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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 torBh WW&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.I. All rights reserved.
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1. Introduction ture range. (For plasma sprayed cordierit®4x 106 C—1
is mentioned in1].)

Cordierite ceramics, steatite ceramics and mullite are  Mullite (3A1,03-2Si0y) is another important ceramic ma-
meta-silicates that form the main components of the MgO- terial, featuring good therm4®] and chemical stability. In
Al203-SI0, system. These ceramic materials are widely the entire temperature range of the crystalline phase, there
applied in industry. are no polymorphic transitions that would lead to volumet-

Crystalline cordierite is a major component of so-called ric changeq3]. It has an orthorhombic crystal lattice, its
cordierite ceramics. This type of ceramics consists of the density is 3.0 gcm® and melting point 1810C.
MgO:Al205:SiO; ternary system components in the 2:2:5  Steatite ceramics, whose main component is MgSiO
ratio. Cordierite ceramics is used mainly in applications re- features high mechanical strength and a low loss factor,
quiring high thermal shock resistance, thanks to its very and therefore it is widely used in electrical engineering for
low coefficient of thermal expansion. Cordierite crystallizes high frequency applicationpt]. In industrial ceramics, it
in an orthorhombic, pseudohexagonal system, its density isjs usually present as an enstatite phase, whose density is
2.53gcnt3 and melting point 1476C. Its mean CTE de- 3,21 gcnr3, melting point 1557C and crystal lattice is or-
pends on the cordierite content in the ceramic; typical values thorhombic.
are 15x 10 °t040x 10-°C!in the 25-700C tempera- Plasma spraying of cordierite, mullite and steatite is only

sparsely mentioned in literature and characteristics of the
- ) sprayed materials are often inadequate.
" Corresponding author. Fax:1-420-286586389, Substrate protection by thermally sprayed “substantially
E-mail address: jmatejic@ipp.cas.cz (J. Majtcek). o . ! .

1 present address: Skoda Energo, Tylora 57, 31600 Plzen, CzechPure cordierite to form porous coating” is the subject of a Eu-

Republic. ropean pateris]. The amorphous nature of plasma sprayed
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cordierite was confirmed if6] by XRD and TEM. Crys- . — 3
. . .. . 4 DISPL/ % )N dDISPL
tallization to p.-cordierite above 830C and an irreversible L 0.0 L osimin /000 4
transition a to high-cordierite around 1000 was observed 1
[7]. I 0.050 -
Plasma sprayed mullite is mentioned in a US patent sub- Lo - 1
mitted by NASA[8]. Delamination of mullite coating and 2 0100 1
crack development due to mullite crystallization upon heat- | 20 5 1
ing of SiO, substrate is mentioned. 3 0.1501
Thermal barrier coatings (TBC) made from plasma | -30 0200:
sprayed mullite showed excellent thermal shock resistance | 5 T
up to 1100C, but failed above 1200C due to phase | -4.0 Y Temp |
changes of the Sifphase[2]. 0 800 850 900 o0 1000 ' C
Plasma sprayed mullite coatings also exhibited less crack- —
ing under thermal cycling than zirconia-based coatings un- Fig. 1. Denotation of temperatures used in the calculations.

der identical conditionf9]; this was also confirmed in actual
diesel engine tesfd.0].

Plasma sprayed mullite and rare earth silicates as oxygenby a patented proce$s3] and cut with a diamond saw into
diffusion barriers under top TBC were investigatedid]. smaller pieces as necessary for further tests. The measure-
They succeeded in suppressing the oxidation of the under-ments were performed on free-standing deposits, to elimi-
lying material, but did not show an improvement in ther- nate the influence of the substrate.
mal cycling performance over zirconia-based coatings due The tests included thermal expansion measurements on
to high temperature degradation. samples 12—13mm long, at &6 min—? rate up to 1350C

Earlier work by the authoffd 2] presented results obtained for cordierite, 1480C for mullite and 1250C for steatite.
during studies of plasma sprayed cordierite, wollastonite, The measurements were performed on a Setsys 16/18 con-
mullite and steatite. Plasma sprayed deposits contained artact dilatometer (Setaram, France) with a vertical measure-
amorphous phase and exhibited less pronounced lamellament chamber that enables measurements up to°17%0
structure than usually observed in alumina or zirconia ce- a controlled atmosphere. The thermal expansion coefficients
ramics. Annealing of the deposits for 2 h changed the phasewere calculated up to the crystallization and/or transforma-
composition and the thermal expansion coefficients. De- tion temperature for each material.
tailed characteristics of the crystallization of the amorphous  Denotation of specific temperature€By{ T2, Tinf, Teryst)
materials, such as crystallization temperatures and the extentised for the calculation of shrinkage and temperature of
of shrinkage, were not presented. This fact was the reasoncrystallization start is shown iRig. 1
for a closer examination of these processes. The measure- Powder samples for DTA were obtained by manually
ments were performed on samples from the earlier study, grinding the deposits after cutting the dilatometry samples.
except for wollastonite, whose samples were not preserved.The sample weight was 90-130 mg, and the measurements

were done in Pt containers at &Gmin~! heating rate.

Due to strong exothermic responses of the processes asso-
2. Experimental details ciated with crystallization, the samples were mixed at a 1:1

ratio with Al,O3. The measurements were performed up to

Samples were manufactured using a high-throughput 1400°C.
water-stabilized plasma spray system WSP PAL 160 (In- The crystallization process is usually exhibited on the
stitute of Plasma Physics, Prague, Czech Republic). TheDTA curve as a strong, sharp peak and on the dilatometric
water in this system is used for stabilizing the electric arc curve as intensive shrinkage on the order of tenths to units
and as a plasma-forming medium. This system operates abf percentage. For all materials studied, full crystallization
about 160 kW arc power and can process large amounts ofoccurred during the first heating; in subsequent heating cy-
material per hour. cles, no crystallization response was detected. TMA and

The materials for this study were pre-processed by milling DTA measurements enabled us to distinguish processes in
and sieving to a suitable grain size. Cordierite and steatite the material by their thermal response.

powders with grain sizes-90 + 63pum were prepared by Mullite powder used as a sample for DTA did not sinter

milling electrical components, discarded because of impre- or fuse with the Pt cup even upon second heating, in contrast

cise dimensions. Mullite powder with grain size0 + to cordierite and steatite, which were fully compacted after

63pum was synthesized at the Institute of Minerals, Kutna removal. The DTA results were used for selection of maxi-

Hora, Czech Republic. mum temperatures for TMA, to avoid fusing the sample and
The materials were sprayed on steel substrates (plates oflilatometry probe.

size 60 mmx 70mm x 8 mm). The coatings were about Density and porosity of the materials was determined by

2.5 mm thick and were stripped from the plates after spraying the Archimedean method and He pycnomédiirs].
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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 standarffl5]. 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 mmhiand their deflec-
tion in the central region was measured by an extensometer.
Specimen dimensions were abol Bimx 3.5 mmx 50 mm.
Since the materials exhibited a slight non-linearity of the
load-deflection curve, two values of Young’s modulus will
be presentedEq, calculated from the slope of the entire
curve up to fracture, ané;, 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 1/32in. diameter tungsten-carbide ball seated in a
brass holder was pressed into polished samples at a constant
loading and unloading rate of 80 mN% 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).

200 pm

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 (sEmgys. 2—3.

200 jin

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

3.2. Thermal properties

3.2.1. Cordierite Thermal processes associated with crystallization of the
The phase composition of the feedstock was cordierite cordierite glassy phase begin to change the heat flow curve
(JCPDS 13-294). Deposits were composed mostly of anat around 850C. The crystallization response is marked
amorphous phase with only traces of cordierite. Traces of by a strong exothermic peak on the DTA cunkg; 5).
another crystalline phase were also observed, but could notUpon cooling, no such response was observed; thus, the
be identified. Upon heating, the amorphous phase crystal-transformation was irreversible. No other thermal processes
lizes to indialite (JCPDS 48-1600). The original crystallo- were found on the DTA curves.
graphic system of cordierite, i.e., orthorhombic, changed to  Crystallization of cordierite is exhibited on the dilatation
hexagonal one of indialite. 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

5Kmin~! heating rate.

Table 1

Results of thermal analyses of cordierite, mullite and steatite (denotation

of temperatures according féig. 1)

Cordierite Mullite Steatite
TMA
As sprayed CTE 3.8 5.2 6.0
150-620C (10 6K1)
Annealed CTE 1.3 4.8 8.5
150-620C (10 6K1)
T1 (°C) 849.6 951.7 804.1
Teryst (°C) 915.3 969.8 855.7
Tint (°C) 936.1 972.8 882.0
T, (°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
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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 wa83 106 K1, after crystal-
lization it was 13 x 10 6K,

3.2.2. Mullite

Only two phases—mullite and corundum (alpha phase of
Al>,03)—were observed in the feedstock material. Deposits
contained large amounts of amorphous phase and gamma
Al>03 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 970C, resulting in about a 0.4%

shrinkages characterizing the crystallization of each material Shrinkage Eig. 7). At the same instant, a regular peak oc-

are summarized ifable 1

curred on the DTA curveHig. 8). During subsequent heat-

The thermal expansion of the cordierite sample stopped ing/cooling cycles, these effects were not observed.

increasing at 650C. Between 650 and 79C, a slight
shrinkage took place. The crystallization itself occurred
above 900C (seeFigs. 5 and 6and Table 1), and took
place fast and in one step.

Mean values of the thermal expansion coefficient were

A comparison of the dilatation and heat flow curves at
the same heating rate bounds the crystallization of the amor-
phous mullite to the 970-97€ temperature interval.

3.2.3. Seatite

determined in the linear segments of the dilatometric curves The feedstock was composed only of Mg&i@nstatite
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Fig. 10. Thermal expansion curves of plasma sprayed steatite in two

subsequent heating cycles.

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 peadkd. 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 crystallizatians=
8.5x10°°K~1 than beforeq = 6.0x 10~ K1 (Table .
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 Trable 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 summarizedable 3 Some
nonlinearity, indicated by the difference Eota and Ejnit,

amorphous  phase, with no crystalline peaks being was noticeable in the steatite deposits, but very small in

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 (cfigs. 9—-1). While cordierite and mul-
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Fig. 11. Thermal expansion curves of cordierite, mullite and steatite during

the first heating.

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-
nigque) in the mullite deposits, but not in the cordierite
deposits. The values obtained by the indentation tech-
nigue 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 materid&igy.( 12.

The indentation loading direction used to obtdigoss
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?®) Apparent density (g cr?) 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) Esurt (GPa) Ecross (GPa)
Steatite 350 10t 1 17+ 1 34+ 2
Steatite 450 91 13+ 1 28+ 3
Cordierite 350 131 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 aEggpréydie in-plane
Young’s modulus calculated from the entire loading period (up to fractiggy),is Young’'s modulus at the start of loading, and MOR is the modulus

of rupture, also called flexural strengths,;s 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 inthat these materials retain their structural integrity and
the modulus of cordierite deposits and a small increasethus are usable even after exposure to the crystallization
in strength. In the case of mullite deposits, there was a temperature.
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 concluded4

Conclusions
Correlation of 4-point bending and indentation results Three crystalline_ceramic r_na_terials—stoichiomet_ric mul-
0.0 lite (3AI20_3~28|02),_cord|e_r|te (2MgQ2AI203-5Si0y)
' D 4pt bending and steatite (MgSig)—with —90 + 63um powder
~ 600 T | mindentation sizes were used for plasma spraying. All three mate-
& 50.0 rials studied can be easily sprayed by WS form
g 400 even millimeters thick deposits.
3 The deposits exhibited less pronounced lamellar struc-
E 300 ture than is usually observed in alumina or zirconia ce-
2 00 ramics. This can be easily observed especially on the
3 steatite deposits.
10.0 4 As sprayed deposits were totally or mostly composed

0.0 of an amorphous phase with traces of a crystalline

% 2 % £ phase. Due to the amorphous phase content, the de-
5 3 S £ posits also had lower thermal expansion coefficient
S S E than their bulk counterpartg}] (with the exception

f cordieri its). The cr lline ph w -
Fig. 12. Correlation of the in-plane Young’s modulus obtained by of cordierite depos tS) e crystalline phase was usu

4-point bending and indentation techniques for as-sprayed and heat-treated ally _dlﬂerent from the feedstocka( — ~vAI20z in
cordierite and mullite. mullite).
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