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Abstract

In this paper, a glass powder from waste containers was mixed (10 - 40 wt.%) with a kaolinitic
sandy clay from Cameroon to elaborate net-shape ceramics, fired at 1100°C. The sintering behavior
was from dilatometry and thermo gravimetric analyses together with the characterization of poros-
ity and flexural strength. The increase of glass to kaolinite ratio reduces the sintering shrinkage
leading to a none-densification sintering when 40 wt.% of glass is added in the mixture. The vol-
ume variation during the whole firing process is from the individual volume variations during the
quartz transformation, the structural reorganization of kaolinite and during sintering. Quartz size
and relative quantity have a significant role on the first processes since it leads to either cohesive
or un-cohesive behavior. But the glass quantity strongly controls the second and the third thermal
processes because glass additions change the recrystallization processes, leading to the formation
of dense clay-glass agglomerates distributed within the three dimensional quartz network.
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1. Introduction

Over the world, very large quantities of wasted glass must receive a careful consideration against environmental
issues. In general, wasted glasses are recycled into new glass items to reduce the release of atmospheric carbon
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dioxide. Powders of wasted glasses can replace a ceramic component, acting as a flux in silicate compositions
instead of feldspar or other mineral fluxes, to save energy in manufacturing processes [1] [2].

Wasted glasses in mineral mixtures induce a liquid phase sintering process above 900°C, resulting in higher
density and lower water absorption [3]. The role of such addition was extensively experimented in porcelain, in
stoneware, in earthenware, and in clay ceramics [4] [5]. It proves that wasted glasses replacing alkaline feldspars
have an efficient fluxing behavior in ceramic mixtures since it accelerates the densification process [6] [7]. Pub-
lished results also indicate that macroscopic mechanical and physical properties are improved with small
amounts of glass powder, below 10 wt.%. In many cases, it should be kept below 5 wt.%, depending on the cha-
racteristics of clay mixtures, to prevent strong variations of process-related behaviors as rheology or dry strength
[5].

The accentuated fluxing behavior of glasses is evidenced by the lowering of viscosity related to temperature
of wasted glasses in comparison to that of melted orthoclase or albite, in the temperature range used for firing si-
licate ceramics [8]. But glass viscosity is highly related to the chemical composition, which is easily changed by
diffusion at high temperature from neighboring components in the powder compact [9].

In silicate ceramics, changes with temperature of physical behaviors are strongly microstructural dependant.
Silicate ceramics often present a granular composite microstructure, with relatively large hard particles distri-
buted in a fine grains ceramic matrix. The rigid network of hard particles induces local constrains in the matrix
and at the inclusion-matrix interfaces, reducing the sintering shrinkage and changing the physical properties as
porosity and strength [10]-[12]. But the sintering process is different when local stresses are relaxed in the ma-
trix from high temperature creep that is supposed to occur when efficient fluxing additives are used in composi-
tions [13]-[16].

Most published studies presenting experimental results of the sintering shrinkage of granular ceramic compo-
sites evidence complex behaviors that are related to grain and matrix phase quantities and compositions. With
glass and ceramic powder mixtures, possible theoretical approaches were recently published for predicting the
sintering behavior including the role of non-densifying heterogeneities [17] [18]. These studies were more or
less validated by experiments with ceramics having simple composition domains, low number of components
and very limited grain size and shape distributions. Nevertheless, most of ceramics behave in a very complex
way with temperature and it is necessary to experiment on their behavior in detail, to provide very useful data
for refining the theoretical approaches.

In this study, we experimented on the thermal behavior of composite ceramics containing large quartz grains
mixed with clay and wasted glass. Such ceramic is typically used to manufacture building materials extensively
used over the world. Whereas the simple composition, we evidence a complex behavior during sintering de-
pending on each component contents. Clay and quartz are very common components of such materials, and
glass addition is the opportunity to reuse it at a large scale.

2. Materials and Methods

We used a raw kaolinitic clay (labeled ADI clay from Dibamba, Cameroon), associated with quartz and small
quantities of goethite and anatase (Figure 1). The chemical composition of Table 1 obtained by ICP analysis
indicates a high SiO, and a low Al,O; contents, with a Si0,/Al,03; molar ratio of 5.19 which classifies the clay
as siliceous fireclay [19]. The fluxing alkali oxides (Na,O, K,0) and alkaline earths oxides (CaO, MgO) are low
confirming the refractory behavior. The coloring oxides, as Fe,O; are in sufficient quantity to gives a light color.

For modified compositions, ADI clay was mixed with a powder glass (labeled GP glass), obtained by crush-
ing, ball milling and screening at 63 um wasted glass containers. The glass melting point is about 700°C and
Table 1 gives the chemical composition which classifies it as of soda-lime glass. It leads to the calculation of
the viscosity variation with temperature, using the Alexander Fluegel simulation method [20]. The parameters of
the usual VFT viscosity model in the temperature range of 550°C - 1450°C are: A = —2.5988; B = 4288.761; To
= 273.761°C. These data are important for the understanding of the high temperature behavior of glass-clay
mixtures.

For all materials, the identification of mineral phases was made by X-ray diffraction (Bruker D8 Advance
with Cu Kal radiation). Bulk densities of 2.63 and 2.62 g-cmﬁ3 for ADI clay and GP glass respectively were
measured with an AccuPyc 1330 Micromeritics picnometer. The size distributions of starting materials were per-
formed by laser diffraction with a Matersizer 2000 Malvern. The difference of particle size is seen in Figure 2,
where GP glass particles are essentially within a narrow size interval of 0.7 - 300 pm, while those of ADI clay
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Table 1. Chemical compositions of starting materials.

Oxides
% SiO; ALO; Fe,0; MgO CaO Na,O K, O TiO, SO; LOI
wt.%
ADI Clay 76.06 14.65 2.04 0.1 0.08 0 0.11 LD - 8.04
GP Glass 73.85 1.28 0.04 0.21 11.05 12.98 1.1 0.09 0.21 0.28
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Figure 1. X-ray diffraction pattern of ADI clay.
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Figure 2. Particle size distribution of ADI clay and GP glass
powders.

present a large and bimodal distribution centered at 3 and 120 um. This likely heterogeneous size distribution of
the two components in the mixture is favorable to increase the green density during shaping. The two raw mate-
rials were mixed by ball milling. Various proportions of 0 - 40 wt.% of glass were added to the clay (Table 2).
An additional mixture containing 40 wt.% of the fine fraction of the clay (labeled FF, @ < 10 pum), instead of
glass was considered to exhibit the role of the clay minerals in the raw clay. It is acceptable since clay minerals
of ADI are mostly in the fine fraction whereas a remaining a-quartz fine fraction (~24 wt.%) is evidenced below
10 pm in the large particle size distribution of ADI (Figure 2).

The sintering behavior of the different mixtures was studied by optical dilatometry (Misura), and simultane-
ous differential thermal analyses and thermo gravimetric analyses (DTA-TG Setaram Setsys), up to 1100°C with

a heating rate of 6°C-min .
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Table 2. Semi quantitative mineralogical compositions of green mixtures.

Mixture (wt.%)
ADI Clay 100 90 70 60 60
Glass Powder (GP) 0 10 30 40 /
Fine Fraction of ADI Clay (FF, @ <10 um) / / / / 40
Kaolinite 33.73 30.04 23.61 20.24 52.52
Quartz 49.73 44.76 34.81 29.84 24.32
Others Minerals (Gibbsite, Hematite, Goethite) 16.54 14.89 11.59 11.58 24.16

For shaping cylindrical samples by uni-axial pressing at 2.5 MPa in a 10 mm diameter mold, water was added
to form plastic pastes with 16 wt.% of moisture. After drying at 110°C (24 h), samples were fired in an electrical
kiln under air at 1100°C, with a heating rate of 6°C'min' and a 30 min dwell time at the peak temperature. Sin-
tered samples were characterized by the bulk density, open porosity by the Archimedes’s method and the com-
pressive strength (J.J. instrument). Microstructures were observed by Scanning Electron Microscopy (SEM Ste-
reoscan 260; Cambridge instruments), equipped with a PGT-prism energy dispersive X-ray spectroscopy (EDS)
analyzer. Finally, structural analyses of grounded materials were performed by DRX (Bruker D8 Advance).

3. Results

The semi-quantitative mineralogical composition of the mixture as function of the amount of GP glass powder is
in Table 2. It is calculated considering chemical analyses of Table 1 and chemical compositions of minerals.
Complementary information is given by weight loss on TG analyses of Figure 3, where variations are seen at
280°C - 300°C for gibbsite dehydroxylation and at 450°C - 550°C for kaolinite dehydroxylation. Considering the
amount of added quartz from ADI clay and the added quartz to mixtures, it can be assumed that quartz in ADI
have the lowest size particles (<10 um). The finer quartz is assumed to contribute to the densification process
during firing whereas the larger size quartz has a filler role in the body mixture.

The sintering behavior is described in Figure 4(a), where densification curves of the clay alone (ADI) and the
3 clay-glass + clay-quartz mixtures (Table 2) are plotted as a function of temperature. Densification rates to-
gether with the densification as function of time are shown on Figure 4(b) and the behavior during the dwell
time at the peak temperature are on Figure 4(c). It is shown that densification is decreasing with the amount of
the glass powder and tends to a very low value for the mixture with 40 wt.% of glass powder.

XRD patterns of clay alone after firing at 1100°C in comparison with that of the mixture 60 wt.% ADI clay-
40 wt.% GP glass powder are given in Figure 5. In the two diffraction patterns we observe the presence of the
same major phases of quartz, mullite and hematite. It indicates that the glass powder, even melted, has a limited
chemical interaction with the clay during firing. A small difference observed is the appearance of anorthite
peaks in the ceramics from mixture, which proves the occurrence a limited clay-glass interaction. Mullite peaks
were found to be more intense in the clay product than in the mixture, indicating the inhibiting role of the melted
glass in the mullite formation.

Microstructures of the clay fired pelletsare presented in Figure 6. Figure 6(a) enlightens the homogeneous
packing of large quartz particles having various sizes, and a clay matrix material at grain boundaries. It leads to
entrapped porosity at quartz-clay interfaces. The addition of a higher quantity of kaolinite in the matrix phase
(Figure 6(b), Figure 6(c)) leads to a similar matrix-grains arrangement, whereas an accentuated densification is
noticeable in the matrix phase, leading the accentuation of entrapped porosity at quartz-clay interfaces. An ac-
centuated matrix densification is also observed with the addition of glass in the matrix phase (Figure 6(c)), but
evidencing the preferential densification of small volume of packed clay-glass at large quartz grain interfaces.
The role of the big quartz network (Figure 6(a), Figure 6(d)) and that of the large and densified clay-glass ag-
glomerates (Figure 6(b), Figure 6(c)) in a skeleton formation is evidenced. But all compositions show a
cracked matrix phase due to the preferential densification of the matrix phase, leading to the presence of an ac-
centuated porosity at interfaces.

The bulk densities of green samples together with those of fired pellets are plotted in Figure 7. It shows that
density decreases with the increase of the amount of glass, but mainly for glass powder content above 10 wt.%.
Since we maintained constant parameters related to the pressing process for pellet shaping, the green density
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Figure 4. Dilatometric analyses of clay and clay-quartz mixture at 1100°C: (a) shrinkage as function of temperature, (b)
shrinkage and sintering rate as function of time, (c) behavior during the dwell time.

is mostly related to the particle size distributions and the relative quantities of components. During firing, the
bulk density increase with the firing temperature, but both the ADI clay and the clay-glass mixtures present a

limited variation while the ADI clay and the ADI with the added clay fine fraction exhibit a sharp increase of
density.
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Results also indicate that fired densities are not related to green densities since the mixtures containing either
glass or the fine fraction present the highest fired densities whereas their lowest green densities.

The decrease of the open porosity with the increase of the glass content and the firing temperature for all for-
mulations are shown on Figure 8. Porosity variation is linked to the sintering process during firing under the in-
fluence of either clay or glass thermal transformations [21]. ADI clay presents a continuous decrease of porosity
which is further accentuated above 1000°C when the finer clay fraction is added. When glass is mixed to clay,
the porosity reduction is limited for 10 - 30 wt.% of glass powder, showing the effective clay-glass interaction
below 1000°C. A similar trend is seen with the 40 wt.% of glass powder sample up to 800°C, but above an ac-
centuated decrease of porosity occurs up to 1000°C.

The compressive strengths of ceramics fired at 1100°C are reported in Table 3, for the different compositions.
It shows that values are similar to frequently encountered values for ceramic building materials [22]. In general,
strengths are increased with glass addition. From Figure 7, strengths are also correlated with the decrease of
porosity, since the 60 wt.% ADI + 40 wt.% GP sample presents the lowest porosity value.

4. Discussion

Microstructures of Figures 6(a)-(d) show the typical aspect of clay-quartz mixtures with microcomposite mi-
crostructures [23]. The large quartz grains are embedded within the clay matrix phase, but the finer fraction of
quartz is also distributed within the clay matrix. With clay-glass materials, a similar aspect is seen, but the glass
fraction is obviously distributed within the matrix phase and therefore associated with the clay and the finer
quartz fraction.

Figure 1 evidences that ADI clay contains mostly the clay mineral kaolinite associated with a significant
quartz quantity. Minor minerals are anatase and mostly goethite. The particle size distribution of Figure 2 re-
flects the quartz size in ADI since the small fraction of the bimodal distribution (average of 2.5 um) can be at-
tributed to kaolinite and the larger fraction (average of 150 pum) is certainly from quartz. The accentuated bi-
modal curve reflects the size distribution of quartz which range from 20 to 700 pm.

The GP glass powder has an average grain size of 90 um and a very large size distribution from 0.9 to 300 pm.
Such a very large size distribution is favorable to different glass roles in the ceramic at high temperature since
the finer fraction will interact easily with the mixture whereas the larger fraction will act as an added mineral
charge.

As a consequence of the mineralogical composition, the thermogravimetric curves of Figure 3 present typical
variations at 250°C - 300°C and at 450°C - 550°C. They are from goethite and kaolinite dehydroxylation respec-
tively, and the extend of the higher temperature mass loss is related to the kaolinite content. For ADI, the kaoli-
nite quantity is 33.73 that decreases to 20.24 for ADI mixed to 40 of GP glass. Such mass variation occurs in the
clay fraction, which is the main component of the matrix phase of the microcomposite (Figure 6).

During sintering, all dilatometric curves show successive volume variations: 1) thermal expansion of mate-
rials below 550°C; 2) at 450°C - 600°C, a densification from kaolinite dehydroxylation; 3) a typical variation at
573°C, from the reversible a to f quartz structural transformation; 4) above 600°C, a very limited densification
which can compensate a small shrinkage; 5) at 960°C - 980°C, a densification from the structural reorganization
of kaolinite; 6) a final densification during the temperature stage at 1100°C.

From Figures 4(a)-(c), both the reversible quartz transformation, the structural reorganization process of kao-
linite and the sintering shrinkage contributes to the global densification during the complete firing process. The
extend of individual volume variation depends on components contents in the composition: glass; kaolinite; fine
quartz; large quartz grains fraction.

The quartz role at 573°C on both expansion during heating and shrinkage during cooling is illustrated in
Figure 9, which is the interpretation of dilatometry of Figure 4(a). It is seen that the role of quartz content is
strongly correlated to glass content. At higher quartz content (50 wt.%) and no glass addition, the heating ex-
pansion is low and is significantly exceeded by the cooling shrinkage. This trend is strongly accentuated for 45
wt.% of quartz and 10 wt.% of glass (Table 2). It is due to the low cohesion of large quartz grains during heat-
ing the powder compact below 600°C, where no grain bridging occurs by sintering. During cooling after sinter-
ing at 1100°C the occurrence of quartz grain bridging is evidenced since the accentuated shrinkage at 573°C.
This trend is accentuated by the small glass content of 10 wt.%.
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Table 3. Compressive strengths of fired samples against compositions.

Mixture
ADI clay 90 70 60
wt.%
Glass powder (GP) 10 30 40
o (Mpa) 10.49 11.20 12.68
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Figure 8. Open porosity of ceramics as function of firing temperature.
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Figure 9. Dilatometry variations against composition at 573°C during

heating (square) and cooling (lozenge), and at 1100°C during the tempera-
ture stage (circle).

The cohesive behavior at high quartz and low glass contents shift to an un-cohesive behavior at low quartz
content (35 - 30 wt.%) and higher glass content (30 - 40 wt.%). The heating expansion is higher than the cooling
shrinkage, meaning the limitation of grain bridging after sintering at 1100°C, even through the glass content is
30 - 40 wt.%. In a different way, the replacement of 40 wt.% of glass by kaolinite mineral (sample 40 wt.% FF
containing the fine fraction of ADI clay, below 5 pm), leads to a very cohesive behavior since the cooling
shrinkage (0.54%) exceeds significantly the heating expansion (0.11%). It further evidences the very specific
behavior of glass addition on thermal transformations.

From dilatometry curves and the limited sintering temperature of 1150°C, we assume that large quartz grains
are inert during heating, and that a limited interaction between quartz and matrix phases occurs due to diffusion,
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mostly when glass is added. During cooling, local stresses occur because differences in thermal dilatations be-
tween different phases. It contributes to either cohesive or un-cohesive behaviors, depending in the clay/glass
ratio within the matrix phase and in the kaolinite content (Figures 4(a)-(c)).

At temperatures between the quartz variation at 573°C and the shrinkage densification at 1100°C, a third den-
sification occurs during heating at 960°C - 980°C, which is from the structural reorganization process of kaoli-
nite [24]. Dilatometric curves on Figures 4(a)-(c) show a reduction of this densification with the relative kaoli-
nite content since it attains 0.7% for 52, 52 wt.% of kaolinite (sample 40 wt.% FF) and tends to zero for 20.24
wt.% of kaolinite (sample 40 wt.% GP). It is from the glass interaction with dehydoxylated kaolinite, below
950°C, since the relatively low glass viscosity in the 800°C - 950°C temperature range (10° - 10° Pa.s from the
VFT model) [9] and the very high specific surface and reactivity of metakaolinite [25]. When glass to kaolinite
ratio is increased, we assume the modification of the structural reorganization process of metakaolinite at about
980°C, leading to mullite recrystallization, in a similar way than for kaolinite-illite mixtures, since the signifi-
cant fluxing role of illite [26].

During the structural reorganization at 960°C - 980°C, a first increase of glass from 0 to 10 wt.% favors a
small increase of shrinkage and it is in accordance with the fluxing role of the added waste glass, since the glass
viscosity is low at 1100°C (~10* Pa.s). But for higher glass (30 - 40 wt.%) and smaller quartz (35 - 30 wt.%)
contents, shrinkage at 1100°C is reduced and tends to zero. This behavior must be compared to that of the 40 FF
sample, which presents a very higher densification at 1100°C. It shows the kaolinite role which densifies highly
at about 980°C, as for ADI and 40 FF samples, the latter having a higher kaolinite content that increase strongly
the densification. When glass to kaolinite ratio increases, glass composition is changed from the diffusion of
alumina and silica from the highly reactive metakaolinite. It leads to a strong increase of glass viscosity, ac-
cording to the VFT model [9], and the possible departure of glass composition away from the glass existence
domain. In that way, a slow process of glass recrystallization should occur as it is shown on DRX curve of
Figure 5 for 60 wt.% ADI + 40 wt.% GP, revealing the presence of new anorthite peaks. For this composition
and also for 70 wt.% ADI + 30 wt.% GP, it is supposed that kaolinite-glass mixture in the matrix phase between
large quartz grains form dense and hard agglomerates by sintering. It is evidenced on Figure 6(c), where the
materials microstructure is composed of large quartz grains linked by dense agglomerates, which percolation
threshold is attained.

Finally, the mechanical properties under compression depend on microstructural characteristics, i.e. the po-
rosity and the matrix phase nature linking the network of large quartz grains. The glass addition in the clay ma-
trix phase is favorable to grain bringing from glass melting. Nevertheless, local cracks from thermal stress dur-
ing cooling contribute to the weakening of the macroscopic mechanical strength.

5. Conclusions

The large size distribution of both the added glass and quartz, associated with the clay has a key-role in the sin-
tering process. It also involves the three dimensional coarse quartz grains embedded in the clay matrix, whereas
the finer quartz fraction is within the clay matrix. The respective characteristics and relative quantities of all
phases lead to sintering with limited or zero densification.

The sintering behavior of the studied materials is similar to that of composites where coarse grains form a mi-
crostructural skeleton inducing the reduction of the global densification. Microstructural characteristics of zero
densification materials are composed of a network of large quartz grains linked by densified agglomerates from
clay-glass mixture. Sintered mixture of clay-glass-quartz is a route for the manufacture of low-cost ceramics. It
is a useful and an alternative method for manufacturing silicate ceramics when precise and complex shapes are
required.
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