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Abstract

Production of porous anorthite ceramics from mixtures of paper processing residues and three different clays are investigated. Suitability of
three different clays such as enriched clay, commercial clay and fireclay for manufacturing of anorthite based lightweight refractory bricks was
studied. Porous character to the ceramic was provided by addition of paper processing residues (PPR). Samples with 30—40 wt% PPR fired at
1200-1400 °C contained anorthite (CaO-Al,05-25i0,) as major phase and some minor secondary phases such as mullite (3A1,05-2Si0,) or
gehlenite (2Ca0-AL,03-Si0,), depending on the calcite to clay ratio. Anorthite formation for all clay types was quite successful in samples with
3040 wt% of paper residues fired at 1300 °C. A higher firing temperature of 1400 °C was needed for the fireclay added samples to produce a well
sintered product with large pores. Gehlenite phase occurred mostly at lower temperatures and in samples containing higher amount of calcium

(50 wt% PPR). Compressive strength of compacted and fired pellets consisting of mainly anorthite ranged from 8 to 43 MPa.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Anorthite (CaAl,Si;Og) is one of the most important mem-
bers of the plagioclase feldspar family. It is a rare constituent in
magmatic and metamorphic rocks. The theoretical composition
of anorthite is 20.2% CaO, 36.6% Al,O3 and 43.2% SiO> on
a weight basis. According to CaO-Al,03-SiO, phase diagram
(Fig. 1), pure anorthite exhibits a melting point of 1553 °C.!
Its theoretical density is 2.76 g/cm? and it has triclinic crystal
structure. Anorthite is chemically most nearly related to celsian
(BaAl,Si0g), and crystallographically most similar to albite
(NaAlSizOg) and orthoclase (KAISi3Og). Its unit cell is prim-
itive, with a 14 A c-axis; the c-axis is twice that of albite.2
Anorthite crystals may occur as euhedral (well-formed with
sharp) and tabular crystals.>*

Dense anorthite ceramics are promising materials for
substrate applications in electronics industry due to their
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good physical properties such as thermal expansion coeffi-
cient of 4.8 x 107%/°C and low dielectric constant of 6.2 at
1 MHz.> Their thermal expansion coefficient is close to mul-
lite (5.3 x 107%/°C). Anorthite based glass—ceramics may also
be used in a wide range of applications such as supports of cat-
alysts for the conversion of combustion gases from engines in
industrial heat exchangers for gas turbines due to their low ther-
mal expansion coefficient, high thermal shock resistance and low
dielectric constant.® The fluorapatite—anorthite binary system
can be promising in biomedicine too, as material for joint pros-
theses or dental roots.” Because of these desirable properties,
anorthite ceramics have attracted attention and several studies
were carried out in order to decrease the firing and crystallization
temperature below 1000 °C.8-10 For example, anorthite ceram-
ics for substrate applications require co-firing with inexpensive
conductive metals at low temperatures.

Synthesis of anorthite was extensively studied by using
different methods such as sintering of mixtures of calcium car-
bonate, kaolinite, alumina and aluminum hydroxide in addition
to mechano-chemical treatments or employing different sinter-
ing aids.®~!? Kobayashi and Kato® have reported the fabrication
of dense anorthite ceramics by sintering around 1000 °C of
kaolin and finely milled calcite mixtures. They concluded that
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Fig. 1. CaO-Al1,03-Si0, phase diagram.!

reduction to 1.5 wm of the particle size of calcite led to the
production of dense anorthite ceramics with a relative density
of 94% at 950 °C. Mergen and Aslanoglu’ have reported that
single phase anorthite ceramic with 87% theoretical density
could be obtained from sintering of raw materials with coarse
particles at 950 °C by using boron oxide addition. Kavalci et
al.!% investigated the process variables such as temperature,
soaking time, amount and type of additives and mechano-
chemical treatment on synthesis of anorthite ceramics. They
found that anorthite formation temperature decreased down to
900 °C by the combined effect of additive usage and intensive
grinding. Okada et al.!! observed a layered CaAl,Si>Og and

anorthite formation by grinding effect in the samples fired at 900
and 1000 °C, respectively. Also the effect of different sources
of CaO such as Ca(OH);, CaCOs3, marble powder and gyp-
sum mould waste was investigated by Kurama and Ozel'? in
order to produce anorthite ceramics. They showed that anor-
thite could be produced as the main phase above 1200°C
with a maximum density of 80% in samples with Ca(OH),.
Above mentioned studies aimed to produce dense anorthite
ceramics from different sources of calcia and aluminum sili-
cates. Recently, paper processing residues are used as a new
source of raw material in the production of porous brick and
porous ceramic composite consisting of the cordierite, mul-

Table 1
Experimental results of samples containing aluminum silicate and PPR (s: strong, vs: very strong for XRD peak intensity).
Temperature  PPR content ~ XRD peak Loss on by Archimedes method (ASTM C20) Compressive
[§©)] (%) intensity® ignition (%) strength (MPa)
Apparent porosity (%)  Bulk density (g/cm®)  Apparent specific gravity
1100 30 AM, G 252 41.0 1.46 248 -
50 A, G(s) 33.7 54.7 1.33 2.95 -
1200 20 AM 20.9 29.0 1.75 2.46 -
30 A(s),M 25.2 35.5 1.49 2.31 -
40 A(s),G 29.5 49.9 1.34 2.68 -
50 A G 33.7 48.1 1.29 2.48 -
1300 20 AM 20.9 6.4 1.94 2.07 414 £ 83
30 A (vs), M 254 36.2 1.53 2.40 28.0 + 6.8
40 A (vs), G 28.3 44.8 1.39 2.53 15.6 £2.2
50 - 342 304 1.71 247 -

2 Decreasing dominance of phases from left to right.
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Fig. 2. XRD patterns of: (a) samples with aluminum silicate and PPR fired
at 1300 °C and (b) samples with aluminum silicate and 30 wt% PPR fired at
different temperatures.

lite and cristobalite phases.'*!> A recent study involved open
cell anorthite foams by Hojamberdiev et al.'® No study was
found in the literature to target a porous anorthite structure
from paper residues and from clay of different sources. In this
study, porous anorthite ceramics are developed with the addi-
tion of paper processing residues as a source of calcium oxide
to different clay types in order to produce lightweight insulat-
ing refractory materials. This is a preliminarily study of anorthite
lightweight insulating refractory production from paper process-
ing residues.

This study followed another study which dealt with the pro-
duction of vertically perforated insulating earthenware brick for
use in buildings.'* Paper processing residues composed of cal-
cium carbonate and cellulose were used as an additive to clay
raw material to make brick. In that study, different amount of
paper residue additions were made to clayey material and it was
found that excessive additions produced anorthite and gehlenite
in the brick. So the idea of making anorthite brick with large
amounts of porosity was inspired. Not only its calcium carbon-
ate content but also its fine cellulose fibers helped in making
porous anorthite based ceramics. Porous ceramics produced in
this study could find applications up to 1200 °C as refractories in
backup insulation for industrial furnaces and electrical kilns for
industrial and lab use. Amount of porosity in these refractories
can be up to 60%.
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Fig. 3. Microstructures of: (a) polished and (b) thermally etched surfaces of the
sample containing aluminum silicate and 30 wt% PPR fired at 1300 °C.

2. Experimental procedure

Three different clay materials were used for anorthite pro-
duction such as an enriched clay material of aluminum silicate
(Al»Sip07-2H, 0, Alfa Aesar Co., Germany), a commercial clay
(K-244, Kalemaden Co., Turkey) available in tonnage quanti-
tites and fireclay (chamotte-125, Eczacibasi-Esan, Turkey) as
alumina and silica source. Recycled paper processing residues
(PPR, Levent Kagit, Turkey) that contained calcium carbonate
and cellulose fibers were used as a source of calcium oxide.
They were also used for pore-making due to their cellulose
fiber and calcite contents. They were initially subjected to pre-
treatments such as drying and breaking of agglomerates in a
mortar and pestle. Chemical analysis of paper residues was
made by using energy dispersive X-ray fluorescence spectrome-
ter (XRF, Spectro IQ IT). The detailed phase and thermal analysis
of the paper residues were given in a previous study by Sutcu and
Akkurt. '

Mixtures containing different sources of clay and paper
residues (between 20 and 50wt% PPR) were prepared to
synthesize anorthite composition (Ca0O-Al,03-2Si0;). Powder
mixtures were blended with ethanol in a mortar and pestle.
Mixed cakes were dried in an oven at 110°C for 1h and were
powdered again before being uniaxially pressed into pellet form
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Table 2
Chemical analysis of raw materials (wt%). PPR was analyzed by XRF while
others are published chemical analysis by producers.

Components Commercial clay (K-244)  Fireclay (Esan-Samot125) PPR

Si0, 59.12 59.00 6.42
AL O3 26.87 38.50 4.14
TiO, 0.80 1.10 0.09
Fe,03 1.54 0.50 0.28
CaO 0.27 0.10 3291
MgO 0.60 0.10 1.54
Na,O 0.04 0.05 0.02
K,O 2.17 0.4 0.12
LOI 8.5 0.1 53.80

(@=15mm) in a steel die at 100 MPa. Pellets were sintered at
temperatures between 1100 and 1400 °C for 1 h in a laboratory-
type electrical kiln (Protherm, Turkey). The heating rate was
2.5°C/min until 600°C, and then 10°C/min up to the dwell
temperatures.

Apparent specific gravity, bulk density and apparent poros-
ity values were measured by using boiling water absorption via
Archimedes method according to ASTM C20.!7 The crystalline
phases of the samples were investigated by using XRD with
Cu Ka radiation (A =1.542 A) at 40kV in the 26 intervals of
5-70°. Sample surfaces were polished and thermally etched at
1100°C for 30 min. Microstructural analysis of the polished
and thermally etched surfaces was performed by using SEM
and SEM-EDS (Philips XL-30SFEG and EDAX). Compressive
strength tests were done on some of the samples that have the
strongest anorthite composition (Shimadzu AG250kN). Cylin-
drical samples of 15 mm diameter and 22-24 mm long were
uniaxially dry pressed and fired in the laboratory-type electrical
kiln (Nabertherm, Germany).

3. Results and discussion
In this study, anorthite was produced from mixtures of paper

residues and clay of different sources in order to find out if and
how the type of source of aluminum silicate affects the degree of

anorthite synthesis. Hence, results are presented in this section
for three different types of aluminum silicate sources.

3.1. Mixtures containing enriched clay and PPR

Mixtures containing enriched clay labeled as aluminum sili-
cate (Alfa Aesar) and paper processing residue (PPR) were fired
atdifferent temperatures (1100-1300 °C) and different PPR con-
tents (20-50 wt%) in order to find the optimum conditions for
anorthite synthesis. The aluminum silicate used in this study
was obtained from Alfa Aesar and was used as received. It was
an enriched clay treated to increase fraction of clay mineral but
was still found to have some quartz. Experimental results of
the samples (in the cylindrical pellet form) with aluminum sil-
icate fired at different temperatures are given in Table 1. The
results obtained revealed that loss on ignition values of the sam-
ples increased gradually with an increase in the amount of the
residues. Bulk densities of the fired samples decreased with
increasing paper residue content up to 50 wt%. However, sam-
ples fired at 1300 °C resulted in increased density after 40% PPR
additions possibly as a result of partial vitrification and pore
closure. Compressive strength of the samples fired at 1300 °C
ranged from 15 to 41 MPa depending on the amount of PPR
addition.

XRD results of the samples are given in Table 1.
Observed crystalline phases are labeled as A: anorthite
(Ca0-Al203-28i103), M: mullite (3A1,03-25103), G: gehlen-
ite (2Ca0-Al,03-Si03). According to XRD results, all samples
contained anorthite as major phase and also minor amounts of
mullite or gehlenite phases. Gehlenite occurred mostly at lower
temperatures and in samples containing higher calcium (above
30wt% PPR). XRD patterns of all samples fired at 1300 °C
are shown in Fig. 2a. Samples with 20, 30 and 40 wt% PPR
clearly indicated a predominant anorthite phase. Fig. 2b shows
XRD patterns of the samples with 30 wt% paper residues fired
at different temperatures. Gehlenite peaks appeared in the sam-
ples fired at 1100 and 1200 °C which completely transformed to
anorthite at 1300 °C. These samples also contained less amount

Table 3
Experimental results of the samples containing K-244 clay and PPR mixtures (s: strong, vs: very strong for XRD peak intensity).
Temperature ~ PPR content ~ XRD peak Loss on By Archimedes method (ASTM C20) Compressive
[§®) (%) intensity® ignition (%) strength (MPa)
Apparent porosity (%)  Bulk density (g/cm’)  Apparent specific gravity
1100 30 Q). A G 23.3 39.6 1.53 2.54 -
50 G(s),Q A 32.0 43.0 1.55 2.72 -
1200 20 Q. AM 19.2 23.1 1.79 2.32 -
30 A(s),Q 235 403 1.51 2.54 -
40 A, QG 27.8 46.4 1.43 2.68 -
50 A, G 33.8 50.1 1.32 2.65 -
1250 20 A(s),Q.M 19.0 16.0 1.81 2.16 323 +84
30 A (vs) 23.8 36.0 1.59 2.48 339+0.2
40 A (vs) 28.0 9.9 1.98 2.20 228 + 6.1
1300 30 A (vs) 23.7 27.6 1.60 221 -

50 - Melted

2 Decreasing dominance of phases from left to right.
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Fig. 4. XRD patterns of: (a) K-244 samples with PPR fired at 1250 °C and (b)
samples with 30 wt% PPR fired at different temperatures.

of mullite in addition to anorthite. The samples with 30 wt%
PPR that contained the most intensive anorthite peak had lower
bulk densities (~1.5 g/cmS).

The microstructures of samples were observed by back-
scattered electron image (BSE) detector of an SEM.
Microstructures of polished and thermally etched surfaces of
the sample containing aluminum silicate and 30 wt% PPR fired
at 1300 °C are shown in Fig. 3a and b, respectively. As can be
seen from Fig. 3a, large sized pores were present in the matrix.
These pores result largely from the removal of cellulose fibers
and some minor contribution from calcium carbonate decom-
position during firing. These local high calcium concentrations
lead to anorthite formation.'> Microstructure after thermal etch-
ing of the polished surfaces revealed that the crystalline grains
are embedded in the matrix, randomly oriented. Fig. 3b exhibited
the presence of anorthite crystals in a well-crystallized matrix in
a porous structure. These grains that had a maximum thickness
of 2 wm formed like an interconnected network. This network
supplied strength to the structure although pores are found in the
matrix.'> Well-formed crystals of anorthite of about 10 microm-
eters of length were clearly identified by EDS analysis.

3.2. Mixtures containing commercial clay (K-244) and PPR

In this section, commercial clay (K-244, Kalemaden, Turkey)
together with the paper residues were used in order to produce
porous anorthite ceramic bodies. Experiments were carried out
at temperatures between 1100 and 1300 °C. Paper residue con-
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50 5000x BSES52 IYTEMAM
L

Fig. 5. SEM images of the K-244 sample with 30 wt% PPR fired at 1300 °C: (a)
polished surface and (b) tabular anorthite crystals embedded in glassy matrix as
observed in a pore. Both samples were thermally etched at 1100 °C for 30 min.

tents of samples were varied from 20 to 50 wt% in order to find
optimum conditions for formation of anorthite. Chemical com-
position of the clay 244 is given in Table 2. The clay has small
amount of potassium oxide which acts a fluxing agent. The clay
contained mainly quartz and kaolinite with some muscovite.'8
Experimental results of the samples containing K-244 and
PPR mixtures fired at different temperatures are given in Table 3.
The results obtained revealed that loss on ignition values of the
samples increased gradually with an increase in the amount

2000
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Fig. 6. XRD pattern of the fireclay (chamotte) powder.
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Table 4

Experimental results of the fireclay samples with PPR (s: strong, vs: very strong for XRD peak intensity).

Temperature ~ PPR content ~ XRD peak Loss on By Archimedes method (ASTM C20) Compressive
°C) (%) intensity® ignition (%) strength (MPa)
Apparent porosity (%)  Bulk density (g/cm®)  Apparent specific gravity
1200 20 C,M A 11.6 43.8 1.50 2.67 -
30 AM,C 16.5 47.5 1.42 2.70 -
40 AM, G 22.1 51.9 1.33 2.76 -
1400 20 M(s), A 11.0 0.1 2.02 2.02 423 £ 1.7
30 A (vs),M 16.8 27.4 1.81 2.50 432 £ 11.6
40 A (vs) 22.0 543 1.21 2.65 89+123

4 Decreasing dominance of phases from left to right.

of the residues. Their bulk densities generally decreased with
increasing PPR content. Some increase in the densities of the
samples with 30—50 wt% PPR was observed probably due to vit-
rification at 1250 and 1300 °C. In fact, the samples with 50 wt%
PPR melted at 1300°C. Apparent porosities of the samples
began to decrease with increasing temperatures from 1200 °C.
The densities of anorthite based samples (with 30-40 wt% PPR)
varied from 1.51 to 1.98 g/lcm?. Compressive strength of the
samples fired at 1250 °C ranged from 22 to 33 MPa depending
on the amount of PPR addition.

XRD results of the samples are given in Table 3. Observed
crystalline phases are labeled as A: anorthite (CaO-Al;O3-
2Si03), Q: quartz (SiO;), M: mullite (3A1,03-2Si0,), G:
gehlenite (2Ca0-Al,03-Si0;). Samples containing 30 and

(a) A anorthite (73-0264)
M: mullite (79-1453)
Q: quartz (78-1253)
A C: cristobalite low (76-0941)
Q G: gehlenite (77-1147)
G A, M G
=] AA
= 40wt% M A A G A G
oy
@
E 30wt%
M A
M M
M Q M M Q
20W1% C wmM M

20 (deg.)

(b) A: anorthite (73-0264)
M: mullite (79-1455)

40wt%

30wt%

Intensity (a.u.)

20mWt%

20 (deg.)

Fig. 7. XRD patterns of the samples containing fireclay: (a) 1200°C and (b)
1400°C.

40wt% PPR contained major anorthite phases at 1250 and
1300°C of firing temperatures. When the firing temperature
increased, anorthite and gehlenite formation became more sta-
ble. As expected, gehlenite occurred mostly in the sample
containing 50 wt% PPR. XRD patterns of all samples fired at
1250 °C are shown in Fig. 4a. XRD results of the samples with
20, 30 and 40 wt% PPR indicated strong anorthite formation
at 1250 °C. Fig. 4b shows XRD patterns of the samples with
30 wt% PPR fired at different temperatures. Minor phases such
as quartz and gehlenite appeared in the samples fired at 1100

““Acc.M " Spot Magn I')HiWD iéi 500 pim
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e v SpotMagn  Det"WD }——| 10 pmy 3
/ KV 5.0 2500x BSE48 IYTEMAM
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Fig. 8. SEM images of the fireclay sample with 30 wt% PPR fired at 1400 °C:
(a) thermal etched polished cross-sectional surface and (b) tabular crystals in
pores.
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Fig. 9. SEM-EDS results of the fireclay sample with 30 wt% PPR fired at 1400 °C: (a) light gray region and (b) dark gray region.

and 1200 °C that were completely transformed to anorthite at
1300°C.

SEM images of polished and thermally etched surfaces of
K-244 samples with 30 wt% PPR fired at 1300 °C are shown in
Fig. Sa and b, respectively. As can be seen from Fig. 5a, pores of
varying sizes (5—-500 wm) were observed in the ceramic. Pores
formed most probably due to the removal of fine cellulose fibers
in addition to decomposition of calcium carbonate during fir-
ing. Potassium oxide (K,O) in the clay acts as a fluxing agent,
therefore the fired body was easily vitrified at high temperatures.
Fluxing agents cause a reduction in refractoriness properties of
the samples. Therefore, this type clay may be unfavorable for
production of insulating firebrick. Randomly oriented tabular
and layered crystals with different geometric shapes appeared
in the pores as shown in Fig. 5b. They were identified from
their crystal geometries based on literature.* SEM-EDS anal-
ysis of the sample with 30 wt% PPR indicated that the tabular
crystals in Fig 5b were anorthite with the following compo-
sition: Si (23.5wt%), Al (18.4 wt%), Ca (16.5 wt%) and also
fluxing elements such as Mg (1.1wt%), Fe (0.9 wt%) and
K (0.8 wt%).

3.3. Mixtures containing fireclay (chamotte) and PPR

Experience with commercial clay 244 in the previous section
indicated that alkalis along with other impurities were mainly
responsible for premature vitrification at lower than expected
temperatures. Therefore a decision was made to use a fireclay
powder (chamotte) to increase refractoriness of the synthesized
anorthite by reducing glassy material in the structure. In this sec-
tion, ground fireclay (chamotte-125, obtained from Eczacibasi

Esan, Turkey) was used as clay raw material for high refractori-
ness of the products. 75% of its particle size was below 45 pm.
Its loss on ignition value was almost zero. Its chemical compo-
sition consisted of a high percentage of silica and alumina, and
a low percentage of the oxides of sodium, potassium and cal-
cium (Table 2). Mineral composition of the fireclay was found
to consist of quartz, mullite and cristobalite (Fig. 6). Since it is
fired at a high temperature, kaolin mineral was transformed to
mullite and glass, besides a part of quartz was transformed to
cristobalite.

In this study, 20, 30 and 40 wt% PPR were added to fireclay
in order to synthesize anorthite. Samples were fired at 1200
and 1400 °C due to their higher refractoriness. Experimental

Def WD B POum
150kV 40 .1500x BSE52 [IYTEMAM -,

Ace.V . Spot Magn

Fig. 10. SEM image of polished, thermally etched surface of the fireclay sample
with 30 wt% PPR fired at 1400 °C.
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Fig. 11. (a) Tabular anorthite crystals and (b) SEM-EDS result of the sample with 40 wt% PPR sintered at 1400 °C.

results of the fireclay samples are given in Table 4. All of the
samples that were fired at 1200 °C, and the sample with 30 wt%
PPR fired at 1400 °C showed dimensional stability. Whereas, the
samples with 20 and 40 wt% PPR sintered at 1400 °C linearly
shrank and expanded by around 6% and 7%, respectively. Bulk
densities of samples with 20 and 30 wt% PPR increased with
increasing temperature. Interestingly, sample with 40 wt% PPR
was observed to have decreased bulk density with increasing
firing temperature. Compressive strength of the samples fired at
1400 °C ranged from 8 to 43 MPa depending on the amount of
PPR addition.

XRD patterns of the samples fired at 1200 and 1400 °C are
shown in Fig. 7a and b, respectively. In the samples fired at
1200 °C, the secondary phases such as gehlenite, mullite, cristo-
balite and quartz as well as anorthite were observed. However,
the degree of crystallinity of anorthite increased with increasing
firing temperature (Fig. 7b). In the samples with 30 and 40 wt%
additives, the secondary phases were transformed to anorthite as
major phase with increasing temperature. Stoichiometric anor-
thite composition was apparently satisfied in the samples with
30 and 40% PPR by weight at 1400 °C. In addition, less amount
of mullite was observed in the sample with 30 wt% PPR as there
was enough calcium to produce anorthite.

Microstructures of the samples having anorthite composi-
tion were investigated. As can be seen from SEM image of
the sample with 30 wt% PPR sintered at 1400 °C in Fig. 8a,
large sized pores occurred in the body due to removal of fine
cellulose fibers and calcium carbonate decomposition during
firing. Because BSE (back-scattered electron imaging mode)
was used in imaging, brightness differences such as dark gray
and lighter gray were observed in some regions of the specimen
cross-sectional surface (Fig. 9). Randomly oriented tabular or
plate-like crystals were observed in pores (Fig. 8b), which are
most possibly anorthite crystals. In Fig. 9, SEM-EDS results
of the sample with 30 wt% PPR sintered at 1400 °C indicated
that light gray regions (Fig. 9a) were anorthite and dark gray
regions (Fig. 9b) were mullite. While anorthite regions con-
tained 28.9 wt% Si, 19.6 wt% Al and 12.4 wt% Ca elements,
mullite regions contained 27.6 wt% Al and 27.3 wt% Si. Since
Si amount in both regions were partly higher, vitrification was
observed. While mullite-rich regions have fine grained structure,
anorthite-rich regions had coarse grained structure (Fig. 10).
SEM imaging after thermal etching of the polished surfaces
revealed that the crystalline structures were embedded into the
glassy matrix and were randomly oriented. Dimensions of anor-
thite grains were around 3 pm x 10 pm. Clusters of mullite
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grains were distributed throughout the polished cross-section
of sample with 30% PPR. Fig. 11a shows the microstructure of
thermally etched surface of the sample with 40 wt% PPR sintered
at 1400 °C. Lengths of anorthite crystals (around 20 pm) were
partially bigger in this sample with 40%PPR than that of samples
with 30 wt% PPR. As can be observed from XRD results, this
sample with 40%PPR included completely anorthite. Mullite
was not observed. This was confirmed by SEM-EDS analysis
(Fig. 11b). According to the area that was analyzed, compo-
sition was an anorthite composition (23.4wt% Si, 19.7 wt%
Al, 13.7 wt% Ca). This result was almost similar with that of
a commercial insulating firebrick (K-23 type IFB).!”

Compressive strength measurements of the samples showed
a large scatter due to a number of factors. Laminations may have
occurred during dry pressing of the compacts. Different temper-
atures were used for firing these samples to obtain full anorthite
composition, which may produce different state of densification,
vitrification in samples. The sample with K-244 (Table 3) espe-
cially was partially vitrified after thermal treatment at 1250 °C
and was fully vitrified and deformed at 1300 °C. The large K>,O
content of this sample is a further factor to effect degree of
vitrification and the mechanical behavior.

4. Conclusions

Production of porous anorthite ceramics from the mixtures
of PPR with three different types of clays was successfully
achieved. Suitability of three different clays such as aluminum
silicate, clay with alkalis and fireclay in the manufacturing
of anorthite based lightweight insulating firebricks was deter-
mined. All samples of mixtures with 30-40wt% PPR fired
at 1200-1400 °C contained anorthite as major phase and also
minor secondary phases such as mullite or gehlenite phases in
some mixtures. Laboratory grade enriched clay, when mixed
with PPR, was able to produce anorthite at 1300 °C in a porous
ceramic form. Use of a commercial clay that is available in ton-
nage quantities, produced anorthite at lower temperatures but
with higher bulk densities. In these samples 1300 °C was too
high to produce a ceramic because of premature melting during
firing. This was attributed to the presence of alkalis in the clay
that fluxed the mixtures. Finally, a higher firing temperature of
1400 °C was needed for the fireclay samples to produce anor-
thite in a porous ceramic form. Gehlenite phase formed mostly
at lower temperatures and in samples containing higher calcium
content (50 wt% PPR). Compressive strengths of the samples
ranged from 8 to 43 MPa. Upon completion of this study porous
thermally insulating anorthite ceramics were successfully pro-
duced. More work needs to be done to further advance this study
to produce larger and more porous ceramic pieces for thermal
conductivity tests.
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