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Sintering behaviour of steatite materials with barium carbonate flux
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Abstract
Steatite porcelains show excellent properties for insulating applications. New applications as small insulators for halogen bulbs lighting for

instance, place increasing demands on material performance. The purpose of this work is to study the sintering behaviour and microstructural

development of steatite ceramics formulated with BaCO3 flux. Both constant heating rate and isothermal sintering experiments together with

microstructure characterization have revealed important differences related to the presence of BaCO3 and different amounts of clay. Increasing the

amount of clay leads to higher vitreous/crystalline phase ratios but also to smaller grain sizes. This result is interesting because of the relevant role

played by the grain size for the protoenstatite to clinoenstatite transformation, which in turns is the origin of material aging and degradation.
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1. Introduction

Traditionally porcelains are ceramic materials used for

manufacturing insulator devices [1,2]. Two main families can

be distinguished in the porcelain compositions: on one hand

triaxial porcelains made of kaolin and/or clay, feldspar and quartz

or alumina and on the other hand steatite porcelains based on talc,

clay and auxiliary fluxes such as feldspar or barium carbonate.

General microstructure of porcelains is mainly composed of

crystalline particles surrounded by a vitreous phase and a certain

amount of pores [3–5]. This vitreous phase controls the sintering

process and has a great influence on the mechanical and dielectric

properties of the material [6]. Because of the increasing interest

in triaxial porcelains for manufacturing porcelain stoneware

tiles, recent works have been reported dealing with their

microstructure development and the sintering behaviour [7–10].

However for electrical insulating applications, the best dielectric

properties are shown by steatite porcelains, also known simply as

steatites. Their optimum dielectric properties are resumed in the
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norm CEI 672-1 of the CENELEC (European Committe for

Electrotechnical Standarization) in the steatite group C221 [11].

Steatites are based on the generation of a crystalline phase of

magnesium metasilicate from talc mineral according to the

following reaction:

3MgO � 4SiO2 � H2O�!DT
3MgSiO3 þ SiO2 þ H2O (1)

Talc is agglomerated with clay, and some fluxes as feldspar or

barium carbonate are added for generating enough vitreous

phase. Whenever the auxiliary flux is a feldesphatic material,

alkaline ions lead to a low performance steatite with increased

dielectric losses (classified as much as C220); on the contrary, if

the flux is barium carbonate, the dielectric properties of steatite

are optimum [12,13]. Nevertheless in both cases the sintering of

the ceramic takes place in the presence of a liquid phase and as

previously mentioned, the microstructure after cooling is

composed by crystalline magnesium metasilicate grains sur-

rounded by a vitreous matrix. Among the three possible

magnesium metasilicate polymorphs, protoenstatite, ortoensta-

tite and clinoenstatite [14–16], the first one is thermodynamically

stable at high temperature (until 985 8C) but is the main

crystalline phase in steatite porcelains because it is stabilized by

the vitreous phase; the average size of protoenstatite crystals

stays normally below 10 mm. However if protoenstatite crystals

are not properly stabilized, transformation to the room
d.
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Fig. 1. XRD patterns of the raw-materials: (a) talc and (b) clay.
temperature polymorph, clinoenstatite, will occur [17] and this

martensitic type of transformation implies a volume change that

leads to extensive material cracking. For years, this has been the

origin of material damage during manufacturing and service

[18,19].

Although interest on these materials is increasing in the last

years because of their application in new fields, such as that of

small insulators for halogen bulbs lighting, few work has been

developed dealing with the sintering behaviour as well as the

microstructure evolution of these porcelains. Moreover,

understanding microstructural development becomes a critical

point to design steatite materials that satisfy the increasing

demands on the material performance required by the new

applications. In this way the present work is focused on the

study of the sintering process in steatite materials in order to

understand and control their microstructure development.

2. Experimental procedure

A family of compositions in the SiO2–Al2O3–MgO system

were prepared to follow the sintering behaviour in steatite

porcelains (Table 1). These compositions labelled TA1–TA5

were designed increasing both the Al2O3 content, which shifts

the composition towards the eutectic point of the system, as

well as the SiO2/MgO ratio. Talc, clay and barium carbonate

were used as raw materials. X-ray diffraction pattern in Fig. 1a

shows that the starting talc mineral presented a high purity level

with minor amounts of dolomite and clorite phases. Clay was

mainly kaolinitic with minor quantities of quartz and illite

(Fig. 1b) and barium carbonate was 99.7% pure. Compositions

were prepared by wet milling of raw materials in a jar mill.

After milling (90% of the particles <25 mm) pressing additives

were added and the slurries were homogenized for 1 h. The

slips were then passed through a 325 mesh sieve and

rheological parameters were adjusted for spray-drying in a

Niro spray-drier with rotating disc. Discs of 60 mm diameter

were uniaxially pressed at 40 MPa and less than 0.5% humidity.

After drying at 110 8C for 24 h, the pressed discs were fired at

5 8C/min heating rate and 60 min soaking time at maximum

temperature which ranged from 1240 to 1380 8C.

Characterization of raw materials was performed by X-ray

diffraction (XRD) on a D5000 Siemens diffractometer with a

fully computerized Kristalloflex 710 generator using Cu Ka1

radiation and Ni filter. Dilatometric measurements were

performed in air at a 5 8C/min heating rate on a Netzch 407/

E Dilatometer. Microstructural observations with scanning

electron microscopy (SEM) were carried out on both polished
Table 1

Molar relations of compositions prepared to follow the sintering behaviour in

steatite porcelains

TA1 TA2 TA3 TA4 TA5

SiO2 1.00 1.00 1.00 1.00 1.00

MgO 0.76 0.74 0.72 0.70 0.68

Al2O3 0.02 0.03 0.04 0.05 0.06

BaO 0.03 0.03 0.03 0.03 0.03

SiO2/MgO 1.32 1.35 1.39 1.13 1.18
and fracture surfaces of selected samples in a Field Emission

Hitachi S-4700 FE-SEM microscope. Grain/pore size mea-

surements (including distribution of phases) were evaluated

from SEM micrographs of polished and chemically etched

samples by an image processing and analysis program (Leyca)

that measures the surface of each grain and transforms its

irregularly shaped area into a circle of equivalent diameter.

More than 400 grains/pores were considered for each

measurement.

3. Results and discussion

Fig. 2 depicts the shrinkage and shrinkage rate evolution

with temperature for samples of TA1 and TA5 compositions. As

observed shrinkage starts around 800 8C in both compositions

but increases with the clay content at the initial sintering stage.

Looking into shrinkage rate curves (Fig. 2b) two peaks can be

observed in the range between 800 and 1000 8C; the first one

appearing at lower temperature is related to BaCO3 decarbona-

tion and the second one, which also increases with the clay

content, is related to dehidroxilation of the talc mineral

introduced in the compositions and metakaolin transformation

originated from the clay mineral. Hence, below 1000 8C sample

shrinkage is attributed to changes of raw materials with no

apparent reactions between them. Around this temperature the

BaCO3 decarbonation is already finished and submicronic
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Fig. 2. Shrinkage (a) and shrinkage rate (b) behaviour of compositions TA1 and

TA5.

Fig. 3. Detail of BaO particles formed in composition TA1 fired at 1000 8C as a

result of BaCO3 decarbonation (SEM micrograph of polished sample).
agglomerates of barium oxide can now be observed (Fig. 3).

These highly reactive particles start to react then with

amorphous metakaolinite coming from clay kaolinite as well

as with silica coming from talc. In fact the temperature of this

reaction (around 1000 8C) is markedly lower than the eutectic

temperature (1122 8C) probably due to the high reactivity of

nanometric size barium oxide particles [20–23]. As a

consequence, a small amount of liquid phase starts to appear

where BaCO3 particles were lying. Taking into account that the

eutectic composition is roughly 27% BaO, 60% SiO2 and 13%

Al2O3 (in mol%) and BaO content is 4.2% for all compositions,

the complete reaction of BaO requires a 9.3% of SiO2 and 2%

of Al2O3 to be consumed. This means that only in TA5
Fig. 4. Evidence of liquid phase in the microstructure of samples of TA1 a
composition there is enough metakaolinite to supply the

necessary SiO2, whereas in TA1 composition BaO particles

should react mainly with silica coming from the talc

transformation to protoenstatite according to reaction (1).

The less silica coming from clay, the more will be incorporated

from the excess of dehidroxilated talc; however, this last source

of silica is less reactive than that one coming from

decomposition of clay minerals. Consequently, shrinkage

behaviour is very different for both samples above 1000 8C
(Fig. 2). For TA5 composition the formation of the liquid phase

seems to be completed between 1050 and 1150 8C and the

densification rate is higher than that of TA1 composition where
nd TA5 compositions after sintering at 1200 and 1150 8C, respectively.
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Fig. 5. Densification of TA compositions as a function of sintering temperature.

Table 2

Microstructural characterization of compositions TA1–TA5. Samples sintered

at the temperature of maximum density (see also Fig. 5)

Maximum sintering

density (g/cm3)

Average grain

size (+0.5 mm)

Average pore

size (+0.5 mm)

Vitreous

phase (%)

TA1 2.76 3.9 6.7 34

TA2 2.74 3.1 9.4 33

TA3 2.71 2.2 11.8 52

TA4 2.70 1.9 11.0 57

TA5 2.65 1.7 12.4 60
the same process is extended up to 1250 8C. Such a different

behaviour is reflected in the microstructure evolution of both

systems: as inferred from SEM micrographs (Fig. 4) the

evidence of liquid phase is more generalized in sample of TA5

composition treated at 1150 8C than in sample of TA1

composition treated at 1200 8C.

In the same way Fig. 5 plots the density of the sintered

samples versus temperature for isothermal sintering experi-

ments. A general behaviour is clearly observed. For lower

sintering temperatures (below 1300 8C) the density of the

sintered pellets increases with the clay content. On the

contrary, this trend reverses for sintering temperatures
Fig. 6. Microstructure of TA compositions sintered at their temperature of maximum
approaching 1350 8C. Furthermore a lowering of the max-

imum apparent density is observed from TA1 to TA5

compositions (Fig. 5). This fact should be interpreted

considering that the main factor affecting these samples is

the vitreous/crystalline phase relation: the higher the amount

of vitreous phase (higher vitreous/crystalline phase relation)

the lower the maximum apparent density. Data in Table 2,

corresponding to samples of each composition sintered at their

maximum density, clearly shows that such relation increases

from TA1 to TA5. Besides, the microstructural analysis of

these samples sintered at their maximum density reveals two

main differences between compositions, related to the

distribution of phases as well as to the grain size of the

crystalline phase (Fig. 6). On one hand the analysis of pore

distribution shows that average pore size increases with

alumina content, that is small pores in TA1 composition grow
density, 1360 8C for TA1 composition, 1320 8C for TA2 and 1300 8C for TA3.
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towards wider distributions in the other compositions (see

Table 2). This seems to be related to mechanisms of pores

coalescence associated with an increasing amount of low

viscosity liquid phase that might lead to large pores quite

difficult to be removed. On the other hand grain size

measurements of the crystalline phase show the opposite

trend with a decreasing average grain size when increasing

alumina content (from TA1 to TA5, Table 2). Note that

decreasing crystalline phase grain size is an important issue for

material stability since large grains seem to show a strong trend

to transform from protoenstatite to clinoenstatite. Moreover,

this last result is rather surprising since the total amount of

liquid phase increases with the alumina content (Table 2). To

understand this, we should look it from the point of view of the

liquid phase evolution at each composition. In all cases a first

liquid phase is generated at low temperatures due to BaO

formation from starting barium carbonate. This first liquid

leads to a primary rearrangement which is more effective for

the samples containing more clay. When temperature increases

and alumina content is higher in the composition, the liquid

phase, originated from the reaction between silica, magnesia

and alumina, becomes more important and penetrates the

dehidroxilated talc particles breaking them and leading to a

secondary rearrangement. This process takes place at high

temperatures and can explain why average crystal size lowers

in the more fluxing compositions.

4. Conclusions

The sintering behaviour in steatite porcelains is mainly

controlled by the reaction that takes place between BaO coming

from BaCO3 decarbonation in one hand, and amorphous

metakaolinite coming from clay kaolinite and silica coming

from talc in the other hand. Silica coming from clay is more

reactive than the one coming from the silica excess of

dehidroxilated talc, therefore increasing the amount of

metakaolinite improves the liquid phase formation and

shrinkage rate at low temperatures. When the sintering

temperature increases and the alumina content is higher

according to the amount of clay incorporated, the liquid phase

originated from the reaction between silica, magnesia and

alumina penetrates the dehidroxilated talc particles leading to a

secondary rearrangement. This process leads to a decrease of

the average grain size of the crystalline phase in spite of the

increase of the vitreous/crystalline phase ratio. This is expected

to improve the aging behaviour of the material since large

grains seem to show a strong trend to transform from

protoenstatite to clinoenstatite.
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