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Abstract

Alkaline basaltic tuffs, from Southern Turkey were characterized and employed to obtain ceramic and glass—ceramic materials by combined
sintering and crystallization process. The chemical and mineralogical compositions were analyzed by X-ray fluorescence spectrometry and X-ray
diffraction analyses, respectively. The phase formation and the sintering behaviour were investigated by DTA, differential dilatometer and hot-
stage microscopy. The micro-structure and residual porosity of the sintered samples were observed by SEM and evaluated by pycnometric
techniques. Ceramic material, based on 50% basaltic tuff and 50% clay, was obtained at 1150 °C with 13% total porosity and 4% water absorption.
Glass—ceramic materials were synthesized directly using the milled basaltic tuff by mean of the sinter-crystallization technique, in the range 900—
1150 °C. The investigation has showed that, due to the high porosity and low crystallinity, alkaline tuffs could be a suitable raw material for ceramic

application.
© 2009 Published by Elsevier Ltd and Techna Group S.r.I.
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1. Introduction

Presently, the raw material deposits, appropriate for the
traditional ceramic industry, are restricted and their manufac-
turing expenses continuously increase. Therefore, many of the
recent studies related to earthenware and porcelain stoneware
compositions concerned the substitution of the traditional raw
materials with other low-cost minerals or/and waste [1]. Some
promising results were obtained using glass cullet [2—4],
different industrial wastes [5-6] as well as some pyroclastic
outcrops with acidic compositions as volcanic ash and zeolite
rich rocks [7-9]. Other igneous rocks, whose properties could
be suitable for the ceramic industry, are the alkaline basaltic tuff
compositions. They show a high crystallization tendency and
the compositions are characterized by low melting temperature
and 2-3 wt% titanium and 10-14% of iron oxides content [10].
The occurrence of these oxides leads to a fast precipitation of

* Corresponding author. Tel.: +39 862 434224, fax: +39 862 434233.
E-mail address: pelino@ing.univagq.it (P. Pisciella).

0272-8842/$36.00 © 2009 Published by Elsevier Ltd and Techna Group S.r.1.

doi:10.1016/j.ceramint.2009.03.026

titanium magnetite and to a spontaneous formation of a fine
crystalline structure [11].

It is known that basaltic compositions or iron-rich silicates
have been employed in the petrurgy (refused rock industry), to
produce building tiles, pipes and bends and glassy insulation
fibres [12]. Up to now, the petrurgical technology has mostly
employed tholeiite basalts or diabasic rocks [13—15], which are
characterized by a reduced tendency to spontaneous crystal-
lization, due to their high viscosity. Basalt like glasses and glass
ceramics have been also developed to encapsulate the nuclear
waste before disposal and, more recently, for the vitrification of
various hazardous industrial wastes [16-19].

The most common method to synthesize glass—ceramic
materials is by heterogeneous nucleation, introducing insoluble
crystallization nuclei into the bulk of the melt. In alternative the
sinter-crystallization technique, allows the simultaneous
sintering of the glass powders and the crystalline phase
formation [20-22]. In this way it is possible to manufacture
glass ceramics at low temperature and with short production
cycles. Typical examples are the iron-rich silicate compositions
[17,23-25]. Owing to low viscosity, alkaline basaltic tuffs with
high amount of glassy phase appear appropriated for the
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production of glass—ceramic materials by sinter-crystallization
technique. It is supposed that this peculiarity might give the
possibility to obtain sintered glass—ceramic materials by using
only a sinter-crystallization heat-treatment.

The aim of the present work is the characterization of an
alkaline—olivine basaltic tuff, from Southern Anatolia, and its
application in the synthesis of the ceramic and glass—ceramic
materials by using the combined sintering and crystallization
technique.

2. Experimental

The alkaline—olivine basaltic tuffs were milled for 30 min in
an agate mortar, using a Resch centrifugal mill, and then sieved
below 75 wm. The obtained powder was observed by optical
microscopy to estimate the particle shapes and dimensions.

Part of the basaltic tuff was melted for 30 min at 1350 °C
and the melt was quenched in water. The resulting glass frit
was milled and sieved below 75 wm. XRD analysis, carried out
on the glass frit sample showed a completely amorphous
structure.

Green ceramic samples (BC) were obtained by mixing
50 wt% tuffs, 30 wt% kaolinitic clays and 20% illitic clays. The
batch was humidified with 8% water and uniaxially pressed at
30 MPa.

Glass—ceramic samples were obtained from the frit (BG) or
from the basaltic tuff powders (BT), after pressing at 150 MPa
using 7.5% polyvinyl alcohol solution as a binder.

The chemical analyses of the basaltic raw materials and the
products were performed by XRF analysis (Spectro XEPOS).
The results are shown in Table 1.

The thermal behaviour of the milled basaltic tuff (BT) and
frit (BG) was investigated by DTA (Netzch STA 409), using
100 mg powder sample at a 10 °C/min heating rate.

The sintering behaviour of the ceramic (BC), glass frit (BG)
and as it is basaltic tuff (BT) powders were evaluated at 10 °C/
min heating rate by differential dilatometer (Netzsch 402 ED),
using 10 mm X 4 mm X 4 mm “green”” samples. Then, BT and
BC 10 mm x 10 mm x 8 mm green samples were heat-treated
at different temperatures in the range 900-1150 °C and the
micro-structure was investigated by pycnometric techniques.
The bulk (apparent) density, pp,, was measured by a dry flow
pycnometer (GeoPyc 1360). The skeleton (relative), ps, and real
(absolute), p,, densities were measured by He displacement
Pycnometer (AccuPyc 1330) [26] before and after milling the

Table 1
Chemical compositions of the raw materials and batch (BC).

wt% Basaltic tuffs Illitic clay Kaolinitic clay BC

Si0, 44.07 £0.07 52.50 £ 0.09 55.0+£0.08 51.0 £ 0.08
AlLO5 14.51 £ 0.04 25.12 £ 0.06 30.21 £ 0.06 18.54+0.07
TiO, 3.06 £+ 0.01 0.72 £0.02 1.52 +0.03 2.00 + 0.04
Fe,05 14.04 £+ 0.04 7.91 £0.03 0.55 4+ 0.001 9.34 £ 0.03
CaO 9.92 +£0.05 tr 0.29 +0.01 5.51 £0.02
MgO 7.87 £0.07 2.5+0.05 0.73 +£0.02 4.56 £0.08
Na,O 4.12+0.17 0.40 £ 0.02 3.26 +£0.13 3.52+0.04
K,O 1.73 £0.01 4.3 +£0.02 0.57 +0.01 2.19 +0.02

samples below 53 wm, respectively. Density results were used
to determine the total porosity, Pr =100 X [(o, — pp)/0:],
closed porosity, Pc =100 x [(p; — ps)/p;] and open porosity,
P o= P T — P C-

The surface and fracture morphology of the final samples
was observed by Scanning Electron Microscopy (SEM) after
Au metallization.

The phase analysis of the raw materials and obtained
sintered samples were carried out by XRD (Philips PW1830
apparatus and CuK,, radiation). The crystal phase fraction was
estimated by comparing the total area of the crystalline phases
with the amorphous halo in the XRD spectrum [21].

3. Results and discussion
3.1. Characterization of the raw materials

The chemical analyses of the investigated tuff are presented in
Table 1 showing typical alkaline—olivine basalt compositions.

All samples contain 40-50% glass-forming oxides (i.e.
SiO, + Al,O3), which should yield a good chemical resistance,
as well as elevate percentages of CaO, MgO and Fe,Os,
ensuring a high crystallization trend and formation of
appropriated silicate and alumino-silicate crystalline phases.
The trace elements are mainly Zr, Y and Nb with concentrations
of 218.6, 26.1 and 57.93 ppm respectively and are also typical
of alkaline basalt compositions (see Table 1). Fig. 1 shows the
Winchester and Floyd Nb/Y—-Zr/TiO, diagram highlighting the
formation of the alkaline basaltic igneous rocks [27]. Fig. 2a
shows a thin section of the tuff with prismatic bluish-green
pyroxene minerals embedded in an amorphous matrix, high
relief olivines with active yellow colours and felsic plagioclase
microliters. The high amount of glassy phase is due to the tuff
formation (i.e. intensive eruption, followed by fast water
cooling). Tuffs are generally characterized by a 40-60% open
porosity (Fig. 2b).

Due to the low crystallinity and high porosity the tuff
employed in this study was easily crushed and milled. In fact,
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Fig. 1. Nb/Y-Zr/TiO, diagram highlighting the tuff composition.
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Fig. 2. (a) Optical microscopy of the tuff section. (b) Thin section microscopy of the tuff.

after 30 min milling, the powder showed a particle size
ranges between 20 and 70 pwm and a sub-angular and semi-
spherical shapes. On the other hand, it is well known that the
basaltic rocks formed by lava flow and slow cooling, are
characterized by negligible porosity, high crystallinity and
elevate hardness which generate difficulties during grinding
and milling [28].

3.2. Sintering of ceramics and glass ceramics

In previous works it was demonstrated that the phase
formation rate in the iron-rich compositions depends on the
Fe?*/Fe**ratio: the closer is this ratio to the magnetite
(FeO-Fe,03) value of 0.5, the higher is the crystallization
trend [12,15,16,23,29]. The Fe?*/Fe**ratio also influences the
sinter-crystallization of the glass powders [8,16,17,20]. In air
atmosphere, the formation of magnetite spinels can be inhibited
by the surface Fe?* oxidation; the crystallization rate is
proportionally reduced and at high temperature the formation
of hematite (Fe,O3) takes place.

In Fig. 3 the DTA curves of BT and BG samples are reported.
The Tg of BG occurs similarly to others at 650 °C, which is
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Fig. 3. DTA traces of the BT and BG samples.

typical for iron-rich glass compositions [18,23,30,31]. As
reported in other works, in iron-rich glasses, the surface
oxidation of Fe?* to yield Fe** leads to hematite formation on
the surface [17,18,32] exerting a strong impact on the
crystallization behaviour of the glass at high temperatures.

The DTA curve of BG shows a strong crystallization effect at
845 °C due to the crystallization of the amorphous phase, an
endothermic effect occurs at 1165 °C enhanced by the presence
of TiO, in the parent tuff which acts as nucleating agent
[33,12,21].

The DTA trace of BT sample shows a strong exothermic
effect at 880 °C due to the crystallization of the glassy phase
present in the tuff, followed by an intensive endothermic peak
in the range 1100-1250 °C due to the melting of the crystalline
phases. The BT crystallization occurs at higher temperature
because of the higher apparent viscosity, due to the higher
degree of crystallinity [34].

The dilatometric trace of BC highlights a ~0.5% linear
shrinkage in the range 980-1020 °C, due to the phase
transformation of metakaolinite. At 1100 °C a permanent
linear contraction takes place indicating the onset of the
sintering and from 1185 °C, a strong densification rate is
registered; the shrinkage attains a value of 13% at 1200 °C. The
BC sintering behaviour, i.e. large contraction and high
densification rate, suggests the formation of a liquid phase
due the iron oxides content [35].

The dilatometric curve of BG, shows the beginning of
sintering at 650 °C (i.e. in the glass-transition range) and a
linear shrinkage (AL/Lo) of about 8% at 880 °C. After
900 °C the densification is inhibited by the intensive crystal
phase formation on the surface of the particles. Further
densification is obtained only after 1020 °C and a complete
sintering of the sample is reached at about 1100 °C (i.e. at
100 °C lower temperature than BC). The comparison of
the DTA and dilatometric curves of BG, Figs. 3 and 4
respectively, indicates that the sintering at 1100 °C can
be related to a partial melting of the formed crystalline
phases.

In BT, the sintering starts at about 740 °C (i.e. about 90 °C
higher than BG) and the densification rate is lower because of
the high percentage of crystal phase. As a result, at 870 °C,
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Fig. 4. Dilatometric traces of the BT, BG, BC samples.

when the crystallization process starts to take place, AL/Lo is
only 3%. In the range 1060-1130 °C a secondary sintering
process, similar to BG, is observed (Fig. 5) [10].

The dilatometric densification curves of BT, BG and BC,
showed that ceramic and glass—ceramic bodies could be
obtained via different roots, i.e. by sintering the tuff powder
with clays (BC), by sinter-crystallization of the glass frit (BG)
or the as it is tuff powder (BT).

The hot-stage microscopy technique confirmed the
dilatometric results, showing the beginning of sintering at
about 1100 °C and deformation after ~1200 °C for BC
sample. Due to the reduction of Fe** to Fe*? and gas release,
the deformation is accompanied by a volume increase. This
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Fig. 5. Hot-stage microscopy analysis of the composition: (A) 44 °C, (B)
914 °C, (C) 1135 °C, (D) 1166 °C, (E) 1220 °C, (F) 1293 °C, and (G) 1391 °C.
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Fig. 6. Total porosity (Pr), close porosity (Pc), and open porosities for He (Py.)
of the BC samples.

phenomenon is common to ceramics with a high percentage
of iron oxides [36-38].

These preliminary results supported the choice of
carrying out further studies employing the BT and BC
samples only.

The densification of BT and BC after isothermal heat-
treatment at different temperatures, was estimated by measur-
ing the variation of apparent, p,, skeleton, p,, and absolute, p,,
densities. Fig. 6 shows the corresponding total porosity (Pr),
close porosity (Pc), and open porosities for He (Pye), of the
ceramic sample (BC). At 900 °C no significant densification
occurs. At 1000 °C and 1100 °C Py decreases but with a similar
closed porosity, Pye, value. The almost complete sintering,
leading to sample without open porosity, occurs at 1150 °C. The
closed porosity of this sample, nevertheless, remains quite high
indicating an over-firing process. In order to reduce the over-
firing effect, the sintering time at 1150 °C was shortened to
30 min; the obtained W, p,, ps and p, are given in Table 2.
Values of 13% total porosity and 4% water absorption, which
are typical of earthenware tiles made by a comparable thermal
cycle, were obtained. The total porosity (Pt), close porosity
(Pc), and open porosities for He (Py,) of the sintered basaltic
tuff at different temperatures are presented in Fig. 7. Respect to
the BC sample at lower sintering temperature, the BT has better
densification at 1120 °C with: ~7% closed and only ~2% open
porosities.

Fig. 8 shows the XRD spectra of the parent BT together
with final BC ceramic heated up to 1150 °C and BT-gc and
BG-gc glass ceramics heated up to 1100 °C for 1h,

Table 2
‘Water absorption, apparent density, skeleton density and absolute density of BC
sample at different temperatures.

T (°C) W % (%) pa (glem’)  py (glem’) pr (glem’)
900(2 h) 13.61 £0.06 1.95+0.016 2.73+0.004 2.74 +0.003
1000(2 h) 11.19+£0.05 2.11 £0.014 2.72+0.003 2.77 £ 0.002
1100(2 h) 6.96 +£0.04 224+0.013 2.71+£0.004 2.75+0.003
1150(2 h) 0.32+£0.05 2.03+0.015 2.14£0.005 2.66 =+ 0.002
1150(0.5 h) 3.86 £0.04 2.32+0.014 2.61 £0.003 2.72 +0.003
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of the sintered BT samples.

respectively. The XRD of BT shows elevate amount of
amorphous phase (60-70%), clino-pyroxene as a main
crystal phase and plagioclases (anorthite solid solution),
olivine (forsterite solid solution) and spinels as secondary
phases. The XRD analysis of BC show a 30-40% amorphous
phase, quartz and anorthite plagioclases as main crystalline
phases and ortho-pyroxene, olivine, hematite and spinels as
secondary ones. In the BC spectrum, the quartz peaks arises
from the clay, the olivine and spinels from the basaltic tuff
while the other crystalline phases are formed during the
sinter-crystallization process.
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+ - pyroxene
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Fig. 8. X-ray spectra of BT, BT-gc, BG-gc, BC and BG.

The BG-gc sample, heated up to 1100 °C has crystallinity
of 45 £5wt%, the main crystal phases being spinel,
pyroxene, hematite, anorthite plagioclase and olivine. Finally,
the SEM observation of the obtained ceramic at 1150 °C and

-
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34 2000x SL 114

Fig. 9. SEM images of the BC surface (a), fracture (b), BT-gc surface (c) and fracture (d).
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glass—ceramic at 1120 °C show the degree of densification in
both BC and BG-gc. Fig. 9a and ¢ were taken on the surface of
the samples while Fig. 9b and d on the fracture, for BT-gc and
BC, respectively. The images confirm the better densification
and lower porosity of BT-gc sample, as evaluated by density
measurements. The SEM picture of BT-gc surface (Fig. 9c¢)
shows the typical morphology of the pyroxene and hematite
crystals.

4. Conclusion

Ceramic material, based on 50% tuffs and 50% clays, with
low porosity (13% total) and water absorption (4%) was
obtained at 1150 °C. These values are comparable with the
commercial earthenware tiles, manufactured by similar
production cycle. The ceramic is characterized by a high
degree of crystallinity, due to the intensive re-crystallization of
plagioclases and ortho-pyroxene.

Glass ceramics were obtained after melting of the tuff at
1350 °C, followed by sinter-crystallization in the range of
1020-1080 °C.

Sintered glass—ceramic materials with higher degree of
crystallinity were also produced directly from the milled tuffs,
without melting process, after heat-treatment at 1120 °C
showing ~7% closed and only ~2% open porosities.

The present study has demonstrated that, due to high
porosity and low crystallinity, the investigated tuff is suitable
for substituting raw materials in the ceramic and glass—ceramic
preparation. Further studies are carried out to characterize the
physical and mechanical properties of the ceramic and glass—
ceramic bodies.
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