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Abstract Ceramic tiles were manufactured from an in-

dustrial powder batch of porcelain stoneware tiles with 0,

10, 30 and 50 mass% polishing waste and fired at

1100–1180 �C. The phase evolution and microstructure of

ceramic tiles with the polishing waste were investigated by

X-ray diffraction, differential thermal analysis and scan-

ning electron microscope. The result showed that intro-

duction of the polishing waste into porcelain tiles did not

cause significant variations in the phase composition and

facilitated the formation of mullite phase. The activation

energies of mullite crystallization calculated by the Kis-

singer method were 780 ± 43, 828 ± 61, 493 ± 18 and

530 ± 30 kJ mol-1 for the porcelain tiles with 0, 10, 30

and 50 mass% polishing waste, respectively. In addition,

the Avrami constant, n, gradually decreased with the in-

creasing polishing waste content, indicating that the crys-

tallization mechanism of mullite in porcelain stoneware

tiles changed from two-dimensional crystallization to one-

dimensional crystallization. The process of one-dimen-

sional crystallization is more favorable to the formation of

needle-shaped mullite and increases the length of mullite.

Keywords Polishing waste � Porcelain tiles � Kinetic

crystallization

Introduction

Porcelain stoneware tiles are building materials with out-

standing technical properties such as mechanical strength,

wear and chemical resistance [1–4]. These technical fea-

tures have made porcelain tiles develop a kind of popular

products, whose production grows annually. Porcelain

stoneware tiles are usually surface-polished to improve

their esthetic aspect and increase the competitiveness with

natural stone materials [5, 6]. During the polishing process,

the porcelain material in a thickness range of 0.4–0.8 mm

from the tile surface is commonly removed, resulting in a

large amount of polishing wastes [7–9]. In fact, it has been

reported that the output of polishing wastes already ex-

ceeds seven million tons per year in China.

Commonly, polishing wastes are collected and tem-

porarily stored in effluent treatment stations, removing the

most part of water and producing a mud. Afterward, it is

generally disposed in landfill sites. However, the landfill

treatment process not only needs to occupy a lot of land,

but also leads to waste the mineral resource. In fact, pol-

ishing wastes are rich in SiO2 and Al2O3, which are similar

to the raw materials used by the building tile industry.

Thus, recycling the polishing waste is an attractive way to

manufacture traditional building materials. However, the

landfill treatment is the main method to deal with the

polishing waste in China.

In recent years, some works about utilization of pol-

ishing wastes were carried out. Rambaldi et al. [10] studied

the recycling of the polishing waste for manufacturing

porcelain stoneware tiles, by replacing 10 mass% sodium

feldspar sand, which did not cause significant variations in

the mechanical strength of the materials. With the polish-

ing waste content increasing, the compact microstructure of

the ceramics tile was broken. Shui et al. [11, 12] and
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Garcı́a-Ten et al. [13] reported that polishing wastes used

in ceramic bodies prevented the densification process of

ceramics due to the existence of SiC. The SiC powder

decomposes and forms SiO2 and CO/CO2 gas at high

temperatures, giving rise to porous microstructures. How-

ever, these current studies only focus on the effect of SiC

on the microstructure and sintering property of porcelain

tiles. They did not really make use of the polishing wastes

in the porcelain tiles. In fact, the composition of polishing

wastes is complex. The influence of polishing wastes on the

phase composition and foaming behaviors of porcelain tiles

is still not fully understood. For instance, it is not known

how the small amount of mullite derived from polishing

wastes affects the crystal phase development and mi-

crostructure of the porcelain tile matrix.

In this work, ceramic bodies were prepared from an

industrial powder batch of porcelain stoneware tiles with

different contents of polishing waste. The phase evolution

of ceramic tiles with the polishing waste was investigated

by X-ray diffraction, differential thermal analysis and

scanning electron microscope. In addition, the effect of

polishing waste additive on the process of sinter-crystal-

lization was evaluated.

Experimental

Raw materials

A typical industrial powder batch of porcelain stoneware

tiles and a dry polishing waste in form of powder were

selected as raw materials. The experimental raw materials

were from Newpearl Ceramics Group, Guangdong, China.

The compositions of porcelain stoneware tile powders and

polishing waste are presented in Table 1. Figure 1 shows

the XRD patterns of the porcelain stoneware tile powder

and polishing waste. The result indicates that quartz (SiO2)

is the major phase with a small amount of albite

(NaAlSiO8), illite (KMg3AlSi3H2O12) and kaolinite

(Al2Si2H4O9) in the porcelain stoneware tile powder. The

polishing waste contains quartz, mullite (Al6Si2O13), sili-

con carbide (SiC) and magnesium chloride hydroxide hy-

drate (Mg(OH)2�MgCl2�8H2O) crystalline phases. The first

two are from the polished porcelain tiles, and the others are

derived from the polishing tool.

Sample preparation

The studied body mixes were formulated by replacing 0,

10, 30 and 50 mass% of the porcelain stoneware tile

powder with the dried polishing waste, respectively. The

different studied mixes were prepared by milling in a

porcelain jar mill for 30 min, with 35 mass% of water and

0.5 mass% of polyethylene glycol (PEG-400, Guangzhou

Taiqi Chemical Technology Co., Ltd., China) as a binder.

The raw material powders were subsequently prepared by

drying, granulating and sieving with a 30-mesh sieve. The

green bodies, in form of disks, were prepared by dry-

pressing at 15 MPa. The sintering was performed in a

laboratory electric furnace under an air atmosphere at

1100–1180 �C for 10 min at a heating rate of 20 �C min-1.

Characterization

The sintering behaviors such as linear shrinkage, water

absorption and bulk density were determined according to

the Archimedes method recommended for ceramic tiles,

reported in the standard ASTM C373-88 [14]. The crys-

talline phases of the samples were determined by an X-ray

diffractometer (XRD, Philips PW-1710, the Netherlands)

using Cu Ka radiation. The microstructure morphology of

the sintered simples, which were polished and etched by

using a 5 % HF solution for 2 min, was observed by

scanning electron microscopy (SEM, Philips L30FEG, the
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Fig. 1 XRD patterns of porcelain stoneware tile powder and

polishing waste

Table 1 Chemical compositions of porcelain stoneware tile powder and polishing waste

Oxides/mass% SiO2 Al2O3 Fe2O3 TiO2 CaO MgO K2O Na2O IL

Porcelain stoneware tile powder 69.01 22.29 0.44 0.17 0.54 0.48 1.35 4.93 0.6

Polishing waste 67.27 19.21 0.37 0.15 0.62 2.94 1.19 5.17 3.14

IL ignition loss
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Netherlands). The thermal analysis of the samples was

carried out by a differential thermal analyzer (DTA, STA-

449C, Netzsch Instruments Ltd., Germany) from room

temperature to 1200 �C at various heating rates (i.e., 5, 10,

15 and 25 �C min-1) under air atmosphere using a-Al2O3

as a reference.

Results and discussion

Effect of polishing waste addition on foaming

behaviors

Figure 2 shows sintering behaviors of the samples without

polishing waste fired at different temperatures. The bulk

density initially increases and reaches the maximum value

(2.42 g cm-3) at 1160 �C, and then decreases with the

increasing temperature. The values of water absorption and

open porosity decrease with the increasing temperature and

become zero after 1160 �C. These results indicate that the

optimum sintering temperature of the porcelain stoneware

tile without polishing waste is 1160 �C.

Figure 3 shows sintering behaviors of the samples with

different polishing waste contents fired at 1160 �C. The

polishing waste content has an influence on the sintering

behaviors of the porcelain stoneware tile. When the pol-

ishing waste content reaches 30 mass%, the linear shrink-

age value falls below zero, which means the fired samples

produce volume expansion. In addition, the bulk density

gradually decreases with the increasing polishing waste

contents. For the sample with 50 mass% polishing waste

sintered at 1160 �C, the bulk density is only 0.85 g cm-3.

Microstructure is considered an important parameter

regarding the sintering behaviors of fired porcelain body

[15]. Figure 4 shows SEM images of the samples with

different polishing waste contents fired at 1160 �C. The

sample without polishing waste presents a relatively

compact microstructure with some fine pores (see Fig. 4a).

With the polishing waste content increasing, the mi-

crostructure of the fired samples becomes weakened. When

the polishing waste content is 10 mass%, the sample con-

tains many isolated and spherical pores, and the pore size is

about 50 lm, as seen in Fig. 4b. The microstructure of the

samples with 30 and 50 mass% polishing waste differs

from that of the other samples. A more porous fractured

surface can be observed (see Fig. 4c, d), which is attributed

to the decomposition of SiC particles from the polishing

waste and formation of CO/CO2 gas. In fact, SiC particles

are easy to be oxidized at high temperatures, when they are

exposed to oxygen [16, 17]. But the compact SiO2 pro-

tective film formed on the surface of SiC particles can

prevent effectively further oxidation of SiC particles. Many

previous works [18–20] reported that the flux oxides (i.e.,

K2O, Na2O, CaO and MgO) had a significant corrosive

effect on the SiO2 protective film, which led to a sub-

stantial increase in the chemical reaction between SiC and

oxygen at relatively low temperatures. Therefore, the fired

samples with high content of polishing wastes are more

susceptible to foam during sintering due to the abundant

flux oxides.

Effect of polishing waste addition on phase evolution

Figure 5 shows XRD patterns of the samples without pol-

ishing waste fired at different temperatures. Quartz is the

only crystalline phase, and mullite phase cannot be clearly

discovered in the samples without polishing wastes. In fact,

quartz phase is from residual quartz of raw materials. The

low-temperature and fast-firing process is unfavorable to

the formation of mullite [21]. In addition, the intensity of

the peaks corresponding to quartz gradually decreases with

the increasing temperature, which is attributed to the dis-

solution of quartz in the liquid phase at high firing tem-

peratures. Figure 6 shows XRD patterns of the samples
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Fig. 2 Sintering behaviors of the samples without polishing waste

fired at different temperatures
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Fig. 3 Sintering behaviors of the samples with different polishing

waste contents fired at 1160 �C
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with different polishing waste contents fired at 1160 �C.

Quartz and mullite are simultaneously identified in the

samples. In addition, the intensity of the peaks corre-

sponding to mullite gradually increases, indicating that

mullite content increases with the increasing polishing

waste content, which is due to the existence of mullite in

the polishing waste (see Fig. 1). Furthermore, the addition

of low-temperature flux (i.e., K2O, Na2O and MgO) from

polishing wastes likewise lowers the temperature of mullite

formation [22, 23]. Therefore, introduction of the polishing

waste into porcelain stoneware tiles does not cause sig-

nificant variations in the phase composition and facilitates

the formation of mullite phase.

Mechanism and kinetic parameters of sinter-

crystallization

Non-isothermal DTA method can be used to analyze the

reaction mechanism and calculate the activation energy of

crystallization, especially to analyze the kinetics of silicate

crystallization [24–26]. Figure 7 shows DTA curves of raw

material powders with different polishing waste contents

with various heating rates. All the curves exhibit an

exothermic peak between 900 and 1100 �C, which is due to

the crystallization of mullite. The addition of polishing waste

has an impact on the crystallization of mullite, which is ef-

fective to reduce the crystallization temperature of mullite.

Fig. 4 SEM images of the

samples with different polishing

waste contents fired at 1160 �C,

a 0 mass%, b 10 mass%, c 30

mass% and d 50 mass%
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Fig. 5 XRD patterns of the samples without polishing waste fired at

different temperatures
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25 �C min-1, a 0 mass%,

b 10 mass%, c 30 mass%
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The exothermic peak temperature decreases from 975.5 to

1006.3 �C (the sample without polishing waste) and from

956.6 to 981.3 �C (the sample with 50 mass% polishing

waste), which illustrates that the crystallization temperature

of mullite decreases about 20 �C. In addition, the intensity of

the exothermic peak decreases with the increasing polishing

waste content. It confirms that mullite crystallization is re-

lated to the transformation of the kaolinite presented in

porcelain stoneware formulation [27, 28].

The Kissinger method was proposed to determine

the kinetics parameters under non-isothermal conditions

[29–31]:

ln
T2

m

h

� �
¼ E

RTm

þ ln
E

RA

� �
ð1Þ

where Tm is the DTA peak temperature, h is the heating

rate, and A is the pre-exponential factor. According to

Eq. (1), the activation energy can be determined from the

slope by plotting ln(Tm
2 /h) versus 1/Tm, as shown in Fig. 8.

It is seen that these plots are linear (coefficient of deter-

mination, r2[ 0.99). From the linear slopes, the activation

energies of mullite E are determined to be 780 ± 43,

828 ± 61, 493 ± 18 and 530 ± 30 kJ mol-1 for the

samples with 0, 10, 30 and 50 mass% polishing waste,

respectively. It is indicated that the addition of polishing

waste into porcelain stoneware tiles makes the activation

energy of mullite crystallization decrease, which is due to

the existence of mullite in the polishing waste. Mullite

as a seed can promote the crystallization of mullite.

Vilmin et al. [32] found that zircon seeds could lower the

zircon crystallization temperature. Zhang et al. [33] also

reported that the introduction of seeds into the leucite

precursor could significantly lower the leucite crystalliza-

tion temperature. The crystal growth process can occur

more readily in the case of a smaller activation energy with

a lower crystallization energy barrier [24].

In fact, the value of E reflects the temperature sensitivity

of the crystallization process. The activation energies for

nucleation growth of mullitization from monophasic gels,

diphasic gels, hybrid gels, glass fibers and kaolinites have

been examined by many workers using isothermal and/or

non-isothermal methods [34–38]. The reported E values

from monophasic gels and kaolinites are about

300–530 kJ mol-1 [34, 38], while those from diphasic gels,

hybrid gels and glass fibers are about 800–1300 kJ mol-1

[35–37], more than twice as large as for the former group.

The differences in these E values may be due to the differ-

ences in the crystallization processes mentioned above or

due to experimental conditions and sample impurities. Based

on this point, it is reasonable to infer that the crystallization

kinetics of mullite crystallization in porcelain stoneware tiles

will also change with the addition of polishing wastes.

Using the activation energies calculated, we can deter-

mine the Avrami constant, n, corresponding to the crys-

tallization mechanism [39] as:

n ¼ 2:5

DT
� RT

2
m

E
ð2Þ

where DT is the full width at half maximum of the exother-

mic peak. The value of DT can be calculated by the curve fit

function of Origin 8.0 software [40]. The value of the Avrami

constant provides the information regarding the morphology

of the growing crystals [25]. The value of n close to one

means that one-dimensional growth dominates the overall

crystallization, the value of two indicates the two-dimen-

sional crystallization, the value of three implies a significant

contribution of three-dimensional growth, and the value of

four indicates the homogeneous crystallization [41–43].
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Fig. 8 Plots of ln(Tm
2 /h) versus 103/Tm for the raw material powders

with different polishing waste contents

Table 2 Calculated values of the Avrami constant, n

Polishing waste content/mass% h/�C min-1 n naverage

0 5 1.44 1.82

10 1.88

15 2.16

25 1.80

10 5 1.09 1.59

10 1.69

15 1.85

25 1.73

30 10 1.41 1.50

15 1.57

25 1.53

50 10 1.07 1.12

15 1.15

25 1.16
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Table 2 shows the calculated values of the Avrami constant

of the samples with different polishing waste contents. The

value of n gradually decreases, and the samples crystalliza-

tion mechanism changes from two-dimensional crystalliza-

tion to one-dimensional crystallization with the polishing

waste addition.

Figure 9 shows the SEM images of the fired samples

without and with 50 mass% polishing waste. A large

amount of mullite wrapped in the glassy matrix is de-

tected. In addition, for the sample with 50 mass% pol-

ishing waste, the length of mullite is much longer than

that of the sample without polishing waste. The SEM

result is consistent with that of the calculated n value. The

process of one-dimensional crystallization is more favor-

able to the formation of needle-shaped mullite. In addi-

tion, one of the oldest theories on the strength of

porcelain, the mullite hypothesis [44, 45], suggests that

porcelain strength depends on the interlocking of fine

mullite needles. Furthermore, fibrous mullite distributed in

the glass matrix grows a three-dimensional network,

which can lead to significantly increased resistance to

pyroplastic deformation [46].

Conclusions

In the present study, ceramic tiles were prepared by adding

different polishing waste contents into an industrial powder

batch and fired at different temperatures. The influence of

the content of polishing waste on foaming behavior, phase

evolution and kinetics crystallization of porcelain tiles was

investigated. The crystallization temperature of mullite in

porcelain stoneware tiles decreased with the increasing

polishing waste contents. The activation energies of mullite

crystallization calculated by the Kissinger method were

780 ± 43, 828 ± 61, 493 ± 18 and 530 ± 30 kJ mol-1

for the samples with 0, 10, 30 and 50 mass% polishing

waste, respectively.

The Avrami constant, n, gradually decreased with the

increasing polishing waste content, indicating that the

crystallization mechanism of mullite in porcelain stone-

ware tiles changed from two-dimensional crystallization to

one-dimensional crystallization. The process of one-di-

mensional crystallization is more favorable to the forma-

tion of needle-shaped mullite.
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