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Abstract Results of investigations on selected ceramic

ferroics and multiferroics by TA method were presented.

The authors of the work used the thermal analysis both to

optimize a process of producing the ceramic ferroics and

multiferroics and to examine phase transitions in that type

of materials. In the case of synthesis of the ferroics and

multiferroics as a result of sintering of a mixture of simple

oxides, the TA method enables to determine the optimum

synthesis temperature and temperatures of re-crystalliza-

tion and disintegration of compounds and solid solutions.

In the case of the sol–gel method, temperatures of dehyd-

ratization, burning of an organic phase, and crystallization

of an amorphous powder formed from the residual gel were

determined by the TA method. The TA method was also

used to control a process of compacting and sintering the

powders at high temperatures (Ts [ 1,200 K), thus in a

process of ceramic specimen formation. During rapid phase

transitions, the ferroelectric specimens of a first type emit

(in the cooling process) or absorb (in the heating process)

so called latent heat of the phase transitions. On the DTA

courses, it may be manifested in a form of exo- or endo-

thermic peaks in the Curie temperature area (TC). The test

materials included the ferroelectric ceramics of composi-

tion x/65/35 PLZT (ferroic for x \ 9 at%) and mixed bis-

muth oxide layered perovskites (M-BOLP) of composition

Bi5TiNbWO15 with \m[ = 1.5 and the mutliferroic

Pb(Fe1-xNbx)O3 ceramics (PFN) and Bi5TiFeO15 (BTF).

Keywords Ferroelectrics � Ferroelectromagnetics �
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Introduction

A thermal analysis (TA) is used widely in the material

tests. It is applied both to optimize a process of the material

production and to examine changes of some physical and

chemical properties in the temperature function in the

heating and cooling process.

Selected ceramic ferroics and multiferroics were a test

material in this work.

Ferroics include (1) ferromagnetics (antiferromagnetics

and ferrimagnetics), (2) ferroelectrics (antiferroelectrics

and ferroelectrics), (3) ferroelastics (antiferroelastics and

ferrielastics), and (4) ferrotoroidics. Types of spontaneous

ordering of (1) magnetic systems (PM, FM, AFM, and

FIM), (2) electric systems (PE, FE, AFE, and FIE), and

(3) elastic systems (PES, FES, AFES, and FIES) are

presented in Fig. 1, whereas ferrotoidal ordering (FT) is

presented in Fig. 2. A physical system can be character-

ized by its influence on spatial and temporal reversals.

Ferromagnetics and ferroelectrics correspond to the sys-

tems whose ordering parameters change their sign upon

the temporal and spatial reversal, respectively, Fig. 1 [1].

For the ferroelastic system, no such a change occurs under

the two reversals, as shown in Fig. 1. It is apparent that

the three fundamental ferroic orders correspond to three of

the four parity-group representations and the residual

should be assigned as the ferrotoroidic order which

changes the sign under the two reversals. This is the

reason for creating ferrotoroidics as the fourth type of

fundamental ferroics and the relationship between ferro-

toroidics and multiferroics can be highlighted. The mul-

tiferroics are spatial and time asymmetric because of the

coexistence of two order parameters: one violating the

spatial-reversal symmetry and the other breaking the

temporal-reversal symmetry [2].
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The types of the ferroics mentioned are called I order

ferroics or primary ferroics, according to the thermody-

namical terminology.

Multiferroics are some of ferroics of II and III order that

is they show at least two spontaneously ordered subsystems

among the states: FM, FE, FES, and FT.

The multiferroics include, among others, (1) ferroelectro-

magnetics, (FEM = FM ? FE), (2) ferroelectroelastics

(FEES = FE ? FES), and (3) ferromagnetoelastics (FMES =

FM ? FES).

In this work, the TA method was used in the production

process and examining selected ferroelectrics (I order

ferroics) with the perovskite type structure (PLZT) and the

mixed perovskite like and layer structure (M-BOLP),

selected ferroelectromagnetics (multiferroics) with the

perovskite structure (PFN), and the perovskite like and

layer structure (BTF).

A diagram of the perovskite type structure is presented

in Fig. 3, whereas the perovskite like and layer structure in

Fig. 4.

Experimental

Technology of the ceramics production

Two basic stages (Fig. 5): synthesis I and II compacting

(sintering) can be differentiated in the process of ferroic

and mutliferroic ceramic production.

A synthesis of a compound or a solid solution

with a given chemical composition

A synthesis in the liquid phase (a low temperature sol–gel

synthesis SGS) or a synthesis in the solid phase as a result

of a reaction of a mixture of powdered simple or complex

oxides (CMO) subjected to calcination or sintering at an

appropriate temperature (Tsynt) and time (tsynt) was used in

this work.

The thermal treatment of loose-powdered substrates is

understood as the powder calcination, whereas sintering

refers to compacts in a form of tablets compacted by cold

pressing. In the sol–gel synthesis process [3], the thermal
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Fig. 1 All forms of ferroic order under the party operations of space

and time [1]
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Fig. 2 A magnetic toroidic moment in a simple system. a A ring-

shaped torus with an even number of current windings exhibits a

toroidic moment T, b a magnetic field H along the ring plane induces

the congregation of the current loops in one direction and eventually

the electric polarization P along this direction [2]
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Fig. 3 Structure of perovskite type

Fig. 4 The perovskite like and layer structure (m = 2)
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analysis is used to determine (1) a burning temperature of

the gel organic parts and (2) a crystallization temperature

of amorphous powders synthesized at a low temperature. In

the case of the solid phase synthesis, a temperature of

occurrence of intermediate and final chemical reactions

resulting in formation of a given compound or a solid

solution is determined by the TA method.

Compacting the synthesized powders

Compacting the synthesized powders in a form of com-

pacts as a result of sintering at Tsint (Tsint [ Tsynt), in time

tsint, under an atmospheric pressure (the free sintering FS)

or under uniaxial external pressure psint (hot uniaxial

pressing HUP).

The free sintering (FS) was conducted in an electric

chamber furnace of Termod KS-1350 type where the

atmospheric pressure was the sintering medium. The pro-

grammable adjustment of the furnace temperature ensured

its linear increase and good stabilization (the measurement

temperature error ± 0.3%). The hot uniaxial pressing

(HUP) was performed on the laboratory stand of a USSK-1

type. In the HUP method, the pressed compact was placed

in the steel–ceramic matrix in the pad surrounding (the

aloxite), and the atmospheric pressure was the sintering

medium.

The thermal analysis of the powder specimens and

ceramic tablets obtained was made by a thermal analyzer

(Netzsch STA 409; Q-1500D, system F. Paulik, J. Paulik,

L. Erdey), recording curves DTA, TG, and DTG. The

powder examinations (analytical samples *100 mg) were

made with the furnace heating rate of 10�/min, within a

range to 1,237 K, in the air atmosphere and it enabled to

follow changes accompanying the high temperature com-

pacting process in the materials in question. The Al2O3

powder was used as the reference material. The derivato-

graphic examinations showed the differences in the thermal

history of powders depending on their way of synthesizing

in the liquid or solid phase.

Test material

PLZT

It is a ferroelectric solid solution of the chemical compo-

sition (Pb1-xLax) (Zr1-yTiy)1-0.25xO3 and the perovskite

type structure (ABO3) [4].

In PLZT ions, La3? replace ions Pb2? in the perovskite

sub-lattice A in a range of x = (0 - 16) at%, whereas x/y/

(1 - y) values are concentrations of ions La/Zr/Ti,

respectively. A crystalline structure, physical properties,

and possibilities of PLZT ceramic applications depend on a

concentration ratio of the Zr/Ti ions and the La ion

concentration.

The test material for these examinations was x/65/35

PLZT, in which the Zr/Ti = (1 - y) ratio was constant and

was 65/35, and the La concentration changed (x = 0

7 16).

The x/65/35 PLZT synthesis was conducted by both the

sol–gel method (SGM) and by a method of a reaction in the

solid phase of a mixture of the powdered oxides (CMO). To

synthesize x/65/35 PLZT by the CMO method, the following

mixture of the synthesized powders was used: PbO (POCH),

La2O3 (FLUKA), ZrO2 (Sigma-Aldrich), and TiO2 (Fluka)

of purity cz.d.a C99%. Their content was determined

based on the reaction: (1 - x)PbO ? (x)La2O3 ? (y)ZrO2

? (1 - y)TiO2 ? Pb1-xLax(ZryTi1-y)1-0.25x VB
0:25xO3. The

optimum conditions of the synthesis were: Tsynt = 1193 K,

tsynt = 3 h, the furnace heating reaction rate vr = 250 K/h.

The synthesized PLZT ceramic compacts were reduced in

size (crushed and ground) into a powder of an average grain

size of rp & 1.0 lm.

To synthesize x/65/35 PLZT by the sol–gel method

(SGM), the following precursors of high purity were

used: lead (II) acetate—Pb(CH3COO)2 9 3H2O (POCH);

lanthanum (III) acetate—La(CH3COO)3 9 H2O (Fluka),

zirconium n-porpanolane (IV)—Zr(OCH2CH2CH3)4 (Fluka),

titanium n-propanolane (IV)—Ti(OCH2CH2CH3)4 (Fluka),

n-propanolane as a solvent, and acetylacetone as a stabilizer

of the sol solution.

Conventional sintering

Powders compacting

Mixing

Remove organic matter

Powdering in mortar

a sol in gel

Hydrolyze

Stabilization

Destylation

Mixing all
componentsMixing all components(a) (b)

Powders compacting or calcination

Synthesis

Powdering and mixing

Powders compacting

Convencional sintering

Gelation – transformation

Drying a sol to powder
         IR radiation

Fig. 5 A general diagram of the ferroic and mutliferroic ceramic

production. a The conventional method, b the sol–gel method
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The dried x/65/35 PLZT powder of the amorphous

structure, obtained by the sol–gel process, was subjected

to the thermal pretreatment at T = 873 K for t = 3 h and

the average grain size of the powder equal to

rp & 0.5 lm was obtained. Powder compacting was made

by a free sintering (FS) or hot uniaxial pressing (HUP)

method [5].

PFN

It is a ferroelectromagnetic solid solution of the Pb

(Fe1-xNbx)O3 composition, with a perovskite type struc-

ture and a general formula of A(B01�xB00xÞO3. In PFN, Fe

iron and Nb niobium ions substitute themselves into B0 and

B00 octahedral positions in a random way. PFN with the ion

concentration of Fe/Nb = (1 - x)/x = 0.5/0.5 was the test

material.

The Pb(Fe0.5Nb0.5)O3 synthesis was carried out by dif-

ferent varieties of reactions in the solid phase or a synthesis

in the liquid phase (the sol–gel method) [6–9].

In the one stage method of the PFN synthesis, powders

of the following simple oxides were used: PbO (POCH),

Fe2O3 (ALDRICH), and Nb2O5 (ALDRICH) with purity of

cz.d.a C99%. The content of particular components was

determined according to the reaction: PbO ? 0.25Fe2O3

? 0.25Nb2O5 ? PbFe0.5Nb0.5O3. The optimum synthesis

conditions were: Tsynt = 1,123 K, tsynt = 4 h. In the two

stage method of the PFN synthesis, the simple oxides were

the components (like in the one stage method).

Synthesis was conducted by a technique of the mixed

oxides calcining according to the following reactions:

Fe2O3 ? Nb2O5 ? 2FeNbO4 (I stage) and FeNbO4 ?

2PbO ? 2PbFe0.5Nb0.5O3 (II stage). In the first stage, the

ferroniobate was synthesized at the temperature of:

1,273 K for 4 h, in the second stage the optimum synthesis

conditions of the mixture of FeNbO4 and PbO powders

turned out to be T = 1,073 K and t = 3 h.

The synthesized PFN ceramic compacts were reduced in

size to a powder form of the average grain size equal to

rp & 1.0 lm.

To synthesize PFN by the sol–gel method, the following

precursors of high purity were used: lead (II) acetate tri-

hydrate pure p.o. Pb(CH3COO)2�3H2O (POCh), iron (III)

nitrate nonahydrate pure p.o. Fe(NO3)3�3H2O (POCh),

nobium ethylate-niobium (V) ethoxide Nb(OC2H5)5

(Aldrich). In the sol–gel process, 2-metoxyethylate was a

solvent and acethyloaten was a stabilizer, which was used

both to control the hydrolysis of alcoholates and to protect

against too quick gelation of the solution. Distilled water

was used for the hydrolysis reaction. The PFN powder

obtained after drying was mixed and baked in a furnace at

temperature T = 873 K for t = 2 h to remove organic

parts [9].

The crystallized powder was reduced in size mechani-

cally (grinding) and average powder grain sizes of

rp & 0.5 lm were obtained by ultrasounds.

M-BOLP

It is a ferroelectric solid solution of a mixed perovskite like

layer structure and a general formula of A2m-2Bi4B2m

O6m?6, where m ¼ m1þm2

2
= 1.5, 2.5, 3.5, 4.5, m2 - m1 = 1.

Ceramic M-BOLP was synthesized by a free sintering

method of compacts of two types: (1) compacts being a

mixture of appropriate oxides and (2) compacts being a

mixture of two BOLPs differing in a number of perovskite

layers in the packet (m) about m2 - m1 = 1. Compacting

of ferroelectric powders was conducted by a free sintering

or hot uniaxial pressing method [10, 11].

BTF

It is a ferroelectromagnetic solid solution of a perovskite

like layer structure of a general formula of Bi4Bim-3

Ti3Fem-3O3m?3, where m = 1, 2, 3, 4, 5, 8, specifies a

number of perovskite layers along the z axis. BTF with

m = 4, that is Bi5Ti3FeO15, was a test material in this

work.

The solid solution of the BFT type of the Bi5Ti3FeO15

composition was synthesized by the CMO method as a

result of sintering of a mixture of powdered oxides: Bi2O3

(FLUKA), Fe2O3 (ALDRICH), and TiO2 (FLUKA) with

purity of cz.d.a C99%. The BFT synthesis was performed

by a solid phase reaction method taking place as a result of

free sintering of compacts with two different compositions

[12–14]:

(1) 6TiO2 ? 5Bi2O3 ? Fe2O3 ? 2Bi5Ti3FeO15;

(2) Bi4Ti3O12 ? BiFeO3 ? Bi5Ti3FeO15.

The BTF ceramic compacts synthesized as a result of

sintering (Tsynt = 1,073 K, tsynt = 5 h) were reduced in

size into a powder of the average grain size of rp &
1.0 lm.

Compacting of the BTF synthesized powders was con-

ducted by a free sintering (FS) or hot uniaxial pressing

(HUP) method.

Results and discussion

Thermal analyses (DTA and TG) for solid solutions x/65/

35 PLZT (Figs. 6, 7), Pb(Fe0.5Nb0.5)O3 (Figs. 8, 9, 10),

A2m-2Bi4B2mO6m?6 (Fig. 11), and Bi5Ti3FeO15 (Figs. 12,

13) are presented below. Those tests were used to optimize

synthesis conditions of the solid solutions mentioned above

as a result of calcination or sintering of a mixture of simple
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or complex oxides and provided other information con-

cerning behaviors of selected ferroics and multiferroics

while heating to high temperatures (including e.g.: a

melting temperature, an organic compound burning tem-

perature, a crystallization temperature, a temperature of

occurrence of specific crystalline phases etc.).

An exothermal peak was always observed in the area

*565 K, independently of the lanthanum concentration (x)

on the DTA curves of powders x/65/35 PLZT(SGS). It was

connected with the nucleation and the growth of crystal-

lites, because after cooling the powder to a room temper-

ature and repeating the heating process there was no

exothermal peak any longer to T = 1,273 K on the DTA

curves [5]. Mass losses recorded on the TG curves in the

same temperature area may prove that an inorganic phase is

formed. In other areas of the plateau, no mass changes were

observed what proves that the powders prepared for com-

pacting were free of an organic part, well burnt and crys-

tallized. An exemplary result of the thermal analysis of the

powder 12/65/35 PLZT(SGS) obtained by the sol–gel

method is presented in Fig. 6.

The oxide mixtures subjected to the thermal analysis,

corresponding to compositions x/65/35 (with x = 6 - 13

at% La), gave another image of curves. Regardless of the

lanthanum content occurrence of the exothermal peak in

the area near 579 K and the endothermal peak at 642 K

connected with crystallization and formation of the cera-

mic, the perovskite phase was observed also on the DTA

curves in this case in the PLZT(CMO) powders in question.

Mass changes recorded on the TG curves in the same area

confirmed that phenomenon. The endothermal peak

appearing in the area *1,040 K proves that PZT is formed

temporarily from the oxide mixture. It is an intermediate

product of the synthesis, which reacts subsequently with

the lanthanum oxide in order to form a product—PLZT

corresponding to it in the final stage of the solid phase

reaction. A curve obtained for 12/65/35 PLZT(CMO) is

presented as an example of the oxide powder analysis

(Fig. 7). On basis of the thermal analysis, both in the case

of the SGS powders and CMO ones, it was established that

the minimum sintering temperature should be at least

1,123 K [5].

The PFN ceramic synthesis temperature was selected

based on the differential thermal analysis (DTA). A strong

exothermic peak and two endothermic ones are observed

on the DTA temperature courses (Fig. 8). The strongest

exothermal peak at *733 K is connected with formation

of a pyrochlore and/or perovskite phase. Finally, perovskite

phase is formed at temperatures higher than 800 K.

Based on the thermal analysis of the PbFe0.5Nb0.5O3

powder (PFN), it was established that the minimum tem-

perature of synthesizing a mixture of initial components in

that PFN synthesizing method should be at least 1,073 K,

above which no anomalies on the DTA and TG curves are

longer observed [7].

The two stage synthesizing method (a columbite

method) in a production process of the PFN material

powders consists of two stages. In the first one, FeNbO4 is
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obtained as a result of a synthesis of Fe2O3 and Nb2O5

(Fe2O3 ? Nb2O5 ? 2FeNbO4) oxides. Based on the DTA

and TG examinations, it was established that the optimum

conditions of the first stage are Tsynt = 1,273 K, tsyn = 4 h

(Fig. 9). In the second stage, the PFN powders are obtained

as a result of a synthesis of the FeNbO4 and PbO complex

oxides from the reaction 2PbO ? FeNbO4 ? 2PbFe0.5

Nb0.5O3 [8].

For a PFN DTA curve, there is a broad endothermic

peak between 300 and 420 K (Fig. 10). It is connected with

the water evaporation. The exothermic peak at *550 K is

related to the formation of a pyrochlore and/or perovskite

phase. The amorphous PZT phase was reported to trans-

form to a metastable pyrochlore at temperature as low as

520 K, finally to form the perovskite phase at temperatures

higher than 800 K (the exothermic DTA peak at 860 K is

not accompanied by a significant decrease in mass and this

therefore may reflect the crystallization of PFN powder). In

that stage, the optimum synthesizing conditions turned out

to be Tsynt = 1,073 K, tsynt = 3 h.

Another test material was Bi5TiNbWO15 (Fig. 11a)

obtained as a result of the reaction in the solid phase of a

mixture of simple oxides of Bi2O3–TiO2–WO3–Nb2O5 and

BLPO obtained a result of a solid phase reaction of com-

plex oxides of Bi2WO6 and Bi3TiNbO9 (Fig. 11b). There is

400

TG

DTA
DTA

TG

–8
–6
–4
–2

–6

–4

–2

0

2

–8
–10

–6

–6

–5

–4

–3

–4
–2

0

0

(a) (b)
2

600 800 1000 1200

Temperature/K
400 600 800 1000 1200

Temperature/K

D
TA

/μ
V

/m
g

E
nd

o

D
TA

/μ
V

/m
g

E
nd

o

T
G

/m
as

s%

T
G

/m
as

s%

Fig. 9 DTA and TG curves of

the FeNbO4 powder as one of

precursors in the synthesis

method. a Before and b after the

synthesis

400 600 800 1000 1200

Temperature/K

0,06

0,03

0,00

TG

DTA 55
0 

K

86
0 

K

D
TA

/Δ
T

/K
E

xo

1,2

1,3

1,4

T
G

/m
as

s%

Fig. 10 DTA and TG curves of the PbFe0.5Nb0.5O3 powder obtained

from the complex oxides

273

DTA

TG

TG –0.04%

TG –1.87%

TG –1.18%

TG –1.68%

T 481.3 K

T 1128.5 K

T 605.8 K

T 668.1 K

473 673

Temperature/K
874 1073 1273 273

0,00

0,02

0,04

0,06

0,08

473

DTA

TG

673

Temperature/K
874 1073 1273

0,28

0,24

0,20

0,16

0,12

0,08

0,04–2.0

4.0

2.0

0.0

D
TA

/μ
V

/m
g

E
nd

o

D
TA

/μ
V

/m
g

E
nd

o

–2.0

0.4

–0.2

–0.8

–1.4

(a) (b)1.0

T
G

/m
as

s%

T
G

/m
as

s%

Fig. 11 DTA and TG curves of

the simple oxides of

a Bi5TiWNbO15 (m = 1.5)

and b a BLPO mixture

273

–3

–2

–1

0

(a) (b)

DTA DTA
TG

TG

52
3 

K

10
23

 K

55
3 

K1

2

473 673

Temperature/K
873 1073 1273

–3

–2

0

1

2

–1

–3,5

–2,5

–1,5

–0,5
0,0

–3,0

–2,0

–1,0

–3,5

–2,5

–1,5

–0,5
0,0

–3,0

–2,0

–1,0

273 473 673

Temperature/K
873 1073 1273

D
TA

/μ
V

/m
g

E
nd

o

D
TA

/μ
V

/m
g

E
nd

oT
G

/m
as

s%

T
G

/m
as

s%

Fig. 12 DTA and TG curves of

the mixture of a simple oxides

of TiO2, Bi2O3 and Fe2O3 and

b complex oxides of Bi4Ti3O12

and BiFeO3

628 D. Bochenek et al.

123



a large temperature range and moderate endothermic peak

between 380 and 490 K (for Bi5TiWNbO15) and between

285 and 480 K (for Bi3TiNbO9). The water evaporation is

responsible for this phenomenon. For Bi5TiWNbO15, the

exothermic peak is observed between 570 and 690 K which

corresponds to the formation processes of BTWNO. For

Bi3TiNbO9, the exothermic peak is observed between 500

and 680 K which corresponds to the formation processes of

BLPO. The formation reaction occurs when the tempera-

ture exceeds 800 K. The transformation from the amor-

phous phase to the crystalline phase occurs in this

temperature range.

The DTA and TG test results enabled to optimize syn-

thesizing conditions, which for the both materials were

Tsynt = 873 K, tsynt = 5 h [11].

The thermal analysis of the Bi5Ti3FeO15 material (BFT)

showed differences in the thermal history of powders,

depending on a way of their synthesizing in the liquid and

solid phase.

The DTA and TG examination results for substrates

ground manually in the porcelain mortar are presented in

Fig. 12a for a mixture of simple oxides and Fig. 12b for a

mixture of complex oxides) and ground preliminary for 1,

3, 5, and 10 h (Fig. 13) in the process to obtain powders of

the BFT material [13, 14].

The broad exothermic peak is observed between 450

and 650 K for TiO2–Bi2O3–Fe2O3 mixture and complex

oxides of Bi4Ti3O12–BiFeO3. It is implied that this peak is

related to the formation of the perovskite phase. The

amorphous phase was reported to transform to the meta-

stable pyrochlore to form the perovskite phase. In works

[15, 16], the phase transformation kinetics was described

as a consecutive reaction process in which nucleation

dominated. Therefore, the addition of seed particles

introduced nucleation sites in the form of low-energy

epitaxial interfaces and thereby selectively increased the

crystallization rate of the phase that is isostructural with

the seed particle.

Presence of the very weak single, endothermal peak at

*1,023 K temperature is observed in Fig. 12a. It may be

connected with a phase transition from the ferroelectric

phase to the paraelectric phase, what was proved by later

examinations of the dielectric properties.

Changes in the mass observed on the TG curve are

connected with water evaporation and hygroscopic com-

pounds. For the ceramics in question they are in a range to

4% in the whole temperature range. The temperature above

which there are no exothermal peaks on the DTA curve

was selected as the synthesis temperature.

The DTA curve in Fig. 13 shows peaks at *655 K

which correspond to a mass loss as shown by the TG curve.

The clear exothermic DTA peak at *725 K (in Fig. 13c,

d) and weakly in Fig. 13b is not accompanied by a sig-

nificant decrease in mass and this, therefore, may reflect the

crystallization of these material powders. The growth of

time of mixing calls out the decrease in the mass loss

visible on the TG curves.

The optimum synthesis (Tsynt and tsynt) and sintering

(Tsint, tsint, and psint) conditions established based on the

thermal analysis of the selected ferroics (ferroelectrics) and

multiferroics (ferroelectromagnetics) are presented in

Table 1.
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Fig. 13 DTA and TG curves of

the BFT substrates preliminary

ground for a 1 h, b 3 h, c 5 h

and d 10 h
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Conclusions

To optimize conditions of a new ferroic (ferroelectric) and

multiferroic (ferroelectromagnetic) material production, a

thermal analysis method was used. Recorded DTA, TG,

and DTG curves were subjected to a detailed analysis and

interpretation. By combining the information obtained in

such a way with material test results (XRD, EDS, and

SEM), the optimum temperatures of synthesis, sintering,

crystallization and temperature of occurrence of other

effects, accompanying the production process of the cera-

mic ferroelectrics and ferroelectromagnetics were deter-

mined. During powder calcination and sintering of

compacts of a complex chemical composition, mass

changes in the specimen often occur. An analysis of the TG

curves recorded enables to separate the mass losses

improving properties of the ceramic materials (e.g. water

loss, burning redundant organic parts etc.) from those

losses which are responsible for worsening of physical

properties of those materials (e.g. formation of cation and/

or anion vacancies.

While testing the electroceramic materials, the thermal

analysis methods play an important role, providing they are

supplemented by results obtained by other methods.

• Comprehensive tests of the synthesis and sintering

process of the selected ferroics (x/65/35 PLZT and

M-BOLP) and multiferroics (PFN and BTF) were

conducted for the first time by use of the thermal

analysis method.

• The performed tests have shown that a course of the

DTA and TG curves depends on the chemical compo-

sition and a way of synthesizing ferroic and multifer-

roic powders.

• The tests by the TA method have shown that sintering

of ferroic and multiferroic ceramic powders is com-

plex which is confirmed by presence of exo- and

endothermal peaks on the DTA curves and anomalies

on the TA curves. It has been found that the optimum

powder sintering temperature (the synthesis) should

correspond to the lowest temperature above which no

peaks and anomalies on the DTA and TG curves are

observed.

• The tests performed by the TA method have shown that

the heating rate (vs) and the time of holding at the

maximum temperature (ts) have a significant influence

on the ceramic properties besides the sintering temper-

ature (Ts). It was found that the perovskite like

compounds of a layer structure (M-BOLP and BTF)

required particularly long sintering times (ts C 5 h).
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research project nr N R15 0005 04 financed by the Polish Ministry of

Higher Education.

Table 1 The optimum conditions of the synthesis and sintering of the selected ceramic ferroelectrics (ferroics) and ferroelectromagnetics

(multiferroics)

No. Material Synthesis Sintering (compacting)

Method Tsynt/K tsynt/h Method Tsint/K tsint/h psint/MPa

1 x/65/35 PLZT Reaction in the solid phase

of an oxide mixture

(PbO–TiO2–ZrO2–La2O3)

1,193 3 Free sintering FS 1,523 5 –

Hot uniaxial pressing HUP 1,523 2 20

Sol–gel synthesis – – Free sintering FS 1,523 5 –

Hot uniaxial pressing HUP 1,523 2 20

2 M-BOLP on an

example of

Bi5TiNbWO15

\m[ = 1.5

Reaction in the solid phase of a

simple oxide mixture Bi2O3–

TiO2–WO3–Nb2O5

873 5 Free sintering FS 1,323 3 –

Hot uniaxial pressing HUP 1,273 1 10

Reaction in the solid phase

of a mixture BLPO

(Bi2WO6 ? Bi3TiNbO9)

873 5 Free sintering FS 1,323 3 –

Hot uniaxial pressing HUP 1,323 1 10

3 PFN on an

example of

Pb(Fe0.5Nb0.5)O3

Reaction in the solid phase of a

simple oxide mixture

(PbO–Fe2O3–Nb2O5)

1,123 4 Free sintering FS 1,398 2 –

Hot uniaxial pressing HUP 1,273 1 20

Columbite method

(FeNbO4 ? 2PbO)

1,073 3 Free sintering FS 1,323 2 –

Hot uniaxial pressing HUP 1,273 1 20

4 BFT on an

example of

Bi5Ti3FeO15

Reaction in the solid phase

of a simple oxide mixture

(TiO2–Bi2O3–Fe2O3)

1,073 5 Free sintering FS 1,343 5 –

Hot uniaxial pressing HUP 1,123 1 5

Reaction in the solid phase

of a complex oxide mixture

Bi4Ti3O12–BiFeO3

1,073 5 Free sintering FS 1,343 5 –

Hot uniaxial pressing HUP 1,123 1 5
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spectroscopy of Bi5Ti3FeO15 ceramic powders obtained by

mechanical synthesis. Acta Phys Pol A. 2008;114:1623–9.

15. Kwok CK, Desu SB. Formation kinetics of PbZrxTi1-xO3 thin

films. J Mater Res. 1994;9:1728–33.

16. Chen KC, Mackenzie JD. Crystallization kinetic of metallo-

organics-derived PZT thin film. Mater Res Soc Sym Proc.

1990;180:683–8.

Applications of the thermal analysis 631

123


	Applications of the thermal analysis in preparation and investigation of the ceramic ferroics and multiferroics
	Abstract
	Introduction
	Experimental
	Technology of the ceramics production
	A synthesis of a compound or a solid solution with a given chemical composition
	Compacting the synthesized powders

	Test material
	PLZT
	PFN
	M-BOLP
	BTF


	Results and discussion
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


