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bstract

hree new ceramic batches with no traditional fluxes and 30, 50 and 70 wt.% blast furnace slag were studied. The processes of phase formation and
ensification were estimated in non-isothermal conditions by differential thermal analysis and dilatometry, respectively. After that the degrees of
intering, obtained after heat-treatment at different temperatures and times, were evaluated measuring the variations of linear shrinkage and water
bsorption. The structures of final materials and their phase compositions were studied with scanning electron microscopy, pycnometry and X-ray

iffraction. Mechanical properties of the final ceramics were also measured.

The obtained ceramics are characterized with a narrow sintering interval at 1200–1220 ◦C and good degrees of densification. Due to the formation
f pyroxene and anorthite solid solution the new materials show high crystallinity. As a result, the measured bending strength and hardness surpass
he values of traditional building and tiling materials.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

The world production of building and tiling ceramics requires
uge amounts of natural raw materials, which until now mainly
elong to the system clay–silica–feldspar. Nevertheless, many
orks demonstrate the possibility for a successful substitution
f these “traditional” raw materials by other natural resources
s zeolites,1 volcanic rocks2,3 and others.4

Another extensively studied possibility is the usage of dif-
erent industrial wastes. This idea has a double environmental
ffect: at once it can resolve problems with the storage of some
ndustrial wastes and with the mining of traditional ceramic raw

aterials.
A part of these studies is related to the substitution of feldspars

ith different waste glasses. Promising results were obtained

ith waste glass cullet5–8 and CRT glasses.9,10 These glass com-
ositions are characterized by lower viscosities than the initial
eldspars melts in ceramics, which decreases the sintering tem-
erature and accelerates the dissolution of the quartz phase. As
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result, in order to obtain sintering behaviour and mechanical
haracteristics similar to the plant compositions, the feldspars
re substituted only partially. It was shown that the optimal
mount of replacement with waste glasses in stoneware porce-
ains is in the range of 5–15 wt.%.8–10 At higher percentages of
lass addition the closed porosity in final samples increases and
heir mechanical properties decrease.

Other works examine the possibility to use industrial streams
s blast furnace slag,10–14 MSW ashes,15,16 other fly ashes17–20

nd different sludge.5,21,22 In most cases, these residues are used
s inert or plastic materials and the sintering process is related
ainly to presence of traditional ceramic fluxes in batches.
owever, if the sintering temperature is higher or/and the melt-

ng temperature of used residue is lower, the waste product
lso can start to melt, which drastically changes the sinter-
ng behaviour, the phase composition and the structure of final
eramic.

The aim of present work is to demonstrate that cheap ceram-
cs with good mechanical characteristics can be obtained at a
elatively low firing temperature by using high amount of an
ndustrial waste. In the study three new ceramic compositions,

ontaining no feldspar and 30, 50 and 70 percentages of granu-
ated blast furnace slag (BFS), are studied. Some peculiarities of
he phase formations and the structure of ceramics are presented
nd discussed.

dx.doi.org/10.1016/j.jeurceramsoc.2011.01.006
mailto:karama@ipc.bas.bg
dx.doi.org/10.1016/j.jeurceramsoc.2011.01.006
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Table 1
Batch compositions of studied ceramics (wt.%).

Batch Slag Kaolin Sand
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Table 2
Chemical compositions of raw materials and final ceramics.

Oxides Slag Kaolin Sand S-70 S-50 S-30

SiO2 39.9 52.6 99.6 45.2 57.8 70.4
Al2O3 9.3 33.2 0.2 17.0 15.1 13.2
Fe2O3 1.2 0.4 0.1 1.0 0.8 0.5
CaO 34.9 0.2 – 25.2 18.1 10.8
MgO 8.1 – – 5.8 4.2 2.5
CuO 0.9 – – 0.7 0.5 0.3
BaO 1.2 – – 0.9 0.6 0.4
MnO 2.8 – – 2.0 1.4 0.9
K2O 1.4 0.3 – 1.1 0.8 0.5
Na2O 0.2 – – 0.1 0.1 0.1
S
L
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SiO2–Al2O3–CaO–MgO phase diagrams. Fig. 1 shows the
SiO2–CaO–MgO graph at a constant amount of 15 wt.% Al2O3,
together with recalculated compositions of the used slag and
the studied ceramics. It appears that S has a mellelite–gehlenite
-30 30 30 40
-50 50 30 20
-70 70 30 –

. Experimental procedure

Three batches with 30, 50 and 70 wt.% granulated blast fur-
ace slag (labelled S-30, S-50 and S-70, respectively), which
ompositions are shown in Table 1, were studied. In order to
ave similar plasticity the batches contain a constant amount of
0 wt.% kaolin, while different amounts of quartz were added
s an inert material.

All raw materials were milled and sieved below 63 �m. Initial
ixes with 6 wt.% water content were prepared, homogenized

nd granulated through 315 �m sieve. Then “green” samples
ith initial size of 50 mm × 3 mm × 4 mm were obtained by uni-

xial pressing at 50 MPa.
The chemical compositions of the used materials and ceram-

cs were evaluated by XRF analysis (Spectro Xepos). The
hermal behaviour of initial raw materials and ceramic batches
ere evaluated by DTA technique (Linseiz L81) using 100 mg
owder samples at heating rate of 10 ◦C/min. The sintering
rends were studied by differential dilatometer (Netzsch 402 ED)
t 10 ◦C/min by means of 4 mm × 4 mm × 8 mm specimens.

Samples of each composition were heat-treated for 30 min at
ifferent temperatures at heating and cooling rates of 10 ◦C/min
sing a laboratory furnace with silit heaters (Nabertherm). The
egree of densification of obtained specimens was estimated
y the linear shrinkage, �L/L0, and the water absorption, W,
easured after 3 h boiling in distillate water and cooling to room

emperature.
The apparent, ρa, skeleton, ρs, and absolute, ρas, densities

f some samples were determined and the results were used to
valuate total, PT, closed, PC, and open PO porosity:

T = 100 × ρas − ρa

ρas
, PC = 100 × ρas − ρs

ρas
,

PO = 100 × ρs − ρa

ρas

a was estimated by a precise micrometer while ρs and ρas by gas
Ar) pycnometer (AccyPy1330, Micromeritics) before and after
rashing and milling the samples below 26 �m, respectively.

The phase compositions of samples, heat-treated at dif-
erent temperature temperature, were characterized by X-ray
iffraction analysis (Philips PW1830). The structure and mor-
hology of the new ceramics were observed by scanning electron
icroscopy (Philips XL30CP) after Au metallization.
Finally, the bending strength and the Vickers hardness were

etermined. The bending strength was measured using series of

samples by the three point method (with external distance of

0 mm and a speed of 0.2 mm/min). The Vickers hardness was
stimated after polishing and 3 indentations on each sample at
oad of 10 kg.

F
s

O3 1.2 – – 0.9 0.7 0.4
OI 0.2 13.1 – – – –

. Results and discussions

.1. Sintering

The chemical analysis of used slag, kaolin, sand and the
esulting ceramics are reported in Table 2. The kaolin and sand
re pure raw materials, selected in order to simplify the batches
nd their examination, while the composition of granulated blast
urnace slag is typical for this kind of industrial wastes. It is
vident that the compositions of new materials are totally dif-
erent from ones of the traditional ceramics; even more, S-70
nd S-50 are similar to some of the glass-ceramics obtained by
itrification of industrial wastes.23,24

The initial slag (labelled S) and the studied ceram-
cs may be satisfactorily expressed thought four component

25
ig. 1. Phase diagram of SiO2–Al2O3–CaO–MgO and the compositions of used
lag and studied ceramics.25
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Fig. 2. DTA and dilatometic plots of composition S-30, S-50 and S-70.

omposition, while S-70 and S-50 lie between the crystallization
elds of anorthite and pyroxene; S-30 is located in the field of
iO2 phases.

The thermal behaviour of the raw materials was studied by
G-DTA.26 The kaolin shows a typical dehydratation endotherm
t 560 ◦C and an exotherm at 990 ◦C because of transformations
f metakaolinite in amorphous silica and gamma Al2O3, while
he sand presents only a low-intensity endo-effect at 570 ◦C,
orresponding to the transformation � into � quartz. The S
races highlight a glass transition at about 730 ◦C, followed by
crystallization exo-effect with peak temperature at 950 ◦C and
elting endotherm with onset at 1135 ◦C and peak tempera-

ure at 1185 ◦C. XRD analysis of slag samples, heat-treated for
0 min at 850 ◦C and 950 ◦C, elucidate an amorphous structure
nd formation of gehlenite solid solutions, respectively.
The DTA results (solid line) of S-30, S-50 and S-70 batches,
ogether with the corresponding dilatometric sintering curves
trashed line), in the interval 600–1300 ◦C are plotted in Fig. 2.

1
t
s

ig. 3. Shrinkage rates of compositions S-30, S-50 and S-70 in the range of
100–1250 ◦C.

The DTA traces show glass transition temperatures at about
30–740 ◦C and crystallization exotherms at about 950 ◦C,
hich intensities increase with the amount of slag in batches.
t the same time, the exotherms at 990 ◦C, due to metacaolinite

ransformation, are similar in the three samples. In the interval
000–1150 ◦C no effects are presented, which elucidate the lack
f intensive solid state reactions between the components.

At higher temperatures different melting endotherms, which
ntensity increases with the slag amount in batches, are observed.
n the three compositions the onset temperatures are at about
150 ◦C (i.e. as one in the slag), while the temperatures of
elting peaks occur at 1230–1235 ◦C (i.e. 50–60 ◦C higher tem-

eratures than one in the slag). In S-50 and S-70 new exo-effects
re observed at about 1180–1190 ◦C, which can be related to re-
rystallization processes, starting during the melting of gehlenite
rom slag. The melting of newly formed crystal phases begins
t 1210–1220 ◦C.

The dilatometric curves in interval 750–1000 ◦C present no
ariations in S-30, 0.4% shrinkage in S-50 and about 1% shrink-
ge in S-70, which is related to some sintering taking place
etween glass transition and crystallization temperatures of the
morphous slag. The actual densification process, which leads
o 4–6% shrinkage, is observed in the interval 1180–1230 ◦C.
t higher temperatures starts deformation of the samples.
Fig. 3 demonstrates the sintering rates (i.e. the shrinkage

erivates) in the high temperature interval. Here the sinter-
ng rate is presented as percentage linear shrinkage (�L/L0),
er a minute sintering time. The densification in S-30, S-50
nd S-70 starts at about 1190, 1200 and 1180 ◦C, respec-
220 and 1210 C. The composition S-30 is characterized by
he lowest sintering rate of ∼2% (�L/L0)/min and the largest
intering interval of about 50 ◦C. Composition S-50 (notwith-
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tion. For these reasons additional sintering experiments and
XRD analysis were carried out with compositions S-30 and
S-70.
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Fig. 4. Linear shrinkage and water absorptio

tanding of inferior slag amount in comparison with S-70) shows
he highest sintering rate of about 6% (�L/L0)/min and very
arrow densification interval of 15–20 ◦C. In S-70 the sinter-
ng rate is ∼3.5% (�L/L0)/min and the sintering interval is
bout 30 ◦C.

These results highlight that only compositions as S-30 and
-70 might be interesting from a technological point of view,
hile in ceramic S-50 is difficult to control the sintering process

nd to avoid the deformation. For a comparison, in an identi-
al dilatometric study with a commercial stoneware porcelain9

he values of the sintering interval and the maximum sinter-
ng rate was estimated as ∼150 ◦C and ∼1.5% (�L/L0)/min,
espectively.

The densification behaviour of the three ceramics were con-
rmed by the values of linear shrinkage and water absorption
btained after 30 min heat-treatment at different temperatures,
hich are summarised in Fig. 4. The plots demonstrate that the

intering processes start at 1190 ◦C in S-50 and S-70 and at
200 ◦C in S-30, while the beginning of overfiring is observed
t 1220–1230 ◦C. At 1210 ◦C ceramic S-70 is characterized by
ero water absorption, W in S-50 is at about 1%, while in S-30
ignificant open porosity remains. The shrinkage at 1210 ◦C for
ll samples is in the range of 3.5–4%. Then, due to overfiring,
n all ceramics �L/L0 decreases; the porosity in S-70 and S-50
emains closed, while in S-30 an increase of the open porosity
s observed.

The XRD spectra of new ceramics (30 min at 1210 ◦C) are
lotted in Fig. 5. The sample S-30 shows mainly quartz, together
ith anorthite and traces of pyroxene and cristobalite. The

pectrum of S-50 also indicates some unreacted quartz, but
he main phases become anorthite and pyroxene. S-70 shows
he highest crystallinity (i.e. lowest intensity of the amorphous
alo), which can be related to the significant increase of the
yroxenes.
These XRD results are in a very good agreement with the
hase diagram (see Fig. 1). However, they do not explain the
eactions, taking place during the heat-treatment, as well as
he differences in the structures of studied compositions. In

F
a

er 30 min holding at different temperatures.

ddition, the high crystallinity of sample S-70 is in apparent
ontradiction with its good sinterability and zero water absorp-
706050403020
2Θ

ig. 5. XRD spectra of final ceramics after 30 min holding at 1210 ◦C (q, quartz;
, anorthite; p, pyroxene; c, cristobalite).
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ig. 6. XRD spectra of S-30 compositions after 30 min holding at different
emperatures (q, quartz; a, anorthite; p, pyroxene; c, cristobalite; g, gehlenite; k,
ailonite).

.2. Phase formation

The main phase transformations in ceramic S-30, going on
t different temperatures, are elucidated in Fig. 6, where XRD
pectra of initial batch (a) and samples, obtained after 30 min
t 1150 (b) and 1210 ◦C (c), respectively, are shown. The initial
atch presents mainly quartz and kaolinite. The sample treated
t 1150 ◦C demonstrates a small decreasing in the amount of
uartz, as well as traces of gehlenite (due to crystallization
f the amorphous slag) and traces of pyroxene and anorthite.
t 1210 ◦C the decreasing of quartz phase is significant, the
ehlenite phase totally disappears, while the amount of anorthite
ncreases; traces of cristobalite are also observed.
These results are in agreement with the DTA and dilatometric
nes and demonstrate that the sintering range occurs at higher
emperature than the melting temperatures of gehlenite. It is also
ighlighted that the increasing of melt amount, which governs

d
c
a
t

ig. 7. XRD spectra of S-70 compositions after 30 min holding at different
emperatures (q, quartz; a, anorthite; p, pyroxene; c, cristobalite; g, gehlenite; k,
ailonite).

he densification process, is mainly related to the dissolution of
uartz phase.

The phase transformations in ceramic S-70, which are sum-
arised in Fig. 7, are quite different. The spectrum of parent

atch (a) shows mainly amorphous halo (due to the huge
mount of slag), kaolinite and low amount of quartz. At 1100 ◦C
b), because of crystallization of the slag, amorphous phase
ecreases and the main crystal phase becomes gehlenite; the
eginning of anorthite and pyroxene formations are also iden-
ified. At 1190 ◦C (c) the gehlenite phase melts and entirely
e-crystallises in pyroxenes and anorthite. Notwithstanding of
he melting of gehlenite the sintering process at 1190 ◦C remains
n its initial stag. This interesting fact can be explained by a rapid

issolution of SiO2 and Al2O3 from the kaolin into slag melt,
hange of its composition and instantaneous crystallization into
northite and pyroxene. This phase formation is identified by
he exo-effect at 1170–1180 ◦C in Fig. 2.
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Fig. 8. Linear shrinkage and water abso

The differences in sintering behaviours of S-30 and S-70
t 1210 ◦C were studied using samples, heat-treated for differ-
nt times (between 1 and 60 min) at heating and cooling rates
f 10 ◦C/min. The obtained results for the variations of water
bsorption and linear shrinkage are shown in Fig. 8.

After 1 min holding both compositions show a scarce degree
f densification which points out that during heating the densi-
cation is insignificant. Afterwards the composition S-70 sinter
apidly and after 10–15 min the densification is completed: the
btained samples are characterised by zero water absorption and
hrinkage of about 4%. At the same time, the sintering in S-
0 finishes for 30–40 min but the samples remain with W of
bout 3%. This open porosity cannot be eliminated even after
h holding.

The peculiarities of phase formations, taking place during the
intering, were studied by XRD, using specimens which were
apidly quenched in air. The results for samples, quenched after
and 30 min holding at 1210 ◦C, as well as the spectrum of final

eramic (30 min holding at 1210 ◦C and cooling at 10 ◦C/min)
re presented in Figs. 9 and 10 for ceramics S-30 and S-70,
espectively.

The comparison of spectra 9-a and 9-b elucidate that dur-
ng the sintering of ceramic S-30 a considerable dissolution of
uartz carries out, as well as crystallization of anorthite and some
ristobalite. The silica enrichment of the melt and the related vis-
osity rise can explain the lower sintering rate in this ceramic,
hile the subsequent formation of anorthite might elucidate the

ower degree of densification and the residual open porosity.
he spectrum of final ceramic is similar to one, obtained after
uenching, which highlight that in S-30 no crystallization takes
lace during the cooling step.

The XRD results of S-70 show that the spectra of quenched
amples after 1 and 30 min holding are similar, whereas one of
ooled sample (10-c) is characterised by a higher crystallinity.

his indicates that the melting of gehlenite, the dissolution of
iO2 and Al2O3 from kaolin, the formation of pyroxene and
northite and their partial melting carried out rapidly. This means
hat the viscosity of melt is relatively low, which explains the

706050403020
2Θ

Fig. 9. XRD spectra of quenched and cooled S-30 samples after holding at
210 ◦C (q, quartz; a, anorthite; p, pyroxene; c, cristobalite).
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Table 3
Densities and porosities in quenched (Q) and cooled (C) S-30 and S-70 samples
after 30 min heat-treatment at 1210 ◦C.

Apparent
density
(g/cm3)

Skeleton
density
(g/cm3)

Absolute
density
(g/cm3)

Open
porosity
(%)

Closed
porosity
(%)

S-30 Q 2.32 2.51 2.61 7.3 3.8
S-30 C 2.34 2.52 2.61 6.9 3.5
S
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composition comparable to one of the kaolinite, where crystal
ig. 10. XRD spectra of quenched and cooled S-70 samples after holding at
10 ◦C (q, quartz; a, anorthite; p, pyroxene).

hort sintering time and the formation of new pyroxene phase
uring cooling.

An interesting peculiarity of any crystallization processes
s the volume change, accompanying the phase transforma-
ion. It can lead to some crystallization shrinkage or/and to
ormation of crystallization induced porosity. This additional
orosity was elucidated in different sintered glass-ceramics,
orming pyroxenes,27 as well as in a sintered material
y milled basalitic tuffs.28 It was supposed that simi-
ar phenomena take place also in some of the studied
ompositions.

In order to evaluate the formation of open and closed porosity
n S-30 and S-70 ceramics the apparent, skeleton and absolute
ensities of cooled and quenched samples, treated for 30 min
210 ◦C, were measured. The density results, together with the
alculated values of closed and open porosities are summarised

n Table 3.

The densities and porosities of both S-30 samples are similar,
hich verify the absence of phase formation or sintering dur-

s
A
n

-70 Q 2.12 2.14 2.86 0.7 25.2
-70 C 2.13 2.15 2.95 0.6 28.6

ng the cooling. The value of ∼7% open porosity is in a good
greement with obtained water absorption of ∼ 3%.

In samples S-70 all values of apparent and skeleton densi-
ies are similar, which confirms the zero water absorption and
emonstrate that no densification carries out during the cool-
ng. At the same time, due to the supplementary crystallization
uring cooling, absolute density in the cooled sample increases
ith ∼0.1 g/cm3, which leads to formation of additional 3–4%

losed crystallization induced porosity.
The closed porosity in this ceramic is excessively high even

n the quenched sample (∼25%), which probably is related to the
lag crystallization and the presence of sulphur oxides. Similar
unusually” high closed porosities were observed also in other
eramics with high amount of wastes in the batch.29 In order to
lucidate these events additional experiments can be made.

.3. Structure and properties

The structures of ceramics, obtained after 30 min at 1210 ◦C,
ere observed by SEM. Fig. 11 demonstrates the differences in

urfaces of samples, while Fig. 12 elucidates the corresponding
ractures.

The image of S-30 surface shows an uncompleted densifica-
ion and some open pores, mainly with irregular shape and size
f 10–30 �m, whereas ceramics S-50 and S-70 are characterised
ith well sintered and smooth surfaces and negligible porosity.
The image of S-30 fracture demonstrates open and closed

ores, while the porosity in bulk of S-50 and S-70 practically is
nly closed. Some of the pores have size bigger than 70–100 �m,
hich elucidates some overfiring.
The fractures of ceramics S-30 and S-50, as well

s the surfaces of pores are smooth, while ones of
-70 are rough and polycrystalline. In addition, tiny
ores with 3–5 �m size, which might be associated
ith the crystallization during cooling, are observed in

ample S-70. Fig. 13 shows typical closed pores, formed in S-50
a) and S-70 (b), as well as a small crystallization induced pore
n S-70 (c) with hexagonal crystals, identified by EDS analysis
s anorthite.

The SEM-EDS observations of S-30 fracture elucidate the
resence of residual quartz (Fig. 14-a) and some zones with a
tructures similar to primary mullite are observed (Fig. 14-b).30

ccording to the phase diagram, mullite cannot be formed in the
ew ceramics (see Fig. 1). For this reason, the presence of “nests
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q
r

i
of the traditional earthenware tiles, which is a very positive ini-
ig. 11. SEM images of surface in samples S-30 (a), S-50 (b) and S-70 (c) after
0 min holding at 1210 ◦C.

f primary mullite” can be related to an insufficient degree of
omogenisation and to the short heat-treatment times. Similar
argets absent in S-70 but were observed in S-50.

It can be also noted that, notwithstanding of 30 wt.% kaolin
n the batches, the made XRD analyses do not distinguish the

resence of mullite. In fact, due to overlapping with the peaks of
uartz and other phases, the identification of low amount of this
hase is quite difficult. Even in traditional ceramics, where only

t
r
f

ig. 12. SEM images of fractures in samples S-30 (a), S-50 (b) and S-70 (c)
fter 30 min holding at 1210 ◦C.

uartz and mullite are formed, the XRD evaluation of mullite
equires serious and accurate studies.31

The measured properties of final ceramics are summarised
n Table 4. The characteristics are similar or superior to these
ial result. However, it can be noted that the reproducibility of
esults is acceptable only for composition S-30 and partially
or S-70. In S-50 the sintering interval is so narrow that it was
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Fig. 13. SEM images of porosity in samples S-50 (a) and S-70 (b) and crystal-
lization induced porosity in S-70 (c) after 30 min holding at 1210 ◦C.

Table 4
Properties of the new materials after 30 min heat-treatment at 1210 ◦C.

Bending
strength
(MPa)

Vickers
hardness
(HV)

Apparent
density
(g/cm3)

S-30 39 ± 2 550 2.34 ± 0.02
S-50 37 ± 7 624 2.22 ± 0.08
S-70 49 ± 4 830 2.13 ± 0.03

F
p

d
i

a
d
b
a
d
i

4

5
t
d
o

m
o
e
a

ig. 14. SEM images of residual quartz (a) and crystal structures, similar to
rimary mullite (b) in ceramic S-30.

ifficult to obtained samples with a uniform degree of sinter-
ng.

The hardness and the bending strength increase with slag
mount in the batches. Notwithstanding of the lowest apparent
ensity and the high closed porosity ceramic S-70 shows the
est results, which can be related to its fine-crystalline structure
nd to the additional crystallization during cooling. An eventual
ecreasing of porosity in similar materials can lead to additional
mprovement of the mechanical characteristics.

. Conclusion

New low-cost ceramics, with no traditional fluxes and 30,
0 and 70% blast furnace slag were synthesized at sintering
emperatures of 1200–1220 ◦C. The obtained samples have good
egrees of sintering and mechanical properties, which surpass
nes of the conventional building and tiling materials.

The final phase compositions of studied ceramics are in agree-

ent with the phase diagrams and are totally different by ones

f the traditional ceramics: the samples are characterized by an
levate crystallinity and formation of anorthite solid solutions
nd pyroxenes.
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