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The mechanical properties of a new glass-ceramic similar to basalt glass-ceramics have been determined.
This new glass-ceramic is similar to those obtained from basalts and it is a resulting material from the
vitrification of a highly contaminated sludge rich in hexavalent chromium (Cr6+). A formulated mixture
between this industrial waste and silica-based additives was achieved within the CaO-MgO-Al2O3-SiO2

system. The Cr6+ can be fully reduced to Cr3+ with high chemical and mechanical stability, and the result-
ing material is stable for the environment. The Weibull modulus of flexural strength was m = 5.7, corre-
sponding to a relatively low value, indicating that the breakage is due to a variable number of types of
cracks. In any case, the average flexural strength of this material (258 MPa) can be considered as a relative
high value when compared with the values of more traditional glass-ceramics.
� 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

For some time, it has been known and demonstrated that
glass-ceramic tiles can be obtained from industrial wastes for
applications in flooring or coatings used in construction [1]. For
years, several authors have investigated basalt glass-ceramics, like
wear-resistant materials [2], and even the inclusion of radioactive
wastes in basalt vitreous matrices, as well as high content Cr6+

wastes into basalt glass-ceramics [3,4]. Determining the mechani-
cal properties of these materials is very important for defining the
final uses for these glass-ceramics. Thus, the variability of the
mechanical strength in ceramics can usually be statistically
analyzed according to the Weibull distribution on the premise that
resistance is controlled by the weakest part in the material [5]. In
this research, tests were performed on specimens with loading at
four and three points on a glass-ceramic material obtained after
vitrification of chromate wastes rich in Cr6+, followed by slow cool-
ing devitrification [6]. Although the dissolution of chromium oxide
in glass usually presents difficulties, it has proven to be advanta-
geous, as is the case of inclusion in the production of lithium-
silicate glass-ceramics [7]. The main aim was to determine the
mechanical behavior of this new type of glass-ceramic obtained
from a Mexican high sodium chromate sludge waste that includes
high Cr6+ content.
2. Experimental

In order to obtain these new glass/glass-ceramics, the following
raw materials were used: a sludge or mud enriched in Cr6+ chro-
mate from an industrial area in the town of Tultitlan, Mexico,
nowadays very close to urban sites, and by mixing it with feldspar
and coke ash (75 wt% dry chromium waste mud + 25 wt% feldspar
rock + 5% coke ash) (the glass-ceramic investigated here was called
the TM sample). The powders (<0.1 mm) were mixed in a device
rotating at 80 rpm to homogenize the mixture before moving to
the furnace in a cupola metallurgical furnace with progressive
heating up to 1450� C for two hours. Prismatic shape specimens
were fabricated from glass-ceramic samples with dimensions of
40x8x6 mm. The dimensions were taken from specifications
according to the ASTM C-1161-13 Standard Test Method for Flexu-
ral Strength of Advanced Ceramics at Ambient Temperature.

The flexural strength tests were carried out in a mechanical
testing machine for bending and compression (Servosis� model
ME402/01). The 3-point and 4-point flexural strengths were deter-
mined as indicated in this ASTM test and because 3-points is com-
mon in ceramic pavements industry (UNE 100 and European
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Fig. 2. SEM micrograph depicting the cracks and porous microstructure and
residual glassy phase in the TM glass-ceramic.
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Standard), and by considering that 4-point testing allows more
homogeneous distribution of stresses during the rupture with
two points under load being considered a more realistic behavior
for the actual rupture in these type of materials.

From the resistance values of the 14 prismatic sample speci-
mens (obtained from the bulk material after cutting and polishing)
tested by four-point bending, the Weibull parameter was deter-
mined. As is well-known [5], the Weibull distribution is given by
the expression:

Pf ¼ 1� exp� ra=rhð Þm ð1Þ

where Pf is the probability of fracture, ra is the applied load, and
parameters ‘m’ and ‘rh’ are constants called the ‘‘Weibull modulus”
and ‘‘characteristic strength of the sample”.The strength results in
the specimens tested were represented from the lowest to highest
values recorded in the trial, assigning a cumulative value of proba-
bility in % by one. By using this method, a graph is developed in
which the resistance values are arranged from lowest to highest
and fit a graph whose slope is the ‘‘Weibull modulus, m” The repre-
sentation of the shape of the Weibull parameter represents a loga-
rithmic graph by including the percentage of probability of failure.
The resistance feature of the material, rh, must not to be confused
with the average mechanical strength. In fact, the probability of
reaching the indicated mechanical resistance is 63.2%, which is
the zero point in the logarithmic representation of these probabili-
ties (see Fig. 1).
3. Results and discussion

The XRD results and the SEM/EDS observations and microanal-
ysis have previously shown [6] the formation of the following crys-
talline phases: chromium, iron and aluminum spinel (Mg, Fe)
(FeAlCr)2O4, accompanied by other crystalline phases such as
hematite (Fe2O3), magnetite (Fe3O4), pyroxene [Ca (Mg, Al) (Si,
Al)2O6], and augite [Ca (Mg, Fe)Si2O6]. The JCPDS cards used for
XRD identification were, respectively: chromium spinel
(23–1047), magnetite (24–329), hematite (33–0664), diopside
(pyroxene) (11–654), augite (pyroxene) (18–281), and anorthite
(12–301). The residual glassy phase consisting of a sodium calcium
silicate glass including near 5 wt% MgO, which is common in the
majority of glass-ceramics, is due to the partial crystallization of
the original glass, depending upon the thermal treatment used
[1]. The microstructure of this material (Fig. 2) is well compacted,
showing the mentioned crystalline phases uniformly distributed
into the residual glassy phase, with dendritic crystallization of
pyroxenes decorated by magnetite.
Fig.1. Weibull statistical representation obtained after bending testing (four
support points) of a new glass-ceramic containing Cr6+.
The Weibull modulus value, m = 5.7 (Fig. 1), is a relatively low
modulus and, therefore, tells us there must be numerous fracture
initiation defects in this material, for instance: pores, which are
perfectly visible to the naked eye in the samples tested, as well
as in the SEM observations, (see the Fig. 2), micro-cracks that
may be due to the different expansion coefficients between the
crystalline phases and the residual glassy phase, and cracks pro-
duced by the process of mechanical cutting and polishing of sur-
face. Pores are also present due to the crystallization process,
which implies a volume contraction of the residual glassy phase
[8]. The ‘‘characteristic mechanical resistance,” which corresponds
to the probability of 63.2% according to the Weibull modulus, in
this case is rh = 274 MPa (Table 1).

Even by considering the value obtained from the modulus
(m = 5.7) and by representing the Trustrum and Jayatilaka [9]
equation of ‘‘failure probability density function”: H0 (c) = c�3.85

(2), a value of exponent for this density function was obtained, that
is n0 = 3.85, giving an estimation of this fracture probability density
as a function of the cracks size (c), which means that smaller cracks
evolution give rise to induce fracture initiation.

On the other hand, as was also seen previously from a more
simple composition of glass-ceramics in the lithium-cadmium-
silica system by Rincón [10], that it is possible to estimate the crack
sizes responsible for failure with r = (4cE/pc)1/2 (3), which relates
the fracture energy (c) and the Young modulus (E) with crack sizes
(c) and mechanical resistance (r). Thus, the sizes of the intrinsic
cracks in this glass-ceramic material between 3 and 5 mm which
are observed in the SEM images are related to the microstructure
of the residual glass phase. However, due to the similarity between
Table 1
Mechanical properties for a new glass-ceramic similar to a basalt glass-ceramic and
obtained from a highly enriched Cr6+ industrial waste.

Bending strength (MPa) Four points test (±rs)* Three points
test [10]

rmax 332 81
rmin 151 40
rmax � rmin 332–151 81–40
raverage 258 ± 54 67
roptimized average 266 ± 41 74
*Stress distribution

rs (Weibull)
274 –

Indentation tests
H v (GPa) ± 0.3 E (GPa) ± 5 KIC (MPam1/2) ± 0.1
7.4 89 3.9

Fragility index
B (Hv/KIC) (lm�1/2)
1.89
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this synthetic basalt glass-ceramic containing Cr6+ and the Silce-
ram� glass-ceramic described years ago by Carter et al. [11] in
the CaO-MgO-Al2O3-SiO2 system, which estimated the E, Poisson,
and shear modulus (G), it was concluded that G is approximately
twice the fracture energy (G = 2c). Therefore, by taking into
account a value of c = 15 J/m2 for glasses, it can be concluded from
the previous formula (3) and by using the E values for Silceram�

[11], which this new glass-ceramic is very similar in their average
crack sizes (c).

Likewise, it is pointed out that grain microstructure on glass-
ceramics is fully different with respect to the conventional sintered
oxide ceramics or conventional sintered metal materials [12],
where the ‘‘wetting concept” of grain boundaries is usually applied.
In fact, in the case of our glass-ceramic, the ‘‘grains” are crystalline
phases ‘‘precipitated or embedded” within the residual glassy
phase. The subsequent thermal treatment promotes the nucleation
and crystal growth of phases, producing a volume fraction of the
crystalline phase. The relative expansion coefficients and elasticity
modulus between both phases (glassy and crystalline) determine
the formation of cracks additionally to the well-known ‘‘microc-
racks” intrinsic to all glasses [9]. Finally, the fracture toughness
of the glass-ceramic material under consideration was also deter-
mined by indentation experiments including calculation of the fra-
gility index [13] (Table 1). The leaching tests not mentioned here,
were included in a previous reference [6].

4. Conclusion

A toxic industrial sodium chromate sludge waste was vitrified
into a new glass-ceramic. The rf average at four points was
258 MPa, the characteristic flexural strength reached a value of
rf = 274 MPa, with a probability of 63.2% and a Weibull Modulus
of m = 5.7. The Vickers hardness is in the Hv = 6.0–7.4 GPa range,
with toughness (KIC) in 2.8–4.0 MPa m1/2. The fragility mechanical
ratio (Hv/KIC) is in the 1.50–2.06 lm�1/2 range. All of these values
are similar to basalt glass-ceramics.
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