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Abstract: A mixture of an illitic clay and waste glass was prepared and studied during the sintering
process. Theillitic clay, from the Liepa deposit (Latvia), and green glass waste (GW) were disintegrated
to obtain a homogeneous mixture. The addition of disintegrated GW (5-15 wt% in the mixture)
led to a reduction in the intensive sintering temperature, from 900 to 860 °C, due to a significant
decrease in the glass viscosity. The addition of GW slightly decreased the intensities of the endo- and
exothermic reactions in the temperature range from 20 to 1000 °C due to the reduced concentration of
clay minerals. GW reduced the plasticity of the clay and reduced the risk of structural breakage. The
increase in sintering temperature from 700 to 1000 °C decreased the apparent porosity and water
uptake capacity of the ceramics from 35% and 22%, down to 24% and 13%, respectively. The apparent
porosities of all the sintered mixtures showed a decrease of between 6% to 9% after the addition of GW
with concentrations from 5 up to 15 wt% respectively, while the water uptake capacities decreased
from between 4% and 10%. The addition of GW led to an increase in the apparent density of the
ceramic materials, up to 2.2 g/cm3. Furthermore, the compressive strength increased by more than
two times, reaching a highest value of 240 MPa after the sintering of the 15 wt% GW-containing
mixture at 1000 °C.

Keywords: clay; illite; glass; waste glass; ceramics; specific strength; compressive strength

1. Introduction

Between 1995 and 2015, the overall waste generation rate in the European Union increased by
366% [1]. In 2016, about 16.29 billion tons was generated by the second most common (with 3.5-4.2%
per year growth tendency) commercially available packaging material-glass [2]. Pollution risks
inevitably cause demands for more intensive recycling efforts. The utilization of glass waste in clay
ceramic products provides such benefits like decreased sintering temperature [3], reduced shrinkage
coefficient during the drying and sintering processes [4], and reduced water absorption coefficient of
the ceramics [5].

Sustainability principles require innovations for the more efficient and rational consumption of
nationally available raw materials into waste-free products. The design of highly porous clay ceramics

Materials 2020, 13, 596; d0i:10.3390/ma13030596 www.mdpi.com/journal/materials


http://www.mdpi.com/journal/materials
http://www.mdpi.com
https://orcid.org/0000-0003-1944-5766
https://orcid.org/0000-0002-7589-9474
http://dx.doi.org/10.3390/ma13030596
http://www.mdpi.com/journal/materials
https://www.mdpi.com/1996-1944/13/3/596?type=check_update&version=2

Materials 2020, 13, 596 2of 14

with relatively high specific surface area, reduced density [6], durability under thermal shock and
chemical attack conditions, and sufficiently high mechanical strength qualifies as high-value-added
widely applicable materials, which may offer considerable potential for the beneficial integration of
glass waste.

The dominant particle size and its distribution characterize the essential properties of the clay
feedstock. Fine-grained (so-called “fat”) clay is plastic and effectively maintains its shape during the
drying process. However, relatively high drying shrinkage may cause cracking, leading to structural
failure. More roughly grained (also called “stove”) clay exhibits a lower shrinkage coefficient during
drying [7]. However, a decrease in particle size reportedly led to an increase in the dimensional
changes during the firing of an illitic clay [8]. Besides, the dimensional stability of shaped clay becomes
challenging [7,9]. The addition of finely milled glass powder commonly reduces the plasticity of wet
clay; however, the effect on the porosity of the ceramic material must be considered.

In the scientific literature, there is a lot of information on different types of glass additions to
clay [10]. The kaolinite-type clays’ interaction with glass has been widely studied [11-13]. Very often,
glass-clay ceramics are described without any reference to clay type [14]. Ondruska et al. [15] described
the influence of waste glass addition on the thermal properties of kaolin and illite clays, but the main
parameters that characterize ceramics, such as porosity, shrinkage, and mechanical properties, are not
provided in their studies.

In Latvia, Slovakia, the United Kingdom, and other countries, illitic clays are widely distributed
and used. The bottle glass cullet and illitic clay have high importance because these materials are
widespread in Europe, in particular, and in the world in general. The lack of systematic studies of the
illitic clay and bottle glass cullet sintering behavior and the properties of the ceramic materials provide
justification for such a study. Some reports have shown the utilization of biomass in porous ceramic
material for building applications [16-19], but the mechanical properties of the bricks were shown to
deteriorate. On the other hand, the addition of glass cullet (GC) to the initial clay led to a strengthening
of the ceramic body and better performance in terms of mechanical properties and porosity [20-22].
The use of packaging glass waste in the ceramic industry shows promising results as the glass addition
does not lead to a severe deterioration of mechanical properties. Beneficial properties of small amounts
of glass addition (up to 20 wt%) were reported by Jimenez-Millan [23].

Herein, the effect of the most common municipal waste, selected green colored bottle GC, on
the properties of ceramic materials based on the clay from Liepa’s clay deposit, representing the
applicability of the two-rotor-type disintegrator to produce clay-glass powder type feedstock, is
reported. The present research aims to investigate the illite clay-glass system properties with 5-15 wt%
waste glass addition, up to temperature levels of 1000 °C.

2. Materials and Methods

2.1. Materials

Currently, the Liepa clay deposit is the most developed Devonian clay site commercially exploited
in Latvia. The chemical composition of the used clay — Liepa’s deposit (Lode LTD, Liepa, Latvia), as
determined in a previous work [24], and bottle glass [25] are indicated in Table 1. Mixtures of clay-GC
with the glass concentrations of 0, 5, 7, 10, 13, and 15 wt% of GC were prepared. Samples of clay-GC
with the glass concentrations of 0, 5, 7, 10, 13, and 15 wt% of GC were prepared by adding 14 wt%
distilled water to dry clay-GC mixtures, which were subsequently mixed to obtain a homogeneous
plastic mass, which was inserted in the extruder. Cylindrical samples, with a diameter and height
of 14 + 1 and 18 + 1 mm, respectively, were extruded. The extruded samples were dried in open air
for 72 h, then in an oven, MEMMERT ULE 400 (Memmert GmbH + Co. Schwabach, Germany), for
24 h, and subsequently sintered in a furnace, Nabertherm LHT 08/17 equipped with controller P330
(Nabertherm GmbH, Lilienthal, Germany), at temperatures of 700, 800, 900, 1000, 1050, and 1100 °C in
an air atmosphere, at a heating rate of 5 °K/min and a dwell time of 30 min at the highest temperature.
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The height of the obtained samples was sawn down to 14 + 0.5 mm with help of the Buehler IsoMet
Low Speed Saw (Illinois Tool Works, Glenview, IL, USA). Seven samples were prepared for each
experimental point (GC loading and firing temperature).

Table 1. The chemical composition and LOI in wt% of the Liepa clay and bottle glass.

Material Si02 A1203 F8203 CaO MgO Na20 Kzo Ti02 LOI *
Clay 628+05 154+07 68+02 07+02 14+02 01+01 42+01 19+01 47+01
Glass 70.20 2.10 0.10 9.50 - 16.60 - - 1.50

* LOI - loss at ignition

2.2. Feedstock

Homogenized clay from Liepa’s clay deposit (Lode LTD, Liepa Latvia) was crushed by a
hammer-crusher into agglomerates with sizes down to 20-30 mm, jaw-crushed down to 1-5 mm, and
subsequently dried to a constant weight in the MEMMERT ULE 400 (Memmert GmbH + Co. KG,
Schwabach, Germany) oven at 105 °C. Selected municipal-waste green-colored glass bottles were
washed, dried, hammer-crushed into cullets with particle sizes down to 20-25 mm, and jaw-crushed
down to 1-5 mm. The high-performance vibratory sieve shaker Analysette 3 (FRITSCH GmbH,
Idar-Oberstein, Germany), equipped with sieves with a nominal sieve opening from 0.045 up to 4 mm,
was used for granulometric analysis of the jaw-crushed materials of sample weight 100 g. Distilled
water was used for the preparation of the ceramic samples.

2.3. Milling and Mixing by Disintegration

Disintegration provides intensive grinding of a powder with the effect of high -energy shifting
during impacts. High linear speed causes particle collisions to the surface (target, grinding body) inside
the disintegrator chamber, generating higher stresses than the strength of the treated material [26].
Grindable particles collide at relative velocities up to 200 m-s~!, which leads to a significantly increased
surface area and chemical reactivity of the disintegrated product [27].

The disintegrator DSL-175 setup (Tallinn University of Technology, Tallinn, Estonia) [28-30] was
used for the clay and GC milling, and clay-GC dry mixture preparation. The preparation of the
clay-GC dry mixture comprised three stages: (i) Separate primary milling of each component by
disintegration; (ii) blending of clay and GC, in certain defined proportions, in a plastic container; (iii)
additional treatment of the dry clay-GC blend by the disintegrator DSL-175 for finer milling and better
mixing. For determination of the clay and glass particle distribution, parallel secondary milling, by
the disintegrator, of the clay and GC was done separately. To classify the milled product, a Fritsch
Analysette3Pro (FRITSCH GmbH, Idar-Oberstein, Germany) sieving machine and the following sieves
were used: 5.6,2.8, 1.4, 0.71, 0.355, 0.180, 0.090, 0.045, and 0.025 mm. The fine fraction that was left on
the meshes below 0.025 mm was then weighed and used for thorough analysis in the laser analyzer
Fritsch Analysette 22 (FRITSCH GmbH, Idar-Oberstein, Germany). The percentages of the fractions
were calculated and the particle size distribution curves were determined. The particle size distribution
after the second milling/mixing is presented in Figure 1 as a combination of a histogram (for particles
from 0.025 to 1.00 mm) and a curve for particle sizes below 0.025 mm. The degree of disintegration (n)

was calculated according to Equation (1):

— (1)

dso

where

Dsp—average particle size before disintegration, mm;
dsp—average particle size after disintegration, mm.
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Figure 1. Particle size distribution of the clay and glass after the second milling/mixing.
2.4. Characterization of the Sintering Process and Phase Transformation

Thermogravimetric (TG) and differential thermal analysis (DTA) of the samples were performed
during heating from 20 °C to 1100 °C under an air atmosphere with a heating rate of 5 °K/min using
the analyzer DERIVATOGRAPH Q-1000 (MOM SZERVIZ KFT., Budapest, Hungary).

Thermodilatometric (TD) analysis was carried out using the high-temperature optical microscope,
EM201 HT163 (Hesse instruments, Germany), during heating from 20 °C to 1300 °C in an air atmosphere
at a heating rate of 5 °K/min.

Phase compositions of the samples were determined by the powder X-ray diffraction (XRD) method
in a symmetrical Bragg-Brentano geometry on a D8 Discover (Bruker AXS, Karlsruhe, Germany) using
Cu-Ka radiation and a divergent beam. Quantitative Rietveld refinement was performed in a TOPAS
V5, aiming to determine the wt% of all the identified phases following the theory from [1,2].

A beam knife above the sample was used in order to suppress air scattering into the 1D X-ray
detector to enable the determination of the amorphous content. Phase identification was done using
the X'Pert HighScore program, which accessed the PDF-2 database of crystalline phases.

2.5. Characterization of Physico-Mechanical Properties

The apparent porosity and apparent density of the sintered samples were measured using
Archimedes’ principle in compliance with the standard LVS EN ISO 10545-3: 2002 [31]. Shrinkage
of the samples was measured by digital calipers (resolution: 0.01 mm) before and after firing. The
compressive strength of the sintered samples was measured with the mechanical tester Instron 8801
Universal Testing Machine (Instron, Darmstadt, Germany). The compression tests were performed at
a constant speed of 1 mm-min~! up to a deformation limit of 10%. Seven specimens were used for
each experimental point (GC loading and firing temperature combination) for compression, and the
Archimedes tests.

3. Results and Discussion

3.1. Efficiency of Clay and Glass Disintegration

The first disintegration of the clay resulted in nayerage_clay = 260 and an increased ratio of finer
particles (ds50_clay = 0.035 and 0.0035 mm) from 30% up to 70%. Repeated disintegration of the glass
led to a relatively homogeneous granulometric content with n,yerage_glass = 25, and dsg_glass decreased
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from 0.25 down to 0.1 mm, as shown by the combined bar-line diagram in Figure 1. The total specific
electrical energy was 6.8 kW-h-t~! (24.48 kJ/kg) for the double disintegration milling.

3.2. Effect of the Glass Concentration on the Sintering Processes

The results of the DTA and TG exhibited two endothermic and one exothermic reaction in all
cases, as shown in Figures 2 and 3, respectively.
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Figure 2. Differential thermal analysis (DTA) results of the tested clay-glass ceramic materials in the
temperature range from 20 up to 1100 °C. The content of glass in wt% is in the legend.

0%
7%
X
g —15%
c
(1]
=
o
a
1]
£
[}
2
=
L
(]
o
-5 T T T T T T T T T T 1
50 150 250 350 450 550 650 750 850 950 1050

Temperature, °C

Figure 3. Thermogravimetric (TG) analysis results of the tested clay-glass ceramic materials in
temperature range from 20 up to 1050 °C. Detected events (1, 2, and 3) are indicated. The content of
glass in wt% is in the legend.
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The first endotherm in the temperature range between 20 and 200 °C (see event N° 1) is linked to
a relative mass loss of 2% in the case of the pure clay (Figures 2 and 3). This effect indicates the removal
of the physically adsorbed water (and the rest of the water that was added during the preparation) and
decomposition of crystal hydrates. Oxidation and decomposition of organic matter characterize the
observed exothermic effect in the temperature range between 200 and 400 °C, as shown in Figures 2
and 3 (see event N° 2). The second dominant endothermic peak is linked to the dehydroxylation of the
clay mineral - illite, between 400 °C and 700 °C, accompanied with mass loss (see event N° 3). This
process causes a decrease in the sample’s mass as the constituent water evaporates. The decomposition
of MgCOj3 (700-800 °C) and CaCOj3 (800-900 °C), and the reduction of Fe;O3 to FeO, exhibits low
intensities, confirming the low concentrations of 1.32, 0.83, and 7.15 wt%, respectively [32], as shown in
Figures 2 and 3 (see event N° 3). The intensity of the observed effects decreased with the concentration
of the glass. The increase in glass concentration, up to 15 wt%, led to similar intensities in the DTA and
TG plots, as compared to the previous mixture (5 wt%). The glass transition at 600-716 °C (Figure 4)
not affecting the common DTA and TG patterns. At temperatures above 900 °C, the creation of new
phases — spinel and cristobalite, was observed by the small exotherm effect at 900 °C (Figure 2). The
formation of new phases in the glass and clay minerals reaction was the XRD pattern of the pure
glass (Figure 5), where the formation of cristobalite during the thermal treatment was not observed.
Additional evidence of the formation of new phases was also supported by XRD analysis (Figures 6
and 7).
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Figure 4. Dilatometric curves of the tested clay-glass ceramic materials in temperature range from 20
up to 1300 °C. Detected events are indicated. The content of glass in wt% is in the legend.

Dilatometric analysis of the clay showed the beginning of the sintering at 900 °C, as seen in
Figure 4. The silhouette of the clay sample did not change its shape during heating up to 1260 °C. The
transformation temperature of the glass occurred around 600 °C. The Littleton softening point of the
tested glass occurred at 716 °C, at which the viscosity for glass is 6.6 Pa/s [25,33]. Densification of
the tested glass ended at 900 °C with a subsequent liquid phase formation, which caused swelling
at temperatures up to 1000 °C. Furthermore, the increase in temperature up to 1000 °C reduced the
viscosity [33,34].

The addition of any amount (5-15 wt%) of GC decreased the onset of the clay’s sintering from 900
°C down to 860 °C. The course of the dilatometric curves did not differ significantly for the prepared
samples (linear expansion up to the onset of the sintering, then shrinkage). Thus, the sintering was
mainly governed by the clay in the samples. Once melted, the glass filled the pores in the ceramic
body, thus leading to a more pronounced densification. This behavior highlights the role of the glass in
the sample.
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Figure 5. XRD pattern of the glass cullet (GC) (bottom curve) and GC treated at 1000 °C (upper curve).
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Figure 6. XRD patterns of Liepa clay fired at 700, 800, 900, and 1000 °C (from the bottom to top).
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The phase composition of the studied samples below 900 °C showed a gradual increase in the
amorphous content with glass content in the mixtures. Above 900 °C, the mineral illite underwent a
structural collapse, and a glassy phase formed in accordance with the results reported for a clay with
high illite content in [8,35-37]. Owing to this transition, the amorphous content increased further. After
heating at 1000 °C (without glass addition), quartz (PDF#01-077-1060), muscovite (PDF#00-007-0025),
illite (PDF#01-076-5970), diopside (PDF#01-071-3828), haematite (PDF#00-033-0664), and microcline
(PDF#01-076-6582) were identified as mineral phases present in the sample (Figures 6 and 7). The
glass addition gave rise to a new mineral phase, as cristobalite (PDF# 00-027-0605) appeared in the
fired samples. At temperatures above 960 °C, the silica tends to form cristobalite, which explains the
increase in the cristobalite content with temperature [38]. On the other hand, the glass addition led to
a decrease in the quartz content after the highest firing temperature. When comparing the samples
CLWG 0% and CLWG 15%, it is evident that some mineral phases — notably, magnetite — vanished, but
diopside formed at lower temperatures (at 800 °C) and in a higher amount, while only cristobalite
appeared as a new mineral phase. The amounts of the crystalline phases and the total degree of
crystallinity are represented in Table 2. The amount of each crystalline phase was calculated from only
the crystalline parts (amorphous phase excluded). It can be clearly seen that the glass addition, rather
than increasing the amorphous content, supports the crystallization at high temperatures.

Table 2. The phase composition of the fired clay and clay-glass ceramics.

Phase. % CLWG 0% CLWG 15% Glass 100%
! 20°C 700°C 800°C 900°C 1000°C 700°C 800°C 900°C 1000°C 20°C 1000°C
Quartz 40.8 60.9 60.3 71.0 72.6 57.7 58.7 69.1 67.9
Tllite 45.8 28.7 185 30.8 26.9 6.8
Haematite 3.1 1.5 1.8 3.0 5.3 4.6 53 5.0 4.6
Microcline 34 29.2 8.7 7.1 8.3 6.9 3.6 6.8 8.6
Kaolinite 6.9
Magnetite 0.51 0.49
Diopside 1.7 55 48 53 60.4
Spinel 122 3.9 7.3
Cristobalite 35 6.4
Wollastonite 39.6
Amorphous phase, % 13.0 13.0 14.0 21.0 26.0 16.0 15.0 21.0 26.0 100 85.0

3.3. Effect of Sintering Temperature and Glass Concentration on the Physico-Mechanical Properties of the Clay
Ceramics

To obtain detailed information about the behavior (water uptake capacity, porosity, apparent
density, etc.) of the prepared samples during the firing process, the samples were fired to different
temperatures and subjected to mechanical tests. First, samples prepared from the clay without GC
addition were prepared and fired at different temperatures from 700 to 1000 °C at 50 °C intervals.
Secondly, samples prepared from the clay and GC were fired at different temperatures ranging from
700 to 1000 °C with 100 °C intervals. The trend of the curves exhibited a similar character; thus, a 100
°C temperature step can be considered short enough for a thorough description of the evolution of the
physico-mechanical properties of the prepared samples (Figures 8-11).

The water uptake capacity decreased from 21 to 13% for clay without GC addition, and from
11 to 3% for a GC loading of 15%, with an increase in the firing temperature from 700 to 1000 °C.
Densification of the tested clay after sintering at temperatures above 850 °C was related to a decrease
in the open porosity, as detected by the thermodilatometric analysis shown in Figure 4. The decrease
in the open porosity, in turn, led to a decrease in the water uptake capacity. An increase in the sintering
temperature above 850 °C led to a decrease in the apparent porosity from 35% (700 °C-800 °C) to 24%
(1000 °C). The apparent density increased accordingly, from 1.68 to 1.93 g/cm?, as shown in Figures 8
and 9, respectively.
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Figure 8. Apparent porosity of tested clay-glass ceramic materials after sintering at temperatures from
700 up to 1000 °C. The content of glass in wt% is in the legend.
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Figure 9. Apparent density of tested clay-glass ceramic materials after sintering at temperatures from
700 up to 1000 °C. The content of glass in wt% is in the legend.
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Figure 10. Shrinkage of tested clay-glass ceramic materials after sintering at temperatures from 700 up
to 1000 °C. The content of glass in wt% is in the legend.
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Figure 11. Compressive strength of tested clay-glass ceramic materials after sintering at temperatures
from 700 up to 1000 °C. The content of glass in wt% is in the legend.

The addition of the tested glass feedstock, up to 5 wt%, reduced the apparent porosity by 6%, after
sintering at all the studied temperatures (Figure 8). An increase in glass concentration led to an increase
in the apparent density by 2% (7 wt%, 1000 °C) and by 30% (15 wt%, 900 °C), as shown in Figure 9.
The apparent porosity of all tested clay-glass mixtures decreased below 20% after sintering at 1000 °C.
Shrinkage of the tested clay increased from 7% up to 12% with an increase in sintering temperature
from 700 °C to 1000 °C. The addition of glass led to a decrease of up to 4% in the overall shrinkage of
the ceramic body during the sintering of the sample with 15 wt% of GC at 1000 °C, as demonstrated in
Figure 10 and confirmed by the interpretation of the endo- and exothermic processes detected in the
DTA measurements (see Figure 2).

The compressive strength of all tested materials increased with the sintering temperature.
However, its growth was more pronounced above 800 °C, as shown in Figure 11 and confirmed by TD,
as demonstrated in Figure 4. The compressive strength increased in the case of samples with a glass
content of more than 10 wt%, reaching 240 MPa (15 wt%, 1000 °C).

The added disintegrated glass acted as a degreaser in the plastic clay-water mixture, due to
its almost non-plasticity, with the concomitant reduction of humidity inside the extruder and the
consequent reduction in the drying shrinkage [39], as demonstrated in Figure 10. The presented
effect implies a lower risk of drying caused by breakage and segregation (i.e., cracking) inside the
glass containing clay. As may be seen from the Figure 11, the most significant increase in mechanical
properties had specimens fired at 800 °C and above with 13 and 15 wt% GC loading. The compression
strength increased on average by 250% at 800 °C, 60% at 900 °C, and 80% at 1000 °C in comparison to
the clay without GC. At the same time, the apparent density did not increase much. These effects could
be explained less by the appearance of new phases and crystallization, as reported by Bernardo et
al. [40], and more by better clay-GC particle packaging in the mixture (according to Fuller’s curve [41]),
where 13-15% of bigger GC particles were surrounded by much smaller clay particles and transitted
to a low-viscosity state at temperatures above 716 °C (Littelton point, [25,33]) and over 860 °C; the
“absorbed” nearest particles formed in this way vitrified agglomerates after the specimen cooled down.

The added GC acted as a fluxing agent during sintering of the dried clay-glass mixture. Once
melted, the glass filled the pores of the ceramic material and contributed to its densification [42],
as shown in Figure 9. The addition of the glass reduced the firing temperature (down to 860 °C) at
which sintering of the tested clay occurred.
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A higher clay-ceramic material density led to higher compressive strength values, as demonstrated
in Figure 12. Many researchers have developed the classification of materials related to those between
different selected parameters essential for specific applications. One of the most successful and
practically applied approaches has been published by Ashby [43], plotting mechanical strength against
the density of a material, as shown in Figure 13. Properties of the tested materials in the present work
exhibit similar density values to the traditional ceramic products, and maintain a mechanical strength
comparable to such high-strength polymers, like glass fiber-reinforced plastics (e.g., epoxy).
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Figure 12. Dependence of compressive strength on apparent density of tested clay-glass ceramic
materials after sintering at temperatures from 700 up to 1000 °C.
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4. Conclusions

Selected clay from the Devonian Liepa clay deposit and municipal-waste green glass cullets were
disintegrated twice with the dominant particle sizes down to dsp_cay = 0.035 and 0.0035 mm, and
ds0_glass = 0.1 mm, respectively. Two cycles of clay and glass cullet disintegration with the selected
disintegrator DSL = 175 required a total specific electrical energy of 24.48 kJ/kg. The addition of the
disintegrated glass to the clay reduced the beginning of the clay sintering temperature from 900 °C to
860 °C due to the melting of the glass. The glass addition slightly decreased the typical clay endo-
and exothermic DTA peak intensities in the temperature range from 20 °C up to 1000 °C due to the
reduced concentration of clay minerals in the mixtures. Waste glass reduced the plasticity of the clay
and reduced the risk of structural failure. By incorporating packaging glass waste into traditional
ceramic products, not only economical but also environmental benefits can be gained. The use of
waste materials decreased the production cost. In the present paper, it was proved that the addition
of packaging waste glass brought about several benefits. First, compressive strength was increased.
Secondly, water uptake was decreased. Thus, the incorporation of up to 15 wt% of glass waste to illitic
clay products was proved to be beneficial from economic, environmental, and practical sides.
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