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Abstract 
 
The valorization of a metallurgical waste (i.e., an iron-rich slag) as raw material for the fabrication of high hardness glass-ceramics 
using differential thermal analysis, X-ray diffraction, X-ray fluorescence and scanning electron microscopy was investigated. The 
melting of the slag was aided by the addition of waste glass cullet (WGC) and the vitrification field of this system was investigated. 
The non-isothermal crystallization kinetics of the parent glass with the highest slag content was studied by DTA and crystallization 
of the parent glasses led to of pyroxenic crystalline phases, suggesting the application of the obtained glass-ceramics as building 
materials. Environmental benefits such as the reduction in the consumption of virgin raw materials and the elimination or reduction 
of CO2 and SO2 emissions due to absence of carbonates and sulphates in the batch composition make it an interesting alternative 
for the application of this technology.  
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1. Introduction 

 
Over the past decades the Mexican industrial 

activity has led to the increase of the pollution levels 
due to the continuous generation of wastes and their 
inadequate disposal throughout the Mexican territory 
(SEMARNAT, 2009). The latest estimation for the 
generation of hazardous slags wastes in this country 
reaches 28,086 tons (SEMARNAT, 2012), making 
necessary the development and application of new 
technologies to face this problem.  

It has been widely documented that the 
processing of building materials by the recycling 
and/or reuse of wastes is an interesting approach to 
solve waste pollution problems (Asokan et al., 2009; 
Karamanov et al., 2007; Lin, 2007; Ling and Poon, 
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2012a, 2012b; Marghussian and Maghsoodipoor, 
1999; Rambaldi et al., 2010; Schabbach et al., 2012; 
Simion et al., 2013). Unfortunately, in Mexico 
industries still disposing wastes in open spaces, where 
these are subject to atmospheric conditions that could 
promote their diffusion through the environment. 

Since Mexican legislation sets responsibilities 
and fees for those industries which pollute soil, water 
and air by the inadequate disposal of wastes (SEGOB, 
2009), this research is addressed to the utilization of 
wastes by fabricating useful and economic glass-
ceramics materials that can: (i) fulfill with current 
legislation; (ii) decrease the quantities of wastes to 
dispose and (iii) contribute to the protection of the 
Mexican environment from pollution as consequence 
of improper waste disposal.  
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Glass-ceramics are fine-grained 

polycrystalline materials formed by the controlled 
crystallization of a parent glass of suitable 
composition (Rawlings et al., 2006). Several types of 
wastes have been used as starting materials for the  
glass-ceramics production. Examples include slags 
and ashes such as blast furnace slags (Francis, 2004, 
2005, 2007; Fredericci et al., 2000, 2007; Karamanov 
et al., 2007; Karamanova et al., 2011; Khater, 2011; 
Wang et al., 2010; Zhao et al., 2012), steel slags 
(Karamberi et al., 2007; Khater, 2002; Migliore et al., 
2018), copper slags (Marghussian and 
Maghsoodipoor, 1999), phosphorous slags (Murat et 
al., 1990), basic-oxygen-furnace slags (Carni et al., 
2018; Ferreira et al., 2002), slags from gasification 
processes (Acosta et al., 2002), incinerator-bottom ash 
(Karamanov et al., 2014) and rice ash husk (Andreola 
et al., 2013). 

In the present work, the feasibility of forming 
glass-ceramics from a high-iron content metallurgical 
slag was investigated. Since this slag is highly 
refractory, waste glass cullet (WGC) was added to 
facilitate melting (Francis et al., 2004). As no virgin 
raw materials were required to obtain the parent 
glasses, a decrease of the territory consumption is a 
potential benefit if this technology is applied to obtain 
glass-ceramics for application in the construction 
sector.  Furthermore, by recycling this waste raw 
material, SO2 and CO2 emissions from the parent glass 
forming process were reduced or eliminated, since no 
carbonates or sulphates were added to the batch 
compositions to introduce Na2O, CaO and MgO to the 
glass formulation (Fernández Navarro, 1991). 

 
2. Experimental 
 

The slag used in this study was supplied by a 
Mexican producer of lead, silver and gold from the 
northeast of the country. WGC was used to 
compensate the low content of SiO2 in the slag and 
promote its melting at 1450 °C. The chemical 
composition of both, slag and WGC, using X-ray 
Fluorescence, XRF (Bruker S4 Pioneer Instrument) 
was determined. Meanwhile the slag does not present 
a fixed composition, the average composition is 

reported here. On the other hand, as the WGC was 
obtained from recycled soda-lime glass bottles (an 
industrial standard product), a constant composition 
was considered. The average chemical composition of 
the slag (in wt.%) is: 32.91% (Fe2O3 + FeO); 18.04% 
CaO; 17.59% ZnO; 17.38% SiO2; 5.55% SO3; 3.16% 
Al2O3; 1.21% PbO; 0.70% MgO and other minor 
components with percentages of less than 1%. The 
chemical composition of the WGC (in wt.%) is: 
71.15% SiO2; 14.09% CaO; 12.23% Na2O; 0.90% 
Al2O3; 0.09% MgO and other minor components with 
percentages less than 1%. 
 
2.1. Glass formation 

 
The first step of the study involved the 

investigation of the glass formation ability for the 
WGC-slag system. This was conducted by melting a 
first batch formed by 59 wt.% of metallurgical slag 
and 41 wt.% of WGC. This composition was chosen 
because it contained 70 wt.% theoretically of network 
former oxides (NFO) and 25 wt.% of network 
modifier oxides (NMO). In this work, silica and ferric 
oxide were considered the principal NFOs (Dingwell 
and Virgo, 1987; Virgo and Mysen, 1985) while CaO 
and Na2O were taken as the principal NMO’s. The 
remaining 5 wt.% corresponded to slag´s impurities. 
This composition, identified as C41 (41 wt.% of 
WGC), was formulated with the aim of preventing 
spontaneous and uncontrolled crystallization of the 
parent glass during casting.  

Since from this first test it was individuated 
that stable glasses (were “stable glasses” mean glasses 
that DO NOT present spontaneous and uncontrolled 
crystallization) could be obtained from mixtures of 
WGC-slag, several batches with different 
compositions were prepared. Table 1 shows the 
theoretical composition of all the batches tested in this 
work. Furthermore, Table 1 shows the experimental 
chemical composition of the glasses C41, C50 and 
C55 determined by XRF. The experimental 
composition was measured only for these samples 
since they were considered suitable as parent glasses 
of glass-ceramics. 

 
Table 1. Theoretical batch compositions and experimental glass compositions (expressed in wt.%). 

The experimental data was obtained from XRF 
 

 Batches (theoretical) Glasses (experimental) 
C65 C60 C55 C50 C41 C40 C35 C30 C25 C20 C55 C50 C41 

Slag 35 40 45 50 58.6 60 65 70 75 80 45 50 58.6 
WGC 65 60 55 50 41.4 40 35 30 25 20 55 50 41.4 
SiO2 52.3 49.6 47 44.3 39.6 38.9 36.2 33.5 30.8 28.1 44.6 40.8 37.8 

Fe2O3 11.6 13.2 14.9 16.5 19.3 19.8 21.4 23.1 24.7 26.4 17.2 19.8 21.7 
CaO 15.5 15.7 15.9 16 16.4 16.5 16.7 16.7 17 17.3 16.2 16.9 16.7 
Na2O 8.0 7.3 6.7 6.1 5.1 4.9 4.3 3.7 3.1 2.5 7.3 6.2 6.0 
ZnO 6.2 7.0 7.9 8.8 10.3 10.6 11.4 12.3 13.2 14.1 9.2 10.7 11.7 
Al2O3 1.7 1.9 2.0 2.1 2.3 2.3 2.4 2.5 2.6 2.7 2.2 2.2 2.5 
SO3 2.1 2.4 2.6 2.9 3.3 3.4 3.7 4.0 4.2 4.5 0.3 0.2 0.1 
PbO 0.4 0.5 0.5 0.6 0.7 0.7 0.8 0.9 0.9 1.0 0.6 0.7 0.7 

Others 2.2 2.4 2.5 2.7 2.9 2.9 3.1 3.3 3.5 3.5 2.4 2.5 2.8 
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All the batches were melted at 1450 °C in 
platinum crucibles for 2 h and then poured on a 
stainless-steel plate. The “stability” of the quenched 
materials was evaluated in two steps: (i) visually at the 
casting moment, i.e., stable glasses did not present 
spontaneous surface crystallization and (ii) from the 
temperature difference between the first exothermic 
peak and the glass transition temperature in the DTA 
curve (Tp

exo – Tg > 100 °C for “stable” glasses (Araújo 
et al., 1999). X-ray diffraction (XRD) and differential 
thermal analysis (DTA) were used to confirm the 
presence of glassy state. XRD analysis were carried 
out in a Siemens D5000 diffractometer with Cu Kα 
radiation, operated at 35 kV and 25 mA and DTA 
analysis of the grounded parent glasses (particle size 
45 µm) were performed in air in a TA Instrument SDT 
2960 using a heating rate of 10 °C/min 

 
2.2. Study of the crystallization kinetics (Glass C41) 

 
The total non-isothermal crystallization (i.e., 

taking into account both nucleation and crystallization 
processes) of the glass C41 was investigated to 
determine the best heat treatment conditions to obtain 
glass-ceramics. Composition C41 corresponds to the 
stable glass with the highest slag content and it was 
chosen to conduct the kinetic study because the goal 
of this work was obtaining glass-ceramics with the 
highest possible slag content. The activation energy, 
Ea was calculated from the Kissinger’s equation 
modified by Bansal (Ray and Day, 1993) (Eq. 1): 

 
𝑙𝑙𝑙𝑙 (ϕ / 𝑇𝑇𝑝𝑝2)  =  𝑙𝑙𝑙𝑙(ν)  −  𝑙𝑙𝑙𝑙 (𝐸𝐸𝑎𝑎 / 𝑅𝑅) – (𝐸𝐸𝑎𝑎 / 𝑅𝑅𝑅𝑅𝑝𝑝) 
 (1) 

 
where ϕ is the heating rate (°C/min), Tp is the 
crystallization peak temperature (°C), ν is the 
frequency factor, Ea is the activation energy and R is 
the gas constant. The Avrami parameter, n, which is a 
measure of the dimensionality of the crystalline 
growth, was calculated using the Augis-Bennett 
equation (Eq. 2) (Ray and Day, 1993): 
 
𝑛𝑛 =  (2.5/∆𝑇𝑇)(𝑅𝑅𝑅𝑅𝑝𝑝2/𝐸𝐸𝑎𝑎) (2) 
 
where ΔT is the width of the crystallization peak at half 
maxima. The kinetic parameters from Eqs. (1-2), were 
investigated by performing DTA experiments of glass 
samples of 20 ± 0.1 mg in a nitrogen atmosphere at 
diverse heating rates (1, 5, 10, 15, 20 and 25 °C/min). 
  In addition, the effect of the particle size 
over the crystallization process was evaluated by 
testing four different sizes: ≤ 45 µm, 45 ≤ x ≤ 150 µm, 
150 ≤ x ≤ 300 µm and monoliths (20 ± 0.5 mg). 
Finally, the maximum nucleation temperature (Tn

max) 
was determined using the Ray and Day (1990) method 
(Eq. 3). This method correlates the maximum 
temperature of the crystallization peak (Tp) of the DTA 
diagram with the formed number of nuclei per unit 
volume (N): 
 

𝑙𝑙𝑙𝑙 𝑁𝑁 =  (𝑚𝑚𝑚𝑚𝑎𝑎/𝑅𝑅𝑅𝑅𝑝𝑝)  +  𝑐𝑐 (3) 
where m is the crystalline growth dimensionality and 
c is a constant. Thus, DTA experiments of 20 ± 0.1 mg 
of glass C41 powders between 150 and 300 µm were 
made at intervals of 20 °C, beginning from the glass 
transition temperature (Tg), up to several degrees 
before the temperature of the first crystallization peak, 
i.e., the nucleation temperature (Tn). The experiments 
were carried out in a nitrogen atmosphere with a 
heating rate of 15 °C/min. Once Tn was reached, 
samples were nucleated for 2 hours at each nucleation 
temperature previously chosen (Tn) and heated to 
reach Tc. The Tn

max was then obtained from the graph 
Tp vs Tn. 
 
2.3. Glass-ceramic fabrication 
 

The thermal treatment for the obtainment of a 
glass-ceramic from the parent glass C41 (highest slag 
content) was chosen from the kinetic study: glass 
pieces were nucleated at 640 °C for 30 min and then 
crystallized at 810 °C for 90 min, using a heating rate 
of 15°C/min. After the crystallization stage, 
quenching in air to preserve the crystalline phases was 
carried out. Since the objective of this work was the 
promotion of the re-use of the major quantity possible 
of slag, the thermal treatments of the glasses with the 
second highest iron content, i.e., C50 and C55 were 
based only in their DTA curves. 

 
2.4. Glass and glass-ceramics characterization 
 

Crystalline phases were determined by XRD. 
The linear expansion and the linear thermal expansion 
coefficient, (linear TEC, α) of both, parent glasses and 
glass-ceramics, were determined by dilatometry in the 
temperature interval of 50 – 400 °C using a heating 
rate of 5 °C/min (Misura 3.32 Dilatometer, Expert 
System Solutions) and test pieces of 0.5x0.5x1.3 cm. 
The elastic properties such as the Young modulus (E), 
the shear modulus (G) and the Poisson coefficient (ν) 
were assessed by the Impulse Excitation Technique 
(Grindosonic Mk5 apparatus, J. W. Lemmens). 
Vickers micro-hardness of the obtained materials was 
measured using disc shaped samples, of 1 cm diameter 
and 4 mm thick (402MVD Wolpert). The samples 
were indented with a 100g load for 10s. Leaching 
characteristics of the glass-ceramics were evaluated 
applying the Standard EN 12457-2 (2002). The 
concentration of the leached elements was analyzed by 
Inductively coupled plasma atomic emission 
spectroscopy (ICP-AES-Thermo Jarrell Ash, Iris 
Advantage with vaporizer Cetac Technologies 
U5000AT+). The results of the leaching tests were 
compared with the limits established by the Mexican 
standard NOM-052-ECOL-93 (PROFEPA, 1993), 
which states the characteristics of leachates from 
hazardous wastes, and also with the Italian D.M. 
17/09/2010 (MATTM, 2010) regulation regards non-
hazardous waste landfilling.  
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Finally, the chemical durability of all the 

materials using the Russian standard GOST 10134-62 
(HCl 1N and NaOH 1N for 3h at 96 °C) (Garza-García 
et al., 2007) and the Japanese standard JISR-3520 
(distilled water for 1h at 96 °C) was evaluated. 
 
3. Results and discussion 
 
3.1. Glass formation 
 

Glasses were only obtained from the 
compositions batches between C30 and C65. From 
these compositions, the C30, C35 and C40 generated 
glasses with spontaneous and uncontrollable surface 
crystallization, although crystals concentration was 
below 5 wt.% as they were not detected from XRD. 
Furthermore, these surface crystals did not influence 
the Tg values of glasses C30, C35 and C40, as can be 
seen in Fig. 1 (legend SC). The surface crystallization 
phenomenon was attributed to the high slag content 
(60 – 70 wt.%) and the consequent relatively high 
concentration of nucleant agents such as TiO2, Cr2O6, 
Fe2O3, MoO3 and ZrO2 (Rawlings et al., 2006) present 
in these samples. Compositions C41, C50 and C55 
generated “stable” glasses that were easy to pour, 
while the C60, C65 and C70 compositions produced 
very viscous glasses that was impossible to pour.  
Finally, the batches with higher slag contents 
produced materials predominantly amorphous, but 
with uncontrollable magnetite crystals growth (XRD 
pattern is not showed here) due to their high iron 
content. 
 

 
 

Fig. 1. DTA curves of the obtained glasses. The inset box 
shows the Tg of the parent glasses C41, C50 and C55. G = 

glass; SC = surface crystallization 
 

Fig. 1 shows the DTA curves of all the obtained 
glasses. It can be seen that the glass transition 
temperature remains practically constant (614 – 621 
°C) for all the compositions, except for the glass C41, 
which has the highest iron content from all the 
compositions that form “stable” glasses. The low Tg 
value of 588 °C of this glass possibly indicates that in 
this particular case, the iron is principally in the Fe2+ 
form, acting as a glass network modifier.  For the 
glasses with higher slag content, i.e., higher iron 

content, the Tg values suggest that the Fe3+ form is 
predominant (very likely acting as glass network 
former). This hypothesis was confirmed by the 
location of the glass compositions in the vitrification 
field of the slag-WGC system presented in Fig. 2. 
According with Dingwell and Virgo (1987), Kuryaeva 
(2004) and Virgo and Mysen (1985), Fe3+ cations can 
exhibit either fourfold or sixfold coordination in iron 
glasses, depending on the content of alkali and 
alkaline-earth metals. When the concentration of 
alkali and alkaline-earth metals is low, Fe3+ cations 
exhibit sixfold coordination and they act as network-
modifiers. If the amount of alkali and alkaline-earth 
metals is raised, Fe3+ cations act as network formers as 
they exhibit tetrahedral coordination. In this work, 
batch C25 is located in the crystal region (i.e., the 
region where glass formation was not possible) and 
contents 12.5 mol % of alkaline and alkaline-earth 
oxides. On the other hand, all the batches that are 
located in the glass-forming region have an almost 
constant concentration of alkali and alkaline-earth 
oxides of ca. 28 mol %. Then, based in the melting 
tests, it is very likely that Fe3+ cations act as network-
forming cations due to the relatively high content of 
alkaline and alkaline-earth oxide content in the 
prepared glasses. 
 

 
 

Fig. 2. Vitrification field of the slag-WGC system 
 
3.2. Study of the crystallization kinetics (Glass C41) 
 

Fig. 3 shows the DTA curves of the glass C41 
samples treated at different heat rates using three 
different particle sizes. As it can be seen in Fig. 3, for 
a constant heating rate, Tp decreases when increasing 
particle size. Moreover, for a constant particle size, Tp 
has low values for slow heating rates (10 and 15 
°C/min), compared with its values for faster heating 
rates. The decrease of Tp can be explained by the 
number of nuclei present at each particle size. It is 
known that for constant heating rate, Tp depends on the 
total concentration of surface and bulk nuclei, and 
decreases with increasing the concentration of these 
nuclei (Erol et al., 2011). Since the surface area 
increases when decreasing particle size, the 
concentration of surface nuclei is expected to be 
higher for fine particles.  
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Fig. 3. DTA exotherms of the glass samples at different heating rates and particle sizes. 

Heating rates: (a) 10 ºC/min; (b) 15 ºc/min; (c) 20 ºC/min and (d) 25 ºC/min 
 

On the other hand, as the particle size 
increases, the quantity of internal nuclei also 
increases, because bigger particles provide larger 
effective volumes for internal nucleation. If the 
surface crystallization mechanism is dominant, Tp 
should move to low values when decreasing particle 
size. However, as it was stated before, in this case Tp 
shifts to lower values when increasing particle size, 
indicating possibly that bulk crystallization is the 
dominant mechanism for this glass, due to the higher 
quantity of internal nuclei that promotes the bulk 
crystallization of the glass at lower temperatures. 

Regards the change of Tp with the heating rate, 
if comparing to a given particle size at two different 
heating rates, for example, 45 µm particles at 10 and 
25 °C/min (slow and fast), it can be observed that Tp 
has a lower value for 10 °C/min. It has been stated that 
if a glass is not initially saturated with internal nuclei 
during a DTA scan, their concentration will be higher 
for slower heating rates, since the glass spends a 
longer time in the temperature range where nucleation 
can occur (Erol et al., 2011). This means that Tp should 
have low values for slow heating rates and high values 

for fast heating rates, as occurs in these results. Table 
2 shows the obtained values of Ea and ν, calculated 
from the plot of 1/Tp vs ln(ϕ/Tp

2) (Eq. 1) and the 
Avrami parameter calculated using the Augis-Bennett 
method (Eq. 2). It can be seen that the Ea value 
decreases when increasing the particle size. These 
changes in Ea and the obtained values for n indicates 
that the crystallization process changes with the 
particle size. 

 
Table 2. Values of Ea, ν and n obtained for the C41 glass in 

different treatment conditions 
 

Particle 
size (μm) 

Ea  
(kJ·mol-1) 

ν (min-1) X 
1011 

n 
(Average) 

≤45 297.4 ± 0.01 825 ± 5.00 1.8 ± 0.07 
45 ≤ x ≤ 
150 260.8 ± 0.01 11.5 ± 0.51 2.2 ± 0.08 

150 ≤ x ≤ 
300 245.1 ± 0.07 5.5 ± 0.01 2.2 ± 0.06 

 
An analysis of the exotherms in Fig. 3 and (Eq. 

2) permitted to explain that the crystallization 
mechanism changes as the size particle changes. From 

(a) (b) 

(c) (d) 
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(Eq. 2) it can be seen that when increasing the peak 
width, ΔT, n decreases, indicating that the dominant 
mechanism is the surface crystallization. This 
phenomenon occurs for small particles, which have a 
big specific area/volume ratio. For bigger particle 
sizes, the ΔT decrease leading to n higher values; this 
is related at bulk crystallization. Finally, from the plot 
Tp vs Tn of the Ray and Day method described in (Eq. 
3) (Ray and Day, 1990) a Tn

max equal to 640°C was 
calculated (plot is not shown here). 
 
3.3. Glass-ceramics characterization 

 
Fig. 4 shows that the C50 and C55 glass-

ceramics are formed by the same crystalline phases: 
petedunnite, CaZn(Si2O6) (pyroxenes group) and 
aegirine, NaFe3+(SiO3)2 (inosilicates group).  On the 
other hand, glass-ceramic C41 is formed by 
hardystonite, Ca2ZnSi2O6 and the NaFe3+(SiO3)2. At 
1085°C, glass-ceramic C41 also contains ZnFe2O4, 
which possess magnetic properties.  Fig. 5  shows  the  

 

SEM micrographs of the C41 glass-ceramic, where the 
microstructure can be observed (crystal size ≈ 1 μm). 
From EDS, it was determined that glass-ceramic C41 
(810 °C) is formed by two types of agglomerates of 
small particles, a rich in Si and Ca one, attributed at 
the Ca2ZnSi2O7 phase, and another rich in Si and Fe, 
attributed to the NaFe3+Si2O6 crystalline phase. 

A key parameter of the glass-ceramics used for 
the fabrication of construction elements such as glazes 
wall and floor tiles is the linear thermal expansion 
coefficient (α). This parameter must be similar to that 
of the conventional supports to avoid the generation of 
shear stresses by thermal gradients between layers. 
Table 3 presents the α values for the prepared glasses 
and glass-ceramics. The value of α decreased on the 
glasses as the iron content (or the slag content) 
decreased, while the α values of the glass-ceramics 
remained practically constant for the three 
compositions. This can be explained by their 
crystallographic characteristics, as they are formed by 
combinations of the same crystalline phases.  

 

 
 

Fig. 4. XRD patterns of the prepared glass-ceramics 
 

 
 

Fig. 5. SEM micrographs of the glass-ceramic C41. (a) Micrograph taken at 600x; (b) Micrograph taken at 1200x 

(a) (b) 
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Table 3 also shows the α values of some 
materials commonly used in the building industry 
(Institute of Ceramic Promotion, 2009). It can be seen 
that the α value of the prepared glass-ceramics (6.14 – 
6.58 X 10-6 °C-1) is similar at those of some kinds of 
marbles (7 X 10-6 °C-1). Table 4 shows the values of 
the Young modulus (E), the shear modulus (G) and the 
Poisson coefficient (ν) obtained for the glasses and 
glass-ceramics of the C41 and C50 compositions, as 
well as for other materials. These parameters could not 
be determined for the materials generated from 
composition C55, since the necessary test specimens 
could not be formed due to its high viscosity. As 
presented in Table 4, the E and G values for the 
prepared glasses are similar to those of the soda-lime 
glass (Valley Design Corporation, 2015). 

 In the case of the glass-ceramics, E and G 
values are higher than the glasses and soda-lime glass. 
The values of the Poisson module for the glasses and 
the glass-ceramics are higher than for the soda-lime 
glass. Furthermore, from Table 4 it can be inferred that 
the Young’s modulus is higher for the glasses and 
glass-ceramics than for the brick, concrete, marble and 
granite, materials widely used in the construction 
industry. From these results, it was concluded that the 
glass-ceramics obtained from the investigated slag 
could be used for the fabrication of floor tiles, due to 
their values of E, higher than the granite and the 
marble, both natural stones used for the fabrication of 
floor tiles (Giancoli, 2002).  

The Vickers microhardness of the parent 
glasses of compositions C41, C50 and C55 were 5.27, 
5.39 and 5.08 GPa, respectively. These values are 
higher than that the Vickers microhardness of 4.1. GPa 
for window glasses (Mazurin et al., 1983). 
Crystallization of the parent glasses promoted a 
slightly increase in the Vickers hardness. Hardness 
values of glass-ceramics with compositions C41, C50 

and C55 were 5.32, 5.41 and 5.59 GPa. Although these 
values are only slightly higher than those of the parent 
glasses, they are comparable to the reported 
microhardness of granite (5.5 GPa, (Suzuki and 
Tanaka, 1997)). Furthermore, the microhardness 
values of the prepared materials are in good agreement 
with other glass and glass-ceramics prepared from 
wastes (Fredericci et al., 2000; Park and Heo, 2002). 

Table 5 shows the metal concentrations of the 
leachates from the glass-ceramics. All the materials 
release quantities of the investigated metals below the 
limits set by the Mexican standard NOM-052-ECOL-
93 and the Italian regulation D.M. 17/09/2010. 
According to the last column of Table 5, all the three 
glass-ceramics obtained here can be used in the 
Mexican building industry without risk of 
contamination of soils, since these materials release 
metals quantities that are way below of the 
concentration limits for residential soils in Mexico. 

Table 6 shows the chemical durability (wt. loss 
%) of all the glasses and glass-ceramics, as well as the 
starting materials (slag and WGC) evaluated in 
aqueous, acid and alkaline media. These tests were 
carried out with the aim of investigating the 
environments of application of the final products. For 
example, an environment where acid rain is a common 
phenomenon should not be recommended for exterior 
building materials with low resistance to acids. On the 
other hand, the same materials can be safely used if 
they are applied as indoor components or in an 
environment that is not subject to the influence of 
acids. Table 6 shows that the metallurgical slag is very 
susceptible to the acid attack but it is relatively stable 
in the aqueous and alkaline media due to the presence 
of metals. These results are in good agreement with 
those reported by Chiou et al. (2009), as slags were 
reported to be more affected by acidic than alkaline 
media. 

 
Table 3. Linear thermal expansion coefficients in the temperature interval from 50 to 100 ° 

 
Material α50-100°C x 10-6/ °C Material α50-100°C x 10-6/ °C 

Glass C41 8.10 ± 0.01 Marble  4.0 – 7.0 
Glass C50 5.46 ± 0.07 Cement mortar 10.0 – 13.0 
Glass C55 4.23 ± 0.03 Concrete 10.0 – 13.0 
Glass-ceramic C41 6.30 ± 0.01 Concrete with perlite 6.0 – 8.0 
Glass-ceramic C50 6.58 ± 0.08 Gypsum 18.0 – 21.0 
Glass-ceramic C55 6.14 ± 0.01   

 
Table 4. Values of E, G and ν 

 
Material E (GPa) G (GPa) ν 

Glass C41 77 30 0.30 
Glass C50 77 30 0.29 
Glass-ceramic C41 116 45 0.29 
Glass-ceramic C50 117 45 0.28 
Soda-lime glass 72 30 0.22 
Brick 14 - - 
Marble 50 - - 
Concrete 20 - - 
Granite 45 - - 
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Table 5. Metals release from the glass-ceramics 

 
 Composition Limits NOM-052-ECOL-

93 (mg/l)b 
Limits D.M. 29/09/2010 

(mg/l)c 
Limits residential 

soil (mg/kg)d Metal C41 C50 C55 
Cr 0.015 n.d.a 0.004 5.0 1.0 375 
Pb 0.003 n.d.a 0.031 5.0 1.0 200 
Ni n.d.a 0.007 n.d. 5.0 1.0 150 
As 0.082 0.088 0.065 5.0 0.2 20 
a n.d. = not detected; b Concentration limit in leachates according to the Mexican standard NOM-052-ECOL-93, which states the characteristics 

of leachates from hazardous wastes; c Concentration limits established by the Italian regulation DM 29/09/2010 for non hazardous waste landfilling 
d Concentration limits in residential soils in Mexico according to PROFEPA (SEMARNAT, 2005) 

 
Table 6. Chemical durability of the starting and prepared materials (wt. loss %) 

 
Sample Acid Alkaline Aqueous 

Slag 15.3 ± 0.01 0.2 ± 0.01 1.7 ± 0.05 
WGC 4.3 ± 0.01 12.1 ± 0.09 4.4 ± 0.09 
Glass C41 5.7 ± 0.05 0.6 ± 0.01 0.7 ± 0.05 
Glass C50 5.5 ± 0.05 0.2 ± 0.01 1.2 ± 0.05 
Glass C55 3.8 ± 0.01 0.4 ± 0.01 0.7 ± 0.05 
Glass-ceramic C41 8.3 ± 0.01 1.2 ± 0.01 1.5 ± 0.01 
Glass-ceramic C50 6.5 ± 0.01 1.2 ± 0.03 1.5 ± 0.01 
Glass-ceramic C55 5.3 ± 0.02 1.2 ± 0.01 1.5 ± 0.01 

 
In the case of the WGC, it is susceptible to the 

three modes of chemical attack, being the alkaline 
attack the most aggressive. Regarding the prepared 
materials, both the parent glasses and the glass-
ceramics are more intensely attacked by the acidic 
media, while in the aqueous and alkaline media are 
relatively stables. However, it is clear that as WGC 
content increases (C41 < C50 < C55), the resistance of 
both parent glasses and glass-ceramics increases in 
acidic environment. This behavior was correlated with 
the increase of the silica content of the batches (see 
Table 1), since SiO2 stabilizes the glass network 
making the final materials stronger. This result was 
also confirmed by the Tg values shown in the inset box 
of Fig. 1. Glasses C50 and C55 have higher Tg values 
than glass C41, suggesting that the glass network is 
less stable in the last sample. All the presented results 
in Table 6 indicate that the glasses and glass-ceramics 
obtained in this work can be only applied in 
environments where contact with acids (for example, 
with acidic rain) can be avoided. 
 
3.4. Environmental benefits 
 

Since the glass-ceramics obtained in this work 
were entirely produced from waste materials, some 
environmental benefits can be achieved. One of them 
is the avoiding of the CO2 release when preparing the 
parent glasses. For example, production of one ton of 
parent glass C41 using sand, soda, and limestone 
requires approximately 87 kg of commercial soda 
(Na2CO3) and 204 kg of commercial limestone 
(CaCO3) to provide the Na and Ca ions to the glass 
structure (calculated from raw materials with 99 and 
97% purity, respectively). When these materials are 
heated up at high temperatures, they release CO2 to 
form Na2O and CaO. Therefore, each produced ton of 
glass C41 from common raw materials, releases 169.8 
kg of CO2 to the environment. Since in both, the slag 

and the WGC, the CaO and Na2O are present in an 
oxidized state, non-extra additions of carbonates are 
needed and subsequently the emissions of CO2 are 
avoided.   

Another advantage of the re-use of slag is the 
improvement of the chemical durability of the final 
products. As it is observed in Table 6, although all the 
parent glasses and glass-ceramics exhibit a weight loss 
in neutral and acidic media, they present lower losses 
than the “as-received slag”. This characteristic is of 
great importance when considering the environmental 
impact of disposed wastes: in Mexico this kind of 
slags are often disposed in open spaces where they are 
commonly subjected to atmospheric conditions that 
can promote leaching and consequently contamination 
of soils or underground water. If these wastes are 
transformed in useful glasses and glass-ceramics, the 
natural waste leaching process can be reduced or 
avoided (Basegio et al., 2009; Coruh and Ergun, 2006; 
Kavouras et al., 2003). Finally, an economical benefit 
involving low costs of production of the parent glasses 
could be achieved, since all the raw materials are 
wastes. Furthermore, optimization studies can be 
conducted to decrease the parent-glasses melting 
temperature and the optimal nucleation and 
crystallization times that are required to obtain the 
final glass-ceramics. 
 
4. Conclusions 
 

Glass-ceramics with pyroxene crystals were 
obtained from mixtures of slag with 41-55 wt.% of 
WGC. The properties of the glass-ceramics are similar 
to those of materials commonly applied in the building 
industry, so they are suitable for being used as 
construction elements. The release concentration of 
potential toxic metals of the final materials is below 
the limits set by several legislations and they can be 
thus safely used with a minimal risk of leaching. This 
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can be done only in indoor environments or in those 
where exposition to acids is negligible. Since only 
wastes were utilized, reductions in CO2 emissions of 
169.8 kg/ton for glass C41 where achieved. 
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