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Abstract

Cordierite, mullite and steatite are silicate materials widely used in the ceramics industry. There is, however, only sparse information on
their application in plasma spraying and properties of sprayed materials. Plasma sprayed deposits of cordierite, mullite and steatite contain
amorphous phases as the result of rapid cooling of molten particles. The amorphous phase has a significant influence on physical properties,
especially in connection with heat treatment.

This article deals with phase changes of cordierite, mullite and steatite, resulting from plasma deposition. Special attention is paid to
amorphous phase crystallization in subsequent heat treatment.

Plasma sprayed deposits were produced using a water stabilized plasma torch WSP®. The processes taking place in the deposits were
examined primarily by differential thermal analysis (DTA), thermal dilatometry (TMA) and X-ray diffraction (XRD). These measurements
were complemented by the determination of physical properties (namely, density, Young’s modulus and strength) and morphological obser-
vations. Important thermal characteristics like crystallization temperature and the coefficient of thermal expansion (CTE) of all materials were
determined.
© 2003 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Cordierite ceramics, steatite ceramics and mullite are
meta-silicates that form the main components of the MgO–
Al2O3–SiO2 system. These ceramic materials are widely
applied in industry.

Crystalline cordierite is a major component of so-called
cordierite ceramics. This type of ceramics consists of the
MgO:Al2O3:SiO2 ternary system components in the 2:2:5
ratio. Cordierite ceramics is used mainly in applications re-
quiring high thermal shock resistance, thanks to its very
low coefficient of thermal expansion. Cordierite crystallizes
in an orthorhombic, pseudohexagonal system, its density is
2.53 g cm−3 and melting point 1470◦C. Its mean CTE de-
pends on the cordierite content in the ceramic; typical values
are 1.5×10−6 to 4.0×10−6 C−1 in the 25–700◦C tempera-
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ture range. (For plasma sprayed cordierite, 2.94×10−6 C−1

is mentioned in[1].)
Mullite (3Al2O3·2SiO2) is another important ceramic ma-

terial, featuring good thermal[2] and chemical stability. In
the entire temperature range of the crystalline phase, there
are no polymorphic transitions that would lead to volumet-
ric changes[3]. It has an orthorhombic crystal lattice, its
density is 3.0 g cm−3 and melting point 1810◦C.

Steatite ceramics, whose main component is MgSiO3,
features high mechanical strength and a low loss factor,
and therefore it is widely used in electrical engineering for
high frequency applications[4]. In industrial ceramics, it
is usually present as an enstatite phase, whose density is
3.21 g cm−3, melting point 1557◦C and crystal lattice is or-
thorhombic.

Plasma spraying of cordierite, mullite and steatite is only
sparsely mentioned in literature and characteristics of the
sprayed materials are often inadequate.

Substrate protection by thermally sprayed “substantially
pure cordierite to form porous coating” is the subject of a Eu-
ropean patent[5]. The amorphous nature of plasma sprayed
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cordierite was confirmed in[6] by XRD and TEM. Crys-
tallization to�-cordierite above 830◦C and an irreversible
transition a to high-cordierite around 1000◦C was observed
[7].

Plasma sprayed mullite is mentioned in a US patent sub-
mitted by NASA[8]. Delamination of mullite coating and
crack development due to mullite crystallization upon heat-
ing of SiO2 substrate is mentioned.

Thermal barrier coatings (TBC) made from plasma
sprayed mullite showed excellent thermal shock resistance
up to 1100◦C, but failed above 1200◦C due to phase
changes of the SiO2 phase[2].

Plasma sprayed mullite coatings also exhibited less crack-
ing under thermal cycling than zirconia-based coatings un-
der identical conditions[9]; this was also confirmed in actual
diesel engine tests[10].

Plasma sprayed mullite and rare earth silicates as oxygen
diffusion barriers under top TBC were investigated in[11].
They succeeded in suppressing the oxidation of the under-
lying material, but did not show an improvement in ther-
mal cycling performance over zirconia-based coatings due
to high temperature degradation.

Earlier work by the authors[12] presented results obtained
during studies of plasma sprayed cordierite, wollastonite,
mullite and steatite. Plasma sprayed deposits contained an
amorphous phase and exhibited less pronounced lamellar
structure than usually observed in alumina or zirconia ce-
ramics. Annealing of the deposits for 2 h changed the phase
composition and the thermal expansion coefficients. De-
tailed characteristics of the crystallization of the amorphous
materials, such as crystallization temperatures and the extent
of shrinkage, were not presented. This fact was the reason
for a closer examination of these processes. The measure-
ments were performed on samples from the earlier study,
except for wollastonite, whose samples were not preserved.

2. Experimental details

Samples were manufactured using a high-throughput
water-stabilized plasma spray system WSP PAL 160 (In-
stitute of Plasma Physics, Prague, Czech Republic). The
water in this system is used for stabilizing the electric arc
and as a plasma-forming medium. This system operates at
about 160 kW arc power and can process large amounts of
material per hour.

The materials for this study were pre-processed by milling
and sieving to a suitable grain size. Cordierite and steatite
powders with grain sizes−90 + 63�m were prepared by
milling electrical components, discarded because of impre-
cise dimensions. Mullite powder with grain sizes−90 +
63�m was synthesized at the Institute of Minerals, Kutná
Hora, Czech Republic.

The materials were sprayed on steel substrates (plates of
size 60 mm× 70 mm× 8 mm). The coatings were about
2.5 mm thick and were stripped from the plates after spraying
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Fig. 1. Denotation of temperatures used in the calculations.

by a patented process[13] and cut with a diamond saw into
smaller pieces as necessary for further tests. The measure-
ments were performed on free-standing deposits, to elimi-
nate the influence of the substrate.

The tests included thermal expansion measurements on
samples 12–13 mm long, at a 5◦C min−1 rate up to 1350◦C
for cordierite, 1480◦C for mullite and 1250◦C for steatite.
The measurements were performed on a Setsys 16/18 con-
tact dilatometer (Setaram, France) with a vertical measure-
ment chamber that enables measurements up to 1750◦C in
a controlled atmosphere. The thermal expansion coefficients
were calculated up to the crystallization and/or transforma-
tion temperature for each material.

Denotation of specific temperatures (T1, T2, Tinf , Tcryst)
used for the calculation of shrinkage and temperature of
crystallization start is shown inFig. 1.

Powder samples for DTA were obtained by manually
grinding the deposits after cutting the dilatometry samples.
The sample weight was 90–130 mg, and the measurements
were done in Pt containers at a 5◦C min−1 heating rate.
Due to strong exothermic responses of the processes asso-
ciated with crystallization, the samples were mixed at a 1:1
ratio with Al2O3. The measurements were performed up to
1400◦C.

The crystallization process is usually exhibited on the
DTA curve as a strong, sharp peak and on the dilatometric
curve as intensive shrinkage on the order of tenths to units
of percentage. For all materials studied, full crystallization
occurred during the first heating; in subsequent heating cy-
cles, no crystallization response was detected. TMA and
DTA measurements enabled us to distinguish processes in
the material by their thermal response.

Mullite powder used as a sample for DTA did not sinter
or fuse with the Pt cup even upon second heating, in contrast
to cordierite and steatite, which were fully compacted after
removal. The DTA results were used for selection of maxi-
mum temperatures for TMA, to avoid fusing the sample and
dilatometry probe.

Density and porosity of the materials was determined by
the Archimedean method and He pycnometry[14].



P. Rohan et al. / Ceramics International 30 (2004) 597–603 599

Mechanical properties of the deposits were studied in the
as-sprayed state and after heating above the crystallization
temperature. In-plane Young’s modulus and flexural strength
of the free-standing deposits were determined by 4-point
bending in an Instron 1362 universal testing machine (In-
stron, Canton, MA, USA), closely approximating the ASTM
C1161 standard[15]. The outer span of the loading fixture
was 40 mm and the inner span 20 mm, the specimens were
loaded at a crosshead speed of 1 mm min−1 and their deflec-
tion in the central region was measured by an extensometer.
Specimen dimensions were about 2.5 mm×3.5 mm×50 mm.
Since the materials exhibited a slight non-linearity of the
load-deflection curve, two values of Young’s modulus will
be presented:Etotal, calculated from the slope of the entire
curve up to fracture, andEinit , calculated from the initial
portion of the curve.

Mechanical anisotropy was studied by an indentation
measurement of Young’s modulus in two directions (par-
allel and perpendicular to the spray direction). A Nanotest
600 (Micro Materials Limited, Wrexham Technology Park,
LL137YP, UK) depth sensing indentation instrument was
used. A 1/32 in. diameter tungsten-carbide ball seated in a
brass holder was pressed into polished samples at a constant
loading and unloading rate of 80 mN s−1. Continuous mea-
surement of load/displacement records was carried out and
the obtained curves were analyzed by the Oliver and Pharr
method[16]. Compliance of the machine was determined
and corrected for.

Phase composition of the feedstock and the plasma
sprayed deposits was examined by X-ray diffraction. A
Siemens D500 diffractometer (Siemens, Germany) was
used; filtered Co radiation was selected for the majority of
the samples.

The morphology of the deposits was studied by scanning
electron microscopy SEM (Camscan 4DV, UK).

3. Results

3.1. Structure

The plasma sprayed deposits had an amorphous structure;
a lamellar structure, typical for other thermally sprayed de-
posits, was not observed (seeFigs. 2–4).

3.2. Thermal properties

3.2.1. Cordierite
The phase composition of the feedstock was cordierite

(JCPDS 13-294). Deposits were composed mostly of an
amorphous phase with only traces of cordierite. Traces of
another crystalline phase were also observed, but could not
be identified. Upon heating, the amorphous phase crystal-
lizes to indialite (JCPDS 48-1600). The original crystallo-
graphic system of cordierite, i.e., orthorhombic, changed to
hexagonal one of indialite.

Figs. 2–4. Typical structures of plasma sprayed cordierite, mullite and
steatite (cross-sections).

Thermal processes associated with crystallization of the
cordierite glassy phase begin to change the heat flow curve
at around 850◦C. The crystallization response is marked
by a strong exothermic peak on the DTA curve (Fig. 5).
Upon cooling, no such response was observed; thus, the
transformation was irreversible. No other thermal processes
were found on the DTA curves.

Crystallization of cordierite is exhibited on the dilatation
curve by a strong shrinkage (4.7%). The temperatures and
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Fig. 5. Thermal expansion and DTA curve of the cordierite deposit at
5 K min−1 heating rate.

Table 1
Results of thermal analyses of cordierite, mullite and steatite (denotation
of temperatures according toFig. 1)

Cordierite Mullite Steatite

TMA
As sprayed CTE

150–620◦C (10−6 K−1)
3.8 5.2 6.0

Annealed CTE
150–620◦C (10−6 K−1)

1.3 4.8 8.5

T1 (◦C) 849.6 951.7 804.1
Tcryst (◦C) 915.3 969.8 855.7
Tinf (◦C) 936.1 972.8 882.0
T2 (◦C) 967.3 979.0 995.2
Contraction (%) 7.13 0.43 3.25

DTA
Onset (◦C) 937.1 973.3 862.35
Peak top (◦C) 958.4 978.0 907.0

shrinkages characterizing the crystallization of each material
are summarized inTable 1.

The thermal expansion of the cordierite sample stopped
increasing at 650◦C. Between 650 and 790◦C, a slight
shrinkage took place. The crystallization itself occurred
above 900◦C (seeFigs. 5 and 6and Table 1), and took
place fast and in one step.

Mean values of the thermal expansion coefficient were
determined in the linear segments of the dilatometric curves
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Fig. 7. Thermal expansion of plasma sprayed mullite, during the first and
second heating; DTA curve in the crystallization region.

obtained during first and second heating. While the CTE of
the as-sprayed cordierite was 3.8× 10−6 K−1, after crystal-
lization it was 1.3 × 10−6 K−1.

3.2.2. Mullite
Only two phases—mullite and corundum (alpha phase of

Al2O3)—were observed in the feedstock material. Deposits
contained large amounts of amorphous phase and gamma
Al2O3 phase. Corundum content was reduced below the res-
olution limit of the XRD. The amount of the mullite phase
was also significantly reduced.

The amorphous mullite phase in the deposit crystallized
upon heating into mullite again, with the same orthorhombic
system.

Upon the first heating of the plasma sprayed sample, crys-
tallization occurred at 970◦C, resulting in about a 0.4%
shrinkage (Fig. 7). At the same instant, a regular peak oc-
curred on the DTA curve (Fig. 8). During subsequent heat-
ing/cooling cycles, these effects were not observed.

A comparison of the dilatation and heat flow curves at
the same heating rate bounds the crystallization of the amor-
phous mullite to the 970–979◦C temperature interval.

3.2.3. Steatite
The feedstock was composed only of MgSiO3–enstatite

(JCPDS 11-273). Deposits were composed only of an
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Fig. 8. Crystallization peak during first heating of mullite.
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Fig. 10. Thermal expansion curves of plasma sprayed steatite in two
subsequent heating cycles.

amorphous phase, with no crystalline peaks being
observed.

The phase formed by crystallization of the amorphous
deposit is the same as that of the feedstock material, with
an identical crystallographic system (orthorhombic).

Non-linearity of the thermal expansion curve occurred
about 100◦C before the crystallization itself, as in the other
materials studied (cf.Figs. 9–11). While cordierite and mul-
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Fig. 11. Thermal expansion curves of cordierite, mullite and steatite during
the first heating.

lite crystallized rapidly, steplessly and without any pause,
steatite crystallized in two stages, separated by a sharp
change of the shrinkage rate on the dilatation curve (at about
900◦C) and the irregular shape of the DTA peak (Fig. 9).
This is supposedly a result of the protoenstatite–enstatite
transformation.

Plasma sprayed steatite, as the only one of the materi-
als tested, exhibited higher CTE after crystallization,α =
8.5×10−6 K−1

, than before,α = 6.0×10−6 K−1 (Table 1).
During both the first and second heating, the CTE of steatite
(as sprayed and annealed) was higher than that of cordierite
and mullite. The crystallization shrinkage of steatite, 3.2%,
was lower than that of cordierite and higher than that of mul-
lite (Fig. 11). The location of the crystallization response
on the DTA agrees with the location of shrinkage on the
TMA curve, as was the case with the other two materials
studied.

3.2.4. Density
The density and porosity of the feedstock and the de-

posits are presented inTable 2. The first density value is the
skeletal density (i.e., of just the solid), while the apparent
density is the density of the entire deposit, including the
solid and the pores. Densities of corresponding compact ma-
terials, prepared by traditional methods, were presented in
Section 1.

3.3. Mechanical properties

Mechanical properties—Young’s moduli and flexural
strength–of the deposits are summarized inTable 3. Some
nonlinearity, indicated by the difference inEtotal and Einit ,
was noticeable in the steatite deposits, but very small in
the mullite and cordierite deposits. A possible reason for
this behavior is the gradual opening of microcracks under
tensile stress, which reduces the effective material stiffness
[17].

Overall, the magnitudes of moduli and strengths are rel-
atively small compared to sintered ceramics, however, the
strain tolerance of plasma sprayed deposits is significantly
higher (strain to fracture of about 0.001 was observed in all
materials). Increased spraying distance resulted in a slightly
decreased modulus and strength.

Some anisotropy was observed (by the indentation tech-
nique) in the mullite deposits, but not in the cordierite
deposits. The values obtained by the indentation tech-
nique are generally higher than those obtained by the
4-point bending. This can be again explained by the mi-
crocracks present in the deposits; while the loading in
indentation is compressive, in the case of 4-point bend-
ing it is a mixture of tensile and compressive. The results
from both techniques are clearly correlated, describing well
the general trends between different materials (Fig. 12).
The indentation loading direction used to obtainEcross
corresponds to the direction of loading in 4-point bend-
ing.
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Table 2
Density and porosity of mullite, cordierite and steatite

Material Density (g cm−3) Apparent density (g cm−3) Open porosity (%) Closed porosity (%)

Mullite feedstock 3.073
Mullite SD 350 mm deposit 2.851 2.648 3.7 7.1
Cordierite feedstock 2.539
Cordierite SD 350 mm deposit 2.543 2.346 4.5 7.7
Steatite feedstock 2.857
Steatite SD 350 mm deposit 2.626 2.512 2.5 4.3

Table 3
Mechanical properties of plasma sprayed silicates

Sample Technique

Four-point bending Indentation

Etotal (GPa) Einit (GPa) MOR (MPa) Esurf (GPa) Ecross (GPa)

Steatite 350 10± 1 17 ± 1 34 ± 2
Steatite 450 9± 1 13 ± 1 28 ± 3
Cordierite 350 13± 1 16 ± 1 40 ± 2 38 ± 9 39 ± 9
Cordierite 450 13± 1 16 ± 1 34 ± 1
Mullite 350 27± 2 26 ± 3 91 ± 8 57 ± 5 47 ± 4
Mullite 450 22± 3 23 ± 3 75 ± 3
Cordierite 350 HT 55± 3 57 ± 2 51 ± 6 66 ± 6 65 ± 10
Cordierite 450 HT 56± 7 60 ± 4 52 ± 8
Mullite 350 HT 21± 2 25 ± 1 29 ± 1 52 ± 5 40 ± 5

The numbers in the first column denote spraying distance in mm. Samples marked ‘HT’ are heat-treated, all others are as-sprayed.Etotal is the in-plane
Young’s modulus calculated from the entire loading period (up to fracture),Einit is Young’s modulus at the start of loading, and MOR is the modulus
of rupture, also called flexural strength.Esurf and Ecross denote Young’s modulus determined from indentation on the deposit surface and cross-section,
respectively.

The heat treatment results in a remarkable increase in
the modulus of cordierite deposits and a small increase
in strength. In the case of mullite deposits, there was a
small decrease in the modulus and a greater decrease in
strength. The values still fall in a range commonly ob-
served in plasma sprayed ceramics. It can be concluded
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Fig. 12. Correlation of the in-plane Young’s modulus obtained by
4-point bending and indentation techniques for as-sprayed and heat-treated
cordierite and mullite.

that these materials retain their structural integrity and
thus are usable even after exposure to the crystallization
temperature.

4. Conclusions

Three crystalline ceramic materials—stoichiometric mul-
lite (3Al2O3·2SiO2), cordierite (2MgO·2Al2O3·5SiO2)
and steatite (MgSiO3)—with −90 + 63�m powder
sizes were used for plasma spraying. All three mate-
rials studied can be easily sprayed by WSP® to form
even millimeters thick deposits.

The deposits exhibited less pronounced lamellar struc-
ture than is usually observed in alumina or zirconia ce-
ramics. This can be easily observed especially on the
steatite deposits.

As sprayed deposits were totally or mostly composed
of an amorphous phase with traces of a crystalline
phase. Due to the amorphous phase content, the de-
posits also had lower thermal expansion coefficient
than their bulk counterparts[4] (with the exception
of cordierite deposits). The crystalline phase was usu-
ally different from the feedstock (� → �Al2O3 in
mullite).
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Annealing the deposits above 1250◦C changed the phase
composition and the thermal expansion coefficient. The
phase composition of the annealed deposits was the
same as the feedstock phase composition, except for
cordierite. While for most of the materials the CTE of
the annealed deposit was lower than of the as sprayed
one, for steatite the CTE of the annealed deposits in-
creased.

Crystallization of all three plasma sprayed materials ex-
hibited itself by a strong peak on the DTA curve in the
850–980◦C temperature range. This peak did not occur
anymore during subsequent heating cycles. It can be
assumed that the crystallization behavior will be sim-
ilar in other meta-silicates, characterized by chain or
band structure and commonly used summary formula
MII

2[Si2O6].
In all three cases, the heat treatment resulted in formation

of a stable phase.
In addition to the DTA peak, crystallization was ac-

companied by a sample length change (Fig. 11). The
first heating cycles showed that the largest shrinkage
occurred in cordierite (4.7% in the 850–970◦C tem-
perature range). Plasma sprayed mullite showed the
smallest amount of shrinkage (0.43% at 950–980◦C)
and but the highest temperatures of the crystalliza-
tion start. Steatite shrunk by 3.2% in the 805–995◦C
range.

The sprayed materials have a lower modulus and strength
but a higher strain tolerance than similar bulk mate-
rials. The magnitudes as well as the anisotropy of the
mechanical properties are to some extent affected by
the crystallization of the amorphous phase.

Plasma sprayed deposits of cordierite, mullite and
steatite with a high content of the glassy phase can
find industrial applications. Their use as coatings
is limited by the crystallization temperatures of the
amorphous phases and associated volumetric changes.
Free-standing parts (e.g., tubes or plates), however,
undergo crystallization without loss of mechanical
integrity.

The experimental results confirm significant differences
in the properties of plasma sprayed deposits and mate-
rials fabricated by traditional methods. Experimentally
determined temperature intervals of crystallization are
a prerequisite to developing techniques of production
of partially crystalline and amorphous materials by
means of plasma spraying.
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