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ARTICLE INTFO ABSTRACT
Article history: Wastes such as coal and rice husk ashes, which are widely available in Colombia, were suc-
Received 11 December 2019 cessfully used to synthesize glass-ceramics in the (Na; 0)-Ca0O-Al,03-SiO, system, which are
Accepted 21 February 2020 obtained from thermally treating the parent glasses. The raw materials were mechanically
Available online 17 March 2020 conditioned, and the glasses were designed based on the CaO/SiO, molar ratio, which was
varied between 0.25 and 0.39. The glasses were obtained by melting the powders at 1450°C
Keywords: for 2h, and the melted powder was then poured into water. To obtain the glass-ceramic
Glass material, the temperature of the glass thermal treatment, which was generally lower than
Glass—ceramic 1000°C in all cases, was determined by differential thermal analysis. The glass-ceramics
Rice husk ash obtained were microstructurally, physically and mechanically characterized. In addition, the
Coal ash durability was determined in acidic and alkaline environments (HCI and NaOH solutions).
Microstructure Glass—ceramics with densities of 2607-2739kg/m?3, water absorption below 0.1%, Vickers
Mechanical properties hardness above 600 MPa and elastic modulus of ~96 GPa were obtained. The fracture tough-

ness K;. was in the range of 0.39-0.59MPam'?. The chemical durability was considered
excellent (with mass losses of ~0.5mg/cm?), therefore these glass—ceramics can be good

candidates for different applications in the construction sector.
© 2020 SECV. Published by Elsevier Espana, S.L.U. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Preparacion de vitroceramicas a partir de ceniza de carbdén y ceniza de
cascarilla de arroz: microestructura, propiedades fisicas y mecanicas

RESUMEN

Palabras clave: Residuos sélidos como ceniza de carbén y ceniza de cascarilla de arroz, los cuales se encuen-
Vidrio tran disponibles en grandes cantidades en Colombia, se emplearon para la sintesis (a partir
Vitroceramica de vidrios parental) de materiales vitroceramicos dentro del sistema Si0O,-Al,03-CaO(Na,0).
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Las materias primas se acondicionaron mecanicamente y los vidrios se disefiaron basados
en la relacién molar CaO/SiO,, la cual varié entre 0,25 y 0,29. Los vidrios se obtuvieron por
fusién a 1.450°C por 2 h y el material fundido se enfri¢ en agua. Para obtener la vitroceramica,
el vidrio fue analizado por andlisis térmico diferencial para identificar la temperatura de
cristalizacién, que fue menor de 1.000°C para todos los vidrios en estudio. Las vitrocerami-
cas obtenidas fueron caracterizadas microestructural, fisica y mecénicamente. Ademas, la
durabilidad fue determinada en ambiente acidos y bésicos en soluciones de HCl y NaOH. Se
obtuvieron vitroceramicas con densidades entre 2.607 y 2.739 kg/m?, con absorcién de agua
menor al 0,1%, dureza Vickers de 600 MPa y médulo de elasticidad de ~96 GPa. La tenacidad
a la fractura K;. estuvo en el rango de 0,39-0,59 MPa m'/? y la durabilidad quimica fue consid-
erada como muy buena debido a las pérdidas de masa de tan solo ~0,5mg/cm?. Con estos
resultados, las vitrocerdmicas obtenidas se consideran buenas candidatas para aplicaciones

en el sector de la construccién.
© 2020 SECV. Publicado por Elsevier Espaiia, S.L.U. Este es un articulo Open Access bajo

la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Glass—ceramics are ceramic materials formed through the
controlled nucleation and crystallization of glass, generally
induced by nucleating additives [1,2]. They always contain
a residual glassy phase and one or more embedded crys-
talline phases [2-4]. Others glass—ceramics can be obtained
without the addition of nucleating agents [5,6] giving rise
to excellent properties. Some of the most important proper-
ties of glass—ceramics are their high strength and toughness,
they have zero or very low porosity, thermal stability and
chemical durability [2]. Due to their wide range of properties,
glass—ceramics have been studied in recent years for different
applications, for example, as materials for the dental implants
[7]; luminescent materials based on Eu®*-doped aluminosili-
cates [8], and rare-earth-free glass—ceramic-based phosphor
[9]; high-temperature resistant materials (1200°C) based
on anorthite and tialite [10]; glass-ceramic with improves
mechanical properties as high micro-hardness, high flexural
strength and low friction coefficient [11]; dielectric materials
prepared at ultralow temperatures using alumina, quartz and
zirconium [12]; dielectric materials based on albite structures
[13]; glass—ceramics containing 40% or more ZnO for wastew-
ater decontamination via photocatalysis [14]; materials for
waste vitrification [4], among others.

Glass—-ceramics as vitrification and devitrification process
has been used to neutralize different potentially danger-
ous industrial wastes [15-17], and to stabilize and reduce
the volume of wastes by between 20% and 97% depending
on their nature [17,18]. In addition, to reducing waste vol-
ume, the devitrification process increases the added-value
and reduces the environmental impact of different inorganic
wastes [4]. Industrial aluminosilicate wastes and byproducts,
which include blast furnace slag, fly ash and ashes from
other industrial processes [17-22] have been investigated for
their use as raw materials to produce glass-ceramics. Recent
studies have used ash obtained from incinerating municipal
wastes to replace the conventional clays used to synthesize
glass-ceramics by taking advantage of its ability to immo-
bilize heavy metals; wastes of incinerator ashes have been
mixed with marble sludge to obtain materials with mechan-
ical properties similar to those of commercial glass-ceramics

[23]. Other agricultural wastes with a high content of SiO,,
such as rice husk ash (RHA), whose annual generation is
approximately 132 Mt [24], can also be used as raw materi-
als to produce glass-ceramics. The different properties of the
glass—ceramic materials obtained from RHA can be used for a
wide range of applications. Wang [20] and Zhu [17] produced
glass—ceramic foams that can be used as thermal insulators;
the authors reported compressive strengths of 9.84 MPa and
above 5 MPa for materials with bulk densities of 0.98 g/cm? and
0.46 g/cm?3, respectively. Composite glass-ceramics made with
RHA and sugar cane ash have exhibited photoluminescent
properties for possible applications in power generation, LEDs
and high-temperature applications [25]. In addition, RHA was
also used to prepare bioactive glass-ceramic, potentially suit-
able material for bone reconstruction and tissue engineering
applications [26].

In Colombia, industrial wastes such as rice husk or coal
ashes are not being used and are disposed of in uncontrolled
landfills generating high environmental impact. There is a sig-
nificant interest in finding applications for the development
of value-added products. Therefore, the goal of the present
investigation is to produce materials with glass—ceramic char-
acteristics using these industrial wastes. In the first stage,
glasses with different CaO/SiO, molar ratios were designed
and produced, and the glass-ceramics were then charac-
terized to determine their physical (density, absorption and
porosity) and mechanical (Vickers hardness, Young’s modulus
and fracture toughness) properties and durability (mass loss
after exposure to acids and bases).

Materials and methodology

The methodology followed in the present investigation for
obtaining glass-ceramics is summarized in Fig. 1. Raw mate-
rials and Design and obtention of glasses and glass-ceramics
section explain the process.

Raw materials
The raw materials used to synthesize the original glasses,

which were subsequently crystallized to obtain the
glass—ceramics, were rice husk ash (RHA), coal ash (CA)
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Glass-ceramic
characterization

Fig. 1 - Procedure used to prepare coal ash-RHA-based glass—-ceramics (CA: coal ash, CH: calcium hydroxide, RHA: rice husk

ash).
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Fig. 2 - Particle size distribution of the raw materials.

and commercial calcium hydroxide (Ca(OH),=CH) (Fig. 1).
The CA was obtained from the furnace of the Lago Verde
brick company (southwestern region of Colombia), and the
RHA was rice husk that had been burned at 600°C for 2h
at the La Esmeralda rice company (Jamundi). The CH was
commercially acquired (Corona®, Colombia). The starting
materials CA and RHA were mechanically conditioned in a US
Stoneware ceramic ball mill. The particle size and distribution
of the raw materials was determined with a Mastersizer 2000
laser granulometry device (Malvern Instrument), using water
as the dispersing medium. The average particle size of the CA,
RHA and CH was 33.48, 21.87 and 41.15 um, respectively, and
the particle size distribution can be observed in Fig. 2. The
density of the raw materials was determined by following the
ASTM C127-04 standard and using the pycnometer method;
the density of the CA, RHA and CH was 2480, 2000 and
2250kg/m3, respectively.

The chemical composition of the CA, RHA and CH, as
presented in Table 1, was determined with a PANalytical
sequential wavelength dispersive X-ray fluorescence spec-
trometer (WDXRF), model AXIOS mAX, equipped with a
rhodium tube and operated with a maximum power of 4.0 kW,
and the SuperQ software version 5.0L was used. The results
show that the CA has an elevated content of SiO, and
Al,O3 (with a SiOy/Al,03 molar ratio of 4.0), but its alkali
level is quite low; the RHA has an elevated content of SiO,
(95.59 Wt%).

The mineralogical composition of the CA was determined
using a X’Pert MRD PANalytical diffractometer with CuKa
radiation generated at 45kV and 40 mA; the specimens were
scanned between 10 and 60° 20 with a step size of 0.02°. The
X-ray diffraction patterns are shown in Fig. 3, where the pres-
ence of traces quartz (Inorganic Crystal Structure Database, ICSD
100341) is observed in the RHA. However, the increasing base-
line between 18 and 30° 26 indicates the presence of a large

Table 1 - Chemical composition of the raw materials.

Component CH (wt%) CA (wt%) RHA (wt%)
SiO, 0.52 62.13 95.59
Al,03 0.17 26.36 0.19
CaO 71.47 1.27 0.65
Na,O0 0.02 0.27 0.07
Fe,03 0.07 4.88 0.18
K,O - 0.81 0.16
MgO 1.81 0.25 0.51
CuO - 0.01 -
ZnO - 1.19 -
TiO, = 0.01 =
P20s 0.01 = _
SOs 0.48 - -

Cl 0.10 - -
SrO 0.03 — —
Loss on ignition (1000 °C) 25.42 1.02 2.66

amount of reactive or amorphous silica. The crystalline phases
identified for the CA were quartz (ICSD #100341), hematite
(ICSD #066756) and mullite (ICSD #066445).

Design and obtention of glasses and glass—ceramics

The raw materials to produce the glass-ceramics corre-
spond to the (Nay0)-Ca0O-Al,03-SiO, ternary system shown
in Fig. 4a. Highlighted inside the red circle are the crystalline
phases that should be obtained according to the raw material
used. The material of interest is then a glass—ceramic con-
taining tridymite, anorthite and pseudowollastonite phases,
which in principle, could give to the final glass-ceramic to good
mechanical properties and a high hardness [1,27]. Anorthite is
characterized as having a high chemical resistance in alkaline
and acidic environments [27,28]. To comply with the above-
mentioned recommendations, five mixtures were designed,
in which the Ca0O/SiO, molar ratio was varied between 0.25
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Table 2 - Mixture design used to obtain the glasses.

CH, wt%

Ca0/Si0, molar ratio Si0,/Al, 03 molar ratio
0.25 13.74
0.29 5.98
0.33 12.76
0.35 9.15
0.39 7.54

ID sample CA, wt% RHA, wt%
0.25 30 50 20
0.29 60 20 20
0.33 30 45 25
0.35 40 35 25
0.39 60 15 25
—RHA Q Quartz', ICSD 100341
—CA Hematite, ICSD 066756
Mullite, ICSD 100805
Q
M M
Q H Q
M HA \ HQ fHQ Q HQ”
T % T J T J T ¥ T Y
10 20 30 40 50 60
20 (Cua)

Fig. 3 - X-ray diffraction patterns of the raw materials.

and 0.39 (Table 2). To synthesize the glass, a powder mix-
ture was prepared comprising 90wt% of the raw materials
(according to Table 2), 5wt% of the network modifier (ZnO)
and 5wt% of sodium tetraborate (Na;B407), which acts as
the fluxing agent and decreases the viscosity of the molted
material [29]. Due to incorporating the fluxing agent, it is
possible after the sintering processes to form sodium-rich
crystalline phases, as observed in the Na;0-Al,03-SiO, dia-
gram (Fig. 3b).

a) $i0,
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Considering the proportion of the mixture components
(Table 2), the composition of the designed glasses is presented
in Table 3. The parental glasses are identified by the GXX
code, and the thermally treated materials (glass-ceramics) are
identified by the GCXX code; in both cases, XX represents the
Ca0/SiO, molar ratio used in the mixture.

The powders (CA, RHA and CH) were previously homoge-
nized and placed in alumina crucibles (Fisherbrand™), which
were then subjected to 1450°C in a Nabertherm electric fur-
nace; a heating rate of 15°C/min was used, and the samples
were held for 2h at the maximum temperature to completely
melt the powders. The viscous fluid obtained was poured into
water to produce the parent glass (G) particles. The G parti-
cles were then manually ground in a mortar to thus obtain
the glass powders, which were then subsequently sintered.
To obtain glass-ceramic with good properties, it is necessary
to control the process to crystallize the parent glass by deter-
mining the optimum temperature for crystal nucleation and
growth, by differential thermal analysis. This technique can be
used to identify the exothermic crystallization peak (T¢). Once
the crystallization temperatures are identified, the parental
glass powders are compacted into circular pellets with 13mm
diameters (approximately 0.5g of material). A 10% wt HyO
solution was used as the binder for compaction, which was
performed with a manual press (CrushlIR, Pike Technologies)
operated with a pressure between 8 and 9tons. After pow-
der compaction, the samples were stored in a desiccator to
prevent the inclusion of moisture. Then, the pellets were heat-
ing up in one-step until Tc, and maintained during 2h at this
temperature. After the glass—ceramics obtained were charac-
terized.

b) SiO,

102 %
60 = z‘e Al,03-2Si0; \
=0 Carneglte/\\ \ \\
d 2Na O SiO. 500
70 A ‘_/ ;\\4 Nov N
Na,O 10 50 60 Al,O,

Fig. 4 - (a) Ternary SiO,-Al,03-CaO diagram [1]. (b) SiO,-Al,03-Na,0 diagram [30].
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Table 3 - Chemical compositions of the designed glasses.

Glass ID Si0,, wt% Al, O3, Wt% CaOo, wt% Na,0, wt% K70, wt% ZnO, wt% Fe,03, wt%
G0.25 64.91 8.02 14.99 5.11 0.24 5.0 1.46
G0.29 55.85 15.86 15.18 5.19 0.49 5.0 2.93
G0.33 60.32 8.02 18.53 5.11 0.24 5.0 1.46
G0.35 57.30 10.63 18.60 5.14 0.32 5.0 1.95
G0.39 51.26 15.86 18.72 5.20 0.49 5.0 2.93

Characterization of parent glasses and glass—ceramics
The following techniques were used:

- The thermal analysis test (Differential Scanning Calorime-
try) was performed with a TA Instruments STD Q-600 device
operated with a nitrogen atmosphere, temperature range
of 40-950°C, heating rate of 10°C/min and N, flow of
100 ml/min.

- Scanning electron microscopy (SEM) was used to evalu-
ate the microstructure. This test was performed with a
JEOL JSM-6490LV instrument using the backscattered elec-
tron method. To observe the thermally treated samples
(glass-ceramics), the surface was previously attacked with
5% hydrofluoric acid (HF), which dilutes the amorphous por-
tion and allows the sample microstructure to be observed.
Then, the samples were surface coated with gold for 15s
using Denton Vacuum equipment (Model Desk IV) to achieve
a conducting surface.

- The apparent density, percentage of absorption and volume
of permeable voids were determined according to a slight
modification of the ASTM C642 standard, in which the sam-
ples were immersed in water at 100°C for 2h instead of
the 5h specified in the standard for Portland cement-based
materials. Two samples for every composition were evalu-
ated.

- Solutions of NaOH and HCl with concentrations of 0.01M
were prepared for the chemical resistance test. The test was
performed based on the methodology used by Zhang et al.
[29], which consists on introducing the pellets into these
solutions at 95 °C for 6 h and monitoring the mass loss every
2h. Two samples for every composition were evaluated.

- The microhardness was evaluated using the Vickers hard-
ness test according to the ASTM C1327-15 standard. The
equipment used for this test was a THV-1D digital micro-
hardness tester from Beijing Time High Technology Ltda.
The load used was 1kgF. In addition, the Young’s modu-
lus (E) was evaluated by the instrumented nanoindentation
test (Hysitron TI950 TriboIndenter, Bruker) with a Berkovich
diamond tip and a 5 x 5 matrix. Each consecutive indenta-
tion was separated by 4.5 um to prevent the residual stresses
of the adjacent imprints from interfering with each other.
The calibration test was performed with fused silica sam-
ple with a maximum load 300 mN. The force-displacement
curves were used to determine the elastic moduli. The E
determined for each indentation was calculated using the
standard methods of Oliver and Pharr with Equation 1 given
in the [31] reference:

Tc (G0.25): 900°C ; Tc (G0.35): 850°C
14 Tc (G0.29): 850°C ; Tc (G0.39): 930°C

Tc (G0.33): 850°C

0

5 11
3

3 2
[T
5

T 31

-4 -

'5 T T T T T T T T 1
200 400 600 800 1000
Exo Up

Temperature (°C)

Fig. 5 — DSC curves obtained for the glasses, was used to
determine the T.. The select T, is marked with (x).

where v corresponds to the Poisson’s ratio, estimated to be
0.245 for a glass—ceramic of the CaO-Si0,—Al, 03 system [32],
E; (GPa) corresponds to the reduced modulus of the stud-
ied glass-ceramics, and v; (0.07) and E; (1141 GPa) are the
data associated with the Berkovich indenter. The applied
load was in the unloading mode from 10,000 nN down to
160 uN. The hardness values (H) were calculated by follow-
ing the procedure of Oliver and Pharr, and therefore, these
values correspond to the averages obtained for each group
of indentations. The fracture toughness (Kj.) was calculated
using the model of Anstis et al. [33] according to Eq. (2),
which is based on the measured length of the cracks coming
from the corners of the Vickers notches:

E P
K = 0.016\/; (&7) @

where P is the load in newtons, c is the crack length from
the center of the indent to the crack tip in meters, E is the
Young’s modulus and H is the Vickers hardness in GPa.

Results and analysis

Microstructure of the ceramics obtained from the glasses
with different CaO/SiO, ratios

The Differential Scanning Calorimetry (DSC) curves of the par-
ent glasses are shown in Fig. 5. Although the DSC tests do
not show that the glasses obtained have high devitrification
capacities, the crystallization temperature (Tc) for samples
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a) GC0.25

d) GC0.35

b) GCO.2

c) GC0.33

e) GC0.39

Fig. 6 - Appearance of the sintered samples.

were selected from the obtained graphs. In general, these Tc
temperatures range between 850°C and 930°C. Fig. 6 shows
images of the materials obtained after the sintering pro-
cesses, where it can be observed that at a higher SiO,/Al,05
molar ratio, the samples have a brighter appearance and
rounded edges, which is due to the low viscosity of the glassy
phase. The GC0.35 and GC0.39 samples are appearing opaquer
and have well-defined edges, just these samples have high
Ca0/Si0, molar ratio and low SiO,/Al,03 molar ratio. Note
that the samples with glassy appearance correspond to the
samples with higher SiO,/Al,03; molar ratios (Table 2).

The XRD patterns obtained for the sintered samples
are shown in Fig. 7. Anorthite (CaAl,Si0,0s) and albite
(Na,Ca)(Si,Al)4Og are mainly observed to form in the sintered
samples GC0.29, GC0.35 and GCO0.39, which correspond to
the mixtures with lower SiO,/Al,03 molar ratios (5.98, 9.15
and 5.48, respectively). In contrast, the XRD patterns of the
samples GCO0.25 and GCO0.33, which correspond to the higher
Si0,/Al,03 molar ratios, 13.74 and 12.76, respectively, showed
small peaks corresponding to cristobalite (SiO;) and a higher
content of the glassy phase. Notably, wollastonite (Ca3Si3Og)
was expected to form in these mixtures. The absence of wol-
lastonite can be attributed to the high contents of Al,03 in
CA and to the low percentage of CaO present in the mix-
tures. Soares et al., obtained wollastonite at temperatures of
approximately 900 °C but observed higher contents of Cain the
mixture [35]. In conventional sintered glasses, small crystals
grow in size, and phases with anorthite or plagioclase crys-
tals are common [27,36]. Therefore, both the CaO/SiO, and
Si0,/Al,03 molar ratios affect the formation of the crystalline
phases and have to be considered simultaneously in the mate-
rial design.

The albite crystalline phase is found in the
Nay0-Al,03-SiO; system, and its formation is due to

*O

* Albite, (Na,Ca)(Si,Al),0, 020-0548

0 Anorthite (CaAl,Si0,0,) 012-0301

J O Cristobalite (SiO,) 039-1425

Relative Intensity

GCO0.25

20 (Cuc)

Fig. 7 - X-ray diffraction pattern of the sintered samples.

incorporating Na,O as a fluxing agent. The sodium atoms are
introduced into the silica and alumina tetrahedral structure,
which are found in the same region in the CaO-Al,03-SiO,
and NaO,-Al,03-Si0; ternary diagrams, as shown in Fig. 4b.
Fig. 8 shows the SEM images of the sintered samples. The
presence of the glassy phase is mainly observed in the GC0.25
(Fig. 8a) and GC0.33 (Fig. 8c) samples. The XRD patterns of
these samples contained small crystalline peaks associated
with traces of cristobalite. For the GC0.29 and GCO0.35 samples,
the formation of the lamellar anorthite crystals and albite is
confirmed by the needle-shape morphology, which has been
identified by other authors [27,37]. The glassy phase is also
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Fig. 8 - SEM images of the sintered samples.

observed in GCO0.39; additionally, the size crystals is smaller
compared with GC0.29 and GCO0.35.

Physical and mechanical properties of glass-ceramics

Fig. 9 shows the variation of the bulk density and water
absorption of the glass—ceramics obtained with respect to the
SiO2/Al;03 molar ratio used to design the glasses (Table 2).
In general, the bulk density of glass-ceramics is between
2607 £100 and 2739j:60kg/m3; these values are similar to
the reported bulk densities of wollastonite glass-ceramics [1].
The results presented in Fig. 9 show that higher densities are
obtained in the glass-ceramic as there is a higher content of
crystalline phases (GC0.29, GC0.39) (Fig. 7). Although this is not
true for GCO0.35. In general, these three samples showed less
water absorption. The opposite is seen in samples of vitreous
character, which correspond to those of greater molar ratio
Si0,/Al,05 (Si/Al). In general, the results of water absorption
(Fig. 9b) were between 0.13+0.02 and 0.48 +0.05%.

The Vickers microhardness values of the glass—ceramics
GC0.29, GCO0.33, GCO0.35 and GCO0.39 were of 643+29MPa,

Table 4 - Mechanical properties determined by the
nanoindentation test.

Sample E (GPa) H (GPa) Ki. (MPam?)
GC0.29 96.20 + 13.97 9.13 + 1.48 0.46 + 0.08
GC0.35 95.05 =+ 5.33 9.34 + 111 0.39 + 0.03
GC0.39 96.12 + 15.74 9.77 + 1.67 0.59 + 0.07

570+ 14 MPa, 640 + 17 MPa and 622 + 27 MPa respectively. Yang
[36] and Liu [38] found that increasing the CaO/SiO; ratio pro-
motes glass crystallization. However, in this investigation the
Si0,/Al;05 is an important parameter to control the crys-
tallization process. Even samples with high Ca0/SiO, and
Si0,/Al,05 ratio such GCO0.33 did not show ease of crystalliza-
tion and mostly showed vitreous phase. Wollastonite-based
glass-ceramics have usually, hardness values of 600 MPa [1],
but wollastonite was not observed in any of the studied mix-
tures.

The nanoindentation tests results for samples with higher
crystal phases contents are shown in Table 4. The fracture
toughness (K;.) was determined by measuring the crack length



190 BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 60 (2021)183-193

a) b)
0,6 1
GCO0.39 *
28004 GCO0.29 GC0.33
T GC0.33 0,5
2750+ — % GCO0.25
> [ ]
P 1 GC0.35 <
£ 27004 T GCo25 § 041
2 =
- [=]
2 2650—. é 034
@ e
S 2600 ) 5 GC0.39
3 = 02{gco29 " GCO.35
2550 | E {
2500 0.1
Si/AII 6.0 Si/AII 7.5 Si/Ai 9.2 Si/AI|12.7 Si/AII13.7 Si/AII 6.0 I Si/AII 7.5 ' Si/AII 9.2 ISi/Alx12.7xSi/AII13.7‘
Molar ratio SiO,/Al,O, Molar ratio SiO,/Al,O,

Fig. 9 — (a) Bulk density and (b) water absorption of the glass-ceramics.

2479

124.0

0.0

Image Scan Size: 20.000 pm Image Scan Size: 20.000 pm

c)

2740 . L 0.6
2720
2700
2680 - 0,5

2660

| B}
(g, W -ed ) o1%

2640 4

Bulk Density, (kg/m°®)

2620 - 0.4

2600

T ¥ T ¥ T
GCO0.29 GCO0.35 GCO0.39

Sample

Fig. 10 - Images of the glass-ceramic samples, with marked locations of the indents on (a) GC0.39, (b) GC0.29 and (c)
correlation between bulk density and K;..




BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 60 (2021)183-193

191

a)

1,6 <
10 B
w
1,4 o
o 0
x »
% 124 ro8 g
3 g

o
(2]
; 1,0 =
o 06 o
g g
g 0,8 o
2

- 0,4
5 08 )
o o
E 04 o
g 2
0,24 2
0.083= =
0,0 T T T T 00 &
GC0.29 GCO0.33 GCO0.35 GC0.39
Sample

0150~ 016

1,6 | -—1.51 O

0,15 &

144 2

R 0,14 @

o 12 130 3

3 F013 =

o 1.04 =

3 L012 @

8 o8 0.87 8

£ 08 3 Lo11 2

Q @
o

0,6 g

s 9 o0 ©

° 0.100 z

E 04 Lo,09 O

5 - B

> /0,33 =

0,2 " \ Loos ©

0.079

0.079 018 =

0,0 T T T T 0,07 78

GC0.29 GC0.33 GC0.35 GC0.39 =

Sample

Fig. 11 - Volume of permeable voids in the glass-ceramics vs mass loss after 6 h exposures to 0.01 M HCl and NaOH

solutions.

obtained in the Vickers hardness test, and the E was deter-
mined by the nanoindentation test. The Kj. was between
0.39 and 0.59MPamY?2, and similar values were reported by
Montoya-Quesada using fly ash [21]. Fig. 10a and b shows that
although the Berkovich tip did not cause plastic deformation
of the imprint, the imprints contain different phases, and the
elastic modulus data obtained are homogenous. The hard-
ness of the studied samples determined by nanoindentation
(9.13-9.77 GPa) was higher relative to that reported for lithium
silicate glasses (6.5GPa) and their respective glass-ceramics
(8.3 GPa) [34]. In general, the E was ~96 GPa for the evaluated
GC mixtures. Note that the SEM image of the glass-ceramics
(Fig. 8) showed that these samples are partially crystallized,
that is, they contain a residual glassy phase. In this regard, an
elastic modulus of 133 GPa has been reported for fully crys-
talized glass-ceramic samples [34]. The E reported for the
commercial glass-ceramic, Neopariés, is 86 GPa, whereas that
of marble and natural granite is 75GPa and 51 GPa, respec-
tively [39], which indicates that the E of the glass-ceramics
produced in this study was 10.6% higher than that of the com-
mercial Neopariés glass—ceramic. An additional advantage is
that the glass—ceramics produced in this work were obtained
from industrial wastes such as CA and RHA. Fig. 10c shows
the direct correlation between fracture toughness (K;.) and the
density of the glass-ceramics evaluated.

Durability in HCl and NaOH solutions

With respect to the application in construction the chemical
durability is an important property of glass—ceramics, given
that these materials are used as coatings, facades and ele-
ments that can be in contact with the environment. In acidic
solutions, the hydrogen ions replace the alkaline ions in the
glass structure, whereas in alkaline solutions, the silica struc-
ture is attacked [27]. Sample GC0.33 was the sample with the
highest mass loss in the presence of HCl and NaOH and also
contains the highest volume of permeable voids (Fig. 11a and
b). This sample exhibited a lower proportion of crystalline
phases, and as observed by the dynamic recrystallization test,
the main phase was cristobalite.

Fig. 12 - Appearance of GC0.29 after immersion in HCI (left)
and NaOH (right) solutions for 6 h.

The mass loss of the glass—ceramics GC0.29, GC0.33, GC0.35
and GC0.39 produced by acidic environment was 0.540, 0.503,
0.507 and 0.517 mg/cm?, respectively. These mass losses are
lower than the mass loss reported by Toya et al. [28], for
glass—ceramics containing the anorthite and diopside phases
and obtained from kaolin and dolomite wastes, 1.3mg/cm?.
In the presence of NaOH, the mass losses of GC0.29, GC0.33,
GC0.35 and GC0.39 were 0.529, 0.523, 0.484 and 0.522 mg/cm?,
respectively, which are also lower than the loss reported by
Toya et al. (1.4 mg/cm?) [28]. Lim et al. [40] reported mass losses
above 30% for ceramics based on anorthite and exposed to acid
solutions (10% HCI); in the present investigation, the mass loss
values do not exceed 1.1% (Fig. 11a). The same authors report
that in the presence of alkaline solutions (10% KOH), the mass
loss was ~0.43% after 5h at 80°C [40]; the glass—ceramics pro-
duced in this investigation (Fig. 11b) did not exceed a mass loss
of 0.15%. Froberg et al. [27] found that the acid attack of the
glass-ceramic samples containing the anorthite phase was
relatively mild, since anorthite is formed in glasses with high
corundum contents, and the glassy phase had a high alumina
content, thus tending to increase the surface durability.

The reported mass losses of a commercial Neoparis
glass-ceramic were 3.4mg/cm? in acidic environments and
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1.4mg/cm? in alkaline environments [41]. Based on the results
of previous investigations and the reported durability of com-
mercial glass—ceramics, the glass—ceramics produced in this
work are considered to have a high chemical durability.
Fig. 12(left) demonstrates the change in color of the samples
after immersion in HCl, showing some points of attack (pits)
on the surface and a higher opacity and roughness. Over time,
the material is expected to trap dust, lowering its cleaning
capacity [42,43].

Conclusions

From the results here obtained, it can be concluded that was
possible synthesizing glass—ceramics containing crystalline
phases such as anorthite, albite and cristobalite from proper
amounts of industrial wastes such as RHA and coal ash.

The Ca0/SiO, ratio, as well as the SiO,/Al,05 ratio, con-
tributes to the forming the crystalline phases. For this
reason, samples with higher Ca0/SiO, molar ratios but lower
Si0O,/Al, 03 ratios result in anorthite and albite forming
(GC0.29, GCO.35 and GCO0.39). On the contrary, increasing the
SiO,/Al; 03 ratio (GCO0.33) inhibits the crystallization of these
phases, which significantly affects the final properties of the
material.

The glass—ceramics obtained (GC0.29, GC0.35 and GCO0.39)
had densities between 2607 and 2739kg/m>® and a water
absorption below 0.1%. The Vickers hardness was above
600 MPa, and the stiffness of the materials, determined by the
nanoindentation test, was ~96 GPa. The fracture toughness K.
was between 0.39 and 0.59 MPam'2. The chemical durability
of these glass-ceramics exposed to HCl and NaOH was consid-
ered excellent (approximately 0.5 mg/cm?), so they are good
candidates for applications as construction materials, tiles,
ceramic plates, coatings, among others.
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