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Abstract—The structural parameters of yttrium-doped (Ba,Pb)TiO5 solid solutions containing low-melting
B,05-PbO-SiO, (BPS) glass additions were determined by Rietveld powder-diffraction analysis. It is shown
that the introduction of BPS enables dense, semiconducting ceramics containing up to 60 mol % PbTiO; to be
produced by solid-state reactions followed by sintering at markedly reduced temperatures. Increasing the Pb
content increases the lattice strain in the solid solutions, while BPS additions have the opposite effect. Sintering
of BPS-containing materials leads to the formation of (Ba; _, _,Pb, Y, )(Ti, _sPbs)O5 solid solutions on grain

surfaces (core-shell structure).

INTRODUCTION

Rare-earth-doped barium lead titanate ceramics
possess semiconducting properties and exhibit an
anomalously large positive temperature coefficient of
resistance (PTCR) near the Curie temperaturet: [1, 2].
In devising self-regulating PTCR ceramic heaters, an
important point is control over the t; of the ceramic,
which determines the working temperature of the
heater. It iswell known that the t; of (1 — x)BaTiO; —
XPbTiO; materials rises monotonicaly with PbTiO;
content, from 120°C at x = 0t0490°C at x = 1 [3]. At
the sametime, the high volatility of lead oxide impedes
the fabrication of semiconducting ceramics exhibiting
high-temperature PTCR behavior. For example,
attemptsto prepare dense Ba, _,Pb, TiO; materialswith
X > 0.2 (tc > 200°C) by the conventional ceramic route
were unsuccessful [4, 5]. Thisdifficulty can be obviated
by sintering green compacts in alead-containing atmo-
sphere or by reducing the sintering temperature. In the
former case, use is made of hermetically sealed con-
tainers, and the green bodies are embedded in Pb-con-
taining powder [6, 7], which markedly raises the pro-
duction cost. Moreover, to obtain reproducible results,
one must optimize the type and amount of Pb-contain-
ing powder, sintering temperature, and the type of the
container, which adds complexity to the fabrication
process [8].

A more promising approach is to reduce the sinter-
ing temperature of semiconducting barium |ead titanate
ceramics. Thiscan be achieved by introducing additives
that form an intergranular liquid phase during sintering
[9-12]. Among the sintering additives ensuring good
grain-boundary wetting, glass-formers are used most

widely. In earlier studies, to improve the sintering
behavior of ferroelectric ceramics, use was made of
BaO-B,0,-WO; [12], PbO-B,04-Al,0; [13], PbO-
SO, [14], and BaO—-PbO-Bi,0TiO, [15] glass-form-
ing additives. However, knowledge of the effect of
glass additions on the sintering behavior, structure, and
semiconducting properties of barium lead titanate
ceramicsisstill limited.

In this paper, we describe the sintering behavior and
semiconducting properties of (Ba,Pb)TiO5-based solid
solutions prepared by solid-state reactions and contain-
ing low-melting B,O;—PbO-SiO, (BPS) glass-forming
additives. The materials were doped with yttria, which
is known to impart semiconducting properties to titan-
ates in a broad concentration range and to ensure the
high reproducibility of their transport properties [16].
The composition of the glass-forming additive was dic-
tated by the following considerations: PbO is a binder
preventing lead vaporization, while B,O; and SO, are
typical glass-formers.

EXPERIMENTAL

To prepare BPS glass, an appropriate mixture of
reagent-grade B,O;, PbO, and SIO, was melted in a
platinum crucible at 800—-1000°C, and the melt was
poured into cold water. The resultant glass was crushed,
ground, and sieved to obtain fine powder, which was
then dried at 150°C.

Semiconducting (Ba,Pb)TiO4-based solid solutions
were prepared by solid-state reactions from appropriate
mixtures of extrapure-grade BaCO;, TiO,, and Y,04
and reagent-grade PbTiO;. The mixtures were ground
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Firing temperature, °C
. . . _ . - after drying, an aqueous sol ution of poly(vinyl alcohol)
{:elu%ple'ratm?g of solid solutions 111 as a function of firing was added as a bin_der. The mixture was pres {into
disks 10 mm in diameter and =3 mm in thickness,
which were sintered in therangety,, = 1100-1300°C in
in bidistilled water for 6-10 h in a vibratory mill and, air for 1 h at heating and cooling rates of 150-400°C/h.

after drying, fired for 2 h at t; = 900-1100°C. Next, the The phase composition of the ceramics was deter-

resultant material was mixed with 2-8 wt % BPS by  mined by x-ray diffraction (XRD) analysison aDRON-
vibration milling in bidistilled water for 6-8 h, and, 3M powder diffractometer (CuK, radiation, 26 = 10°-

(a) 25 202 .0883 10 pum 25 202 .0881 10 pum 25 202 .0874 10 pum

.0882 10 pm (e) 25 202 .0880 10 pum

Fig. 3. SEM micrographs of ceramics obtained in systems (a, d, €) I, (b) I1, and (c) I1I; (a=) 8, (d) 4, (e) 6 wt % BPS.
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Fig. 4. XRD pattern of BPS.

150°, step-scan mode with astep size A(26) = 0.02° and
acounting time per data point of 10 s). Asexternal stan-
dards, we used SIO, (20 calibration) and Al,O5 (NIST
SRM 1976 intensity standard [17]). Structural parame-
ters were refined by the Rietveld profile analysis
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method with the FullProf program (Rg and R; no greater
than 5%). Microstructures were examined by scanning
electron microscopy (SEM) on a JEOL JCXA-733
SuperProbe. Ohmic contacts for electrical measure-
ments were made by firing aluminum paste. The elec-
trical resistivity of the semiconducting ceramics was
measured during cooling from 560 to 20°C.

RESULTS AND DISCUSSION

To analyze the effect of BPS additions on the forma-
tion of semiconducting ceramics, we studied yttrium-
doped titanate solid solutions differing in Pb content,
with tc = 250 (system |), 280 (system Il), and 320°C
(system I11). Data on the solid-solution yield (y, %)
indicatethat, at a higher Pb content, (Ba,Pb) TiO,-based
solid solutions can be prepared at lower temperatures
(Fig. 1). Above the optimal firing temperature, signifi-
cant Pb losses occur. For this reason, we used firing tem-
peratures at which the BaCO; content of the resulting
materias did not exceed 2 wt %: t; = 1060 (system ),
1020 (I1), and 990°C (l11).

10 50

70

90 110 26, deg

Fig. 5. Observed (open circles) and calculated (solid line) XRD patterns from asample of system | (8 wt % BPS) and the difference

plot. Vertical tick marks show peak positions.
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Table 1. Structural parameters of Y-doped Ba; _,Pb, TiO; solid solutions containing 8 wt % BPS

System | I 1
Xnominal 0.35 0.45 0.55

a A 3.9574(1) 3.9491(1) 3.9392(1)
c, A 4.0621(1) 4.0717(1) 4.0829(2)
cla 1.0264 1.031 1.0365
Vv, A3 63.617(3) 63.498(3) 63.356(4)
Xmeas 0.299(6) 0.402(7) 0.498(7)
AX = Xnomina — Xmeas 0.051 0.048 0.052

DX Nromina» % 14.5 10.6 9.4

z(Ba, Pb,Y) 0.502(2) 0.515(5) 0.522(3)
z(Ti) 0 0 0

z(0(2)) 0.450(9) 0.437(9) 0.436(7)
z(0(2)) 0.051(9) 0.075(6) 0.093(5)
Rg, % 4.20 413 4.07

R:, % 4.28 4.02 3.56

Table2. Structural parameters of Y -doped Ba; _,Pb, TiO3 solid solutions with X pomina = 0.35 (system I) containing different

amounts of BPS

Wt % BPS 0 4 6 8

a A 3.9612(2) 3.9595(1) 3.9585(1) 3.9574(1)

¢ A 4.0556(2) 4,0596(2) 4.0616(2) 4.0621(1)

cla 1.0238 1.0253 1.026 1.0264

Vv, A 63.636(5) 63.646(4) 63.644(3) 63.617(3)

Xmeas 0.280(6) 0.295(7) 0.286(6) 0.299(6)

DX = Xnomingl — Xmess 0.07 0.055 0.064 0.051

DX Xrominel» %0 20.1 15.7 18.2 145

z(Ba, Pb, Y) 0.507(7) 0.500(9) 0.502(8) 0.502(8)

z(Ti) 0 0 0 0

z(0(2)) 0.450(9) 0.44(1) 0.45(1) 0.45(1)

2(0(2)) 0.058(9) 0.050(9) 0.055(9) 0.051(9)

Rg, % 441 4.25 415 4.20

R, % 4.04 4.34 3.78 4.28
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Fig. 6. Degree of tetragonality c/a and lattice strain n as
functions of (a) Pb content (systemsI-l11, 8 wt % BPS) and
(b) BPS content (system ).

The introduction of BPS made it possible to mark-
edly reduce (by 15-20°C/% BPS) the sintering temper-
ature of the (Ba,Pb)TiOs-based ceramics (Fig. 2),
which can be understood in terms of liquid-phase sin-
tering [18]. Ascan be seenin Fig. 2, t4,,. decreases with
increasing Pb content. At the same time, the difference
in tg, between systems I-l11 decreases with increasing
BPS content. The grain size D of the ceramics depends
more strongly on the Pb content than on the amount of
the sintering additive (Fig. 3): D = .54 umin system|,
25-5uminll, and 3.5-6 umin ll.

The XRD pattern of BPS shows two diffuse bands
withd =3.17 and 1.96 A (Fig. 4), indicative of a short-
range order. Ba, _,Pb, TiO; solid solutions have a tet-
ragonal structure (sp. gr. P4mm), in which the degree of
tetragonality (c/a) increases in going from BaTiO; to
PbTiO; [3]. Figure 5 compares the observed and calcu-
lated XRD patterns from a sample in system I, and
Table 1 lists the structural parameters of ceramics con-
taining different amounts of Pb.

It can be seen from Table 1 and Fig. 6a that the
degree of tetragonality in BPS-modified Y-doped
Ba, _,Pb, TiO; increases with increasing X. The struc-
ture of the solid solutions (sp. gr. P4Amm) contains Ba,
Pb, and Y in position 1b (1/2 1/2 2); Ti in position 1a
(002); O() inposition 1a (0 0 2); and O(2) in position
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Fig. 7. Semilog plots of resistivity vs. temperature for
(a) ceramics containing 8 wt % BPS (systems I-111) and
(b) ceramics of system | containing (1) 4, (2) 6, and
(3) 8wt % BPS.

2¢ (1/2 0 2). The tetragonal distortion is due to the dis-
placement of the Ba, Pb, Y, and O(2) ions in the +z
direction (Table 1). Asdetermined by Rietveld analysis,
the occupancy of Pb?* on the Ba Site, X, IS lower
than X,omina BY 9.5-15%, which is due to Pb vapori-
zation.

Table 2 illustrates the effect of BPS additions on
the structural parameters of the samples obtained in
system |. With increasing BPS content, the c/a ratio
increases (Fig. 6b), while the unit-cell volume varies
very little. According to earlier studies[19], the reaction
between PbO-B,0O; additions and Ba, _,Ph, TiO; leads
to the formation of a core-shell structure, with a shell
consisting of BaTi(BO;), or Pb-rich Ba, _,Pb,TiO;,
depending on the PbO : B,O; ratio. Our XRD data for
BPS-containing ceramics provide no evidence for
borate formation. The observed variation of c/a with
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Fig. 8. Semilog plots of room-temperature resistivity vs.
BPS content for ceramics of systems |-l11.

log(P&/Po)
0 — /<

-02F

-0.4

-0.6

-0.8

o 1 2 3 4 5 6
JE, (V/mm)*2

Fig. 9. Semilog plots of normalized resistivity versus the
squareroot of the electric field for semiconducting ceramics
of system | containing (1) 4, (2) 6, and (3) 8 wt % BPS.

BPS content (Fig. 6b) can be accounted for by an
increase in the Pb content of the solid solution, which
may be due to both the decrease in tg,,, (and, hence, in
Pb losses) and the incorporation of PbO from BPS into
(Ba,Pb)TiO;. However, an increase in X must be
accompanied not only by an increase in ¢/a but also by
a reduction in unit-cell volume, which is at variance
with the data in Table 2. As shown by Furaleva et al.
[20], the BaTliOPbO-BaO system contains
Ba(Ti, _,Pb,)0; solid solutions, which are stable in an
oxidizing atmosphere up to 1250°C and have atetrago-
nal structure. The unit-cell volume of these solid solu-
tionsincreaseslinearly with x, inlinewith Vegard'slaw.
Consequently, the reaction at the ceramic—glass inter-
face may yield a multicomponent solid solution,

(1-38)(Ba,_,_,Pb,_5Y,)TiO; + 25PbO(glass)
+ 6/202 —— (Bal_x_beXYy)(Ti1_5Pb5)03,

leading to the formation of a core-shell structure.

YANCHEVSKII et al.

To assess the structural stability of BPS-modified
(Ba,Pb)TiO3, we evaluated lattice strain n from the
slope of the plot of Bcos® versus sin® [21], where
BcosB = A/D + 2nsin® + ..., B isthe full width at half
maximum of an XRD peak, A is the x-ray wavelength,
D isthe grain size, and 6 isthe Bragg angle.

The results thus obtained demonstrate that increas-
ing the Pb content of Ba, _,Phb, TiO; increases the lat-
tice strain (Fig. 6a), while BPS additions stabilize the
structure of the solid solution (Fig. 6b).

Figure 7ashowstypical temperature dependences of
resistivity for systems I-l11. With increasing Pb con-
tent, tc increases systematically, as does room-temper-
ature resistivity, while the rise in resistivity around t.
becomes more gradual, indicating that the materials
with x > 0.6 are unsuitable for PTC thermistors. The
effect of BPS additions on the temperature-dependent
resistivity of the ceramics obtained in system | isillus-
trated in Fig. 7b. With increasing BPS content, the onset
of the rise in resistivity (to) shifts to higher tempera-
tures, which can also be interpreted as evidencein favor
of reaction (1), which increases the Pb content of the
solid solution.

Figure 8 displays semilog plots of room-tempera
ture resistivity p,, versus BPS content for ceramics of
systems|-11. In going from system | to 11, the optimal
BPS content, ensuring a dense microstructure and low
resistivity of the ceramics, increases from 4 to 8 wt %.

The magnitude of the varistor effect (electric-field-
dependent resistivity) in PTCR ceramicsisgoverned by
thegrain size, carrier concentration inthe grain interior,
and density of acceptor states. A sizeable varistor effect
reduces the rise in resistivity near tc, thereby limiting
the application area of PTCR materials. Figure 9 shows
semilog plots of normalized resistivity versus the
square root of the electric field for the ceramics of sys-
tem| containing 4-8 wt % BPS. It can be seen that there
is no perfect correlation between the magnitude of the
varistor effect and the BPS content. At the same time,
increasing the amount of BPS and Pb content reduces
the breakdown voltage, which is attributable primarily
to an increase in average grain size.

CONCLUSIONS

The introduction of B,O;—PbO-SO, glass-forming
additions enables dense, semiconducting Ba, _,Pb, TiO,
ceramics with x < 0.6 to be produced by solid-state
reactions followed by sintering at markedly reduced
temperatures. The optimal BPS content is 4-8 wt %,
depending on the Pb content. At a fixed percentage of
BPS, increasing the Pb content increases the grain size
and room-temperature resistivity of the ceramics,
reduces the rise in resistivity near tz, and increases the
magnitude of the varistor effect. Moreover, with increas-
ing Pb content, the lattice strain in the solid solutions
increases, while BPS additions have the opposite effect.
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Sintering of BPS-containing (Ba,Pb)TiO; materias
leads to the formation of (Ba, _, _,Pb,Y,)(Ti;_sPbs)O;
solid solutions on grain surfaces (core-shell structure).
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