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bstract

omparative studies were made on two types of triaxial porcelain bodies; one used conventional potash feldspar (ST0) and the other used illite
IT0) as the fluxing agents. Scanning electron micrographs showed that densification and mullite formation in the IT0 body had already occurred at
000 ◦C suggesting that there was enough liquid to assist densification and mullite crystal growth. In the ST0 body, mullite crystals started to emerge
round 1100 ◦C, while potash feldspar completely melted around 1200 ◦C. Full vitrification of the ST0 body required the firing temperature of

300 ◦C, which was around 50 ◦C higher than the IT0 body. The IT0 body showed superior strength to the ST0 body at all studied firing temperature
anges and thus was possibly due to (i) a better densification, (ii) a higher amount of interlocking mullite crystals and (iii) the smaller amounts of
esidual quartz.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

The rise in energy demand has accelerated firing technology
f ceramic products so that a fast firing scheme is often used. One
ay forward to achieve such goal, new body recipes have been
roposed. Conventional triaxial porcelain body mix contains
hree main components; clay quartz and feldspar. Vitrification
f the body normally starts only when feldspar has melted. It
as reported that feldspar melted around 1140–1150 ◦C with-
ut changing its shape until 1200 ◦C due to its high viscosity.1,2

n order to achieve complete densification through the viscous
ow process of the feldspar, the common firing temperature of

he body mix is usually ≥ 1200 ◦C.
During firing, phase transformations and chemical reactions

etween compositions were observed and reported to affect
roperties of the final products.3,4 The final microstructure of
he body mainly contains different forms of mullite crystals
nd undissolved quartz grains dispersed in the glassy matrix.

t has been reported that the presence of these crystalline phases
ere significant to the mechanical behavior of the products.5

hase transformation of undissolved quartz grains upon cool-
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ng cycle could generate local stresses and microcracks which
iminished the flexural strength. In contrast, the presence of
ullites, especially the long interlocking-needles was shown to

nhance the mechanical properties.5,7 Dana and Das reported
hat primary mullite occurred by decomposition of kaolinite
rystals, while secondary mullite needles occurred from the reac-
ion between feldspar relict and clay mineral relict.4 Iqbal and
ee, on the other hand, suggested that primary mullite possi-
ly acted as a seed for the nucleation of secondary mullite.3

hese mullites were distinguished by different morphologies
nd compositions.6 Small needle-like structure and interlock-
ng of mullite crystals were proposed to be the key factor for
chieving high strength porcelains.7 Clarification on the for-
ation of mullites will lead to a better body formulation and
ring scheme, improved microstructure and hence mechanical
roperties of ceramic products.

Our previous study on illitic ball clay using X-ray powder
iffraction (XRD) and scanning electron microscopy (SEM)
howed that vitrification of this clay started around 900 ◦C and
as complete at 1200 ◦C.8 Illite is a clay-sized, non-expanding,
ioctahedral, aluminous potassium mica-like mineral.2 Recently

llite was defined illite as a “K-deficient mica with an approxi-

ate formula of K0.88Al2(Si3.2Al0.88O10)OH2.9 The existence
f liquid phases due to the dissociation of illite crystals in the
atrix was thought to enhance the reaction kinetics and densifi-
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Table 1
Chemical analysis of the raw materials.

Oxides Percent by weight (%)

China clay Illite Microcline

Al2O3 36.55 18.53 17.11
SiO2 59.28 65.25 69.78
K2O 2.15 5.78 10.89
Na2O 0.13 – 0.30
MgO – 2.87 0.12
CaO 0.07 1.19 0.94
TiO2 0.08 0.96 0.03
Fe2O3 1.74 5.27 0.43
Mn2O3 – 0.04 –
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ation rate.8 Diffusion of potassium ions from the illite crystals
o the matrix resulted in the formation of long needle shaped

ullite crystals in the illite relict.8

In the present study, illite mineral was used as a fluxing
gent in ceramic bodies, in parallel with the use of a common
uxing agent, potash feldspar (microcline). Potash feldspar was
eplaced by illite mineral of the same average size and size dis-
ribution at the same weight ratio. Physical properties, phase
ransformation and vitrification were carefully examined and
ddressed.

. Experiments

The china clay was from Ranong Province, Thailand. Quartz
nd potash feldspar (microcline) were also received from domes-
ic commercial suppliers. The illite mineral (Green Shale) was
upplied by Ward’s Natural Science, Rochester, New York, USA.
hemical analysis of the raw materials was performed using
n X-ray fluorescence spectrometer (XRF: Horiba, Japan). The
ody mix contained 50% china clay, 25% quartz and 25% micro-
line (ST0-) or illite (IT0-). The raw materials were mixed and
round in a ball mill for 6 h and sieved through a 325-mesh
tainless steel sieve, then dried in an oven pre-set at 110 ◦C for
4 h prior to characterization. The sieved clay was then pressed
n a stainless steel die at a compaction pressure of 50 MPa into a
ectangular bar with the dimensions of 5 mm × 5 mm × 60 mm.
ach set of test samples was placed in a muffle furnace and
eated to a desired temperature between 900 and 1300 ◦C
n air atmosphere, with a constant heating rate of 5 ◦C/min.
fter holding at a maximum temperature for 30 min, the fur-
ace was switched off and the test bars were naturally cooled
vernight. In order to clarify the size effect of fluxing agent,
otash feldspar and illite mineral was separately ground in a ball
ill for 6 h and their average particle size and distribution was
easured using a laser diffraction technique (Mastersizer2000,
arlvern, UK). Water absorption values of the fired samples
ere determined using water immersion technique based on

he Archimedes’s method while flexural strength values were
etermined by a three point bending technique using a Univer-
al Testing Machine (Instron 2000, UK). The support span of
0 mm and the crosshead speed of 5 mm/min were chosen for all
easurements. The flexural strength was calculated as follows:

= 3

2

[
FL

bd2

]
(1)
here

σ: flexural strength (MPa);
F: the load at the fracture point (N);

n
p
t
e

able 2
article size analysis results obtained from the laser diffraction technique for the grou

aterial d(0,1) (�m) d(0,5) (�m) d(0,9) (�m

llite 1.042 2.782 6.473
eldspar 1.098 2.676 5.367
O3 – 0.11 –

2O5 – – 0.38

L: the support span (mm);
b and d: the width and the thickness of the bar samples (mm),
respectively.

These values, averaged from five samples, were reported as a
unction of firing temperature in order to support the microstruc-
ure change.

Phase analysis was performed using XRD and the software
’pert High Score Plus (X’pert Pro MPD, Philips, Netherlands).
icrostructure development of fired bars was examined using

EM (LEO 1450 VP). To reveal the crystals on the surface, the
red test bars were subjected to a series of grinding and polishing
ith 1 �m diamond finish, and etched with 4% hydrofluoric acid

HF) for 2 min prior to microscopy examination.

. Results and discussion

.1. Raw material characterization

The results of chemical analysis as determined by XRF are
hown in Table 1. It is noted that the K+ content in microcline
as almost 2 times higher than that in the illite, while Al3+

nd Si4+ content were only slightly different. Analysis results
f the particle size measurement are shown in Table 2. It was
hown that illite and feldspar have relatively closed average par-
icle size and distribution. X-ray diffraction analysis (Fig. 1)
howed that the clay minerals in china clay were mainly hal-
oysite and kaolinite with some quartz and a small amount of

icrocline. Illite (Green Shale) contained mainly quartz and
llite (KyAl4Si8−yAlyO20(OH)4; y = 1.5–2) with a trace of kaoli-

ite. This XRD result suggests that the Fe-ions from the XRF was
robably accomodated in the structure of illite. Scanning elec-
ron micrographs (Fig. 2) for the china clay revealed obviously
longate crystals of halloysite mixed with the platety crystals

nd illite mineral and potash feldspar.

) D(4,3) (�m) D(3,2) (�m) SA (m2/g)

3.388 2.099 2.86
3.013 2.102 2.85
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Fig. 1. XRD reflections for the china clay and illite (Green Shale).

Fig. 2. SEM micrographs of the (a) china clay (Ranong) and (b) illite (Green
Shale).

Fig. 3. XRD reflections showing phase changes of the standard body using
microcline as a fluxing agent (ST0-) fired at various temperatures.

F
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m
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f

ig. 4. XRD reflections showing phase changes of the illite modified body using
llite as a fluxing agent (IT0-) fired at various temperatures.

f kaolinite. Illite crystals were also platety in shape with sub-
icrometer in size.
.2. Phase changes upon firing

XRD results (Fig. 3) showed that the standard body mix with
eldspar as the fluxing agent still contained 3 main crystalline



1374 D. Wattanasiriwech, S. Wattanasiriwech / Journal of the European Ceramic Society 31 (2011) 1371–1376

Fig. 5. SEM micrographs showing microstructural changes of the ST0-samples fired at (a) 1000 ◦C, (b) 1100 ◦C, (c) 1200 ◦C and (d) 1300 ◦C.

Fig. 6. SEM micrographs showing microstructural change of the IT0-samples fired at (a) −1000 ◦C, (b) 1100 ◦C, (c) 1200 ◦C and (d) 1300 ◦C.
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hases after firing at 900 ◦C. Reflections belonging to halloysite
ubsided significantly after firing at 1000 ◦C before finally dis-
ppearing at 1100 ◦C. According to a study of Prodanovi et al.,
hermochemical reactions of halloysite were relatively simi-
ar to those of kaolinite; dehydroxylation around 559 ◦C into

etahalloysite prior to transforming to mullite at 988 ◦C.10 Our
nding was thus slightly different from that in the reported litera-

ure. At 1100 ◦C, intensity of the microcline reflections was also
educed appreciably while the emergence of mullite peaks could
e observed. At 1200–1300 ◦C reflections belonging to quartz
ere less intense but still observable. The XRD results for the
ody containing illite as the main fluxing agent (Fig. 4) showed
hat illite had transformed into sericite (KAl2(Si3Al)O10(OH)2)
t 900 ◦C which is similar to our previous findings.8 Mössbauer
tudy of pure illite showed that the dehydroxylation actually
ccurred between 350 and 900 ◦C whereas this change could
ot be detected by the XRD.11 Dehydroxylation of illite was
eported to occur via a multi-step mechanism namely a low tem-
erature step and a high temperature step.12 Mullite peaks started
o appear around 1000 ◦C and continuously grew as the firing
emperature was increased. Quartz peaks, in contrast, started
o subside around 1100 ◦C and progressively decreased until
300 ◦C. This result suggests that dissolution of quartz may
ccur to a greater extent in this set of samples.

.3. Microstructural change upon firing

Scanning electron micrographs for the ST0-samples fired
t 1000 ◦C showed a porous body with halloysite, quartz and
ome platy shaped particles of dissociated kaolinite (Fig. 5). At
100 ◦C, halloysite tubes had substantially disappeared. Increas-
ng the firing temperature to 1200 resulted in vitrification and
ensification of the body with two mullite morphologies. The
hort mullite crystals were possibly crystallized from kaolinite
elict while the long needled shape mullites were crystallized
rom feldspar relict. Empty residual glass was also generally
bserved. At 1300 ◦C, the amount of long needled shaped mul-
ite increased and the small mullite crystals slightly grew in
ize.

After firing at 1000 ◦C, vitrification of the IT0-bodis had
lready started which suggests that there was enough liquid
o assist this process and the body was largely covered with
anocrystalline mullite (Fig. 6(a)). This is in good agreement
ith the XRD result which showed that in the IT0-body mul-

ite peaks had already emerged after firing at 1000 ◦C, which
as ∼100 ◦C lower than the ST0-body. Literature indicates that
ullite formed by decomposition of kaolinite occurs around

100 ◦C.3,13 Illite decomposition into mullite and liquid, how-
ver, occurred around 900–950◦C14,15 and 1000 ◦C.16 Little
hange was observed at 1100 ◦C. When the firing temperature
as increased to 1200 ◦C two morphologies of mullite crystals,

uboidal and elongated, were observed. At 1300 ◦C, the body
as largely covered with mullite crystals with lesser content of
mpty residual glass. It is noted that the morphology of mullite at
his firing temperature was changed to connected lath-like shape
.e. they laterally grew larger with no longer clear distinction in

orphologies of the two mullite types. Examination of illite clay

3

i

ig. 7. Variations of 3 key physical characteristics of the standard body (ST0)
nd illite modified body (IT0) with firing temperature; (a) water absorption, (b)
inear shrinkage and (c) flexural strength.

y McConville17 which was reviewed by Lee et al.18 indicated
hat the growth of mullite crystals could be facilitated with the
ids of high alkali/Fe2O3 containing and so fluid silicate liquid.
he size of mullite crystals derived from this clay was >1 �m

n diameter while being only ∼100 nm for those derived from
he kaolinite clay. Fe was also reported to act as a mineraliser
iding the growth of mullite crystals in clay.19 The introduction
f iron with the use of illite (see Table 1) as well as the fluidity
f the alkaline containing silicate liquid could be the reason that
acilitated the growth mullite in our present study.
.4. Physical properties

Key physical properties of both standard (ST0) and illite mod-
fied bodies (IT0) are displayed in Fig. 7. Densification of the
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T0-bodies was approximately 50–100 ◦C lower than that of the
T0-bodies as suggested by both water absorption and linear
hrinkage. Earlier densification of the IT0-bodies was due to the
arlier start of melting compared to feldspar. At 1300 ◦C, the
inear shrinkage of the IT0-bodies became regressive without
hanging the water absorption level due to expansion of trapped
as or so-called “bloating” (SEM picture is not shown here).
loating was reported to deteriorate strength,20 in good agree-
ent with the finding here (Fig. 7(c)). It was also noted that the

T0-bodies could develop strength with increasing firing tem-
erature more rapidly than the ST0-bodies possibly due to (i)
he higher amount of large interlocking mullite crystals, (ii) the
ower porosity and (iii) the lesser content of residual quartz.

The microstructure of a fired triaxial whiteware is a com-
lex features of crystalline phases and pores dispersed in a
lassy matrix. As reviewed by Carty and Senapati,7 strength
f a triaxial whiteware increased with increasing mullite con-
ent, especially secondary mullite due to its acicular morphology
nd smaller needle diameter. Pores were regarded as intrinsic
aws which could be the predominant factor deteriorating the
trength. In good agreement, a recent study by Montoya et al.
howed that improvement of mechanical properties could be
ssociated with an increase of both specimen density and rela-
ive content of secondary mullite.6 In addition, adverse effect of
esidual quartz to mechanical properties of the fired bodies due
o the � → � transformation during cooling was addressed.21

ur XRD results showed that residual quartz amount in the
T0-bodies was less than that found in the ST0-bodies and this
ould be another factor negatively affecting the fired strength of
T0-bodies.

. Conclusions

Illite could be used as a potential fluxing agent in place of
otash feldspar although its K+ content was almost two times
ower than that present in feldspar. The illite modified body
howed greater densification and thus lower water absorption.
he MOR was also improved with lower residual quartz con-

ent.
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