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bstract

teatite/cordierite ceramics were fabricated by using a combined method of high-energy ball milling, cold pressing and sintering. Steatite and
ordierite powders were separately synthesized from natural raw materials such as kaolinite and talc. The powder blends containing different
mounts of cordierite (5, 10 and 20 wt.%) were wet-milled for 1 h in a vibratory ball-mill (FritschTM Pulverisette 7 Premium Line), using zirconia
ial and balls. After drying, powders were compacted to cylindrical preforms with a diameter of 12.7 mm by uniaxial pressing at 300 MPa. The
reen compacts were sintered at 1200–1350 ◦C for 2 h under air. Phase, microstructural and thermal characterizations of the sintered materials

ere carried out by using X-ray diffraction technique (XRD), thermogravimetry/differential thermal analyzer (TG/DTA) and scanning electron
icroscope (SEM). Densities, open porosity and water absorption values of sintered bodies were measured by Archimedes method. Thermal

xpansion coefficient (CTE) measurements were conducted by a dilatometer.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Steatite ceramics and cordierite ceramics are metasilicates
hich form the major components of the MgO–Al2O3–SiO2

ernary system.1 The chemical formula of steatite ceram-
cs is MgSiO3 which have four polymorphic forms such as
nstatite, protoenstatite, clinoenstatite and high temperature
linoenstatite.2,3 Steatite ceramics are usually available as an
nstatite phase whose density is 3.21 g/cm3, melting point is
557 ◦C and crystal lattice is orthorhombic.1 They are produced
rom natural raw materials as talc and clay by dry pressing, extru-
ion, casting and semi-wet pressing. Also, flux (BaO, BaCO3,
tc.) can be added at low quantities in order to improve the prop-
rties and distinguish the types of steatites.4,5 The clay enhances

he formability and processability of the body. The flux enables
he development of a melting phase during sintering.4
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Steatite ceramics are widely used in high temperature appli-
ations and electronics as tips for gas burners, heating element
olders, halogen bulb holders, casings for thermostats, elec-
ric switchboards, stand off insulators, interlocking insulating
eads, split bush insulators and regulator parts, due to their low
ielectric losses, high temperature resistance and high mechan-
cal strength. Moreover, they have been attracted considerable
nterest in dental applications.2,4–8

Cordierite ceramics contain MgO:Al2O3:SiO2 ternary sys-
em components in the ratio of 2:2:5. Cordierite has an
rthorhombic crystal lattice. Its density is 2.60 g/cm3 and
elting point is 1470 ◦C. They have superior properties such

s excellent thermal shock resistance, low thermal expan-
ion coefficient (CTE), high chemical durability, low dielectric
onstant and high refractoriness. Its mean CTE values vary
ith the cordierite content in the ceramic; typical values

re 1.5 × 10−6 to 4.0 × 10−6 C−1 in the temperature range
f 25–700 ◦C.9–13 Steatite ceramics have higher CTE values
6 × 10−6 to 8 × 10−6 C−1) than those of cordierite. Moreover,

ordierite ceramics have higher thermal shock resistance than
teatite.1 On this basis, cordierite ceramics have many applica-
ion areas as electrical porcelains, catalytic converter substrates
or exhaust gas control of automobiles, heat exchangers for gas
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urbine engines, industrial furnaces, packing materials in elec-
ronic packing, refractory coatings for metals, substrates for
ntegrated circuits, etc.11–16 Owing to their lower manufacturing
osts and better electrical properties, cordierite ceramics are can-
idate materials instead of alumina, especially in the electronic
ndustry.1,9–11

This study reports the fabrication of steatite/cordierite ceram-
cs by using a combined method of high-energy ball milling, cold
ressing and sintering. Steatite and cordierite powders were sep-
rately synthesized from natural raw materials such as kaolinite
nd talc. The effects of cordierite content (wt.%) and sinter-
ng temperature on the compositional, thermal, physical and

icrostructural features of the steatite/cordierite ceramics were
valuated.

. Experimental procedure

The starting materials (steatite and cordierite) of this study
ere synthesized from natural raw materials. First of all, natu-

al raw materials (talc and kaolinite) were calcined at 1000 ◦C
or 2 h in a ProthermTM PLF 160/15 box furnace, with a heat-
ng and cooling rate of 20 ◦C/min. The chemical analysis of
he natural materials performed by Thermo Scientific NitonTM

L3t X-ray fluorescence (XRF) analyzer is given in Table 1.
hen, steatite was prepared by using talc (Sivas, Turkey), Al2O3

Sulzer MetcoTM, 99.5% purity) and BaCO3 (Alfa AesarTM,
9.8% purity) while cordierite was prepared from kaolinite
Balıkesir, Turkey), talc and Al2O3. Steatite and cordierite pow-
ers were, respectively, annealed at 1320 ◦C and 1250 ◦C for
h, with a heating and cooling rate of 20 ◦C/min. Cordierite
owders in weight percentage of 5, 10 and 20% were added to
he steatite powders. The addition amount of cordierite powder
as not changed between 20 and 100 wt.% since cordierite acts

s a reinforcement material in the steatite matrix and when its
ositive effect was observed, the experiments were terminated.
he powder blends were wet-milled in ethanol (MerckTM, 96%
urity) for 1 h by using FritschTM Pulverisette 7 Premium Line
ith a rotation speed of 800 rpm. Milling experiments were

arried out using zirconia balls (diameter: 10 mm) in a zirco-
ia vial (80 ml) with a ball-to-powder weight ratio (BPR) of
:1. Then, powder blends were dried in a HeraeusTM stove at

0 ◦C for 24 h. In order to understand the effect of milling on
he starting powders, particle size distributions of steatite and
ordierite were determined by a MalvernTM Mastersizer 2000

able 1
hemical analysis of the natural raw materials.

Composition (wt.%)

Talc Kaolinite

iO2 63.7 48.6
l2O3 0.07 35.6
e2O3 0.41 0.8
iO2 – 0.1
gO 30.25 –
aO 0.22 2.9

gnition loss 5.35 12
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article analyzer before and after milling. After drying, 2 wt.%
inder agent (polyvinyl alcohol) was added to the powder blends
nd they were compacted in a 10 ton capacity MSETM MP-0710
ni-action hydraulic press to obtain cylindrical preforms with a
iameter of 12.7 mm under an uniaxial pressure of 300 MPa.
he green compacts were sintered at the temperatures between
200 ◦C and 1350 ◦C for 2 h in a ProthermTM PLF 160/15 box
urnace, with a heating and cooling rate of 20 ◦C/min under air.
he sintered samples were assigned as S, SC5, SC10, SC20
nd C, according to the content of cordierite 0, 5, 10, 20 and
00 wt.%, respectively.

The phase compositions of the raw materials and sintered
odies were performed by X-ray diffraction (XRD) technique
sing a BrukerTM D8 Advanced Series powder diffractometer
ith Cu K� (1.54060 Å) radiation in the 2θ range of 8–80◦ with
.02◦ steps at a rate of 2◦/min. The International Centre for
iffraction Data® (ICDD) powder diffraction files were utilized

or the identification of crystalline phases. Thermal property of
he selected powder blend was conducted in an alumina cru-
ible heated up to 1000 ◦C with 10 ◦C/min under air, by using
PerkinElmerTM Diamond thermogravimetry/differential ther-
al analyzer (TG/DTA). Microstructural characterizations of

he sintered bodies were carried out using a HitachiTM TM-1000
canning electron microscope (SEM) operated at 15 kV. Density,
orosity and water absorption values of the sintered bodies were
easured by Archimedes method. The results were reported as

he arithmetic means of measurements taken from three differ-
nt samples. Thermal expansion coefficient measurements were
erformed by using a UnithermTM 1161 V high-temperature ver-
ical dilatometer heated up to 1000 ◦C with 10 ◦C/min under
ir.

. Results and discussion

The XRD patterns of the steatite and cordierite powders
nnealed at 1320 ◦C and 1250 ◦C for 2 h are illustrated in
ig. 1(a) and (b). Steatite powders contain clinoenstatite (ICDD
ard No: 084-0652, Bravais lattice: primitive monoclinic,
= 0.96 nm, b = 0.881 nm, c = 0.517 nm) and protoenstatite

ICDD Card No: 074-0816, Bravais lattice: primitive orthorhom-
ic, a = 0.925 nm, b = 0.874 nm, c = 0.532 nm) phases according
o Fig. 1(a). Fig. 1(b) illustrates that annealed cordierite
owders have cordierite (ICDD Card No: 012-0303, Bravais lat-
ice: base-centered orthorhombic, a = 0.974 nm, b = 1.708 nm,
= 0.935 nm), indialite (ICDD Card No: 048-1600, Bravais

attice: primitive hexagonal, a = b = 0.977 nm, c = 0.937 nm),
ullite (ICDD Card No: 015-0776, Bravais lattice: primi-

ive orthorhombic, a = 0.755 nm, b = 0.769 nm, c = 0.288 nm),
agnesium silicate (ICDD Card No: 011-0273, Bravais

attice: primitive orthorhombic, a = 0.925 nm, b = 0.874 nm,
= 0.532 nm) and corundum (ICDD Card No: 046-1212, Bravais

attice: primitive rhombohedral, a = b = 0.476 nm, c = 0.130 nm)
hases. The effect of milling on steatite and cordierite pow-

ers was obviously seen in Figs. 2 and 3. Milling provides
ecrease in the average particle size of steatite from 32.289 �m
o 7.623 �m and cordierite from 33.049 �m to 7.439 �m. In
rder to understand the thermal behaviour of the wet-milled
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ig. 1. The XRD patterns of the annealed steatite (a) and cordierite (b) powders.

nd dried steatite/cordierite powder blends before sintering,

hermogravimetry/differential thermal analysis (TG/DTA) was
erformed on the steatite–10 wt.% cordierite powder blend. DTA
urve of the powder blend given in Fig. 4(a) illustrates that clear

ig. 2. Particle size distributions of steatite powders: (a) before milling and (b)
fter milling.

o
r
s
s

F
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ig. 3. Particle size distributions of cordierite powders: (a) before milling and
b) after milling.

ndothermic and/or exothermic peaks do not appear during heat-
ng to 1000 ◦C. According to the TG curve shown in Fig. 4(b),
here is not a considerable weight gain or weight loss, which
t coincides that there is no interaction between steatite and
ordierite ceramics up to 1000 ◦C. On the basis of Fig. 4(a)
nd (b), sintering process was carried out above 1000 ◦C and the
ower limit of the sintering was selected as 1200 ◦C to ensure
he interaction.

Fig. 5 represents the XRD patterns of the S, SC5, SC10, SC20
nd C samples at 1200 ◦C. There are clinoenstatite and protoen-
tatite phases in the S, SC5, SC10 and SC20 samples. SC5,
C10 and SC20 samples also have small amount of forsterite
ICDD Card No: 034-0389, Bravais lattice: primitive orthorhom-
ic, a = 0.598 nm, b = 1.020, c = 0.475 nm) phase which arises
rom the partial decomposition of cordierite in the composition.
owever, forsterite (2MgO·SiO2) phase is more distinctive in
C10 and SC20 samples. Figs. 6 and 7 show the XRD patterns
f the S, SC5, SC10, SC20 and C samples at 1300 and 1350 ◦C,

espectively. The XRD patterns of the samples are almost the
ame with each other. In addition to clinoenstatite, protoen-
tatite, cordierite and forsterite phases, very small amount of

ig. 4. TG/DTA analysis of steatite–10 wt.% cordierite powder blend: (a) DTA
urve and (b) TG curve.
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Fig. 5. The XRD patterns of the S, SC5, SC10, SC20 and C samples sintered
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Fig. 7. The XRD patterns of the S, SC5, SC10, SC20 and C samples sintered
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materials and partial melting can occur to form denser bod-
ies. As seen in Table 2, porosity and water absorption values
t 1200 ◦C. (p: protoenstatite, c: clinoenstatite, +: forsterite, �: cordierite, �:
orundum, �: mullite, ©: magnesium silicate and �: indialite).

iO2 (ICDD Card No: 051-1382, Bravais lattice: body-centered
rthorhombic, a = 1.367 nm, b = 0.502 nm, c = 2.556 nm) phase
ccur in the SC5, SC10 and SC20 samples. Moreover, this
hase is clearer in SC20. It can be explained as appearance of
iO2 during partial decomposition of cordierite in order to form
orsterite.

Table 2 illustrates the physical properties (density, porosity
nd water absorption) of the sintered steatite–x wt.% cordierite
x = 5, 10 and 20) ceramics. Sintered steatite and sintered
ordierite were separately present in Table 2 in order to deter-
ine the effect of cordierite addition on the physical properties

f steatite-based ceramics. It should be noted that the poros-
ty measurements of the samples were valid for open pores.

n the scope of this study, it is not aimed to determine the
losed pores. Table 2 shows that relative density has a descend-
ng tendency up to 20 wt.% cordierite content, for all sintering

ig. 6. The XRD patterns of the S, SC5, SC10, SC20 and C samples sintered
t 1300 ◦C. (p: protoenstatite, c: clinoenstatite, +: forsterite, �: cordierite, �:
orundum, �: mullite, ©: magnesium silicate, �: indialite and ♦: SiO2).

i

T
P

1

1

1

t 1350 ◦C. (p: protoenstatite, c: clinoenstatite, +: forsterite, �: cordierite, �:
orundum, �: mullite, ©: magnesium silicate, �: indialite and ♦: SiO2).

emperatures (1200, 1300 and 1350 ◦C). Cordierite addition has
negative effect on the relative density of the steatite-based

eramics (SC5 and SC10) until its content reaches to 20 wt.%.
here is an increase in the relative density of the SC20 at
ll sintering temperatures. However, this increase is sharper
or the temperatures of 1300 and 1350 ◦C. Furthermore, at all
intering temperatures, SC20 has higher relative density than
intered steatite. The relative density values of all sintered sam-
les increase as sintering temperature increases. This is not a
urprising phenomenon because the annealing temperature of
300 and 1350 ◦C are closer to the melting point of starting
ncrease up to the cordierite content of 20 wt.%, inversely to the

able 2
hysical properties of the sintered steatite/cordierite ceramics.

ρbulk (g/cm3) ρtrue (g/cm3) ρrelative (%) Porosity
(%)

W. Abs.
(%)

200 ◦C
S 2.27 3.21 70.72 27.13 11.95
SC5 2.21 3.18 69.49 28.50 12.80
SC10 2.18 3.15 69.20 28.60 12.90
SC20 2.19 3.09 70.87 26.95 10.87
C 1.95 2.60 75.00 28.05 14.58

300 ◦C
S 3.00 3.21 93.45 0.63 0.15
SC5 2.96 3.18 93.08 0.72 0.21
SC10 2.90 3.15 92.10 0.86 0.30
SC20 2.94 3.09 95.15 0.08 0.07
C 2.25 2.60 86.53 12.70 5.60

350 ◦C
S 3.10 3.21 96.57 0.40 0.10
SC5 3.02 3.18 94.97 0.56 0.17
SC10 2.92 3.15 92.70 0.65 0.22
SC20 2.99 3.09 96.76 0.02 0.03
C 2.55 2.60 98.08 0.98 0.38
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ig. 8. SEM images of the S sample sintered at: (a) 1200 ◦C and (b) 1350 ◦C.

elative density values. It is evident from Table 2 that porosity
nd water absorption values decrease as sintering temperature
ncreases. It can be concluded that it is possible to produce fully
ense steatite/cordierite ceramics with low porosity and water
bsorption values from natural raw materials, above 1350 ◦C.
owever, the lower content of cordierite should be 20 wt.%

onsidering the increase in relative density and the decrease
n porosity and water absorption. Moreover, it is obviously
nderstood that XRD pattern of SC20 at 1350 ◦C supports the
btained values given in Table 2. Due to the fact that there is
reaction between cordierite and steatite to form forsterite,

he highest relative density and the lowest porosity and water
bsorption values were obtained for SC20 coinciding a denser
ody.

Fig. 8(a) and (b) are the SEM images of the S sample
intered at 1200 and 1350 ◦C, respectively. SEM image of

sintered at 1200 ◦C has a very porous body as compati-
le with the XRD patterns and physical properties defined in
able 2. As temperature increases to 1350 ◦C, the body becomes
enser but in a segmentary appearance. Fig. 9(a) and (b) are
he SEM images of the SC20 sample sintered at 1200 and

350 ◦C, respectively. As seen in these figures, porous body of
he SC20 becomes denser as sintering temperature increases,
ith the assistance of reaction taking place between steatite and

v
f
t

ig. 9. SEM images of the SC20 sample sintered at: (a) 1200 ◦C and (b) 1350 ◦C.

ordierite. Cordierite particles embedded in the steatite matrix
ave homogeneous distribution throughout the structure. How-
ver, there is not a significant difference between the SEM
mages of S and SC20 since Table 2 gives closer relative den-
ity values for these two samples at both sintering temperatures.
he SEM images of the samples are compatible with the current

iterature.2,5

Fig. 10(a)–(c) demonstrates the linear thermal expansion
oefficients (CTE) of S, SC5, SC10, SC20 and C samples for
200, 1300 and 1350 ◦C. Although literature data respectively
ives the CTE values of steatite and cordierite as 6 × 10−6 to
× 10−6 C−1 and 1.5 × 10−6 to 4 × 10−6 C−1, CTE of steatite
as found in the range of 4 × 10−6 to 6 × 10−6 C−1 and CTE
f cordierite was determined in the range of 10 × 10−6 to
1 × 10−6 C−1, according to Fig. 10(a)–(c). As clearly seen in
hese figures, the addition of cordierite decreases the CTE val-
es of steatite-based ceramics for all sintering temperatures. The
owest CTE value was obtained in SC20 sample in the range
f 7.25 × 10−6 to 9.5 × 10−6 C−1. The addition of cordierite
auses a decrease in CTE values at about 25%. Thus, the most
mportant effect of the cordierite on steatite emerges in the CTE
alues. It is well known that a low CTE is one of the requirements

or improving thermal shock resistance of ceramics at elevated
emperatures.
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ig. 10. The linear thermal expansion coefficients of S, SC5, SC10, SC20 and C
amples for sintering temperatures of: (a) 1200 ◦C, (b) 1300 ◦C and (c) 1350 ◦C.

. Conclusions

Based on the results of the present study, the following con-
lusions can be drawn:
. Clinoenstatite, protoenstatite, cordierite and forsterite phases
in addition to very small amount of SiO2 phase occur in the
eramic Society 31 (2011) 2741–2747

SC5, SC10 and SC20 samples at 1300 and 1350 ◦C. However,
this phase is clearer in SC20. It can be explained with the
partial decomposition of cordierite and reaction with steatite
in order to form forsterite.

. The relative density values of all sintered samples increase
as sintering temperature increases.

. Cordierite addition has a negative effect on the relative den-
sities of the steatite-based ceramics until its content reaches
to 20 wt.%.

. The highest relative density and so the lowest porosity and
water absorption values were obtained in SC20 sample at
1350 ◦C.

. SEM images prove that porous bodies of the
steatite/cordierite ceramics become denser as sintering
temperature increases.

. CTE values of steatite/cordierite ceramics decrease as
cordierite content (wt.%) increases, for all sintering temper-
atures. The lowest CTE value was obtained in SC20 ceramic
in the range of 7.25 × 10−6 to 9.5 × 10−6 C−1.
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