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Abstract
In this study, the possibility of using calcined-colemanite as an alternative fluxing agent in a body mixture used for porce-
lain tile was investigated. For this aim, a part of industrial spray-dried powders was replaced with the colemanite calcined 
by microwave-assisted heating (MACC) in varying amounts (up to 3 wt. %). The tile compositions prepared with different 
proportions of MACC addition were pressed uniaxially at 15 MPa, and the shaped tiles were then fired at 1220 °C for 50 min 
in an industrial roller kiln. Physical and mechanical tests, X-ray diffractometer (XRD), and scanning electron microscopy 
(SEM) analyses were performed to examine the effects of MACC addition on porcelain tile’s technical properties and phase 
development. The results revealed that the porcelain tiles having 0.5 wt. % of MACC had better technical properties, i.e., 
lower water absorption (0.09%) and porosity (0.22% for apparent porosity and 7.25% for closed porosity), and higher bend-
ing strength (66.04 MPa) than that of others. Consequently, the MACC addition promoted a low-viscosity liquid phase 
during firing, resulting in a significant microstructural improvement by decreasing the closed porosity and increasing the 
bulk density and flexural strength.
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Introduction

Porcelain tiles are vitreous ceramic products, having a micro-
structure consisting of crystalline phases, both new-formed 
(mullite < 10 wt.) and residual ones (quartz up to 30 wt. %, 
and feldspars up to 10 wt. %), embedded in an abundant 
glassy matrix (> 50 wt. %) [1–3]. Most of the glassy phase 
is generated from the fusion of the fluxes, while the rest part 
stems from the clay phases that do not crystallize into mul-
lite during firing [2]. Due to the fast-firing cycle and low fir-
ing temperature applied in the production of porcelain tiles, 
more than 70 wt. % of the starting quartz remains undis-
solved, and mullite occurs in low amounts [1, 3]. A typical 
porcelain tile body is composed of 40–50 wt. % clay, 35–45 
wt. % flux, and 10–15 wt. % filler [4, 5]. The clay minerals 

are the main constituent that provides plasticity and green 
strength during the forming process and forms the mullite 
and vitreous phase during firing. The filler minerals provide 
resistance to cracking and mitigate pyroplastic deformation 
during heating and cooling conditions. The fluxes used in 
production promote the formation of a liquid phase during 
firing and assist in the densification of the porcelain body, 
providing almost near-zero open porosity (< 0.5%) and low 
closed porosity (< 10%) [4, 6].

Porcelain tiles are a type of ceramic material that has vit-
reous characteristics, characterized by high bending strength 
(> 35 MPa), high chemical and staining resistance, high 
frost and abrasion resistance, as well as low water absorp-
tion (< 0.5%) [4–15]. The technical properties of porcelain 
tiles are closely related to the porosity of the fired products. 
Low porosity is an essential feature that gives them excel-
lent mechanical, chemical, and physical properties. While 
the high mechanical strength results from low total poros-
ity, their frost resistance depends on near-zero apparent sur-
face porosity, making the tiles resistant to frost-thaw cycles 
[12]. The peculiar characteristics make porcelain tiles the 
first choice for hygienic environments, where endurance to 
chemicals and cleaning agents is of paramount importance, 
as well as highly trafficked areas [7, 13].
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The industrial processing of porcelain tiles covers three 
main stages: (i) preparing homogenized suspensions by mix-
ing and wet milling of raw materials, followed by spray-dry-
ing of the resulting suspensions (granulation), (ii) uniaxial 
pressing of the spray-dried granules at 35–45 MPa under 
industrial semi-dry pressing conditions, (iii) fast single-
firing in roller kilns up to 40–60 min, at 1180–1220 °C of 
peak firing temperature [6, 9, 10].

Porcelain tile densification involves a liquid phase sinter-
ing process. During firing, at temperatures of about 900 °C, 
liquid phase formation begins, surrounding the particles and 
producing a process-driving capillary pressure at the contact 
points. The capillary pressure brings the particles closer, 
increasing shrinkage and lowering porosity while simul-
taneously altering pore size and shape. Raising the firing 
temperature increases the quantity of the liquid phase and 
reduces porosity. In intermediate states, at around 1180 °C, 
pores start closing as interpore connections are eliminated. 
The occluded pores contain gases from the release of prod-
uct reactions or even from the firing atmosphere, which 
exerts pressure on the pore walls, opposing densification 
[1, 9, 16]. In the industrial firing process, closed pores can-
not be eliminated entirely (remain between 2 and 8%), and 
both small spherical pores (< 10 μm) and irregularly shaped 
coarse pores (> 10 μm) remain in the microstructure [17]. 
Nevertheless, at the high temperatures (> 1200 °C), the gas 
pressure of the occluded pores is high and counteracts cap-
illary pressure, causing the bloating of the tile body. In the 
final stage of firing, the coarsening and solubility of gases 
filling the closed pores become the most important phenom-
ena affecting the microstructure. Thus, the optimum firing 
temperature range, at which no apparent porosity remains, 
and closed porosity does not begin to increase yet, is very 
important, usually lies between 1180 and 1220 °C for por-
celain tiles [16].

The firing process, in which shaped bodies are trans-
formed into a hard, water-, and chemical-resistant product, 
is the essential stage of ceramic tile production. When break-
downed the major thermal energy consumption in the por-
celain tile manufacture, the firing consumes energy of 55%, 
the spray drying of ceramic slurries 36%, and the drying of 
the freshly formed tile bodies 9%. The energy consumption 
of the commercial porcelain tiles is approximately 13 MJ 
around for 1 kg porcelain in the fast-firing conditions [18]. 
However, in practice, these values are the values 3–8 times 
as much as being more in industrial firing processes. In fact, 
only a fraction of the energy is consumed in formation reac-
tions for the body; the rest is devoted to the significant loss. 
The total cost share of energy in the production of ceramic 
products is enormous [19]. However, to save energy con-
sumption and improve production efficiency, the firing cycle 
time is excessively shortened, which causes some product 
defects and quality issues such as under-sintering, high water 

absorption, and low strength [4]. Conversely, in the case of 
over-firing, which raises the gas pressure in the closed pores 
above the capillary pressure, which leads to bloating, may 
compromise essential properties of porcelain tiles, such as 
mechanical strength and stain resistance [20].

Porcelain stoneware tiles have a high added value and a 
broad market owing to their excellent technical and esthetic 
characteristics. To ensure high technical performance, the 
porosity of porcelain tiles should be very low, which is 
achieved by manufacturing a product with a high degree of 
vitrification after firing. The mechanism involved is viscous 
flow sintering, which requires forming a large amount of 
liquid phase, from 50 to 80%, during the thermal cycle [21]. 
To provide key product characteristics and a high volume of 
vitreous phase in the porcelain tiles for a short high-temper-
ature treatment is required to use high-quality fluxes. The 
main criteria for flux choice are the amount of liquid phase 
formed at the firing temperature, its viscosity, and surface 
tension. Usually, materials with a high content of alkali and 
alkali-earth oxides can quickly form eutectics; therefore, 
the most commonly used fluxing agents in the ceramic tiles 
industry are sodic and potassic feldspars. However, the high 
price of feldspar and its exhaustive reserves significantly 
impact studying other more economical alternative fluxes 
[13].

These requirements have made the search for alternative 
highly fluxing materials for porcelain tile production inevi-
table, and various researches have been made on alternative 
raw materials to be used in production. In these studies, the 
use of alternative fluxing materials for porcelain tiles such 
as nepheline-syenite [22], perlite [23], spodumene [24], 
glass–ceramic frit [25], boron minerals, and their wastes 
[26–31] have been investigated.

Studies on boron minerals and wastes have shown that the 
optimal amount of B2O3 tolerable in porcelain tile bodies 
fluctuates from 0.1 to 1.3% [31]. Among the boron miner-
als, colemanite has great fluxing power, lower cost, ease 
of milling, high purity (low colorant content), and greater 
fluxing power than the feldspars [32]. It is well known that 
borates lower the glassy phase’s melting temperature and 
are the second most crucial network former after silica. It 
also increases porcelain’s mechanical resistance due to the 
increase in calcium oxide ratio in the composition. There-
fore, the expectation of improving mainly the mechanical 
properties and other technical properties by addition of cole-
manite (calcium borate) to the porcelain tile composition has 
been the driving force in this study. However, Waclawska 
et al. claim that colemanite contains closed water molecules 
in its structure and that the internal pressure increases rap-
idly with increasing temperature, causing an explosive loss 
of water [33]. This sudden oscillation inside the micropo-
res causes the shaped body to deteriorate with increased 
temperature [33, 34]. Decomposition of colemanite by 
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conventionally should be performed with very slow heating 
rates in order to avoid detrimental effects of the vigorous 
release of enclosed water within its micropores. Neverthe-
less, slow heating rates bring very long processing durations 
and cause slower production rates and high costs. For this 
reason, the direct use of colemanite as a raw material in the 
ceramic industry is limited, and it must be calcined in order 
to be used as a fluxing material. Since microwave heating 
is a technology that can provide rapid heat generation and 
shorter processing time, microwave-assisted heating has 
been preferred in the calcination of colemanite powders.

This study aims to investigate the effect of the addition of 
colemanite calcined by microwave-assisted heating (MACC) 
on the technical properties of porcelain tiles. For this pur-
pose, colemanite powders were calcined in a modified-
domestic microwave oven at a high power level of 539 W for 
10 min. Afterward, a part of industrial spray-dried powders 
was replaced with the MACC in varying amounts (up to 3 
wt. %). The tile samples prepared with different amounts of 
MACC addition were shaped and then fired at 1220 °C for 
50 min in an industrial roller kiln. The porcelain tile samples 
were then characterized in terms of their physical, mechani-
cal, mineralogical, and morphological properties. The influ-
ence and role of MACC addition on technical properties of 
porcelain tiles were especially discussed.

Experimental studies

Colemanite mineral (calcium borate, 2CaO.3B2O3.5H2O) 
under 75 micron used in the present study was provided from 
Eti Mine Works (Turkey). The mineralogical composition 
(provided by Eti Mine) of colemanite raw material consists 
of colemanite 80 wt.%, calcite 10 wt.%, dolomite 3 wt.%, 
and clay 7 wt.%. From the chemical analysis given by the 
manufacturer, colemanite contains mainly 40% B2O3, 27% 
CaO, 5% SiO2, and the rest being loss on ignition (~ 25%) 
as well as the low amount (< 5%) of other oxides (MgO, 
Al2O3, and Fe2O3).

In this study, microwave-assisted heating was preferred 
for calcination of colemanite powders since it provides a 
shorter processing time (~ 10 min) and approximately 100 °C 
lower calcination temperature than conventional heating. 
The microwave heat treatment procedure was based on the 
results obtained from a previous study [33], which revealed 
that a 10-min process at a high power level of 539 W in a 
modified-domestic microwave oven is sufficient for the cal-
cination of colemanite.

The granulated powders used for the production of por-
celain tiles samples were obtained from the Seranit-Granit 
Ceramic (Turkey) factory’s spray-drying production plant, 
which is currently used in the manufacturing of porcelain 
tiles. Once the raw materials of clay, kaolin, quartz, and 

sodium feldspar, whose chemical compositions determined 
by XRF (wt.%) are given in Table 1, have been received at 
this facility, they are stored for subsequent mixing. After 
mixing, the raw materials are subjected to the wet milling 
process, followed by drying to obtain the spray-dried gran-
ules for the standard porcelain tiles manufacturing. The wet 
milling process of the ceramic slurry is performed in a ball 
mill until less than 1% of the residue is left on a sieve with 
63-µm openings, then the resultant slurry was spray dried in 
an industrial spray drier to give a product having 5% mois-
ture content and a mean diameter of about 250 µm.

Spray-dried granules were prepared by using 36 wt. % 
clay, 11 wt. % kaolin, 11 wt. % quartz, and 42 wt. % Na-
feldspar. The standard composition of porcelain tile formed 
from spray-dried granules, hereafter STD, was coded as the 
formulation reference. With increasing amounts of calcined-
colemanite (MACC), five formulations, designated PT0.25, 
PT0.5, PT1, PT2, and PT3, were prepared in laboratory con-
ditions via mixing by the dry route. The formulations with 
additives modified from the STD composition are presented 
in Table 2.

Six series of mixtures were prepared by dosing spray-
dried granules with a growing percentage (0%, 0.25%, 0.5%, 
1%, 2%, and 3% by weight) of calcined-colemanite (MACC) 
powders. For each batch (100 g) of porcelain tile formu-
lations, the ingredients were carefully mixed in a sealed 
plastic bottle let vigorously rotate on a roller conveyor 
for 30 min. Porcelain tile samples were semi-dry pressed 
using the uniaxial pressing of powders in rectangular steel 
die (55 mm × 110 mm in length) by applying constant load 
(15 MPa) and moisture content (5 wt. %) with a laboratory 
hydraulic press (Gabrielli Laboratory Press). After shaping, 
the compacted samples were allowed to dry in an oven at 
105 °C for at least 2 h to reach constant weight. The dried 
samples were then fired at 1212 °C for 50 min (cold to cold) 
by the roller furnace at Seranit-Granit Ceramic Factory 
(Turkey).

Table 1   Chemical analysis of raw materials in the composition of 
spray-dried granules

Oxides Clay Kaolin Quartz Na-feldspar Colemanite

SiO2 65.37 77.79 92.02 71.57 5.00
Al2O3 20.84 14.80 5.28 17.21 0.40
Na2O 0.25 0.10 0.08 9.64 -
Fe2O3 1.44 0.54 0.22 0.08 0.08
TiO2 0.82 0.18 0.04 0.26 -
CaO 0.22 0.10 0.28 0.63 27.00
MgO 0.36 0.04 - 0.11 3.00
K2O 2.86 0.92 0.32 0.25 -
B2O3 - - - - 40.00
L.O.I 7.84 5.55 1.78 0.21 25.02
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The fired samples were evaluated with variations in their 
properties depending on the additive (MACC) amount 
in terms of both esthetic and technical properties. The 
differences in the physical properties of the tile sam-
ples prepared by the addition of increasing amounts of 
MACC to the STD composition were determined by 
measuring the linear shrinkage, bulk density, porosity, 
and water absorption values. Linear shrinkage, LS (%), 
in samples shaped in rectangular prism geometry and 
industrially fired, was determined using the following 
equation below:

where Lg and Lf are the height (mm) of green and fired 
products, respectively. The linear shrinkage values obtained 
of five specimens were averaged for each tile composition.

The relevant standard procedure as outlined in ASTM 
C373-88 based on Archimedes’s principle of water displace-
ment was used to determine the water absorption, bulk den-
sity, and apparent porosity of the fired samples. The test was 
carried out on five representative specimens. Water absorp-
tion, WA (%), expresses the relationship of the mass of water 
absorbed (M) to the mass of the dry specimen (D) as follows:

The bulk density, BD (g/cm3), is calculated as follows:

In the formula, V (cm3) is the exterior volume (V = M–S), 
where S represents the mass of each specimen while sus-
pended in water.

The apparent porosity, AP (%), expresses the relationship 
of the volume of open pores to the exterior volume of the 
specimen and is calculated as follows:

Total porosity, TP (%), expresses the relationship of the 
measured true density by helium pycnometer (TD) and 
the bulk density (BD) of the specimen and is calculated as 
follows:

(1)LS(%) = (Lg − Lf )∕Lg × 100

(2)WA(%) = (M − D∕D) × 100

(3)BD = D∕V

(4)AP(%) = (M − D)∕V × 100

(5)TP(%) = (TD − BD)∕TD × 100

The whiteness and colors of the tile surfaces were deter-
mined according to the CIE Lab method, which is used 
to measure the lightness (L*), color intensity (b*), and 
color tone (a*). CIELab, a three-dimensional colorimetric 
system, includes the coordinate L* lightness, which can 
be interpreted as a gloss perception index, and the two 
coordinates a* and b*, which describe chromaticity per-
ception. The L* coordinate is a measure of the lightness-
darkness of the specimen. The greater the L*, the lighter 
the specimen. The coordinate a* relates to the amount 
of redness (+ a) or greenness (− a) of a specimen, while 
the coordinate b* relates to yellowness (+ b) and blueness 
(− b). ΔL*, Δa*, and Δb* indicate the differences in CIE 
color-space parameters of two specimens. The CIELab 
measurements make it possible to evaluate the quantity 
of perceptible color changes in each specimen. The dif-
ferences in CIE color-space parameters (ΔL*, Δa*, and 
Δb*) are used to calculate the color difference (ΔE) for 
each specimen according to reference, using the following 
equation [35];

The color difference (ΔE) represents the numerical dif-
ference between the L, a, and b coordinates of the two 
colors. For porcelain materials, e.g., in dentistry, it was 
stated that when ΔE < 1, there is color compatibility 
between the two colors, and when ΔE > 1 and ΔE > 2, the 
color difference is weakly and strongly perceptible by the 
observers, respectively [40]. The color of the tile surfaces 
was measured using a spectrophotometer (Hunter Lab, 
Colorflex, USA) with D65 illumination and a standard 
observation angle of 10°.

The phase development in the fired tile samples was 
examined by an X-ray diffractometer (XRD; Bruker, D8 
advance, USA) with CuKα radiation at 1.5418 Å. The 
X-ray diffraction analysis of tile samples was carried out 
at the scan interval of 2θ, ranging from 10 to 70° at a 3°/
min scan rate.

The microstructure evolution in the fired tile samples 
was investigated via scanning electron microscopy (SEM; 
LEO 1430VP, Germany) using an accelerating voltage of 
20 kV. Secondary electron (SE) imaging was employed to 

ΔE =
[

(

ΔL∗
)2

+ (Δa∗)
2 +

(

Δb∗
)2
]1∕2

Table 2   The formulations with 
additives for porcelain tile

Compositions (wt.%) STD PT0.25 PT0.5 PT1 PT2 PT3

Clay 36 35.91 35.82 35.64 35.28 34.92
Kaolin 11 10.97 10.95 10.89 10.78 10.67
Quartz 11 10.97 10.95 10.89 10.78 10.67
Sodium feldspar 42 41.90 41.79 41.58 41.16 40.74
Calcined-colemanite (MACC) 0 0.25 0.50 1.00 2.00 3.00
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characterize the formation and development of the crys-
talline phases in tile samples. For this aim, the fractured 
surfaces of tile samples were polished by standard metal-
lographic techniques. The polished tile surfaces were then 
chemically etched using an etchant solution of hydrofluo-
ric acid (HF) for 4 min at room temperature and followed 
by electron microscopy observation.

Subsequently, the three-point bending strength of samples 
(σf) was measured using a Shimadzu AG-IS 100 kN univer-
sal testing machine at a 0.5 mm/min loading rate. Five sam-
ples were tested for each porcelain tile formulations while 
determining the mechanical properties of the bodies.

Results and discussions

Physical properties

Macro images of fired porcelain tile samples prepared cal-
cined-colemanite (MACC) additions were given in Fig. 1. 
It was observed that cracks occurred due to pyroplastic 
deformation and bloating in samples with more than 2 wt. 
% MACC additives fired under industrial firing conditions. 
It was thought that this unfavorable situation might be due 

to the surface tension or viscosity of the glassy phase being 
too low to resist the pressure in the pore and the enlargement 
and solubility of the gases filling the closed pores due to over 
firing. Therefore, those samples that contained more than 2 
wt. % MACC additives were not used for characterization, 
as seen in Tables 3, 4, and 5.

Some physical properties of fired porcelain tile samples, 
such as linear shrinkage, water absorption, apparent porosity, 
closed porosity, and bulk density, depending on the calcined-
colemanite (MACC) addition, are summarized in Table 3.

As a whole, the measured features reveal the common 
trend of viscous sintered ceramics. The linear shrinkage 
(% LS) values measured in porcelain tile samples pre-
pared calcined-colemanite additions were in the range of 
7.21–7.70%. With the addition of MACC up to 0.5 wt. %, 
the shrinkage increases gradually. The increase in shrinkage 
is attributed to the increased glassy phase by the addition of 
MACC and essentially on the viscosity of the liquid phase, 
closing the pores in the microstructure, in agreement with 
results reported by Akpinar et al. [32]. As seen in Table 3, 
the shrinkages of samples decrease with the further addition 
of MACC, and the samples having 1 and 2 wt. % of MACC 
show slightly lower shrinkage than those containing 0.5 wt. 
% additives. As expected, shrinkage increases until it reaches 
the optimum firing performance, which allows for greater 
densification. As a result, depending on the linear shrinkage 
behavior, it is understood that the 0.5 wt. % MACC additive 
is the best additive rate for optimum firing performance.

As indicated in Table 3, the water absorption (% WA) 
values measured in the samples prepared using MACC were 
in the range of 0.09–0.63%. The water absorption values 
of the fired samples gradually decreased with increasing 
MACC addition up to 0.5 wt. %, but thereafter increased 

Fig. 1   Macro images of porcelain tile samples prepared calcined-
colemanite additions

Table 3   Some physical properties of industrially fired of porcelain tile samples

Sample Linear shrinkage (%) Water absorption (%) Apparent porosity (%) Closed porosity (%) Total porosity (%) Bulk density (g/cm3)

STD 7.24 ± 0.07 0.63 ± 0.01 1.40 ± 0.01 9.82 ± 0.05 11.22 ± 0.05 2.24 ± 0.01
PT0.25 7.57 ± 0.10 0.12 ± 0.01 0.30 ± 0.01 9.65 ± 0.05 9.95 ± 0.05 2.27 ± 0.01
PT0.5 7.70 ± 0.10 0.09 ± 0.01 0.22 ± 0.02 7.25 ± 0.07 7.47 ± 0.06 2.33 ± 0.01
PT1 7.50 ± 0.11 0.11 ± 0.01 0.27 ± 0.01 7.70 ± 0.07 7.96 ± 0.08 2.32 ± 0.01
PT2 7.21 ± 0.12 0.14 ± 0.01 0.32 ± 0.01 9.99 ± 0.08 10.31 ± 0.07 2.26 ± 0.01

Table 4   Flexural strengths of samples fired at different temperatures

Sample Flexural strength (MPa)

STD 50.02 ± 0.40
PT0.25 57.36 ± 0.46
PT0.5 66.04 ± 0.63
PT1 50.92 ± 0.44
PT2 27.59 ± 0.58
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with an increase in the amount of additive. The lowest water 
absorption value was measured to be 0.09% for the samples 
prepared from the mixture containing 0.5 wt. % MACC. 
The reason may be attributed to the higher shrinkage and 
densification induced by the use of calcined-colemanite, 
resulting in reduced water absorption values. This result is 
consistent with the findings of Akpinar et al. [32], that cal-
cined-colemanite addition helps to reduce the water absorp-
tion values of porcelain bodies. However, in the case of the 
addition of more than 0.5 wt. % MACC, it is understood 
that developing a greater amount of liquid phase causes the 
bloating phenomenon, and as a result, the water absorption 
values increase again with the formation of additional pores 
in the microstructure. As a result, with the addition of 0.5 
wt. % MACC, the ultimate microstructure of the porcelain 
tiles better densified in comparison with those of samples 
with other amounts of MACC, resulting in the lowest water 
absorption values of the samples.

The apparent porosity (% AP) values measured in por-
celain tiles prepared using MACC were in the range of 
0.22–1.40%, and the lowest value was obtained in sam-
ples prepared from the composition containing 0.5 wt. % 
MACC. In general, the apparent porosity values significantly 
decreased with the addition of MACC in body composition. 
The course of the sintering process is discussed depend-
ing on the shrinkage and changes in porosity values. The 
decrease in porosity will cause an increase in shrinkage, and 
as a result, it leads the body better densification. Conse-
quently, MACC plays a powerful fluxing effect in porce-
lain bodies, which provides both advantages of lower water 
absorption and apparent porosity; thus, it leads to a lower 
temperature and/or shorter time in firing regimes.

Closed porosity was calculated using the true density 
value of the STD porcelain tile measured by helium pyc-
nometer as 2.52 g/cm3. The closed porosity (% CP) values 
calculated in porcelain tile samples prepared with MACC 
additions were in the range of 7.25–9.99%. The closed 
porosity value, which was determined to be 9.82% for the 
STD composition, gradually decreased to 7.25% by the addi-
tion of MACC up to 0.5 wt. %. However, with the increasing 
MACC addition, it increased again and reached 9.99% for 
the composition including 2 wt. % of calcined-colemanite. 
The reason why the closed porosity values first decrease and 
then increase with the addition of MACC can be explained 

by the decrease of closed porosity until the optimum sinter-
ing degree is reached, and then the increase with bloating 
effect with over-firing. Consequently, depending on the vari-
ations in the closed porosity values, it is understood that 0.5 
wt. % MACC is the best additive rate for optimum sintering 
degree.

Bulk density (BD) values were measured in the range of 
2.24–2.33 g/cm3 for the samples prepared using MACC. The 
bulk density value for the STD composition, measured as 
2.24 g/cm3, gradually increased to 2.33 g/cm3 by the addition 
of 0.5 wt. % MACC. However, after the addition of more 
than 0.5 wt. % of MACC, it tended to decrease, and it was 
observed that it decreased to 2.26 g/cm3 when the additive 
amount was 2 wt. %. The bulk density of the fired sample is 
associated with the degree of densification and other physi-
cal properties such as closed porosity. It has been observed 
that bulk density has similar behavior to linear shrinkage; an 
initial increase is followed by an abrupt decrease in the bulk 
density due to the closed porosity increase caused by the 
so-called bloating phenomenon. Consequently, it is under-
stood that with the addition of 0.5 wt. % MACC, the bulk 
density increases as the closed porosity decreases and the 
densification degree increases. However, with the addition 
of more than 0.5 wt. % of MACC, it appears that the bulk 
density decreases as a result of increased closed porosity 
with over-firing.

Mechanical properties

Table 4 shows the mechanical properties of porcelain tile 
samples containing different percentages of MACC. As can 
be seen in Table 4, the flexural strength (σf) values of the 
samples change between 27.59 and 66.04 MPa, and the high-
est value was measured to be 66.04 MPa for the samples 
prepared from 0.5 wt. % MACC incorporated composition. 
Consistent with the other findings, an increase in the strength 
values was also obtained with the increase in addition of 
MACC amount up to 0.5 wt. %. However, it is seen that the 
addition of more than 0.5 wt. % of MACC causes a decrease 
in the flexural strength values of the samples.

Flexural strength values of the samples can be related 
to porosity, the percentage of crystallinity, and the second-
ary phase formation. As can be seen, the result of higher 
total porosity and water absorption values, PT2 has a lower 

Table 5   Color parameters and 
difference of industrially fired 
of porcelain tile samples

Sample L* a* b* ΔL* Δa* Δb* ΔE

STD 76.64 ± 0.19 2.46 ± 0.03 11.59 ± 0.07 - - - -
PT0.25 75.40 ± 0.13 2.45 ± 0.08 11.43 ± 0.03 1.24 ± 0.06 0.01 ± 0.05 0.17 ± 0.04 1.25
PT0.5 74.97 ± 0.15 2.40 ± 0.02 11.43 ± 0.02 1.67 ± 0.04 0.06 ± 0.01 0.17 ± 0.05 1.67
PT1 74.39 ± 0.11 2.39 ± 0.06 11.70 ± 0.07 2.25 ± 0.08 0.08 ± 0.03 0.13 ± 0.00 2.26
PT2 74.34 ± 0.09 2.25 ± 0.03 11.90 ± 0.07 2.30 ± 0.10 0.21 ± 0.00 0.31 ± 0.00 2.33
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flexural strength value, which may be associated with the 
higher percentage of closed pores used in this composition. 
On the other hand, the maximum flexural strength value 
obtained from the PT0.5 composition was increased from 
50.02 to 66.04 MPa compared with the STD porcelain tile 
composition. The PT0.5 composition also had low total, 
apparent, and closed porosity values. Closed pores are a 
result of inadequate densification of the material during fir-
ing, depending on the microstructure of the green part and 
the firing regime applied, or a result of the bloating phenom-
enon by over-firing. When evaluated according to poros-
ity, high closed porosity values for additive-free (STD) and 
highest additive content (PT2) samples indicate that firing is 
insufficient and excessive, respectively; the lowest porosity 
value in PT0.5 is an indicator that it is at the optimal level 
in terms of firing. Consequently, the porcelain tile samples 
prepared by the addition of 0.5 wt. % of MACC showed bet-
ter sintering properties.

To facilitate the comparison of the data presented in 
Tables 3 and 4 with the findings obtained from similar stud-
ies in the literature, these data are shown on the graphs in 
Fig. 2a and b.

Some of the findings obtained in studies on the similar 
subject are summarized as follows. Celik [36] investigated 
the effect of industrially spray-dried powders with different 
grain sizes on the technological properties of porcelain tile. 
He found that porcelain tile samples containing very fine 
granules (< 125 µm) had lower water absorption (0.084%) 
and porosity (0.24% for AP, 7.53% for CP), and higher flex-
ural strength (46 MPa) than the others. Kayacı [23] inves-
tigated the effect of perlite addition, instead of common 
alkali-containing raw materials, on the physical properties 
of ceramic tile bodies. He found that porcelain tile samples 
containing high perlite content (40 wt. %) had low water 
absorption (0.09%) and porosity (0.23% for AP), and high 
bending strength (50.67 MPa). Aydın et al. [24] investigated 
the effect of spodumene addition, instead of albite, on the 
properties of standard porcelain tile bodies. The research 

results revealed that the porcelain tiles having 2 wt. % of 
spodumene had low water absorption (0.00%) and porosity 
(0.00% for AP and 4.48% for CP), and high bending strength 
(66 MPa). Esposito et al. [22] studied the possibility of using 
nepheline-syenite, as a fluxing agent, in a composition used 
for porcelain stoneware tile. The results obtained pointed 
out the tile samples had low water absorption (0.05%) and 
porosity (0.16% for AP and 2.55% for CP), and high bending 
strength (85 MPa) when feldspar was replaced by nepheline-
syenite (5 wt. %).

When the results of the study in the relevant literature 
were compared with the results obtained in this study 
(as summarized in Fig. 2a, b), it was understood that the 
MACC addition provided better results compared to the 
use of fine-grained granules and the addition of perlite, 
similar to spodumene, and worse than nepheline-syenite. 
However, in the study conducted on nepheline-syenite 
under laboratory conditions, it draws attention that the 
results are not comparable due to the relatively higher 
press pressure, firing temperature, and additive ratio. 
When compared to the spodumene additive, it was found 
that there is a significant difference in terms of additive 
amounts and also, since spodumene is expensive than 
colemanite, the MACC additive provides good properties 
among the comparable additives.

Esthetic properties

Whiteness is the most important esthetic indices of porce-
lain wares. The degree of whiteness, which depends on the 
physical–chemical properties of porcelain wares and color-
ant impurities and some other factors, is determined by an 
index in which the color of the ware is evaluated with its 
proximity to the white color according to the CIE terminol-
ogy [35]. The esthetic properties of the fired porcelain tile 
samples prepared with calcined-colemanite (MACC) addi-
tions, determined by the CIELab measurements, are given 
in Table 5.

Fig. 2   Some technical proper-
ties of fired porcelain tile sam-
ples. a Linear shrinkage, water 
absorption, and bulk density. 
b Apparent porosity, closed 
porosity, and flexural strength
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The means and standard deviations of L*, a*, and b* 
values for each specimen as a function of MACC addition 
are listed in Table 5. The color differences (ΔE) between 
STD and each sample containing MACC are also shown 
in Table 5. In all specimens, L* and a* coordinate val-
ues tended to be slightly decreased, and b* coordinate 
values tended to be reduced and increased as the addi-
tion of MACC increased. It is also to be noted that the 
decrease in L* is more for the MACC containing formu-
lations, where it is expected to be a higher amount of 
glassy phase. The reason for the decrease in a* value can 
be attributed to the reduced amount of colorant impuri-
ties for formulations containing an increasing proportion 
of MACC. In general, the addition of MACC slightly 
decreased the whiteness of an industrial porcelain tile, 
as well as increased the yellowness and decreased the 
redness. In summary, it is possible to say that there was 
a shift in hue toward the yellow-green scale in samples 
containing highly MACC.

Calculated mean color difference (ΔE) values in porce-
lain tile samples were less than 2 (ΔE < 2) in the samples 
with a MACC additive content below 1 wt. %, and greater 
than 2 (ΔE > 2) in the samples with an additive content 
greater than 1 wt. %. It is understood that the color dif-
ference is below the perceivable level (ΔE < 2) for the 
porcelain tiles with low MACC additive (< 1 wt. %). 
These results demonstrated that there were solely visu-
ally undetectable color differences between the STD and 
the low amount of MACC-bearing porcelain tile samples.

Consequently, the colorimetric analysis revealed that 
there were slight changes in L*, a*, and b* color param-
eters as the addition of MACC increased (up to 1 wt. %), 

which resulted in no significant perceptual color changes 
in hue, chroma, and value.

Mineralogical properties

Figure 3 shows the XRD analysis of STD and 0.5 wt. 
% MACC containing porcelain tiles (PT0.5) samples 
fired under industrial firing conditions and the crystal 
phases determined by this analysis. Phase composition 
for the STD porcelain tile sample was detected consist-
ing of quartz, albite, mullite, and glassy phases. From 
the XRD spectra of the STD sample, it can be concluded 
that quartz is the main crystalline phase, being to a large 
extent an unreacted residue of the starting raw material 
of quartz present in the bodies. Besides, the presence of 
peaks of albite mineral that remained non-melted was 
also observed. Apart from the residual phases, mullite 
appears to be the crystalline phase formed during fir-
ing. On the other hand, phase composition for the PT0.5 
sample prepared by the addition of 0.5 wt. % MACC was 
found to highly resemble those of the STD sample. When 
compared with the phase structure of the STD sam-
ple, it was found that the peak intensities of the quartz 
phase slightly decreased, some peaks belonging to the 
albite phase disappeared, and also the amorphous phase 
increased slightly. It can be thought that the addition of 
MACC, which turns into an amorphous phase with the 
dissolution of boron oxide in the feldspathic glass struc-
ture, decreases the peak densities of the quartz phase 
and increases the amorphous phase. The % crystallinity 
and amount of amorphous phase (wt. %) in the tile bod-
ies were evaluated by using Diffrac.Eva software. The 

Fig. 3   Comparison of the XRD 
patterns for STD and PT0.5 
samples
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% crystallinity and amount of amorphous phase (wt. %) 
are 59% and 41% for STD samples, while 57.2 and 42.8 
for PT0.5 samples, respectively. This result confirms that 
the MACC addition increases the glass phase ratio in the 
tile bodies. On the other hand, the fact that the presence 
of boron oxide originating from colemanite could not be 
detected in the XRD analysis results was interpreted as 

the fact that the colemanite completely melted at the por-
celain tile firing temperature and turned into the glassy 
phase and the boron oxide (also calcium oxides) with-
out forming any crystalline phase. It was concluded that 
incorporation of MACC, great fluxing power, into the 
standard porcelain tile composition increases the quartz 
solubility and facilitates the melting of albite.

Fig. 4   SEM images at the 
different magnification of 
STD and PT0.5 samples. a, b 
BSE images at 1000 × . c, d 
SE images at 5000 × . e, f SE 
images at 10,000 × 
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Microstructural properties

Figure 4 shows SEM observations on the fractured sur-
faces of the porcelain tiles of STD and PT0.5 fired at 
industrially firing temperature. Figure 4 a and b show 
Backscattered Electron (BSE) images of porcelain tile 
samples taken at 1000 magnification. From these images, 
it is understood that the MACC containing porcelain tile 
(PT0.5) has a denser structure than the standard tile, i.e., 
it contains less porosity. On the other hand, microstructure 
distribution of colemanite-derived boron element in por-
celain tiles could not be shown since SEM–EDX analysis 
could not detect boron element.

Figure 4 c, d, e, and f show the secondary electron (SE) 
images of porcelain tile samples taken at different mag-
nifications. Typical grain and bond microstructure con-
sisting of glass matrix structure holding together quartz 
and albite grains with mullite crystals was observed in 
both porcelain samples. Some quartz grains appear to be 
cracked due to both the α and β quartz transformation at 
573 °C during the thermal cycling of the firing–cooling 
process and the release of micro-stresses within quartz 
grains and surrounding glassy phases from their large ther-
mal expansion coefficient difference. It is observed that the 
mullite phase in the matrix structure of the STD sample 
consists of long needle-shaped secondary mullite crystals, 
while the mullite phase in the matrix of the PT0.5 sample 
composed of cuboidal primary mullite crystals and long 
needle-shaped secondary mullite crystals. It is thought that 
the presence of primary and secondary mullite crystals 
together in the microstructure of the MACC containing 
porcelain tile (PT0.5) may be one of the reasons for the 
higher mechanical strength compared to STD tile.

Conclusions

In this study, the use of colemanite (replacing the spray-
dried granules up to 2 wt. %), which were calcined for 
10 min at a high power level of 539 W in a modified 
domestic microwave oven, provided better technical 
properties without pyroplastic deformation in the fired 
porcelain tiles. Incorporation with 0.5 wt. % calcined 
colemanite to the porcelain tile formulations, by replac-
ing with an equivalent amount of industrial spray-dried 
granules and after firing at the 1212  °C, resulted in 
improvement of mechanical strength and gradual reduc-
tion of porosity and water absorption. The reduction of 
the porosity and water absorption obtained for coleman-
ite bodies was explained by a higher amount of glass 
phase, compared to the standard porcelain tile’s body. 
Furthermore, the results indicated that the production 

of porcelain with technical properties that will provide 
satisfactory performance in the application can be car-
ried out at a lower firing temperature by the addition of 
0.5 wt. % of calcined colemanite.
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