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ABSTRACT
 
A glass, based on Electric Arc Furnace Slag (EAFS), is studied to produce a glass-ceramic with bulk crystallization. 

The main kinetics parameters are investigated by non-isothermal DTA, the formed crystal phases are evaluated with the 
application of XRD, while the microstructure is observed by SEM. The variations of density and porosity accompanying 
the crystallization are also measured and discussed. 

The obtained low activation energy of crystallization and the high Avrami parameter highlight that the composition 
investigated is characterized by intensive bulk crystallization.  As a result glass-ceramic samples can be obtained by one 
step heat-treatment at 850oC - 870 oC for short holding time (0.5 h - 1 h).  Pyroxene solid solutions are identified as the 
only crystal phase formed, whereas the SEM observations indicate the formation of spherulites of 10 μm - 20 μm size and 
some crystallization induced porosity. 

Keywords: industrial wastes, glass-ceramic, structure.

Received 19 January 2015
Accepted 20 May 2015

INTRODUCTION 

The first glass-ceramic from industrial wastes, the 
famous Slagsitall, was developed 60 year ago in the 
ex-Soviet Union by using Blast Furnace Slag (BFS) 
from Donbas region [1]. Nevertheless, the building 
glass–ceramics are still considered as a promising route 
for commercial utilization of diverse metallurgical slags. 
Several studies of the last decade focused on utilizing 
blast furnace slag, basic oxygen furnace slag, open 
hearth furnace slag or electric arc furnace slags. Most 
of these investigations were carried out by groups from 
BRICS or other developing countries [2 - 15]. The lat-
ter are the main steel producers in the world today and 
which is why are expected to resolve the arising serious 
environmental problems.

Since the metallurgical slags usually contain high 

percentage of SiO2, Al2O3 and CaO, anorthite or wollas-
tonite form as the main crystal phases in the related glass-
ceramics [1, 2, 9]. However glass-ceramics, containing 
melilite and akermanite phases are also obtained from 
BFS with different addition of TiO2 in the temperature 
range 950°C - 1100°C [10]. Glass-ceramics based on 
silicon manganese slag and BFS with additions of quartz 
sand, dolomite, limestone and clay are obtained using 
Cr2O3, LiF, CaF2 and TiO2 as nucleating agents [4, 11]. 
It is demonstrated that fine-grained microstructure of 
aluminous pyroxene and magnetite can be obtained in 
case Cr2O3 and TiO2 are selected. Different nucleation 
agents (TiO2, ZnO, ZrO2 P2O5 and Cr2O3) are studied 
[12] in a material based on ferrous tailing.

Akermanite and diopside glass-ceramics are suc-
cessfully synthesized from molten BFS slag with the ad-
dition of silica sand [13]. The addition of CaF2 decreases 
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significantly the crystal size of diopside and Ca2SiO2F2 
formed in this case and inhibits the crystallization of 
akermanite. Gehlenite, diopside and  BaAl2Si2O8 are de-
veloped in the glass-ceramic [5] produced from Egyptian 
BFS melted without any preliminary treatment. When 
the same BFS is melted in presence of blast furnace flue 
dust the resulting materials form magnetite/maghemite 
and Ca(Mg,Fe,Al)(Si,Al)2O6 pyroxene phases [14]. 

Pyroxene composition based on a high amount of 
another Egyptian metallurgical waste is studied in the 
present work.  The parent glass is obtained using Electric 
Arc Furnace Slag (EAFS) from “Ezz Steel”, which is 
the largest steel company not only in Egypt but in the 
Middle East and North Africa Region as well. Since 
the EAF manufacture of one ton steel is related to the 
production of ca 170 kg slag in El Ezz Steel factory, ca 
1.2 million tons of slag per year are amassed. Up to now 
this residue is not recycled or considered as eventual 
secondary raw material. 

EXPERIMENTAL 

A glass, obtained using slag from the metallurgical 
plant “Ezz-Ain Sokhna” - Egypt and natural silica sand 
was used in the present work. The chemical composi-
tions of the raw materials analyzed by X-ray fluoresce 
equipment (PANalytical  -AxiosmAX) are summarized 
in Table 1.

Since the used industrial waste was characterized 
by low silica content and high percentages of iron and 
calcium oxides, addition of silica-rich raw materials was 
required to obtain a suitable parent glass. Consequently, 
a batch containing 2 parts EAFS and 1 part silica was 
prepared.  In addition, in order to facilitate the melting 
process and the subsequent crystallization, 5 mass % 
CaF2 was doped in each batch. 

The parent glass was melted in corundum cruci-
bles using electrically heated globar furnace for 2 h at 
1450°C. The homogenized melt was casted onto hot steel 
mould in the form of rods, which were rapidly removed 
to a muffle furnace at 550°C for annealing.

The non-isothermal crystallization kinetics was 
studied by DTA (Diamond Perkin-Elmer) using 12 mg - 
15 mg bulk samples heated at rates, v, of 5oC min-1, 10oC 
min-1, 15oC min-1, 20oC min-1 and 40oC min-1. 

The activation energy of crystallization, EC, was 
evaluated by the traditional Kissinger equation [16]:
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where TP  was the temperature of the crystallization 
exothermal peak, while v was the heating rate. The 
same equation was also used to estimate the activation 
energy of viscous flow, Eη, in the glass transition range. 
In this case Eη was measured by the variations of the 
glass-transition temperature, Tg, with v.   

 The Avrami parameter m was estimated with 
the application of the Ozawa equation [17]:
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on the ground of the exothermal peaks obtained at 
different v.  The degree of transformation α(Τ)  was 
determined at a fixed temperature T, while α value was 
calculated as the ratio of the partial area of the crystal-
lization peak till the temperature T.

 An alternative way to determine m in accord-
ance with the Augis-Bennett equation [18]
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was applied. There ∆w was the width of the crystalliza-
tion exotherm at the half peak height. 

The evolution of the crystal phases and the formation 
of porosity were studied at 850oC using 1.5 g - 2 g bulk 

 EAFS sand 

SiO2 12.2 99.4 

Al2O3 5.7 0.3 

Fe2O3 38.2 0.1 

CaO 31.3  

MgO 5.89  

MnO 3.88  

TiO2 0.62  

Cr2O3 1.00  

V2O5 0.18  

SO3 0.16  

P2O5 0.17  

 

Table 1. Chemical compositions of the used waste and 
industrial sand.
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samples obtained after cutting of the initial glass bars. 
The samples were heated for 1 min, 5 min, 1 h and 10 
h and cooled with a rate of 10oC min-1. 

The formed crystal phases and the crystallinity vari-
ation with the time were investigated by XRD analysis 
(Philips PW1830), while the morphology was observed 
by SEM (EOL JSM 6390) using fractured and polished 
samples etched for 5 seconds with 2 % HF. 

The closed porosity was evaluated measuring the 
skeleton, ρs, and the absolute, ρgc, densities:  

gc S
C

gc

P 100
ρ ρ
ρ
−

=                  (4)

where ρs and ρgc were measured by Ar displacement 
Pycnometer (AccuPyc 1330). The skeleton density 
was initially measured. Then the absolute density was 
determined after crashing and milling the samples. The 
experimental errors referring to the evaluation of ρgc 
and ρs were estimated. They were ± 0.003 g cm-3 and ± 
0.005 g cm-3, respectively, which corresponds to ± 0.3 
% error for PC.

Crystalline fraction, x (mass %), was also evaluated 
by the density measurements through the following 
expression [19]:

g gc

g(cr) cr

1 1
x 100 1 1

ρ ρ

ρ ρ

−
=

−                  (5) 
 
where ρg was the absolute  density of the parent glass, 
ρgc was the absolute density of the glass-ceramic, ρg(cr)  

was the density of a hypothetical glass with composition 
of the formed crystal phase,  while ρcr  was the density 
of the crystal phase. The applicability of this method 
depended on the density difference between the crystal 
and corresponding amorphous structures (i.e. by ΔVCR) 
and the accuracy of the density measurements. 

RESULTS AND DISCUSSION

The obtained DTA results are shown in Fig. 1, while 
Figs. 2 and 3 present the Kissinger plots of the activa-
tion energy of the viscous flow and the crystallization 
activation energy, respectively. The obtained values of 
369 for Eη and 324 kJ mol-1 for EC, as well as the observed 
temperature ranges of glass transition and crystallization, 

Fig. 1. DTA plots at different heating rates. 

Fig. 2. Evaluation of the activation energy of viscous flow 
by Kissingereq.

Fig. 3. Evaluation of the activation energy of crystallization 
by Kissingereq.
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are typical for the iron-rich glasses [20] and indicate that 
crystallization treatments at relative low temperatures 
are possible. 

Fig. 4 presents the Ozawa plots obtained at 870oC 
(for heating rates of 5oC min-1, 10oC/min, 15oC/min and 
20oC/min) and at 885oC (for heating rates of 10oC min-1, 
15oC min-1, 20oC min-1 and 40oC min-1). The acquired n 
values of ca 4 highlight three dimensional growth cou-
pled with eventual nucleation during the heating. Table 
2 summarises the results referring to the evaluation of 
Avrami parameter, estimated by equation 3. The n val-
ues obtained confirm the results provided by the Ozawa 
relationship. An additional DTA experiment was carried 
out to verify nucleation proceeding.  A new specimen 
was heated for 1h at 670oC and then heated at a rate of 

10oC min-1 up to 1000oC. The selected temperature is 
higher by 30oC - 50oC than Tg and corresponds to the 
temperature range where optimal nucleation process is 
usually expected [1, 21].

The resulting DTA traces are plotted in Fig. 5 
together with those obtained without nucleation treat-
ment. The results demonstrate a shift of only 2oC in the 
crystallization temperature due to the holding, which 
means that a negligible number of new nuclei are formed 
during this step. This result is also confirmed by the 
totally amorphous XRD spectrum of a sample treated 
for 1 h at 670oC (Fig. 6a). 

It can be concluded that the crystallization in the 
studied glass proceeds mainly on a fixed number of 
nuclei. This phenomenon is typical for several iron-rich 
compositions and is explained by their spontaneous 
liquid–liquid separation during the melt cooling [20]. 
It might be also assumed that the presence of CaF2 
increases additionally this tendency. The combination 
of Avrami parameter of a value of ca 4 and the lack of 
an intensive nucleation process near the glass transition 
range is an uncommon result, which is however noted 
in the scientific literature [22]. This peculiarity indicates 
perhaps increase of the crystal growth rate during the 
phase formation.  

The DTA results showed that the crystallization in 
case of a non-isothermal treatment starts at about 850oC 

Fig. 4. Evaluation of the Avrami parameter by Ozawa 
relationship.

Fig. 5. DTA plots at 10oC min-1 with and without “nuclea-
tion” step. 

Fig. 6. XRD spectra (a - after 1 h at 670oC; b - after 1 h 
at 850oC).

a)

b)
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and hence this temperature was selected to study the 
development of phase formation. In these experiments 
little bulk samples were held for different times (1 min, 
5 min, 60 min and 600 min) and then studied by XRD 
and pycnometry.

The XRD results demonstrate the formation of 
only one phase, which was identified as pyroxene solid 
solution. The amount of the crystal phase formed after 
1 min holding is quite low while the intensity of the 
pyroxene peaks increases more than  two times after 5 
min  and about three times after one hour holding. At the 

same time the spectrum of the sample treated for 10 h is 
comparable to that subjected to 1 h holding. The XRD 
spectrum of the sample crystallized for 1 h is shown as 
an example in Fig. 6b. These experiments demonstrate 
that holding for 30 min - 60 min in the interval 850oC - 
870oC is sufficient to complete the crystallization.

The formation of pyroxenes whose crystallization 
is accompanied by extremely high   density increase of 
ca 16 % provides precise crystallinity measurement by 
pycnometry [19]. The evaluation of the percentages of  
the crystal phases formed was done on the ground of 

Table 2. Values of the Avrami parameter at different heating rates by Augis-Bennett method.

 density (g cm-3) Crystal phase 
(mass %)  

Porosity 
(vol %) 

bulk samples 

parent glass 3.02 ± 0.006   

nucleated glass  
 3.03 ± 0.006   

1 min  850
o
C 3.10 ± 0.004 14 ± 2%   

5 min  850
o
C 3.20 ± 0.004 32 ± 2%   

1 hour 850
o
C 3.21 ± 0.004 33 ± 2%   

10 hour 850
o
C 3.21 ± 0.004 33 ± 2%  

powder samples 

parent glass 3.03 ± 0.006  0.3 ± 0.3% 

nucleated glass   
 3.03 ± 0.006  0 ± 0.3% 

1 min  850
o
C 3.11 ± 0.006 15 ± 2% 0.3 ± 0.3% 

5 min  850
o
C 3.25 ± 0.006 38 ± 2% 1.5 ± 0.3% 

1 hour 850
o
C 3.27 ± 0.006 42 ± 2% 1.9 ± 0.3% 

10 hour 850
o
C 3.28 ± 0.006 44 ± 2% 2.2± 0.3% 

 

Table 3. Variations of density,  % crystal phase and porosity, measured by pycnometric methods. 

  ΔT[K] Tp[K] Ec[KJ mol-1] n 

10°C min-1 21,5 1147 324 3,93 
15° C min-1 23 1161 324 3,76 
20° C min-1 23,5 1169 324 3,73 
40° C min-1 25 1194 324 3,66 

      average 3,77 
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Eq. 5 using bulk and milled samples. The formation of 
crystallization induced porosity during the phase forma-
tion was estimated using Eq. 4. Up to now this kind of 
porosity is studied only in sintered glass-ceramics where 
surface crystallization proceeds and crystallization po-
rosity appears at the centres of the sintered grains [23, 
24]. Only non-milled samples were used in the previous 
pycnometric studies with bulk crystallization so that 
this “new” kind of porosity was not estimated [19 - 21]. 

The results obtained are summarised in Table 3. 
After 1 h treatment at 670oC the density remains practi-
cally identical to that of the parent glass, which again 
confirms the absence of traditional heterogeneous 
nucleation process. In fact, when nucleation process 
takes place in similar compositions, an essential density 
increase is observed and some crystallinity is shown by 

the corresponding XRD spectrum [21]. The densities of 
the powdered samples are comparable to those of the 
bulk one because of porosity absence.

After 1 mim at 850oC the density of the bulk sample 
increases from 3.02 g cm-3

 
to 3.10 g cm-3, which corre-

sponds to the formation of ca 14 mass % of pyroxenes. 
The density of the powdered samples is similar to that 
of the bulk one, which indicates that the low amount of 
crystal phase obtained, cannot lead to the appearance of 
crystallization induced porosity. 

After 5 min holding the density of the bulk sample 
becomes 3.20 g cm-3, which corresponds to crystallin-
ity of ca 32 %, while after milling the density increases 
to 3.25 g cm-3 and the amount of pyroxenes to ca 38 
%. It is evident that the appearance of ca 1.5 vol % of 
crystallization induces porosity can be related to the 

a b 

c d 

e f 

 
Fig. 7. SEM images after treatment at 850oC: a - fracture after 5 min; b – fracture after 1 h; c - single spherulite after 5 
min (polished sample); d - polycrystalline structure after 5 min (polished sample); e - single spherulite after 1 h (polished 
sample); f - polycrystalline structure with a large crystallization induced pore after 1h (polished sample). 
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crystallization of ca 6 % pyroxenes. 
After steps of 1 h and 10 h the bulk densities are 

identical (3.21 g cm-3) and similar to the value of the 
sample hold for 5  min, while the densities of the pow-
dered samples increase to 3.27 g cm-3

 
 and 3.28 g cm-3, 

respectively. These values indicate the formation of 
42 % - 44 % of pyroxenes and increase of the crystal-
lization induced porosity to 1.9 % - 2.2 %. It can be 
concluded that the formation of first 30 % - 33 % of the 
crystal phase is accompanied by increase of the bulk 
density to 3.20 g cm-3 - 3.21 g cm-3, while the subsequent 
crystallization leads to the appearance of crystallization 
induced porosity. 

The structure of the samples subjected to heating for 
5 min and 1 h at 850oC is studied with SEM using mixed 
SEI-BEC regime of scanning (Fig. 7). The fractures of 
the samples of 5 min treatment (Fig. 7a) and 1 h treat-
ment (Fig. 7b) indicate homogeneous spherulitic bulk 
crystallization and appearance of some crystallization 
induced porosity.  The images of the polished samples 
subjected to 5 min treatment are shown in Figs. 7c and 
7d, while Figs. 7e and 7f  show the photos obtained after 
1 h crystallization time.  

It is well seen that the crystallization is not entirely 
completed for 5 min and that non-crystallized residual 
glass is observed around the pyroxene spherulites. The 
size of the latter is in the range 10 µm - 20 µm. 

The amount of the residual glassy phase decreases 
and formation of micro crystallization induced poros-
ity is clearly observed between the crystals after 1 h 
at 850oC.  The average size of the crystals and their 
structure does not change significantly. Larger voids of 
size of 30 µm – 50 µm form simultaneously with tiny 
porosity appearance between the spherulites 

CONCLUSIONS

Low cost iron-rich glass-ceramic containing two 
parts Electric arc furnace slag and one part sand is 
studied. The non-isothermal kinetics of phase formation 
shows low activation energy of crystallization of 324 kJ 
mol-1 and a high Avrami parameter of ca 4. As a result, 
glass-ceramic can be obtained by one step heat-treatment 
at 850 oC - 870oC for short holding time.

Pyroxene solid solutions crystallizing as spherolites 
of 10 μm - 20 μm size are the only crystal phase formed 
in the glass-ceramic.  The formation of the first 30 - 33 

mass percentages of the crystal phase leads to increase 
of the density from 3.02 g cm-3 to 3.21 g cm-3, while the 
subsequent crystallization of 10 % - 12 % of pyroxenes 
provokes the formation of 2 vol. % -2.5 vol. % crystal-
lization induced porosity. 
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