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Abstract

The effect of adding TiO, to standard alumina porcelain on its microstructure and flexural strength was investigated. A series of alumina porcelain
bodies containing increasing amounts of TiO, were prepared by extruding mixtures of raw materials and TiO,. Porcelain rods were fired under
industrial scheduling in a manufacturing kiln. The overall degree of crystalline and amorphous phase content within the porcelain bodies was
quantitatively determined using a Rietveld analysis. Results indicated a higher amount of mullite formation in porcelain bodies containing TiO,.
Examination of the product materials using field emission scanning electron microscopy showed a high density of secondary mullite crystals present
in the earlier feldspar grain areas of specimens with TiO,. Energy dispersive X-ray analysis of secondary mullite crystals revealed that Ti** enters
into the secondary mullite structure forming a Ti**-mullite solid solution. Assessment of the mechanical properties of the TiO, containing bodies
indicated that small addition raises the flexural strength of the standard porcelain. The improvement in mechanical properties could be associated
with an increase of both specimen density and relative content of types II and III secondary mullites. Both observations may be attributed to a
decrease in the viscosity of melted feldspar grains, which in turn favours the nucleation and growth of secondary mullite crystals and thus increases

the final density of porcelain bodies.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Because of its insulating properties, the ceramic material alu-
mina porcelain has important applications in the distribution and
transformation of electric power. Although alumina porcelains
are commonly considered as traditional ceramic materials, they
are also labelled as high tech materials due to their widespread
use in applications demanding high technical requirements.
The two main properties exhibited by these materials are: high
mechanical strength and low dielectric loss.' There is still con-
siderable interest in improving the mechanical properties of
alumina porcelains. It is widely assumed that the mechanical
properties of ceramics are dependant on their microstructure,
i.e. the quantities, sizes, size distributions, and shapes of various
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constituent phases. The evolution of alumina porcelain forma-
tion from a mixture of raw materials (kaolin, feldspar, alumina
and small amounts of quartz) to the final product microstruc-
ture is known in general terms.”> The gross microstructure of
alumina porcelain consists of alumina, mullite and residual
quartz in a glassy matrix.>* It may be assumed based on results
from previous reported studies that the mechanical properties
of porcelain materials used for high-voltage insulators may be
improved by incorporating a high corundum and low residual
quartz content.!”

Mullite is the only stable binary phase in the Al,O3-SiO;
system. Pure mullite is a solid solution with a compo-
sition Alb[Alp+2,Si>—2,]010—x, Where 0.17 <x<0.5.%7 The
compositions of the end-members of thermodynamically sta-
ble mullites are 3A1,03-25i0, (x=0.25) and 2Al1,03-SiO;
(x=0.40), referred to as 3:2 and 2:1 mullites, respectively.
Two main types of mullites are formed at different stages of
the porcelain firing. These mullites are distinguished by their
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different morphologies and compositions. There exists the so-
called primary mullite, which comes from the clay component
(relict), and the secondary mullite which crystallizes from the
feldspar melt.>*%° Formation of the primary mullite occurs via
transformation of the spinel-type structure phase formed from
metakaolin, while the secondary mullite forms from reaction
between the clay and feldspar relicts at ~1200°C.!? Igbal and
Lee discovered two types of secondary mullites.” The first one
named type-MII mullite has a granular morphology, and its
crystals are shorter than those of the second type-MIII mul-
lite. Crystals associated with the latter are highly elongated and
acicular. As Igbal and Lee stated, the observed variation in mor-
phology may be explained by differences in gradient viscosity of
the relevant matrices and subsequent, more-rapid mass transport
associated with type-MIII secondary mullite. A third substance
named tertiary mullite has also been found in alumina porcelains.
This third type of mullite is formed at the edges of corundum
crystals by dissolution and further precipitation of alumina in a
Si0;-rich matrix.

It has been hypothesized that achieving a high degree of sec-
ondary mullite interlocked structure with acicular morphology
and small needle diameter may improve the mechanical proper-
ties of alumina porcelains.'? Different additives have been used
in small content to (1) lower the firing temperature, (2) favour
formation of mullite and (3) improve the mechanical strength
of electrical porcelains.!!~'® Basically, these additives facilitate
the nucleation of acicular mullite located within an inter-phase
between the clay relicts and the glass produced by the melted
feldspar, and their subsequent growth into the melted feldspar
grains. Thus, they function as nucleating agents for the crystal-
lization of acicular mullite. TiO; has been extensively studied
as a nucleating agent used in several glassy systems for the pur-
pose of controlling crystallization in the different crystalline
phases.”‘20 However, as far as we know there is no detailed
information describing the effect TiO, has on influencing the
microstructure and mechanical properties of alumina porcelain
bodies.

The aim of this work is to examine the role played by the
additive TiO; in the formation of secondary mullites in alumina
porcelains. The research entails preparation and microstructural
characterization of alumina porcelain bodies containing increas-
ing amounts of TiO;. A second objective is to monitor evolution
of the flexural mechanical strength in porcelain bodies upon
increasing the amount of TiO, and to establish a relationship
between mechanical strength and secondary mullite features.

2. Experimental procedure
2.1. Preparation of porcelain samples

The composition of the reference alumina porcelain cho-
sen for this study was 35.5wt% ball clay, 14.5wt% china
clay, 19 wt% potassium feldspar, wt% silica sand and 26 wt%
calcined alumina. A series of alumina porcelain bodies con-
taining increasing amounts of TiO, were prepared by adding
this mineralizer in its anatase crystalline form to the reference
alumina porcelain body. The compositions of the pure and TiO;-

Table 1
Composition (in wt%) of pure and TiO,-containing alumina porcelains.
Raw materials Samples

AP0 AP2 AP4 AP6 APS8
Ball clay 35.5 34.8 34.1 334 327
China clay 145 14.2 139 13.6 13.3
Potassium feldspar 19.0 18.6 18.2 17.9 17.5
Quartz 5.0 49 4.8 4.7 4.6
Calcined alumina 26.0 255 25.0 24.4 239
Rutile 0.0 2.0 4.0 6.0 8.0

containing alumina porcelains prepared in this study are given
in Table 1.

Each batch was prepared by dispersing raw materials in an
aqueous suspension containing a high concentration of solids.
The suspension was dehydrated using a filter press and the
resulting cakes were extruded into cylindrical bars (10cm
length x 1 cm diameter). After drying the specimens were ther-
mally treated in a manufacturing furnace at 1300 °C following
an industrial firing schedule.

2.2. Techniques of characterization

The following techniques were used to monitor the chemi-
cal and structural changes occurring in the porcelain specimens
throughout the thermal treatment.

Differential thermal analysis (Model 1700, Perkin Elmer,
Norwalk, CT, USA) was carried out in air with Pt liners, and
within a temperature range between 100 ° C and 1300 °C using
a heating rate of 10 °C min~!. Finely powdered a-Al,03 served
as the reference substance.

X-ray diffraction analysis (Model D-5000, Siemens,
Karlsruhe, Germany) was performed using a graphite monochro-
matic Cu Ko radiator operating at 30kV and 40 mA. X-ray
diffraction patterns were acquired in an 8-100° (26°) range,
with a step size of 0.02° (26°) and a counting time of 10s.

The quantity of each phase present in the final alumina porce-
lain bodies was determined from X-ray diffraction data using
a Rietveld refinement algorithm. The analysis was performed
with software Fullprof98,! available from the software pack-
age Winplotr.>? The internal standard used in the study was ZnO.
The following parameters were incorporated during the refine-
ment process: scale factor; zero displacement correction; unit
cell parameters; peak profile parameters using a pseudo-Voight
function and an overall temperature factor. The structural param-
eters and atomic positions for mullite, 2 quartz,24 0L-A1203,25
rutile?® and zincite?” were taken from the literature.

The microstructure of thermally treated alumina porcelain
bodies was observed by using field emission scanning elec-
tron microscopy (Model S-4100, Hitachi Ltd., Tokyo, Japan)
operating at 30 kV. Samples were first etched with a diluted HF
solution for 3 min, and subsequently washed with H>O in order
to improve the quality of the image.

Energy-dispersive X-ray analysis was performed using a
scanning electron microscope (Model JSM-6300, Jeol, Oxford,
England) operating at 20 kV. This instrument is equipped with an
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energy dispersive X-ray spectrometer (Pentafet, Oxford Instru-
ments, Knoxwille, TN). Specimens were mounted in a polymer
resin and polished with progressively finer SiC papers. Samples
were carbon coated prior to acquiring the X-ray spectra.

Flexural strength of the fired samples series containing
increasing amounts of TiO, was measured with a universal test-
ing machine (Model 5500R, Instron, Shakopee, MN) using a
three-point loading test. A load rate of 20kg/s was applied to
specimen bars that were 10 cm in length and having a 1 cm diam-
eter. The results reported here are the average measurements
taken over 20 test pieces per each body. Bulk densities of the
fired samples were determined using the conventional liquid
displacement method.

3. Results and discussion

3.1. Transformations during the heating of electrical
alumina porcelain bodies

Three peaks are observed in the DTA curves obtained for
the TiO; containing porcelain samples upon heating them to
1300°C. The first and second endothermic peaks appear at
around 100°C and 560 °C. These 2 peaks correspond to the
vaporisation of absorbed water and the dehydroxylation of
kaolinite, respectively. The last broad peak originates from an
exothermic effect centred at around 985 °C, and is associated
with the metakaolinite to alumina-silica spinel transformation.®
The first mullite formed originates from clay relicts, by the trans-
formation of the alumina-spinel phase at temperatures above
1000 °C and appears as aggregates of small crystals (<0.5 wm).
This mullite is referred to as the primary mullite.*>° It may be
concluded from the studies carried out on the TiO>-containing
porcelain specimen series that (1) only transformations taking
place on heating kaolinite, present in the clay component of
porcelain specimens, produce some thermal effects and (2) the
temperature at which changes are produced is independent of the
amount of titanium dioxide present. It may also be noted that
there were no specific thermal effects detected during the crys-
tallization of secondary mullite from the feldspar raw material.

Dense, sintered alumina porcelain bodies were prepared
by thermally processing extruded bars containing increasing
amounts of TiO; in a manufacturing furnace with an indus-
trial heating schedule and at a final temperature of 1300 °C.
X-ray diffraction patterns of the final bodies are displayed in
Fig. 1. According to the diffractograms acquired for the ther-
mally processed alumina porcelain bodies, three crystalline
phases including a-Al,O3, mullite and quartz are detected in
all specimens. Also rutile is present in compositions containing
TiO,. However, part of the nominal titanium oxide content is
evidently incorporated into a crystalline phase forming a solid
solution and/or into the amorphous phase.

3.2. Microstructural characterization of TiO,-containing
electrical porcelains

In order to establish a relationship between the microstructure
and mechanical properties of the alumina porcelain bodies the

APST

APAT

INTENSITY (Arbitrary Units)

AP2T

L
A
et

15 20 25 30 35 40 45 50 55 60 65
2Theta (Degrees)

Fig. 1. XRD patterns of a series of industrially thermally processed alumina
porcelain bodies series with increasing TiO; content (4 is mullita, | is alumina,
< is quartz and M is rutile).

amount of crystalline phases present for specimens examined
and their corresponding microstructures, i.e. relative distribu-
tion, size and shape of the different constituent phases was
determined. A second goal of the research was to validate the
incorporation of TiO, (as Ti**) into the secondary mullite crys-
tals.

3.2.1. Quantitative phase analysis of heated porcelains

The relative quantities of the different phases present in the
series of TiO;-containing porcelain final products were deter-
mined by a Rietveld analysis. The accuracy and precision of this
technique as used for the quantitative determination of phases
has been verified for multicomponent (polyphasic) materials.>"
The results obtained for the porcelain sample series fired under
the industrial scheme are shown in Table 2. Also some details
of the Rietveld refinement procedure are included. The final
Rietveld plot for the specimen AP2, shown as representative,
is given in Fig. 2. The results indicate that addition of titanium
dioxide is accompanied by an increase in the amount of mullite
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Table 2
Results for the quantitative analysis (wt%) and details of the Rietveld refinement for alumina porcelain bodies thermally treated under industrial conditions.

APO AP2 AP4 AP6 AP8
a-Al, O3 25940.5 242404 2224+0.5 21.6+04 20.8+0.4
Quartz 5.54+0.2 4.6+0.2 2.74+0.2 3.6+0.2 2940.2
Mullite 22.04+0.7 27.0+0.7 25.7+0.8 27.44+0.7 28.9+0.8
Glassy phase 46.6 £ 0.9 434409 47.1+£0.9 43.7+£0.9 41.4+09
Rutile 0.0 0.7+£0.1 24+£02 3.7£0.2 6.1£0.2
R, (%)* 5.61 5.81 6.24 6.27 6.36
Ryp (%)* 7.48 7.68 8.30 8.09 8.35
Ry, (expected) (%)* 5.32 5.35 5.37 545 5.52
X2 1.98 2.07 2.39 2.20 2.29

# The Rexp, Rp and Ry, are the discrepancy factors that characterize quality of fit.

formed for all compositions. Likewise, a slight decrease in the
amount of quartz present occurs as a result of increasing the
amount of TiO; in fired porcelain batches. It is to be noted that
for the composition AP6, the amount of TiO, detected as unre-
acted rutile is 3.7 wt%. So, the amount of TiO, dissolved in the
crystalline phases, mainly mullite, and/or into the glassy phase
is ~2.3 wt%. Rutile is the stable form of TiO,. Also, unreacted
anatase transforms during the thermal treatment into rutile.

The incorporation of TiO; into the mullite structure of
specimens prepared using a variety of methods has been pre-
viously reported by others.3!33 The reported results suggests
that the amount of Ti** soluble into the 3A1,03-2S107 mullite
is ~4.0 wt% TiO;. Recently, by using a sol-gel technique of
preparation we have confirmed this result and found that for
the Al O3-rich mullites, 2A1,03-Si0,, the amount of dissolved
TiO, is slightly higher ~4.2 wt% TiO;.33

Based on these results and comments it can be surmised that
the TiOy plays an effective role in the crystallization of mullite
in alumina porcelain bodies. In order to prove the effect this
mineralizer has on determining the final properties of alumina
porcelain bodies, it was necessary to (1) check if the content
of both types of mullites is increased by the presence of TiO»,
and (2) verify if and how the microstructure of the final porce-
lain bodies is modified by the addition of small amounts of this
mineralizer.

3.2.2. Morphological and compositional features of mullite
crystalline phases

Although small changes in the size of the quartz grains occur
as aresult of dissolution during the thermal processing in indus-
trial kiln, mainly for compositions with the larger nominal TiO»
content, focus here is given to changes that take place in the
mullite crystals. As mentioned above, primary mullite comes
from the clay components, mainly from kaolinite, while the sec-
ondary mullite originates from melted feldspar. Considering the
nature of the transformation process of kaolinite to primary mul-
lite, it can be assumed that this transformation is not strongly
influenced by the presence of TiO,.3* It is reasonable therefore,
to assume that the mineralizer exerts an influential effect on
the amount formed and characteristic features associated with
the so-called secondary mullite. The amount of total mullite
formed increases upon adding TiO,, as evidenced by the results
from the Rietveld analysis. Although it is not possible to quan-

titatively determine the size and density of secondary mullite
crystals in the former feldspar grains because of the complex
microstructure of porcelain bodies, a qualitatively comparison
of the characteristics pertaining to secondary mullite areas for
specimens with and without TiO, may be made. It is obvi-
ous that the area size depends primarily on the particle size
distribution of the feldspar raw material. It is therefore impor-
tant to perform a qualitative check for variation in the density
of mullite crystals in the early feldspar grains when TiO; is
added to the porcelain body. Figs. 3-5 show a general view of
the microstructure of alumina porcelain bodies containing 0, 2
and 6 wt% TiO,, respectively, subjected to an industrial heating
schedule. Figs. 6a, 7a and 8a, show the morphological charac-
teristics of the primary mullite and Figs. 6b, 7b and 8b display
the corresponding ones for the secondary mullites in the same
alumina porcelain specimens. From these figures one can see
that larger acicular secondary mullite crystals and denser mul-
lite crystal areas are more evident in the composition containing
2wt% TiO; than in the pure porcelain. Therefore the forma-
tion of larger amounts of secondary mullites must be favoured
by the presence of TiO, particles. As stated by Igbal and Lee
the secondary mullite forms by reaction between the clay relicts
and feldspar relicts at ~1200 °C” when the feldspar grains are
melted. Therefore, the formation of crystals of secondary mul-
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Fig. 2. Rietveld plot of the alumina porcelain AP2 heated under an industrial
schedule. The calculated pattern is compared with observed data. The small
vertical bars indicate the position of allowed & k[ reflections. The difference
between the observed and calculated profiles is shown in the lower trace plotted
below the diffraction pattern.
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Fig. 3. FESEM micrograph of the pure alumina porcelain body APO
(bar=25 pum).

lite begins at the contact area between primary mullite crystals
and feldspar melted grains. The role of the mineralizer TiO; can
be understood if one considers that a decrease in viscosity must
take place in the contact area between clay relicts, TiO, and
feldspar melted grains. As a result of this decrease in viscos-
ity the nucleation of secondary mullite is favoured. The effect
of TiO, on the viscosity of SiOj-rich glasses was previously
reported by Sugai and Somiya.>®> Once nucleation of the sec-
ondary mullite has occurred its growth is also favoured because
again the viscosity of the melted feldspar is lower. Thus, large
crystals of secondary mullite types II and III are formed.

Fig. 4. FESEM micrograph of the alumina porcelain body AP2 (bar =25 pm).

Fig. 5. FESEM micrograph of the alumina porcelain body AP6 (bar =25 pm).

The main characteristics of the different types of mullites
generated in alumina porcelain bodies upon the addition of TiO»
may be clearly observed in Figs. 6-8. As seen in these figures,
the primary mullite crystals are shorter than 250 nm whereas
types II and III secondary mullites are longer than 7.5 pm.
Moreover, type III secondary mullite crystals are thicker than
0.8 wm. From viewing the micrographs it may be concluded
that the presence of small amounts of TiO; favours the for-
mation of secondary mullites in alumina porcelain. Both the
number and the size of secondary mullite crystals are enhanced.
A very similar behaviour has been reported by Hong and Mess-
ing for alumina-silica diphasic gels doped with TiO,.3%37 They
found that additions of up to 5 wt% TiO; produce an anisotropic
growth of mullite crystals and that large mullite crystals are
formed upon heating. Since the technique of preparation used
by the authors is not a highly reactive one, a large amount of
TiO, does not incorporate into the mullite structure and remains
unreacted. This results in a low viscosity glassy phase that facil-
itates the growth of mullite crystals. The same behaviour was
observed in this study when TiO, was added to porcelain bod-
ies. Since the TiO, grains do not react appreciably with the
primary mullite, they remain unreacted up to temperatures of
approximately 1200 °C, which is the temperature at which the
feldspar grains melt. At this temperature some amount of TiO»
is dissolved in the glassy phase from feldspar grains where it
reduces the viscosity. Subsequently, the secondary mullite is
nucleated in the interface between the glassy phase and the outer
surface of the clay relicts (i.e. primary mullite). After nucleation,
the growth of mullite crystals occurs inside the melted feldspar
grains.

In order to estimate the relative content of Ti** in the sec-
ondary mullite crystals as a function of the distance from
the interface where nucleation starts, energy dispersive X-ray
spectroscopy was performed as a spot analysis. This was accom-
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plished by stopping and carefully positioning the electron beam
on the point to be analysed, which was selected on the SEM
screen during display of the image. The TiO, content of sec-
ondary mullite crystals longer than 10 wm, such as the ones
shown in Fig. 7b, remains almost constant, and varies within
the ranges 1.7-1.1 and 1.2-0.9 wt% TiO», at the ends close to
the nucleation interface and at the opposite crystal ends, respec-
tively. It is evident that titanium oxide is incorporated into the
mullite crystals even in cases where starting amounts of TiO; are
nominal (as small as 2 wt%). Some level of inaccuracy should
be assumed when interpreting the data since the microanalyses
were performed on polished and etched samples. Nevertheless,
the results support incorporation of a relatively large amount of
TiO; into the secondary mullite.

Fig. 6. High magnification view of mullite crystals in alumina porcelain APO:
(a) primary (bar =500 nm); (b) secondary of types II and III (bar=2.5 pm).

(@)

Fig. 7. High magnification view of mullite crystals in alumina porcelain AP2:
(a) primary (bar=500nm); (b) secondary of types II and III (bar=2.5 wm).

3.3. Relationship between microstructure and flexural
strength of specimens

Fig. 9 shows the flexural strength and bulk density variations
observed for the series of fired porcelains containing increas-
ing amounts of TiO,. The addition of titanium oxide yields an
increase in bulk density for all heated alumina porcelain bod-
ies. An increased resistance is also observed upon adding small
amounts (2wt%) of TiO,. This mechanical feature remains
almost constant when higher levels of mineralizer are present.
Both the increase in the mullite content and the increase in den-
sity arising from addition of TiO; contribute to this behaviour.
Furthermore, the morphological characteristics of types II and
IIT secondary mullites products are also favorable for improv-
ing mechanical properties. As can be seen in the FESEM
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Fig. 8. High magnification view of mullite crystals in alumina porcelain AP6:
(a) primary (bar =500 nm); (b) secondary of types II and III (bar=2.5 pm).
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Fig. 9. Flexural strength (4) and bulk density (OJ) variations of alumina porce-
lains with increasing amount of TiO;.

micrographs of secondary mullites (Figs. 4-8), more homoge-
neous size crystals are formed in bodies having lower titanium
oxide content while for bodies with higher TiO, content, for
example the body AP6, an almost bimodal thickness distribu-
tion of mullite crystals is observed. In this example, very thin as
well as thick secondary mullite crystals are displayed (Fig. 8b).
There is a notable decrease in flexure strength accompanying
specimens containing 6 wt% TiO, compared to that of other
bodies containing less TiO,. The decrease in flexural strength
observed for this composition is unexpected since it is charac-
terized by the highest bulk density and also has a high amount
of crystalline mullite: but may be due to specific microstructural
features of mullite secondary crystals developed for this amount
of TiOg.

4. Conclusions

The effect adding TiO» to standard alumina porcelain on its
microstructure and flexural strength while processed under an
industrial heating schedule was studied. Results from quanti-
tative X-ray diffraction and field emission scanning electron
microscopy experiments show that TiO, promotes the crystal-
lization of both types II and III secondary mullites. The role of
the TiO, mineralizer located at the interface between the melted
feldspar grains, the TiO; particles and the clay relicts is to reduce
the viscosity of the melt and subsequently favour mass-transport.
TiO, was incorporated into secondary mullite crystals. Improve-
ment in the mechanical features of alumina porcelains realized
with small additions of titanium oxide could be explained by
the accompanying increases in both the amount of secondary
mullite and density in the final body and the microstructural
characteristics of the formed secondary mullite.
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