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ABSTRACT

The ceramic composites BaTiO3@Ni, composed of a conducting nickel and a

highly resistive ferroelectric BaTiO3 phase, exhibiting a positive temperature

coefficient of electrical resistivity (PTCR), are prepared using a conventional

ceramic method at less than 1000 �C. The BaTiO3@Ni composites show a jump-

like PTCR effect in electrical resistivity by about eight orders of magnitude

(qmax/qmin & 108) with qmin\ 1 Xcm. This is the first example of a standard

PTCR element with a relatively high magnetization. The grain relocations (a

microstructural rearrangement) on a microscopic scale in the composite are

filmed using a transmission electron microscope while heating through the

ferroelectric phase transition (Curie temperature), which induces the PTCR

anomaly. The resistivity anomaly of the composite is explained in terms of the

ferroelectric phase transition-assisted anomaly in the electrical resistivity.

1 Introduction

Materials with a PTCR effect are important compo-

nents in electronic and electrical engineering. Many

devices exploiting the PTCR effect, such as self-reg-

ulating heaters, starter motors, over-current limiters,

and sensors use PTCR ceramics in the form of bulk

ceramics or films [1, 2]. Currently, the best-known

example is a PTCR ceramic based on the semi-con-

ducting donor-doped BaTiO3 [3, 4]. There are, how-

ever, other PTCR materials. Some are based on pure

ceramics, while others are based on composites

composed of at least two constituent phases: a con-

ductive phase and an isolating phase. This isolating

phase is crucial and must exhibit, at a distinct

temperature, an irregularity, i.e., a significant change

in the temperature coefficient of expansion [5], a

crystal transformation, and/or change in its crystal

morphology [6]. Recently, a new type of PTCR com-

posite based on the phenomenon known as the ‘‘fer-

roelectric phase-transition-assisted anomaly in the

electrical resistivity’’ (FPTAA) was reported [7, 8].

Here, the BaTiO3@Ni composite was considered in

the context of the recently reported FPTAA

phenomenon.

In the open literature we can find reports on cera-

mic composites where the additions of metals

improve the PTCR and/or dielectric properties of

composites. Ni metal was added to BaTiO3-based

PTCR samples to lower the room-temperature resis-

tivity of the PTCR ceramics; however, nickel is not
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used to modify the PTCR effect at the Curie tem-

perature [9]. The addition of Ni and graphite to

BaTiO3-calcined powder induces a low room-tem-

perature resistivity and a better PTCR effect, which

were explained by the decrease of the potential

height on the grain boundaries of the BaTiO3

ceramics [10]. Furthermore, chromium was added to

(Ba, Pb)TiO3 ceramics and a composite with a high-

temperature PTCR effect (180 �C) was obtained.

However, the mechanism of the resistivity anomaly is

different from the FPTAA principle [11]. In addition,

materials with a higher BaTiO3 concentration in the

Ni/BaTiO3 mixtures have been reported. By sintering

these materials at above 1300 �C higher dielectric

constants were achieved due to the dispersion of the

conductive Ni particles in the dielectric matrix

(BaTiO3) [12, 13].

This contribution reports on a composite material

BaTiO3@Ni exhibiting a jump-like increase in elec-

trical resistivity of a few orders of magnitude inside a

relatively narrow temperature interval at the Curie

temperature of BaTiO3. This material, with out-

standing electrical properties, is new and belongs to

the family of materials with a positive temperature

coefficient of electrical resistivity (PTCR).

2 Experimental

Two constituent phases were used for the sample

preparation: barium titanate (BaTiO3:BT) from the

Ferro Company (219–9, Ba/Ti = 0.995, surface area

2.3 m2/g, 0.06 wt% impurities) and nickel powder

(Ventron, particle size\ 1 lm). High-resistivity BT

particles were prepared by calcination of the BT

powder at 1350 �C for 15 min. After the calcination

the powder was milled in ethanol using a ball mill for

1 h. The composite was prepared using a conven-

tional ceramic fabrication method. Weighed amounts

of high-resistivity BT with an average particle size of

1 lm and conductive nickel particles were admixed

in ethanol using a ball mill for 1 h, dried, and pressed

at 10 MPa into pellets with a diameter of 6 mm, a

height of 2 mm, and a green density of 50% of the

theoretical density (determined geometrically).

The samples were annealed at up to 1000 �C for 2 h

in nitrogen. The density of the annealed samples was

about 80% of the theoretical density, measured using

Archimedes’ method. The microstructures of the

samples were inspected with a scanning electron

microscope (model Ultra plus, Zeiss, Germany). The

constituent composite phases were analyzed using an

EDX analyser (model lnca, Oxford Instruments, UK).

The calcined products were examined with X-ray

diffraction (model X’Pert, PRO analytical, the

Netherlands). The dilatation vs. temperature of the

composite was measured with a dilatometer (model

Misura 3 ODHT 1600–5, TA Instruments, DE, USA).

The electrical contacts were made on the annealed

samples with a Ga/In alloy. The electrical resistivity

of the composite samples was measured with a multi-

meter (model HP 3457A, Hewlett Packard, CA, USA),

under a heating rate of 3 K/min in a furnace. A d. c.

voltage\ 1.5 V was employed for the resistivity

measurements. In order to optimize the samples’

properties regarding the extent of the resistivity

anomaly and the room-temperature electrical resis-

tivity, several samples were prepared with various

amounts of BT phase (20, 30, 40, and 50 wt%)

annealed at 400 �C, 800 �C, and 1000 �C. The 20 wt%

BT mixture was found to exhibit the best electrical

properties and was subjected to further examinations.

The annealing temperatures (max. 1000 �C) were

adjusted in order to obtain a low-resistivity PTC

thermistor with a room-temperature resistivity of less

than 1 Xcm and with a high-resistivity anomaly (up

to 7 orders of magnitude).

For the bulk sample preparation with the TEM

heating experiment the sample was cut into a 3-mm

disc. This was then ground to a thickness of 100 lm
(Disc Grinder, Gatan Inc., PA, USA) and dimpled

down to 15 lm at the disc’s center (Dimple grinder,

Gatan Inc., PA, USA). The TEM specimen was finally

ion milled (PIPS, Precision Ion Polishing System,

Gatan Inc., PA, USA) using 3-kV Ar? ions at an

incidence angle of 8� until perforation. Detailed

structural investigations of the samples were per-

formed with transmission electron microscopy (TEM)

using a 200-kV microscope (TEM; JEM-2100, Jeol,

Japan). The heating experiment was performed using

a Double Tilt Heating Holder (Model 652.F, Gatan

Inc., PA, USA) in the range from 25 to 400 �C and was

filmed using an TEM-adapted furnace between 100

and 140 �C, which covers the Curie temperature of

the BT at 120 �C.
Room-temperature magnetization curves of the

samples were measured with a vibrating-sample

magnetometer (VSM) LakeShore 7307 VSM. The

measurements were made on powdered samples in
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the external magnetic field from - 1 T to 1 T at room

temperature in an air atmosphere.

3 Results and discussion

The X-ray diffraction of the composite in Fig. 1 shows

only the constituent phases, i.e., BaTiO3 (BT) and the

nickel phase, as confirmed by the JCPDS card data for

BT (005-0626) and nickel (088-2326). Due to the rela-

tively low firing temperatures, no reactions between

the constitutive phases during annealing of the

composite were detected. Owing to the relatively low

firing temperature the composite grains were not

subjected to any significant grain growth and mostly

retain their initial morphology. The SEM images

show the composite microstructure, Fig. 2a, and

provide an overall visualization of the distribution of

the conductive nickel phase in Fig. 2d and of the

high-resistivity BT ferroelectric phase Fig. 2b and c by

inspecting the maps of barium and titanium,

respectively.

The composite samples exhibit a magnetization

related to the magnetic phase of nickel, Fig. 3. In this

composite one phase (BT) shows ferroelectricity,

while the other, the nickel phase, demonstrates a high

electrical conductivity and magnetization. Here, the

magnetic properties of the Ni phase have an addi-

tional effect, which works in the composite as a soft

magnetic component that has a relatively high mag-

netization. The primary property of this new type of

PTC thermistor is its low electrical resistivity and a

jump-like resistivity increase, while the magnetiza-

tion is an accompanying property. This is the first

example of a standard PTCR element with a rela-

tively high magnetization—a magnetic PTCR com-

posite. Regarding the applicability, it is too early to

predict the advantage of this magnetic property with

respect to other conventional PTC thermistors, with

the exception that it might be handled as a soft

magnet for the whole working temperature range of

the PTC thermistor. The magnetization of the com-

posite is 45 emu/g, compared to the pure metal

nickel’s 58 emu/g, which shows that the composite

comprises about 20% of non-magnetic phase.
Fig. 1 The XRD spectrum of a BaTiO3@Ni composite with

20 wt% Ni phase, annealed in nitrogen at 800 �C

Fig. 2 a SEM image of the polished surface of the composite with

30 wt% Ni phase annealed in nitrogen at 800 �C and b, c and

d corresponding mapping of Ba, Ti, and Ni, respectively

Fig. 3 Magnetization hysteresis curve of the composite

BaTiO3@nickel with 20 wt% Ni annealed at 800 �C
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The diagrams in Fig. 4 show how the composition

modifies the course of the resistivity anomaly. A

large change in the composite’s phase ratio in the

range from 20 to 50 wt% BT shows a resistivity

anomaly at the same temperature, which is consistent

with a TC at around 120 �C for the high-resistivity

constitutive ferroelectric phase BaTiO3 in the

composite.

The room-temperature resistivity of the samples is

very low. This is in agreement with the metallic Ni

conductive phase in the composite. On the other

hand, the PTCR curves, Fig. 4, indicate that the

resistivity anomaly is like a jump in resistivity, i.e., a

metal–insulator transition, near the Curie tempera-

ture of the BT. Here, the PTCR curves show small

resistivity jumps below TC in the sample sintered at

400 �C. At this time, when sintering proceeds at rel-

atively low temperatures the inhomogeneities

remained after the sample preparation, which might

cause grain relaxations on heating and can cause such

small resistivity jumps.

Such courses of R(T) are not known among ceramic

PTC thermistors. The mechanism of the PTCR

anomaly can be treated of the ‘‘ferroelectric phase

transition-assisted anomaly in the electrical resistiv-

ity’’ (FPTAA) [8]. Here, the BT ferroelectric constitu-

tive phase, which exhibits the transition between the

tetragonal and cubic BaTiO3 at the Curie tempera-

ture, induces a noticeable shrinkage of the composite

at the TC, Fig. 5b, due to notable shrinkage of the BT

crystallite in the c-axis direction, i.e., a BT grain shape

change at TC. Here, the anomaly in the resistivity of

108 Xcm at 120 �C coincides with the shrinkage in the

c-axis from 4.035 to 4.009 Å in the range from 0 to

130 �C [14].

In Fig. 5a, a typical electrical resistivity anomaly of

the BaTiO3@Ni composite, with 20 wt% BT annealed

in nitrogen for 1 h, during heating and cooling, is

shown besides the corresponding dilatation curve,

Fig. 5b. These two diagrams, the anomaly in the

resistivity and the dilatation curve exhibiting a

shrinkage of the composite at the Curie temperature,

show the crucial effects responsible for the PTCR

anomaly in this composite. The explanation of the

PTCR anomaly in the resistivity in BT@Ni is based on

Fig. 4 Temperature dependences of the electrical resistivity of the

BaTiO3@Ni composites with different additions of highly

resistive BaTiO3 phase, 20 wt%, 30 wt%, 40 wt%, and 50 wt%

of BT annealed at different temperatures, as shown in diagram

Fig. 5 a Hysteresis in the temperature dependence of the electric

resistivity of BaTiO3@Ni composite with 20 wt% of highly

resistive BaTiO3 phase and b the thermal expansion curve of the

same sample
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the two above-documented effects, i.e., that the

composite exhibits a shrinkage at the Curie temper-

ature, Fig. 5b and a resistivity anomaly that coincides

with the shrinkage, Fig. 5a.

At this time the resistivity of the BT@Ni metal/

ceramic composite sees a rapid increase of the resis-

tivity in a relatively narrow temperature interval at

the phase transition of the ferroelectric barium tita-

nate (BT). This jump-like increase in the resistivity

must be caused by the disconnection of the con-

ducting Ni grains. These novel ceramic–metal ther-

mistors are still under consideration; however, they

also demonstrate the possibility of preparing PTC

thermistors without any lead content.

The anomaly in the resistivity for this novel class of

PTC thermistor will occur at temperatures close to

the TC and might also occur at temperatures of the

ferroelectric phases with a TC higher than that of BT,

as shown in our previous contribution [8]. Here, the

explanation of the PTCR effect of the thermistor at the

Curie temperature of the BT constitutive phase is

based on the abrupt crystallite shape change at TC,

where the c-axis shrinks to a relatively large degree.

When we consider the composite shrinkage at TC,

Fig. 5b, and adjust it with the change of the crystallite

shape, we are justified in concluding that the com-

prehensive shrinkage of the composite (negative

CTE) at the Curie temperature must be related to the

relocations between the crystallites of both con-

stituent phases. This was established using TEM, see

Fig. 6, where a microstructural location was filmed

using a TEM-adapted furnace between 100 �C and

140 �C, covering the Curie temperature at 120 �C. In
the images Fig. 6a and b the microstructure at the

initial and final temperatures can be seen, where a

distinct relocation of the microstructure can be

observed from the marker diagonal. The entire course

of the microstructure reordering is in the film clip as

shown in Fig. 6c.

The marker diagonal is drawn in the figures,

indicating the relocation/displacement of the grains

during the phase transition. However, these reloca-

tions/displacements occurred without inducing

cracks, which were noted when we investigated the

thermistor material ZnO-NiO [5]. There were cracks

formed immediately after the first heating cycle.

Here, there is an indication that this PTC thermistor

composite can be applied as an electronic element.

The driving force of this process is the shrinkage of

the BT crystallite in the c-axis direction (from 4.035 to

4.009 Å, from 0 to 130 �C, respectively). This must be

the reason for inducing a jump-like anomaly in

resistivity at the Curie temperature. Namely, a rela-

tively large absolute shrinkage of the c-axis of BT

ferroelectric grains, when connected with the Ni

grains, can shift the Ni grain and disconnect the Ni

conduction path, which was established at room

temperature, as can be seen from the low resistivity

of the composites. Here, the connection between the

grains is a junction and/or a neck developed during

annealing of the composite. There are three types of

connections between the grains present in the

Fig. 6 a, b TEM images showing the BT@Ni microstructure

details during heating: a the microstructure at 30 �C (initial

temperature) and b the microstructure at 140 �C (final

temperature). The inserted diagonal is a guide for the eye when

watching the grain displacement in the images. c The film clip

showing the microstructure reordering in the examined

temperature interval, available in the supplementary material
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composite material: the connections between the BT-

Ni grains, between the Ni–Ni grains, and between the

BT–BT grains.

The strength of the first connection is the most

important because it pulls the grain in the direction of

the BT grain c-axis contraction and disconnects the

Ni–Ni grains when passing through the Curie tem-

perature. The BT-Ni connection in the metal–ceramic

system is subjected to the diffusion of metal ions into

the ceramics, forming a firm junction between the

grains [11]. On the other hand, the relatively large Ni

grains are not prone to neck formation and present no

hindrance to the disconnection of the Ni–Ni contacts.

In addition, the connections of the BT grains are less

important, as they do not directly participate in the

process and are also limited to form firm connections

as the powders have been previously inactivated by

heating to 1330 �C.
It is assumed that the direction of the BT grain in

Fig. 7, denoted by C, is correctly randomly oriented.

Figure 7 shows a schematic model of the

microstructure of a BT@Ni composite focused on

conductive Ni–Ni chains, while Fig. 8 shows the

microstructure of the BT-Ni grain connections.

4 Conclusion

A magnetic composite BaTiO3@Ni composed of a

magnetic conducting network based on nickel and a

highly resistive ferroelectric phase BaTiO3 exhibiting

a jump-like anomaly in electrical resistivity at the

Curie point of BaTiO3 was prepared and the resis-

tivity anomaly examined. Here, the magnetic prop-

erties of the constitutive phase (Ni) have a

supplementary property and offer a synergetic effect

during its manipulation. The driving force for this

process is the shrinkage of the BaTiO3 crystallite in

the c-axis direction, i.e., a BaTiO3 grain shape change

at TC. This must be the reason for inducing the jump-

like anomaly in the resistivity. Namely, the relatively

large absolute shrinkage of the c-axes (c/a = 1.011 for

the tetragonal BT at room temperature) [14] of the

ferroelectric BaTiO3 grains when in line with the

BaTiO3-Ni connection might shift the Ni grain and

disconnect the Ni network and/or the Ni conducting

path.

This study has revealed the idea of preparing PTC

thermistors with an anomaly of resistivity at elevated

temperatures above the TC of BaTiO3 without the use

of toxic lead oxide when using ferroelectrics without

lead having a higher TC than BT.

Fig. 7 Schematic

microstructure presentation of

the BT and Ni grains

distribution in the PTC

thermistor composite BT@Ni

Fig. 8 TEM image of

composite microstructure at

a 30 �C and at b 140 �C. The
inserted diagonal is a guide for

the eye to watch the grain-

boundary displacement during

the phase transition
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