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Abstract

Glass-ceramic materials were developed from Turk-
ish blast-furnace slags mixed with 3 and 5 wt% tita-
nia (TiOz). On the basis of the DTA and the
dilatometry analyses, nucleation experiments were
carried out at 725°C and crystallization was per-
formed at 950 and at 1100°C. DTA and X-ray dif-
fraction studies conducted on the glass samples
devitrified at 950°C revealed glassy regions and
small amounts of gehlenite (CayAl,Si0;) and mer-
winite (Ca3MgSi,Og) phases whereas complete
transformation to melilite solid solution of akerma-
nite (Cay;MgSi,0,) and gehlenite phases occurred
for those crystallized at 1100°C. Optical microscopy
and SEM investigations on the slag glass-ceramic
crystallized at 950°C revealed large crystals due to
surface crystallization whereas bulk crystallization
was evident for those crystallized at 1100°C. For
both cases, the crystalline size decreased with
increasing nucleant content. Wear, hardness, frac-
ture toughness and bending properties of the slag
based glass-ceramic material were enhanced with the
increase in nucleant content and the crystallization
temperature. © 1997 Elsevier Science Limited.

1 Introduction

Today environmental and ecological considera-
tions demand the utilization of industrial wastes
such as blast-furnace slags produced in the inte-
grated iron and steel works. Commercial exploita-
tion of blast furnace slags for the manufacture of
glass-ceramic materials has been underway for
more than three decades,!™ initiated by Kleman-
taski et. al.! who coined the term Slagceram for his
invention of the slag based glass-ceramic material.
Consequently, a substantial amount of research
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and development work has been conducted in the
exploitation of slag-based glass-ceramic materials
for large-scale production of ordinary commercial
products.>® Slag-based glass-ceramics have been
used as exterior and interior claddings, roof cover-
ings, and as heat and voltage insulators in the for-
mer Soviet Union.> 13

In general, glass-ceramics may be defined as
polycrystalline solids produced by controlled crys-
tallization of glasses.41® Slag-based glass-ceramic
materials are different in resulting properties than
those prepared from elemental technical grade
oxide powders. The primary difference is that slag-
based glass-ceramic materials are multicomponent
systems to start with, whereas glass-ceramics
developed from elemental powders are made mul-
ticomponent by choice for the purpose of tailoring
resultant properties. The motivation for developing
glass-ceramics from metallurgical slags instead of
using technical grade powders stems from the fact
that cheaper production costs would allow higher
profits in practical applications such as wall clad-
dings and floor tiles. As pointed out by McMillan'
and Beall and Duke,!” when used in amounts in
ranging typically from 2 to 10 wt%, titania (TiO)
is an excellent nucleating agent in aluminosilicate-
based glass-ceramic systems. As a result, TiO, is
used as the primary nucleant in most slag-based
glass-ceramics.

The primary aim of the present study is to
determine the experimental conditions for the
development and optimization of glass-ceramics
from waste metallurgical slags intended for possi-
ble cladding and tiling applications. For this pur-
pose, microstructural characterization and
mechanical property investigations were carried
out on glass-ceramic materials developed from
waste blast furnace slags of Karabiik integrated
iron and steel works. As-received slag doped with 3
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and 5wt% titania (TiO,) added as nucleant was
crystallized at 950 and at 1100°C and the resultant
glass-ceramics were characterized by Differential
Thermal Analysis (DTA), X-ray diffractometry,
optical and scanning electron microscopy (SEM)
techniques.!® In addition, microhardnes, wear and
friction, 3-point bending and fracture toughness
properties of the resultant slag-based materials
were determined. The results indicated overall
increases in mechanical properties with increases in
the nucleant content and the crystallization tem-
perature.

2 Experimental procedures

2.1 Raw material and glass-ceramic forming

The blast furnace slag used in this investigation
was received from the Karabiik Iron and Steel
Works in the agglomerated form. After drying,
pulverizing and demagnetizing steps, the slag had
the following chemical composition (in wt%) :
34.8% CaO; 37-7% SiO,; 14-2% Al,O3; 9-22%
MgO; 1-75% K,0; 1:11% S; 0-54% Na,0; 0-44%
TiO,; 0-24% Fe,0; (all compositions in this study
are given in wt%, unless otherwise stated). Since
the TiO, content in the slag powder batch as a
natural nucleant was quite low, appropriate
amounts of technical TiO, powders were added to
the slag-powder batch to constitute 2, 3 and 5% of
the total batch. Wet grinding was performed using
conventional ball mills for 24h. After grinding,
slag powders with or without the addition of tech-
nical TiO, powders were melted in air using Pt-
crucibles at 1530°C for about 5h to ensure com-
plete homogenization. Following that, the melt was
cast in preheated graphite or steel moulds. To
remove thermal residual stresses, the cast glass was
placed in a furnace at 500°C for 2h before nuclea-
tion and crystallization experiments.

Density measurements were carried out on as-
cast slag material using a Micromeritics® pycnom-
eter. Thermal expansion analyses of as-cast slag
and slag with varying TiO, amounts were carried
out on specimens having dimensions of ScmXx
0-5c¢m x 0-5cm in the range of 25°C-800°C at a
heating rate of 5C min~!. using a Netsch® 402
dilatometer. Differential thermal analysis (DTA)
scans of as-cast slag and slag doped with 3 and 5%
TiO, were carried out in a Perkin-Elmer 7 Series
Thermal Analyzer in order to determine the char-
acteristic glass transition temperatures, T,, and
peak crystallization temperatures, T,. After pul-
verizing and grinding specimens of as-cast glass to
a size of about 30um, static non-isothermal
experiments were performed by heat-treating
100mg glass powders in a platinum crucible and

using the same amount of Al,O; as the reference in
a temperature range between 25 and 1300°C at a
heating rate of 20°C min—!. Data for each run were
collected directly from the DTA. On the basis of
dilatometry and DTA analyses, nucleation experi-
ments were conducted at 725°C at a holding time
of 18 h. Following nucleation, the temperature was
raised to the desired crystallization temperature
(950 or 1100°C) and held for 12min followed by
air cooling. The rationale for choosing the opti-
mum heat-treatment conditions is explained in the
Results and Discussion section.

2.2 Microstructural characterization
Microstructural characterizations of the as-cast
glass and crystallized glass-ceramic samples were
performed using optical and electron microscopy
and X-ray diffraction techniques. Optical micro-
scopy investigations were carried out with a Leitz®
optical microscope whereas SEM investigations
were conducted with a JEOL® SEM operated at
25 kV and linked with an energy dispersive (EDS)
attachment. Optical specimens were prepared using
standard metallographic techniques followed by
chemical etching in a solution of 40 vol% methyl
alcohol, 42 vol% distilled water and 2 vol% HF
for about 20 s. Some of the etched optical speci-
mens were coated with a thin layer of gold and
used during the SEM investigations. The X-ray
diffraction investigations were carried out with a
Siemens® D-5000 diffractometer using CuKe
radiation at 40 kV and 30 mA settings in the
20 range from 20 to 60° at a scanning speed of
0-03°min—!. The phases were identified by com-
paring the peak positions and intensities with those
listed in the JCPDS (Joint Committee on Powder
Diffraction Standards) files.

2.3 Measurements of mechanical properties

The mechanical properties of as-cast slag without
titania addition and slag-based glass-ceramics with
varying amounts of titania crystallized at different
temperatures were determined by microhardness,
3-point bending and wear tests. Vickers and
Knoop microhardness tests were conducted in an
LL Model Tukon Tester. Optical mounts were
prepared using standard metallographic techniques
and loads of 100-300g were used to indent their
surfaces. To obtain reliable statistical data, at least
20 indentations were made on each sample. The
empirical relation formulated by Ponton and
Rawlings!'® which utilizes fracture lines emanating
from Vickers diamond indentation was used to
determine the fracture toughness values. Three-
point bending tests were carried out in an MTS®
Universal Tester on specimens having dimensions
of Scm x 0-5cm x 0-5cm machined from as-cast
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and heat-treated glass-ceramic samples. Friction
and wear tests were performed in ambient condi-
tions (about 20% humidity) on optical mounts of
glass-ceramic specimens using CSEM® Pin-on-
Disc Tribometer with 6 mm diameter WC balls as
the abrading pins. A constant perpendicular load
of 10 N and a rotational speed of 40 rpm were used
throughout the tests. Hardfacing balls and sub-
strate optical mounts were ultrasonically cleaned
between each measurements. The frictional force
was monitored and recorded with a linear displa-
cement transducer throughout the tests. Wear
volume and wear rates were calculated in accor-
dance with the ASTM G 99-90%° and friction
values were read directly from the chart of the
transducer. Optical microscopy was used to mea-
sure scar thickness. In all wear and friction tests,
there was no significant pin wear, namely, no wear
on the hardfacing ball.

3 Results and Discussions

3.1 Physical properties

Density of the as-cast glass was invariant with
temperature in a range between 25 and 800°C and
measured as 2-877 g cc™!. This value is very close
to the density value reported by Davies et al.* for
the Slagceram, the glass-ceramic material devel-
oped from UK blast-furnace slags, having a che-
mical composition similar to that used in this
study. The linear thermal expansion coefficient of
the as-cast glass had a negligible variation with
temperature in a range between 250 and 800°C and
measured as 9-1x 107*mm~!. The dilatometry
scan conducted on the as-cast glass revealed an
average onset temperature of about 710°C in the
vicinity where the slope changes slightly. There-
fore, this temperature was chosen as the glass-
transition, T, temperature. Glass-ceramics nucle-
ated with titania had similar density and expansion
values which changed slightly with the nucleant
content but which were invariant with crystallizing
temperatures. Due to measured high thermal
expansion values of the as-cast slag-based glass and
glass-ceramics, they are not suitable for applica-
tions requiring low thermal expansion. The dilato-
metry scan conducted on the as-cast glass revealed
an average onset temperature of about 710°C in
the vicinity where the slope changes, therefore this
temperature was chosen as the glass-transition, T,
temperature.

3.2 Thermal and microstructural characterization

Differential thermal analysis (DTA) investigations
were conducted on the as-cast slag and the slag
doped with varying amounts of titania.

Figures 1(a), (b) and (c) are the respective DTA
data of the as-cast slag glass and glass-ceramics
doped with 3 and 5% titania scanned between 25
and 1200°C. All DTA scans exhibit a small endo-
thermic peak starting at the onset of 710°C selected
as the T, temperature, in agreement with the dila-
tometry scan data. Thermal gradient and dilato-
metry studies can be employed to determine the
optimum conditions for two-stage heat-treatment
of glass. Davies et al* ran DTA and dilatometry
measurements on the Slagceram and detected a
small endothermic peak around 700°C. Thus, the
nucleation rate was very high in the vicinity of
700°C and they recommended a nucleation tem-
perature of 720°C, slightly above the T, value.
Further, they used nucleation times of more than
10h in order to avoid slumping and coarse crys-
tallization. The work of Davies et al.* provided the
basis for the optimum choice of the nucleation time
and temperature in this study. The nucleation
temperature was selected as 725°C and some qua-
litative optical metallographic work was carried
out on slag specimens nucleated at times over 10h
to determine the maximum rate of nucleation.
Optical samples prepared from slag nucleated at
725°C/18 h displayed the highest amount of visi-
ble nuclei which did not increase in number at
longer times. Thus, the optimum nucleation tem-
perature and time chosen for this study were 725°C
and 18h, respectively. As for the crystallization
heat-treatment conditions, the exothermic peaks in
the DTA scans shown in Fig. 1 should be evalu-
ated.

As shown in Fig. 1(a), the as-cast slag sample
exhibits three shallow exothermic peaks occurring
at 888, 937 and 953°C. The shallow nature of these
exothermic peaks and the endothermic peak at
1141°C due to partial melting indicate that surface
crystallization is the predominant mechanism for
the as-cast slag material. In order to identify the
crystallizing phase(s), an X-ray scan was carried
out on a specimen of the as-cast glass which had
been heat treated up to 955°C followed by
air quenching to room temperature. The X-ray
analysis revealed the presence of glassy regions
and small amounts of crystallizing phases of
gehlenite (Ca,Al,Si0;)?! which had a tetragonal
structure with lattice parameters a=0-769 nm
and ¢=0-507nm and the monoclinic merwinite
(CasMgSi,Og) phase?? with lattice parameters
a=1325nm, b=0529nm, ¢=0933nm and
B=91.9°. This observation partially agrees with the
results of Orsini®® and Orsini er al®*, who evi-
denced that the devitrification of melilite glasses
(where CaO and SiO, content comprise about
80wt%) involves the crystallization of the merwi-
nite phase with a composition different from the
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Fig. 1. DTA plots of (a) as-cast slag-based glass and slag-
based glass-ceramics comprising : (b) 3 wt% TiO, and (¢) S
wt% TiO,.

initial glass, and the crystallization of a second
phase at a higher temperature with the same com-
position as the initial glass.

The effect of adding different amounts of TiO, as
the nucleating agent can be seen in Figs 1(b) and
(c). As seen in Figs 1(b) and (c) for the cases of slag
glass-ceramic doped with 3% and 5% TiO,,
respectively, the nucleant addition causes the
smoothing out of the shallow exotherms and the
disappearance of the endotherm at 1150°C. It is
suggested that the vanishing of these exotherms
and the partial melting endotherm at 1150°C is
caused by bulk heterogeneous crystallization cou-
pled with complete transformation to melilite solid
solution in the microstructure. Thus, the exother-
mic peak at 1019°C for the glass-ceramic doped
with 3% TiO, (Fig. 1(b)) and the other one at

1030°C for the glass-ceramic containing 5% TiO,
(Fig. 1(c)) can be attributed to the formation of the
melilite solid solution. As reported by Orsini et
al.,?* at temperatures near 1000°C, merwinite dis-
appears completely after transforming into a solid
solution of akermanite and gehlenite. To test the
applicability of their observation to the devitrifica-
tion of the slag-based glass-ceramic materiais of
this study, X-ray diffractometry scans were carried
out on titania containing glass-ceramic samples
crystallized at 1100°C. In all samples devitrified at
1100°C, the X-ray scans revealed small deviations
of the measured d-values from the card values of
the two endmembers of the melilite group, namely
the gehlenite (Ca,Al,Si0;) and akermanite
(CayMgSi,0;) phases and increasing amount of
crystallinity with increase in the nucleant content.
As seen in the X-ray diffraction pattern of the
slag glass-ceramic doped with 5% TiO, nucleated
at 725°C/18h and crystallized at 1100°C/12min
shown in Fig. 2, all the diffraction peaks can be
indexed as arising both from the reflection planes
of the akermanite phase of the chemical formula
Ca,MgSi,O; which has a tetragonal structure with
lattice parameters a=0-783nm and ¢=0-501 nm?’
and the gehlenite phase with the same lattice para-
meters mentioned earlier.?? It should be mentioned
here that since both gehlenite and akermanite pha-
ses have the same crystal structure with lattice
parameters very close to each other, the respective
X-ray peaks for both phases, for all practical pur-
poses, are coincident with each other. However,
slight deviations of the measured d-values from the
card values of each phase verifies that there exists a
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Fig. 2. A representative X-ray diffraction pattern of the slag-based glass-ceramic sample nucleated at 725°C for 18 h and crystallized
at 1100°C 12min—! scanned in the 26 range from 20°—60°.
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solid solution of the gehlenite and akermanite
phases belonging to the melilite group.

Optical microscopy investigations were conduc-
ted in order to obtain better understanding of the
morphology and size of the resultant microstruc-
ture. Figures 3(a) and (b) are typical optical
micrographs of the slag glass-ceramic nucleated at
725°C for 18 h and crystallized at 950°C containing
3 and 5% TiO,, respectively. As seen in Fig. 3(a),
3% TiO, coupled with a low crystallization tem-
perature of 950°C is not sufficient to induce bulk
crystallization. Large crystals of average sizes of
10-15um have been formed indicating the fact
that surface crystallization is predominant. As seen
in Fig. 3(b), although an increase in the nucleant
content (5% TiO,) results in an average grain size
of 4-6 um, this sample is still far from optimiza-
tion. In other words, since the transformation to
melilite solid solution of akermanite and gehlenite
does not take place, inherent surface crystallization
becomes predominant over bulk heterogeneous
crystallization at low crystallization temperatures
(950°C) resulting in large crystalline sizes. Further,
it can be inferred that due to slower transformation

(b)

Fig. 3. Representative optical micrographs of the slag glass-

ceramics nucleated at 725°C for 18 h followed by crystalliza-

tion at 950°C for 12 min comprising : (a) 3 wt% TiO, and (b)
5 wt% T102

(b)

(c)

Fig. 4. Representative optical micrographs of : (a) slag (con-

taining 0-44 wt% TiO,) nucleated at 725°C for 18h and crys-

tallized at 1100°C, slag-based glass-ceramics containing (b)

3wt%TiO, and (¢) 5wt% TiO, nucleated at 725°C for 18h
and crystallized at 1100°C for 12 min.

kinetics at 950°C, some glassy regions might still be
retained in the nucleant containing glass-ceramic
materials. In order to test this hypothesis, using the
method of Ohlberg and Strickler,?® the amount of
glassy regions in the glass-ceramics (containing
both 3 and 5% TiO, nucleant) crystallized at
950°C was predicted as 8-10%. It is likely that the
glassy regions will vanish as the transformation of
merwinite to the melilite solid solution is comple-
ted at the crystallization temperature of 1100°C.
Figures 4(a), (b) and (c) are respective represen-
tative optical micrographs of the slag material and
slag-based glass-ceramics containing 3% and 5%
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TiO, subjected to nucleation heat-treatment at
725°C for 18h followed by crystallization at
1100°C for 12 min. The centrosymmetric and large
spherulitic crystals seen in Fig. 4(a) are developed
by undesired surface crystallization effects and are
the consequence of having a deficient amount of
TiO; in the slag-based material. An increase in the
nucleant content automatically increases the
amount of sites required for heterogeneous
nucleation and consequently the average distance
between the nucleating sites decreases. The average
crystalline grain size is about 4-5um for the 3%
TiO, containing slag (Fig. 4(b)). A further increase
in the nucleant amount causes an extremely fine
microstructure, as can be seen in Fig. 4(c) for the case
of 5% TiO,. Here, the average grain size is stabi-
lized around 1-2 um and thus this sample depicts
the optimized heat in terms of titania composition.
In the light of microstructural observations, it can
be stated that the combination of crystallization at
a high temperature of 1100°C and the progressive
increase in the titania nucleant content results in
finer grain size and the mode of crystallization
undergoes a transition from surface to bulk volume
crystallization, a further consequence of more uni-
form nucleant dispersing in the microstructure. In
other words, crystallization mode of spherulites
changes to refined and equiaxed shapes due to
increased concentration of the added nucleant.

It is expected that differences in thermal results
and in microstructural characterizations will reflect
upon differences in the resultant mechanical prop-
erties of the slag-based glass-ceramic materials
crystallized at two different crystallization tem-
peratures. For this reason, it was decided to carry
out a combination of mechanical tests to determine
the microhardness, 3-point bending, wear and
fracture toughness properties. In the following
section, the mechanical properties of slag-based
glass-ceramics crystallized at 950 and 1100°C are
presented and evaluated.

3.3 Mechanical properties

Figure 5 is the error-bar representation of the
Knoop microhardness values taken from the slag
glass-ceramic sample having varying amounts of
titania and crystallized at 950 and 1100°C. It is
clear that hardness values increase with the nucle-
ant content for a given crystallization temperature.
This is expected since in parallel with the increase
in titania content, the average crystal size decreases
causing an increased amount of grain boundary
area and thus increased resistance to indentation.
However, due to inadequate crystallization, a
maximum value of only 870kg mm—2 is achieved
for the glass-ceramic containing 5% TiO, devitri-
fied at 950°C. However, as expected, the hardness
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Fig. 5. Knoop microhardness values of the slag-based glass-

ceramics nucleated at 725°C for 18 h followed by crystallization

for 12min. at 950°C and at 1100°C plotted as a function of the
nucleant content.

values are higher for slag glass-ceramics crystal-
lized at T=1100°C than for those crystallized at
950°C clearly showing the effect of temperature.
Here a maximum Knoop hardness value of 1040 kg
mm~2 is achieved for the slag-based glass-ceramic
containing 5wt%. This value is an equivalent of
about 7-9 in the Mohs’ scale, agrees very well with
scratch hardness values of 8-8-5 Mohs’ measured
by Davies et al.* and is much higher than typical
hardness values of floor tiles which usually range
between 5 to 7 Mohs.?’

Figure 6 is a graphical representation of the
wear-rate values of slag-based glass-ceramics
nucleated at 725°C for 18h and crystallized
respectively at 950°C and 1100°C containing vary-
ing amounts of TiO, added as nucleants. The wear
rate decreases consistently with the increase in the
nucleant content and the crystallization tempera-
ture. This expected behaviour can be attributed to
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T=1100°C
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Fig. 6. Wear rate of the slag-based glass-ceramics nucleated at
725°C for 18 h followed by crystallization for 12 min. at 950°C
and at 1100°C plotted as a function of the nucleant content.
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Fig. 7. Fracture toughness of the slag-based glass-ceramics

nucleated at 725°C for 18h followed by crystallization for

12min at 950°C and at 1100°C plotted as a function of the
nucleant content.

the fact that effects of both the nucleant content
and temperature increase the amount of sites
required for heterogeneous nucleation and volume/
bulk crystallization prevails throughout the matrix
glass-ceramic phase. In parallel with the increase in
titania content, the average crystal size decreases
causing an increased amount of grain boundary
area and thus increased resistance to wear, in
compliance with Hall-Petch relation. On the other
hand, the measured friction values which varied
between 0-25 to 0-29 were found to be insensitive to
nucleant addition and crystallization temperature.
Figure 7 is a plot of fracture toughness values of
the slag-based glass-ceramic material as a function
of the crystallization temperature and the nucleant
content. As seen in Fig. 7, fracture toughness
values increase slowly with the titania content for
the slag glass-ceramic samples crystallized at
T=950°C whereas at T=1100°C their increase
with titania content is quite remarkable. Higher
crystallization temperatures enable increased com-
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Fig. 8. Three-point bending strength of the slag-based glass-

ceramics nucleated at 725°C for 18h and crystallized for

12min at 950°C and at 1100°C as a function of the nucleant

content plotted with the respective values of as-cast glass for
comparison.

petition for crystallization thus, as shown pre-
viously, resultant volume crystallization causes the
formation of fine crystallites in the microstruc-
ture.’® The maximum value of 52 MPay/m
achieved for 5wt% TiO, content at T=1100°C is
better than most traditional ceramics intended for
floor tile applications.

Figure 8 displays the 3-point bending strength
values of the slag-based glass-ceramic material as a
function of the titania content and the crystalliza-
tion temperature. The bending values of the as-cast
glass which were also given for comparison purpo-
ses are invariant with titania addition and range
between 50 to 55 MPa. On the other hand, similar
to microhardness and toughness results, a maxi-
mum bending strength value of 340 MPa is
achieved for the slag-based glass-ceramic compris-
ing 5% TiO, and crystallized at 1100°C. This value
is about 7-5x the overall bending strength of an
ordinary floor tile.

4 Conclusions

On the basis of characterization investigations and
mechanical properties, slag-based glass-ceramics
have been found to be quite sensitive to nucleant
addition and increases in crystallization tempera-
tures. Based on the results reported in the present
investigation, the following conclusions can be
drawn:

(1) The devitrification of slag-based glass-cera-
mics involves the formation of the gehlenite
and merwinite phases and retained glassy
regions at temperatures less than 1000°C,
followed by complete transformation to a
melilite solid solution of akermanite and
gehlenite phases at temperatures larger than
1000°C.

(2) Whereas large crystalline grains with some
retained glassy regions inherent of surface
crystallization exist in glass-ceramics crystal-
lized at 950°C, crystalline size decreases pro-
gressively with increasing titania content for
glass-ceramics crystallized at 1100°C.

(3) The progressive decrease in the grain size
with increases in the titania nucleant content
and crystallization temperature results in
overall increases in mechanical properties
such as microhardness,resistance to wear,
fracture toughness and bending strength.

(4) The slag-based glass-ceramic material with
optimum properties for the present study is
the one containing 5% titania as nucleant
crystallized at 1100°C. This sample has a
bending strength of 340 MPa, a fracture
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toughness of 5.2 MPa,/m, a microhardness
value of 1020 kg mm~—2 and/or 7-9 Mohs and
a wear resistance of 2-36 x 10> mm3Nm~!.

Overall, slag-based glass-ceramic materials are
excellent candidates for interior and exterior wall
cladding and/or as ordinary floor tile applications.
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