy secondary phase,

W&Opﬂ we could observe a specific mw effect of the CuO-

do MW . containing BaTiQ ceramics. In opposite to systems

] C(OM with TiO, excess, the complete densification of the
w ] mw-sintered CuO-containing ceramics is achieved at

1 N /’ distinctly lower temperatures. Additionally, in the case

0.1 \ v 0.1 ofisothermal shrinkage the specific mw effect of CuQ is
e : documented in Fig. 12. A possible reason for the accel-
iBZ”T‘i’O [ erated shrinkage of the ceramic could be the influence

0,01 : = 001 Ofthe microwaves on the properties (e.g.wettability) of

0 200 400 600 800 the liquid phase [22].

temperature (°C)

Figure 9 Dielectric properties vs. temperature of Baji@nd CuO at
2.45 GHz [20, 21]. 3.3. Cu?* as B-site substituent in BaTiO3
Although CuO is mainly known as low melting flux for-

1000 oo MEr for BaTiQ ceramics, various agthors repqrted on
fN the influence of copper on the electric (dielectric) prop-
900 g 900 erties of the ceramics [11, 23]. However, the question
o f’( _,,»’/ remains still open wether the electrical properties are
g # /_, 800 influenced by incorporation of Gti into the BaTiQ
‘§ 700 bs 700 structure or by the Cu-enriched intergranular phase.
£ [ J_,,-/""' Only a few is reported on the incorporation ofu
s o J g o 800 into Ti sites of BaTiQ connected with the change of
500 e e 1 Lsee  the properties of the final ceramics [24, 25].
p pA - 30 430 50 Our own investigations showed that under certain
time (min) conditions (Ba excess- Ba/Ti ratio> 1) the Cd* is
incorporated into the BaTi@structure. Because of
Figure 10 Heat up behaviour of CuO and (BaH@ 1 mol% CuO). its small ionic radius it substitutes for “fi, which
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is commonly accepted in the literature. The stabil-4. Conclusions

isation of the hexagonal phase, accompanied by &uO can be used as an effective sintering agent for
change in the microstructure, supports this findingsBaTiO; based ceramics both as low melting flux former
After sintering samples at 1300 with a composition and as internal susceptor for microwave sintering.
(BaTiOs + 2 mol% BaO+ 2 mol% CuQO) we observed  Various CuO-based liquid phases were investigated
a microstructure with a lot of exaggerated plate-likeand the pure CuO seems to be the most effective flux
grains surrounded by small globular grains (Fig. 13).former for the achievement of a complete shrinkage
By X-ray diffraction measurements hexagonal BadiO and grain growth at lower temperatures. However, at
was detected (Fig. 14). In the case of the sinteringall CuO-based flux formers we observed no immedi-
temperature 130C (dwell time 1 h) a content of ate response with the formation of the liquid phases
hexagonal phase of about 27% was detected, deteand grain growth and a slightly delayed shrinkage. One
mined by analysing the intensity ratios (1980111}  reason for that should be the poor wettability of BagiO
and (103)/(200}. Normally in the case of BaTi® by the Cu-containing liquid phases.

the phase transition cubie hexagonal occurs atabout  In the case of mw sintering, the use of CuO leads
1460 C[1]. The Cudoping givesrise to the stabilisation to an increased mw absorption of the BaJi€ram-

of the hexagonal phase at room temperature. In analoggs. Beside the effect of CuO as lossy secondary phase
to the effect of incorporated Mt ions, the incorpora- we could observe a specific mw effect of the CuO-
tion of copper as an acceptor dopant into Ti sites resultsontaining BaTiQ ceramics. In opposite to systems
in the formation of additional oxygen vacancies. Thiswith TiO, excess, the complete densification of the
leads in combination with the Jahn-Teller distortion to mw-sintered CuO-contained ceramics was achieved at
the formation of the hexagonal structure as discussedistinctly lower temperatures.

in detail elsewhere [26]. In the case of systems with a Ba/Ti ratidl, the ad-

An excess of barium is necessary to incorporate alition of CuO results in a stabilisation of the h-BagiO
significant amount of Cu at Ti sites, but a certain amountt room temperature, which is a strong indication for the
remains as a part of the intergrannular phase. E.g., imcorporation of Cé&" ions into the BaTi@ structure at
case of a specimen, sintered at 14D@or 1 h, at least Ti sites.

1 mol% Cu is incorporated. A paper, dealing with the
incorporation of Cu into BaTiQ) is in preparation.
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