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ABSTRACT

Green bodies of earthenware tile were prepared from a mixture of earthenware tile powder and SiC as forming agents by

applying a conventional process. Granule powder for tile samples was prepared using the spray drying method with commercial

earthenware raw material with a quantity of SiC of 0.3 wt%. The applied pressure was 250 kg·f/m2 and the firing temperature

was 1050-1200oC. The effects of the SiC particle size and sintering temperature on the open porosity and total porosity were

investigated and the correlative mechanism was also discussed. While total porosity was not significantly changed by decreasing

the SiC particle size, the open porosity showed a gradual decrease, which represents an increase of the closed porosity. As the

sintering temperature increased, coarsening was made among the pores due to excessive oxidation. The volume shrinkage and

bending strength were demonstrated for the sintered tile samples. The sintered bulk density was also measured to determine the

weight reduction value.
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1. Introduction

arthenware tiles for construction show characteristics

of a low water absorption ratio (< 18%) and an excellent

strength(> 12 N/cm) through high-temperature firing at

1150oC, and are widely used as interior tiles of excellent

durability and diversified designs.1) However, the earthen-

ware tiles increased self weight of buildings due to the high-

density characteristics (2100 ~ 2300 kg/m3), and caused

high freight rates and construction costs as a result of

recent use of large-area construction tiles, in particular.

Therefore, weight reduction technology of the earthenware

tiles for construction can bring about an increased demand

through improvement in product competitiveness.

The methods of weight reduction by using foaming agents

are largely divided into the use of inorganic additives and

the use of organic additives. General organic foaming

agents have problems of difficulty in the mixing process due

to a low specific weight and lack of hydrophilic property,

and application of the earthenware tiles has difficulty in the

environmental aspect due to the generation of a large

amount of gas as the organics are burned during the firing

process.2) On the other hand, according to Pee3)et al, there is

a case where weight reduction experiments were imple-

mented by using inorganic hollow body of FAHM (Fly ash

Hollow Microsphere) to reduce the weight of earthenware.

Also, silicon carbide (SiC) widely used as abrasive has gas

release characteristics in oxidizing atmosphere at tempera-

tures of 900-1000oC which are low in comparison with the

firing temperatures for earthenware tiles,4-8) Lee et al.9) have

used the foaming properties of SiC in an oxidizing atmo-

sphere for application to porcelain tiles by using such char-

acteristics.

 In the firing process, earthenware tiles undergo liquid-

phase sintering process, with the sintering rate (R) being

given by the following Eq. (1), (2).

(1)

(2)

(ε : the porosity, ηs : the effective viscosity, Pg : the gas pres-

sure in the closed pores, Pc : the capillary pressure of the

liquid phase)

 In the above Eq. (1), (2), the sintering rate is affected by

the pressure in the body, while Pc is affected by the surface

tension (γ) and the pore radius (r). Therefore, if the pressure

in closed pores within the body (Pg) is increased through

addition of a foaming agent, the sintering temperatures can
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be lowered by accelerating sintering of the earthenware

tiles. Also, weight reduction can be brought about through

pore formation inside the earthenware tiles, while sound-

proofing and heat dissipation characteristics can also be

controlled.10-12) However, excessive addition of foaming

agents can cause defect formation inside tiles and open fore

formation on the surface, degrading material properties. 

In the present study, weight reduction study was carried

out by mixing silicon carbide (SiC) as a foaming additive

with granule powder used for the existing earthenware tiles

and applying the existing tile production process. Granule

powder was prepared by incorporating SiC powder per par-

ticle size and using a spray dryer, and samples were pro-

duced by uniaxial pressure forming and firing for

observation of the change in weight reduction characteris-

tics for earthenware tiles. Also, development of light-weight

earthenware tiles resulting from addition of the foaming

agent (SiC) was carried out in the range of 1050-1200oC,

and evaluation was conducted by considering KS L 1001

(earthenware tile) standard. 

2. Experimental Procedure

2.1. Preparation of tile body powders and samples

Chemical composition of the raw material for earthen-

ware tile body(Taeyoung Ceramic Co., Ltd.) used in the

present study is shown in Table 1. As the foaming agent

mixed with the raw material for tiles, silicon carbide (SiC,

99.5% ALDRICH) having a variety of particle sizes was

used, and the measured values using a particle size ana-

lyzer of laser diffraction method(LA950-V2, HORIBA) to

check for the particle size of SiC are shown in Table 2. SiC

foaming agent has particle sizes of 1 ~ 25 μm based on D50,

with the sample names denoted respectively as S1, S7, S20,

S25. Also, the sample without addition of the foaming agent

(SiC) was denoted as STD. Raw material for tiles (65 wt%)

and SiC (0.3 wt%) per particle size were respectively added

to distilled water and mixed for 2 h using the ball mill after

charging 10 mm zirconia balls. After ball mill mixing,

spherical granule powder was prepared by spraying at a

rate of 10L/h using a spray dryer(EYERA SD-1000, Japan).

At this time, the inlet temperature was maintained at

140 ~ 150oC, and the outlet temperature at 60 ~ 110oC,

with control in the range of 50 ~ 60 kPa in terms of spray

pressure. After drying in the oven at 110oC for 24 h to com-

pletely remove water from the prepared granule powder, 4 g

of the granule powder was weighed for charging in a circu-

lar metal mold (diameter: 14mm) and subjected to uniaxial

pressure forming under a pressure of 250 kg/m2 to prepare

tile samples. Tile samples were placed in a firing furnace

with temperature rise at a rate of 10oC/min, and furnace

cooled without holding time when the target temperature

(1050oC ~ 1200oC) was reached.

2.2. Characteristics analysis for tile sample

 To check for pore characteristics of the samples prepared

through firing process, open porosity and total porosity were

measured by a density measuring instrument (MCI, Sarto-

rious, Japan) using Archimedes principle. Volume shrink-

ages of the samples before and after firing were calculated

by measuring the dimension of the tile sample before firing

and that after firing. Also, to make observation on internal

pores of the tile sample, a cross section of the tile sample

was mounted and polished using 1 μm diamond suspension,

followed by observation of microstructures using a Field

emission electron microscope (FE-SEM, Jeol, JSM-6390).

Bend strengths of the tile samples were measured by 3-

point bending test method13) using a universal tester (UTM

Inspekt 250, Sweden).

3. Results and Discussion

3.1. Behavior of change in firing temperatures as a

result of addition of foaming agent

Figure 1 shows open porosity and total porosity for the tile

sample without addition of foaming agent(SiC) (STD) and

the sample with addition of 0.3wt%(S7). In the STD sample,

while the open porosity continues to be decreased with an

increase in firing temperatures, the total porosity was

decreased and no change was observed above 1150oC. Such

result suggests that closed pores inside the sample were

increased with an increase in firing temperatures, and may

be considered as a phenomenon which appeared when pores

Table 1. Chemical Composition of the Spray Dried Powder

Oxide Content (wt%)

SiO
2

58.13

Al
2
O

3
17.59

Fe
2
O

3
1.87

TiO
2

0.98

MnO 0.02

CaO 7.49

MgO 0.66

Na
2
O 1.10

K
2
O 1.91

P
2
O

5
0.03

Cr
2
O

3
0.01

ZrO
2

0.08

l.o.i 10.18

Table 2. Particle Size of Foaming Agents (SiC)

samples
Silicon carbide

particle diameter
Mean size

D10 D50 D90

S1 0.56 1.76 3.83 2.04

S7 4.73 7.20 10.90 7.20

S20 13.83 20.70 30.18 20.70

S25 17.57 25.21 35.98 25.21



November  2015 Characterization of Lightweight Earthenware Tiles using Foaming Agents 475

on the surface disappeared as magnetization occurred due

to the high firing temperatures. On the other hand, in the

case of tile sample with addition of SiC(S7), both open

porosity and total porosity showed a trend of gradual

decrease with an increase in firing temperatures up to

1150oC, followed by an increase above 1150oC. Such behav-

ior may be considered as a result of an increase in open

porosity as CO
2 

and CO gases produced as the foaming

agent (SiC) was oxidized as shown in the Eq. (3), (4)14) were

drastically released above 1150oC.15-16)

SiC + 2O
2
 → SiO

2
 + CO

2 
(3)

SiC + O
2
 → SiO + CO  (4)

 Figure 2 shows a change in the microstructures as a func-

tion of firing temperature for S7 samples with addition of

SiC. Whereas no foaming was observed inside the tile sam-

ples up to the firing temperature of 1100oC, foaming was

observed at 1150oC and rapid growth of pores up to 300μm

in size could be affirmed at the firing temperature of

1200oC. Such phenomenon suggests coarsening of the pores

due to formation of networks by mutual connection as small

pores grew inside the sample due to pressure of CO
2 
and CO

gases produced by oxidation of the added SiC beyond

1150oC. 

3.2. Effects of particle size on pores as a function of

particle size of foaming agent (SiC)

Figure 3 shows a change in porosity as a function of firing

temperature for the tile samples with addition of foaming

agent(SiC) having a variety of particle sizes. Although the

total porosity (dashed line) of STD sample at 1050oC shows

similar results to those for the sample with addition of SiC,

the open porosity (solid line) was measured to be lower than

the sample with addition by about 4%. Open porosity for

STD could be affirmed to be similar in the results of firing at

1100oC as well. Also, in the case of the sample with SiC

addition fired at 1150oC, no change was observed as a func-

tion of SiC particle size, although the total porosity was

larger than the STD composition by about 2%. On the other

hand, the open porosity was observed to be the lower, the

smaller the SiC particle size. In the results of firing at

1200oC, both open porosity and total porosity of the sample

with SiC addition were affected by the particle size, where

the porosity was affirmed to be decreased as the SiC particle

size was increased. 

Figure 4 shows the behavior of change in the porosi-

ties(open, total) and the volume shrinkage at the firing tem-

perature of 1150oC as a function of SiC particle size. In

Fig. 4, although the total porosity was not nearly affected by

the change in SiC particle size, the open porosity can be

seen to have been increased as the SiC particle size was

increased. Such results signify that the closed pores inside

Fig. 1. Evolution with firing temperature of the open poros-
ity(solid lines) and total porosity (dashed lines) of tile
samples (S7, STD).

Fig. 2. Variation of the microstructure as a function of temperature for tile samples (S7, STD); (a) 1050oC, (b) 1100oC, (c)
1150oC, (d) 1200oC, (e) STD sample (1150oC).
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the sample were increased, the smaller the SiC particle size.

On the other hand, the volume shrinkage of the samples

were affirmed to be drastically increased in S1(D
50

= 1.2 μm)

sample with the smallest particle size of added SiC. Such

result is attributed to the fact that oxidation reaction

(Eq. (3), (4)) occurred at relatively low firing temperatures

when the particle size of SiC as foaming agent was

increased with an increase in specific surface area. Namely,

upon firing at a firing temperature of 1150oC, if SiC having

a small particle size (1 μm) was added, then oxidation phe-

nomenon was promoted at a relatively lower temperature to

release CO
2 
or CO gas than when SiC having a large parti-

cle size was added. At this time, pores were formed inside

the sample at a relatively low temperature due to an effect

of the released gas, and excess gas escaped early through

particle interfaces, causing the phenomenon of sufficient

magnetization on the surfaces near the firing tempera-

ture(1150oC).17)

Table 3 shows the measured results of bending strength

for tile samples as a function of composition of STD fired at

1150oC and of particle size of foaming agent (SiC). Accord-

ing to the Korean Industrial Standard(KS L 1001), wall

tiles shall have bending strengths higher than 12N/cm, floor

tiles higher than 100N/cm. In Table 3, the sample of STD

composition shows a bending strength of 203.4N/cm, and

the bending strength can be seen to be decreased as the SiC

particle size becomes larger (S1→S25). As the open porosity

shows a phenomenon of increase for the larger SiC particle

size according to the previous result (Fig. 3), the reduction

in bend strength may be inferred to be caused by an

increase in the pores present on the surface.18) Also, while

the results of Table 3 show the bend strengths for the sam-

ple with SiC addition exceeding the KS standard for floor

tiles up to 1150oC, the strength when fired at 1200oC was

shown to be 85.4 N/cm which was lower than the standard

for floor tiles due to the increased open porosity .

To check for the sizes and distribution of pores inside the

sample according to the change in particle sizes of the added

foaming agent, the microstructures for the cross section of

the tile sample fired at 1150oC are shown in Fig. 5. In the

case of S1 sample, the pores of 30 - 100 μm in size are rela-

tively uniformly distributed, and the distribution and size of

pores inside the sample can be seen to have been decreased

as the SiC particle size was increased. Such results confirm

the assumption that the closed porosity would be increased

as the open porosity was decreased although no change in

the total porosity was observed in Fig. 4 as a function of the

decrease in SiC particle size. 

To check for the weight reduction behavior of earthenware

tile as a result of SiC addition, the bulk density of tile samples

was measured as a function of firing temperature (Fig. 6). In

Fig. 6, STD composition and S1, S7 tile samples showed no

large differences having a density range of 1.95-1.99 g/cm3

when fired at 1050oC, and no obvious change due to addition

of the foaming agent was observed either for the results of

firing at 1100oC although the density values were slightly

increased (1.99-2.03 g/cm3). On the other hand, in the case

Fig. 3. Evolution with various firing temperature of open
porosity (solid lines) and total porosity(dashed lines)
for tile samples.

Fig. 4. Influence of SiC particle size on sample porosity and
volume shrinkage. (Firing temp. = 1150oC)

Table 3. Open Porosity and Bending Strength with Tile Samples with SiC (Firing temp. = 1150oC)

Samples
Open porosity

(pore vol./total vol.)

Bending strength(N/cm)

Measured value (mean) Std.dev. Number KS L 1001

STD 8.06 203.4 ±3.3

10
100.00 

(more than)
Floor tile

S1 7.75 169.6 ±4.2

S7 9.28 139.4 ±4.7

S20 10.46 110.0 ±5.3

S25 11.04 85.4 ±6.8
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of firing temperature of 1150oC, the densities were affirmed

to be 2.03g/cm3, for the tile sample of STD composition,

1.64g/cm3 and 1.88g/cm3 for S1 and S7 samples, respec-

tively. Therefore, in the case of S1 sample, the weight was

decreased by about 18% as compared with STD sample. In

the case of firing at 1200oC, although weight reduction by

25% was measured for S1 sample in comparison with the

STD tile sample, pore sizes inside the sample were drasti-

cally increased (Fig. 2) and the open pores were drastically

increased (Fig. 3), causing defects on the surface and thus

making it unsuitable for the tile manufacturing process.

 Therefore, when SiC powder having a particle size of 1μm

as a foaming agent was added to earthenware tiles for firing

at 1150oC, weight reduction effect by more than 18% was

affirmed to occur while having mechanical properties in

compliance with the KS specification. 

4. Conclusions

To reduce the weight of earthenware tiles for construction,

the foaming behavior as a function of firing temperature

was checked by adding a foaming agent (SiC) having a vari-

ety of particle sizes (D
50

= 1.76 ~ 25.21 μm), affirming the

weight reduction characteristics. As the particle size of the

added SiC became smaller, changed behavior of the total

porosity was affirmed no to be observed, while the open

porosity was affirmed to be decreased. At 1200oC, however,

both porosities (open, total) were increased due to the high

firing temperature. Such phenomenon appeared as an

increase in the released amount of gas by promotion of oxi-

dation reaction of the foaming agent (SiC) due to the higher

firing temperature than 1150oC.

In the case of volume shrinkage, while it showed the high-

est value for the tile samples fired at 1150oC, there

appeared to be no large difference when determined on the

basis of figures. Also, the open porosity was affirmed to be

increased the larger the particle size of the added foaming

agent, while the bending strength was decreased. Such phe-

nomenon is considered to have appeared since sufficient

surface magnetization was not realized due to the effect of

unreacted SiC. In the case of bending strength, it was

affirmed to be lower (85.4 N/cm) than the KS reference

value for the tile samples fired at 1200oC due to excessive

pore formation, although it was shown to be higher than the

value for floor tiles (100N/cm) specified in Korean Industrial

Standard KS L 1001 up to 1150oC. 

When fired at 1150oC using the foaming agent (S1), a high

rate of weight reduction (18%) was observed, with the high-

est rate of weight reduction (25%) being observed for the tile

samples sintered at 1200oC. Consequently, the tile samples

fired at 1150oC with 0.3 wt% addition of the foaming agent

S1 are considered to be most suitable for product applica-

tion.
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