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Abstract

The possibility to obtain sintered material from alkaline basaltic tuffs is demonstrated. The parent rock was milled for 10—15 min, the resulting
powder was pressed at 100 MPa and the obtained samples were heat-treated in the range of 1000-1140 °C. The sintering behaviour and the phase
formation were studied by pycnometry, dilatometry, DTA, XRD and SEM.

The final material was obtained by sintering at 1100 °C and is characterized by zero water absorption, 8-9 vol.% closed porosity and a structure
similar to a glass-ceramic. Due to high crystallization trend of used composition, phase formation takes place during the sintering and cooling
steps; this leads to a crystallinity of ~60% and formation of different crystal phases (pyroxene, anorthite, spinel and hematite).

Despite the low-cost production cycle the obtained material is characterized by high mechanical properties: bending strength of 100 MPa and

Young modulus of 90 GPa.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The re-fused rocks manufacture (petrurgy) was created in the
beginning of the 20th Century as an independent branch of the
silicate industry.! Nevertheless, several industrial units are yet
active in different countries and effectively produce pavements,
building tiles, pipes, bends and glassy insulation fibres (rock
wool).2?

Due to the high chemical durability of the natural basalts,
which are the main raw materials for the petrurgy, iron-rich glass
and glass-ceramic materials with basalt-like compositions were
also developed for nuclear waste disposal®8 and for vitrification
of various hazardous industrial wastes.’~!’

The iron-rich silicate melts are characterized by low viscosity
and an elevated crystallization trend, which allows production
of polycrystalline materials applying short production cycles at
low temperature. For these reasons, many researchers continue
to study the melting and the crystallization behaviour of different
igneous rocks and to characterize the obtained materials.'8->!

* Corresponding author. Tel.: +359 2 979 2552; fax: +359 2 971 2688.
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Other investigations are related to the possible utilization of
some volcanic rocks as sintering promoters or glazes in the
traditional ceramic industry.>>24

The basalt related igneous rocks are classified in two main
groups: subalkaline and alkaline; the first group comprises
tholeiitic and calcalkaline basalts, whereas the second includes
alkaline and alkaline—olivine basalts.>> As of today, petrurgy
uses mainly tholeiitic basalts and diabasic rocks,!:18-20:26.27
which, due to the higher SiO; + Al,O3 percentage, are char-
acterized by a moderate crystallization trend.

On the contrary, the low viscosity alkaline basalts, because of
their spontaneous crystallization, are inappropriate for a tradi-
tional petrurgical manufacture. In fact, when the crystallization
ability is too high the increasing of apparent viscosity due to
rapid phase formation causes difficulties during the forming
process; moreover, the structure of material becomes inhomo-
geneous and coarse.

Similar low viscosity compositions, however, might be
used to obtain sintered glass-ceramics. In fact, the sinter-
crystallization technique, which is an alternative technology
for the production of glass-ceramics, was successfully
used for synthesis of several iron-rich sintered silicate
materials.?8-3!1
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Basalts exist as compact rocks and tuffs. The rocks are formed
during slow cooling of lava, resulting in high crystallinity and
hardness. Disintegration and milling of these rocks is quite
difficult; hence, re-melting of basalts is carried out in special
shaft furnaces working with crushed rock pieces with size of
10-20 cm.

Contrary, the basaltic tuffs are a result of intensive eruption
and quick water or air cooling, leading to the formation of solids
with high porosity and low crystallinity. Thus, crushing and
milling of basaltic tuffs are very cheap and fast procedures.

In the present work tuffs with a typical alkaline—olivine com-
position are studied. The deposits of used rocks are located
in Southern Anatolia and are estimated at about 1000 Mt.
Their chemical and mineralogical compositions show negligi-
ble variations,3? which is an important feature for their industrial
application.

In our previous studies these tuffs were used for synthesis of
ceramic? and sintered glass-ceramic materials.>! The ceramic
was obtained by mixing 50 wt.% tuffs with 50% local indus-
trial clays, pressing at 30 MPa and sintering at 1150 °C. The
glass-ceramic material was produced by re-melting at 1350 °C,
milling of the resulting frits, pressing at 100 MPa and sinter-
crystallization at 1080 °C.

The present work follows these studies and examines the
possibility to obtain a low-cost material with improved mechan-
ical properties and structure, similar to a sintered glass-ceramic,
without re-melting of the tuffs and with no addition of clays.

The cost price of new material should be significantly lower
than one of the “traditional” petrurgical materials and similar
to that of the traditional tiling ceramic materials (as porcelain
stoneware or earthenware). The last, however, are characterised
by inferior mechanical properties and are produced at higher
sintering temperature.

2. Experimental

The initial tuffs were crushed, milled for 10-15min
in agathe mill and the obtained powder was sieved under
75 pm. The chemical analysis, performed by XRF (Spec-
tro XEPOS), evidences a typical alkaline—olivine basaltic
composition (wt.%): Si0,—43.18£0.08, TiO,—3.34+
0.01, P,05—0.96+£0.03, Al,03—13.15£0.04, Fe;O3—
13.49 £0.04, Ca0—9.67 £ 0.05, MgO—_8.48 £0.07, Na,O—
4.27+0.19, K,0—2.78 £0.01.

The tuffs powder was mixed and homogenized with 7.5%
polyvinyl alcohol (PVA) solution in a ratio of 95/5 (wt.%); then
“green” samples with initial sizes of 3/4/50 mm?>, 7/10/10 and
4/4/8 mm> were pressed at 100 MPa.

The crystallization and melting temperatures were evaluated
by DTA technique (Linseiz L81) using 100 mg powder samples
at heating rate of 10°/C. The sintering of 4/4/8 mm?> samples
was studied at 10 °C/min by differential dilatometer (Netzsch
402 ED).

After drying at 110 °C and a 30 min heat-treatment at 270 °C
(to eliminate the PVA), the 7/10/10 mm?> samples were kept for
1 h at 1000, 1040, 1060, 1080, 1100, 1120 and 1140 °C (using
heating and cooling rates of 10 °C/min). The apparent density,

p, of obtained samples was measured by dry flow pycnometer
(GeoPyc 1360). The skeleton, ps, and absolute, p,, densities
were determined before and after milling the samples below
26 wm, respectively, using He displacement Pycnometer (Accu-
Pyc 1330). The obtained values were used to calculate the total,
P, closed, Pc, and open, Pg, porosities:

pr = 10022 =" (1)
Pa

Pe= lOOpa — PS )
Pa

The phase composition of the sintered samples was character-
ized by X-ray diffraction analysis using powder samples (Philips
PW1830, Cu Ka radiation). The data was recorded in the range
of 10-80 2@ at step of 0.02° and counting time of 6.

The crystalline fraction formed was estimated by compar-
ing the intensity of the amorphous halo in the spectra of each of
studied samples with that of corresponding basalt glass (obtained
after re-melting at 1350 °C and water quenching’!). This method
is based on the assumption that the decrease in scattering inten-
sity of the amorphous phase in partially crystallized samples is
proportional to the amount of formed crystal phase.?33* In our
study the crystallinity of each sample was obtained as an average
of three measurements, carried out at 2® values of 25, 28 and
34, respectively.

The structure and morphology of the final material
were investigated by Scanning Electron Microscopy (Philips
XL30CP) using SE and BSE techniques. The chemical com-
position of surface and fracture of the final material, as well as
of the formed crystal phases, was estimated by EDS analysis.

Series of 5 samples (initial size of 3/4/50 mm?) was used to
evaluate the mechanical properties of the material. The Young
modulus was measured by means of non-destructive resonance
frequency technique (GrindoSonic Mk5). The bending strength
was evaluated by four point bending test at crosshead speed of
0.2 mm/min (Instron 1121 UTS).

Finally, the coefficient of linear thermal expansion
(20-500°C) was determined by Differential Dilatometer (Net-
zsch 402 ED) at 5 °C/min.

3. Results and discussion
3.1. Sintering and phase formation

Fig. 1 shows the DTA results (black line), together with the
dilatometric sintering curve (grey line), whereas Fig. 2 presents
the shrinkage rate as a function of temperature (i.e. first derivate
of the sintering plot).

The DTA traces show a low intensity exothermal peak at
875 °C, which can be attributed to a secondary crystallization
of the residual glassy phase, and large melting endothermal
effect with onset temperature at ~1115°C and peaks at 1160
and 1215°C.

Due to the high amount of amorphous phase in parent tuffs
the densification in dilatometric holder starts at ~715 °C and at
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Fig. 1. Plots of dilatomertic sintering curve and DTA results vs. temperature.

~860 °C the linear shrinkage riches 3%. After that, however, the
crystallization process inhibits the sintering and AL/Ly remains
constant up to 1060 °C. At this temperature the densification
process re-starts again and at 1100 °C the shrinkage becomes
16%. At higher temperatures the intense melting process and
the load of the dilatometer push-road cause deformation of the
sample.

The changes in sintering kinetics are presented in Fig. 2. It
can be clearly seen that the densification rate in the low temper-
ature interval starts to decrease already at 840 °C (i.e. with the
beginning of secondary crystallization) and that the maximum
sintering rate is achieved at 1100 °C. The beginning of swelling
at 1110 °C is also remarkably distinguished.

Fig. 3 summarizes the variations in total, open and closed
porosities after 1 h holding at different temperatures. The sam-
ples sintered at 1000, 1040 and 1060 °C are characterized by
scarce densification, resulting in high percentage of open poros-
ity, Po, and no closed porosity, Pc. At 1080 °C, Pg decreases to
~17% and the formation of Pc starts. At 1100 and 1120 °C, no
open porosity is detected, while the amount of closed poros-
ity increases to 8-9vol.%. The sample held at 1140°C (not
presented in the figure) shows overfiring and deformation.
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Fig. 2. Plot of the shrinkage rate vs. temperature.
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Fig. 3. Variation of total, open and closed porosities of samples, heat-treated for
1 h at different temperatures.
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Fig. 4. XRD analysis results of parent tuffs (a) and samples obtained at different
heat-treatments.
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Fig. 5. SE-SEM images of the final material, obtained after 1h at 1100°C:
surface (a) and fracture (b) with the corresponding EDS results (c) surface and
(d) bulk.

Fig. 6. BSE-SEM images of final material, obtained after 1 h at 1100 °C: surface
(a) and fracture (b).

The dilatometric and pycnometric results highlight that the
studied tuffs are characterized by a narrow sintering interval of
20-30°C with optimal densification temperature of ~1100°C
(i.e. close to the liquidus temperature). This behaviour can
be explained by the partial melting of formed crystal phases
between the solidus and liqudus temperatures. At lower tem-
peratures (i.e. at 1040-1060 °C), the amount of liquid phase in
the sample is small, its viscosity is high and the densification is
scarce. On the contrary, at high temperatures (i.e. at 1140 °C) the
percentage of melt in the sample increases substantially, which
results in deformation and swelling.

The relationship between sintering behaviour and phase for-
mation was studied by XRD analysis and the obtained results
are presented in Fig. 4. The spectrum of parent tuffs is shown
in Fig. 4a, while Figs. 4b and 4c present the spectra of samples
quenched in water after heating at 10 °C/min up to 1000 and
1100 °C, respectively. Figs. 4d and 4e show the spectra of speci-
mens sintered for 1 h at 1100 °C: the first sample is quenched in
water, whereas the second one is cooled at 10 °C/min. In order
to elucidate better the variations in crystallinity, the spectrum of
basalt glass, obtained after re-melting of the tuffs at 1350 °C and
quenching in water, is plotted together with ones of the studied
samples.

The spectrum of parent tuffs shows mainly amorphous phase
and 19 £ 6 wt.% crystal phase made by pyroxene, plagioclases
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Fig. 7. BSE-SEM image of polished final sample (a) and EDS analysis of the
main crystal phases in the material: spinel (b), pyroxene (c) and anorthite (d).

(anorthite solid solution), olivine (forsterite solid solution) and
spinel.

Because of secondary crystallization during the heat-
treatment the amount of residual glassy phase decreases
significantly. As a result, the sample, heated up to 1000°C
(spectrum 4b), evidences crystallinity of 47 +4% and shows
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Fig. 8. Sintering traces vs. time, obtained at 10 °C/min heating and cooling rate
and 1 h soaking at 1090 °C.

formation of new spinels and pyroxenes, as well as beginning
of hematite crystallization.

The sample, heated up to the sintering temperature of 1100 °C
(spectrum 4c), contains 39 4+ 6% crystal phase. It is observed
that the amounts of olivine and pyroxene decrease, while that
of hematite increases. After 1h sintering at 1100 °C (spectrum
4d), the olivine phase significantly decreases, while the content
of the other crystal phases remains similar to that in spectrum
4c.

The final sample (sintered for 1h at 1100°C and cooled
at 10°C/min) is characterised by an increased crystallinity of
61 5%, which indicates that about 20% crystal phase (pla-
gioclase, spinels and pyroxene) is formed during the cooling
step. Similar XRD spectrum was also obtained at cooling rate
of 2°C/min, which confirms the high crystallization trend of
studied tuffs.

3.2. Structure and properties

The structure of final material, which was sintered at 1100 °C,
was studied by SEM. Figs. 5a and 5b show SEM images of sam-
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Fig. 9. Sintering traces vs. temperature, obtained at 10 °C/min heating and cool-
ing rate and 1 h soaking at 1090 °C and dilatometric traces of the final sample,
obtained at heating and cooling rates 10 °C/min.
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Table 1

Properties of final material from sintered tuffs (ST), “classical” petrurgical products (P), tiling ceramics (C) and building glass-ceramics (GC)

Property ST P C GC
Water absorption (%) <0.03% <0.2 04 -
Density (g/cm?) 2.66+0.01 2.8-3 2.3-25 2.7-2.9
Young modulus (GPa) 933433 60-90 50-70 50-120
Bending strength (MPa) 100.5+5.6 45-100 30-60 50-130
Coefficient of linear thermal expansion (x10~7 K1) 85.4 80-100 55-75 50-80

ple surface and fracture, respectively, and demonstrate the lack of
open porosity in the surface and the presence of moderate closed
porosity in the bulk. The corresponding EDS analysis (Fig. Sc for
the surface and Fig. 5d for the fracture, respectively) evidence
an increase of Fe and Ca content in the surface layer, which
is a consequence of the Fe?* oxidation on grain surface.’>~3’
In fact, the unpolished sintered samples have reddish colour,
while after grinding and polishing the colour becomes
dark brown.

These results suggest that some differences between “sur-
face” and “bulk” structures can be expected, and that the
hematite is formed mainly on the grains surface. Fig. 6 shows
images of the surface (Fig. 6a) and the fracture (Fig. 6b) obtained
by BSE technique. It is evidenced that the surface is char-
acterized by a more fine-crystalline morphology, while larger
crystals and pores with rough and indented crystalline surface
are observed in the sample bulk.

Fig. 7a shows a BSE image obtained after polishing (final
treatment with 1 wm diamond paste) and etching (3s with
2wt.% HF). Here the high crystallinity of sample, as well as
the presence of different crystal phases is clearly visible. The
corresponding EDS spectra of formed spinel, S, pyroxene, P,
and plagioclase (anorthite s.s.), A, are presented in Fig. 7b—d,
respectively.

The relatively high percentage closed porosity, as well as
the coarse polycrystalline surface of formed pores, are unusual
for a well sintered traditional ceramic and indicate a possible
formation of crystallization induced porosity, Pcr,>® during the
sintering and cooling steps.

This kind of porosity is a result of the volume changes,
accompanying the crystallization process; its formation could
be expected mainly at high crystallinity and at crystal phases
with an elevated crystallization volume variation.

In an attempt to verify the hypothesis for Pcr formation some
additional dilatometric measurements, which analyse the shrink-
age of samples during the sintering and cooling steps, were
conducted. Fig. 8 shows sintering traces, obtained at heating
and cooling rate of 10 °C/min, and 1 h held at 1090 °C as a func-
tion of sintering time. Fig. 9 shows the same plot as a function
of temperature (solid line), together with the dilatometric traces
of the final sintered sample at the same heating and cooling rate
(dashed line).

Pycnometric measurements demonstrated that the crystal-
lization process during cooling (after 1 h sintering at 1100 °C)
increases the absolute density from 2.824 g/cm? (for quenched
in water sample) to 2.876 g/cm3 (for cooled at 10 °C/min sam-
ple). This difference is in a good agreement with the formation

of about 20 wt.% crystal phase, made by plagioclase, pyroxene
and spinels.3” If this volume variation is transformed in linear
shrinkage an additional value of ~0.6% AL/L can be expected,
whereas if it provokes Pcgr formation the closed porosity of
sample can increase by ~2%.

Figs. 8 and 9 demonstrate the lack of crystallization shrinkage
at the cooling step and identical linear thermal expansion of
both samples (i.e. during cooling after the sintering step and
during heating and subsequent cooling of the final material).
These results elucidate that the volume variation, related to the
phase formation during the cooling could lead to formation of
crystallization induced porosity.

The crystallization induced porosity is different from the
residual inter-granular porosity in the ceramics, which signif-
icantly decreases their mechanical properties. It is supposed
that the Pcr formation leads to relaxation of the crystallization
induced stresses, which improves the mechanical characteristics
of materials.®

The properties of final product are summarized in Table 1,
together with these of tiling ceramics,** petrurgical products,>3
obtained by re-melting of basaltic rocks, and building glass-
ceramic materials.>3

The new material is characterized by a moderate density,
thermal expansion, which is similar to the traditional build-
ing materials, and zero water absorption. At the same time,
notwithstanding of its simple and low-cost manufacture cycle,
the mechanical characteristics significantly surpass these of
the traditional ceramics (sintered at 100-150°C higher tem-
peratures) and are comparable to these of the glass-ceramics
and “classical” petrurgical materials (which, however, are
obtained by glass melting and longer crystallization heat-
treatment).

4. Conclusions

Well sintered material is obtained after milling of alkaline
basaltic tuffs below 75 pm, pressing at 100 MPa and sintering
at 1100 °C (i.e. near to the liquidus temperature).

The final samples are characterized by zero water absorption,
8-9 vol.% closed porosity and structure similar to that of a glass-
ceramic material.

Due to the high crystallization trend of used composition,
phase formation takes place during the sintering and cool-
ing stages. As a result, the new material is characterized by
high crystallinity of ~65% and very good mechanical prop-
erties: Young modulus of 90GPa and bending strength of
100 MPa.
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