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Abstract. The effect of mullite and quartz phases on the strength of Kenyan tri-axial porcelain
in the system Quartz-feldspar-kaolin
has been investigated. It was found that both the
compressive and tensile strengths of porcelain decreased with excess quartz content as a result
of circumferential cracks around quartz grains that may constitute fracture initiating flaws. The
interlocking effect of mullite was found to be more beneficial to the tensile strength than to the
compressive strength of porcelain.

1. INTRODUCTION
The mechanical properties such as flexural
strength, elastic modulus, etc. of porcelain are
strongly
dependent
on
the
material's
microstructural features such as the amounts
and type of phases present especially quartz,
mullite and the pore phases [1,2,3]. The role of
mullite and quartz phases on the strength of
porcelain is however still a subject of controversy.
Mullite evolves from the reaction between clay
minerals particularly kaolinite and illite and has
two different evolution paths: primary and
secondary. The exact source and temperature for
the formation of these two types of mullite
continue to be debated.
Generally, the
transformation
of metakaolin into a non
equilibrium unstable spinel-type structure (Al-Si
spinel) results in the crystallization of mullite and
hberalization of amorphous free silica (Si02)
according to the reactions shown in Equations
(la)-(2b) [4,5].
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In the above equations, E9 represents a vacancy
An aluminosilicate spinel (O.562Sis (AllO.67.E95.33
032) and occasionally, a y-alumina-type phas
(0.282Als(A113.33.E92("s)032) are the predicte
reaction products. The exact structure of tb
spinel-phase continues to be controversial arx
authors present conflicting evidence regarding tb
existence of either phase [4].

Since mullite is stronger than glass, the propose
hypotheses concerning the strength enhancemen
of porcelain by mullite phase has been attribute
to the interlocking network of mullite crystals tha
form within the kaolinite grains and the weal
glassy matrix [6]. On the other hand, the pre
stress hypothesis [7,8] attribute strength 0
porcelain to the compressive pre-stress imposed i.J
the glassy phase by the quartz phase duriru
cooling of the ceramic.
Quartz has highe
expansion coefficient compared to that of tb
glassy matrix and also undergoes abrup
expansion changes during phase inversions (u-t(
~-quartz and vice versa). Our study was devotee
to studying the effect of both mullite and quart
phases on the strength of Kenyan tri-axia
porcelain with a view to solving the controvers
surrounding the contnbution of each phase on tb
strength of porcelain.
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2.EXPE~NTALPROCEDURE
2.1 Materials and fabrication of test samples
The porcelain raw materials (silica, feldspar and
kaolin) used in the present study are the same as
those used in Kenyan ceramic industry and were
obtained from Athi River Mining Company
Limited. Test samples with an optimized
composition of 20wt>/o silica and feldspar to
kaolin ratio of5:8 were used. In a previous study
[Nyongesa and Aduda, in press], it was
reported that highest sintered density and
strength of Kenyan triaxial porcelain in the
quartz-feldspar-kaolin
system were obtained
with this compositions. All the compositions
contained 20wt% bentonite clay for good
handling (plasticity) of the clay bodies.
To prepare the test samples, the raw material
powders were sieved to pass through a 63 J.l.ITl
sieve aperture to discard coarse particles.' The
powders were then mixed and made into a soft
mass byadding 33wt% water. After aging for.24
hours, the soft mass was formed into cylindrical
test bars (I5.00cm ± O.Olcm in length and 1.50 ±
O.Olem in diameter) using an extruder fabricated
in our laboratory. For velocity measurements,
cylindrical test samples
(5.00 ± O.Olem in
diameter and 5.00cm ± O.Olcm in length) were
prepared using a piston and cylinder. A small
weight of 50N was attached onto the piston to
ensure a uniform forming (compaction) pressure
for all samples.
The samples were dried at room temperature and
thereafter, oven dried at 11O°C for 8 hours at a
heating rate of 10K min-I. The dried samples
were then fired in an electric furnace from room
.temperature to lOOO°Cat a rate of 5.0 K min-i.
Above this temperature, they were heated at a rate
of 2.0 K min-I and soaked for one hour at fixed
temperatures
of 1000°C, 1050°C, 1100°C,
1150°C, 1200°C and 1250°C respectively before
furnace cooling.
2.2 Sample characterization
Identification and quantitative
analysis of
crystalline phases was done by X-ray diffraction
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(XRD). A few chippings from test pieces were
ground using a pestle and mortar, ground and
sieved through a 100 mesh (150 urn) sieve. The
fine powder was then loaded into an X-ray Phillips
1711 diffractometer. The quantity of crystalline
phases was analyzed using Ni filtered CuI<..
radiation with a PW i820/00 vertical goniometer
and a PW 1710 microprocessor based control and
measuring system. A scanning range (28) of 1060° was used. The\ diffractograms were
smoothened.
The linear thermal
expansion
of fired
rectangular samples of dimensions 10.0x4.0x35.0
mm samples was measured in a hightemperature horizontal dilatometer (type 402E)
with a heating rate of 5.O°CKi up to 1120°C.
The modulus
of rupture
(MOR)
was
determined according to the standard procedure
[9] and measurements were made using an
Instron 1195 Universal testing machine. with a
cross-head speed of 3 mm.min". The reported
values for the modulus of rupture is the mean of
at least 10 samples. The elastic modulus was
evaluated from the longitudinal velocity of
ultrasound through the samples [10]. Prior to
velocity measurements,
the samples were
polished to a smooth pair of parallel opposing
sides with silicon carbide paper to 600 grit
finish. The longitudinal velocity was obtained,
through the transmission method, by measuring
the transit time of ultrasonic pulse through the
sample using a model Pundit instrument (CNS
Electronics Ltd.). In this method, a test sample
was sandwiched between the transmitting and
the receiving transducers and coupled on either
side using a thin layer of medium grade
petroleum
based
grease.
The
reported
longitudinal velocity is the average from at least
'five samples,
Selected samples were prepared for (SEM)
analysis by cutting, polishing to 600 grit and then
etching with dilute hydrofluoric acid (IS vol'%HF) for 60s to dissolve the glassy matrix and
enhance the crystalline morphologies. The
microstructure of the samples was observed using
a JEOL TSM T-330A scanning electron
microscope at 10KV accelerating voltage. To
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avoid charging effects from the non-conductive
(electrical) ceramic surface, a thin gold coating
was applied under low pressure argon gas using a
'cool' Edwards S150B sputter coater. A layer of
20-4Onm was sufficient to avoid the charging.
problem.
3. RESULTS AND DISCUSSION
3.1 X-ray diffraction analysis
The X-ray diffraction patterns (28 versus
relative intensity) for porcelain samples sintered
to various temperatures are shown in Figure 1.
The diffraction peaks show that the main minerals
present in sintered porcelain were quartz (Si02),
anorthoclase (potassium sodium aluminum silica;
(Na.Kj-O. Al203. 6Si02), albite (sodium aluminum
silica; Na2.Ab03.6Si02), mullite (3Al203.2Si02),
o-alumina and illite (potassium aluminium silicate
hydroxide; KAllSi~lO)(OHh).

higher peak intensities of mullite were observed
while at further higher temperatures of 1200°C, an
insignificant further change in the mullite peak
intensities was noted. This mullite is thought to
form from kaolinite. Its formation at lower
temperature than that predicted from phase
diagrams (1547-1587'C) [11], could be attributed
to the presence of fluxing oxides such as K20,
Na20, CaO, and MgO in the porcelain raw
materials used in this study [12] which lower the
mullite formation temperature [13].
The decrease in the peak intensities of quartz and
anorthoclase
with
increase
in
sintering
temperature indicates the decomposition or
transformation of these clay minerals to other
forms. Quartz transforms most probably into
cristobalite and/or tridymite phases while
anorthoclase, being a flux, forms a liquid phase at
a temperature of about 11OO°c. At 1150°C most
of the anorthoclase have decomposed.
3.2 Differential thermal analysis

Al- a.-elumina,
M- rnnllite ,
An- anorthoclase ,
1- Illite, Q - Quam

The results of the linear thermal expansion of
porcelain are shown in Figure 2. The thermal
expansion curve of a dense (98%) alumina sample
is also shown in the same figure as a reference
curve.

AI

Dense(98%) ~~

--

10

20

30

40

50

~

.:«>:

60

Diffraction angle Zq (degrees)

poxcela.in

Fig: 1. X-Ray (CuKa radiation) versus diffraction angle
2 Ofor porcelain sample sintered at (a) JOOO'C,
(b) 1150'C and (c) 1200't:.
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From Figure 1, it is clear that sintering at
temperatures from l050°C to I200°C produced a
series of different structures mainly characterized
by the decrease in the peak intensities of quartz
and anorthoclase and the formation of some
mullite. Very little mullite was present at low
sintering temperatures (lOOO°C). At 1150°C,
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Fig:2. Linear thermal expansion curves of porcelain and
dense (98 %) alumina.

The initial shrinkage of porcelain at the onset of
firing could be attributed to the liberation of water
of crystallization (dehydroxylation of the lattice
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water in the clay mineral's structure) and the
burning out of organic matter present in the body
including the oxidation of carbon to carbon
dioxide. The crystal structure of kaolinite contains
hydroxyl groups, and the dehydroxylation of these
groups to form rnetakaolin (Al203.2Si02)
occurs
at temperatures of about 400 - 550°C via the
reaction [5]
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This dehydroxylation process is endothermic and
is accompanied
by a reorganization
of
octahedrally coordinated aluminum in kaolinite to
more tetrahedrally coordinated aluminium in
metakaolin.
The abrupt increase in the linear thermal
expansion in the porcelain between a temperature
of 550°C and 625°C, could be attributed to the
transformations of residual quartz (a- to B-quartz
transformations). The rapid shrinkage at a
temperature above 1000°C is attributed to onset
of liquid state sintering, the transformation of
metakaolin into a spinel-type structure (Al-Si
spinel), the crystallization of mullite and the
liberalization of amorphous free silica (Si02)
according to Equations (la)-(2b) These reactions
could account for the observed decrease (from
XRD patterns shown in Figure 1 in the a alumina content and an increase in the mullite
content.
3.3 Young's modulus and modulus of rupture
Figure 3 shows the variation of the strength of
porcelain samples with mullite content. The
mullite content in the samples was measured as
the height of the XRD peaks from the
difliactograms in figure 1. Both the Young's
modulus and the modulus of rupture increases
with increasing mullite content and the Young's
modulus shows a higher dependence on mullite
content compared to the modulus of rupture. For
example, for an increase in the mullite content by
a factor of 0.12, the Young's modulus increases
by a factor of 0.502 while the modulus of rupture
increases by a factor of 0.456.

The above observation supports the mullite
hypothesis and further indicates that mullite
increases the stiffness of porcelain most probably
by its interlocking effect. Figure 4 shows this
phenomena .: Since mullite is stronger than glass,
fracture will prefer the easiest path by avoiding the
mullite needles instead of crossing them. Mullite
crystals thus act as reinforcing agents in porcelain.
Notably, high sintering temperatures may lead
to coarsening of mullite needles as shown in
figure 5 leading to less interlocking effect. Thus
sintering temperature
and generating the
correct amount of properly sized mullite
needles are vital in achieving
strength
enhancement.
In figure 6, it is observed that both the Young's
modulus and the modulus of rupture decreases
with increasing quartz content. In general, this
behaviour can be attributed to the compressive
pre-stresses imposed in the glassy phase due to
the difference in the expansion coefficients
between the glassy phase and the quartz along
with
the
abrupt
expansion
changes
accompanying phase transitions (Figure 2).
These compressive pre-stresses may introduce
circumferential
cracks around the quartz
particles (Figure 7) which on acting alone or
combined with large pores may constitute
fracture- initiating flaws and thus weaken the
porcelain [7].
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(a)

(b)

Fig: 5. SEM micrograph of porcelain sample fired at
120(fC showing coarsening of mullite needles
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Fig.6: Variation of strength of porcelain with quartz
content.

(c)

Fig:4. SEJ.,f micrograph showing formation of mullite
crystals (a) sintered at l05ifC showing mainly
plate-like kaolin particles, (b) at 1J 5(fC showing
needle shaped muilite needles (c) at 115(fC,
showing interlocking mullite needles.
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Fig: 7. SEM micrograph showing circumferential
cracks around quartz grains

Unlike in figure 3, in figure 6 Young's modulus
shows a greater rate of decrease with increasing
quartz content than the modulus of rupture
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indicating that the effect of compressive prestresses on tensile strength is more significant
.than on the modulus of rupture. Compressive
pre-stresses
may act as barriers to the
propagation
of
flaws
thus
improving
compressive strength (modulus of rupture).
4. CONCLUSIONS
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In this study it was found that:
1. Properly sized mullite needles that are vital for
strength enhancement were generated at a
temperature of 1150°C.
2. Mullite formation was more beneficial to
tensile strength than compressive strength
3. Whereas compressive pre-stresses set up by
the quartz grains may in general weaken the
porcelain, these stresses may on the contrary,
strengthen porcelain by acting as barriers for
the propagation of flaws.
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