
 

 

Fig. 2 Particle size reduction of the porce-
lain tile slip as a function of grinding time
in the discontinuous ball mill

Abstract

During ceramic tile production (wall,
floor and porcelain stoneware), wet
milling process for the preparation
of ceramic slurries is widely used.
The currently preferred wet grinding
machines are discontinuous and/or
continuous ball mills, where grind-
ing occurs when a particle is crushed
between two pieces of grinding
media. Ball milling is, however, not a
cost effective method, especially in
preparation of porcelain tile slurries
since finer particle size/higher sur-
face area is required. In order to
improve grinding efficiency in wet
milling, new milling machines such
as “agitated/stirred media mills”
have already been designed and
employed. In this particular study, a
combination of discontinuous ball

mill and agitated media mill was uti-
lized as a cost effective way of slip
preparation for porcelain tile pro-
duction. Experimental trials were
performed under industrial condi-
tions in a local tile company. The
results were compared in terms of
milling efficiency and energy
requirements. Furthermore, the sin-
tering behaviour and its effects on
technological properties of the final
product were further investigated.
According to the results, such a com-
bination was proved to generate up
to 40 % energy saving for milling of
porcelain tile body slip compared to
that of classical ball milling. 

Introduction

The wet grinding process for the
preparation of ceramic body slurries
is widely employed during tile pro-
duction [1,2]. During grinding
process, control of particle size dis-
tribution is critical for successful 
production of ceramic tiles. The
degree of grinding influences the
reactivity of the components being
fired, and the degree to which new
phases (crystalline and glassy) are
formed. Considerable reactivity
favours the formation of compounds
such as mullite and anorthite and
helps improving the mechanical
properties of the fired material. 
Especially in porcelain tile produc-
tion, finer particle size distribution 
is required in order to achieve
improved technological properties
of the final product [3,4]. In a ball
mill, grinding occurs when a particle
is crushed between two pieces of
grinding media. Thus, fine grinding
is only possible after a relatively long
grinding time due to the limit on the
size of grinding media in the mill.
Therefore, the efficiency of the
machinery consequently falls and
the cost of energy rises [3−7]. Elec-
tricity represents up to 30 % of the
manufacturing cost in ceramic pro-
cessing and most of the energy is
consumed during the grinding oper-
ation [8]. 
In order to overcome the limits
inherent in a ball mill system, partic-
ularly for fine grinding, the agitator
ball mill has been developed, which
represents a leap to a different mill
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type altogether. Agitator ball mills
use one or several fast turning agita-
tor shafts for introducing energy into
the grinding media. By introducing
energy via the agitator shafts, con-
siderably higher volume−specific
power inputs can be achieved so
that smaller grinding balls can be
used [4−6]. Ceramic tile production
has grown in considerable amounts
in recent years. Among many pro-
ducing countries, Turkey is at sixth
place in the world and third place in
Europe with 24 ceramic tile produc-
ing companies with a capacity of
approximately 350 million m2 [9].
Turkish tile sector continues to
expand while certain amount of
efforts is directed to reduce energy
consumption of the tile production
in order to keep up with the fierce
competition in the world market. In
this study, a combination of discon-
tinuous ball mill and agitated media
mill was utilized as a cost effective
way of slip preparation for porcelain
tile production. The trials were car-
ried out at Termal Seramik San. & Tic.

A. S., a ceramic tile company located
in Bilecik, TURKEY. The agitated
media mill, MaxxMill MM3, was
supplied by Maschinenfabrik Gustav

Eirich GmbH & Co. KG. Hardheim,
GERMANY. The energy savings of
such combination obtained were
quantified and other benefits such as
improved sintering behaviour and
technological properties of the final
product, namely breaking strength,
were also discussed.

Materials and Methods

At Termal Seramik, glazed porcelain
tile mixes are generally ground for
14 hours to a grinding residue of less
than 5,4 % over 45 µm sieve. The
specific energy consumption of this
process is around 30 kWh per ton
slip by using a 34 000 l capacity dis-
continues ball mill (with silica grind-
ing media). As mentioned above,
the agitator mill used in this study
was a MaxxMill MM3 with a grind-
ing chamber volume of 190 l. The
grinding chamber of the mill is open
at the top and up to 90 % of its vol-
ume is filled with 350 kg grinding
media, which is made of 92 % alu-
minium oxide of diameter 4 to 
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Fig. 1 Representative illustration of ball
mill + agitator mill system [6]



surfaces of some selected fired sam-
ples using a scanning electron
microscope (Zeiss Supratam 50 VP)
in back-scattered (BE) electron imag-
ing modes after sputtering with a
thin layer of gold-palladium alloy in
order to prevent charging.

Results and Discussion

Energy consumption and sieve
residue of the porcelain tile slips
were measured for each trial. The
results of the trials in the first part of
the study are reported in Fig. 3. As
can be seen from Fig. 3a linear cor-
relation between sieve residue and
specific energy consumption could
be observed. With decreasing
throughput rate on MaxxMill the
sieve residue decreases while the
energy consumption rises accord-
ingly. With increased pre-grinding
time in ball mill the final residue at
constant throughput rate in
MaxxMill was reduced. The lowest
total energy consumption of approx.
17 kWh/t for an identical final
residue on 5,4 % > 45 µm could be
achieved with 6h pre-grinding time
and 2,6 t/h throughput rate on
MM3. Lower throughput rates on
MaxxMill and/or longer pre-grind-
ing times in ball will further reduces
sieve residue but will also reduce
energy savings. Based on these first
tests the most promising parameters
were chosen for checking energy
efficiency and sintering behaviour in
further production trials. The specif-
ic energy consumption of the ball
mill for preparing standard body slip
and ball mill + MaxxMill for prepar-
ing of 5,5 h and 6 h pre-ground
body slips were measured. The data
showed that pre-grinding the slip for
5,5 and 6 h in the ball mill and then
further grinding the slip in the
MaxxMill to the sieve residues of 
6,4 % and 5,5 % over 45 µm result-
ed in a total energy consumption of
16,9 kWh/t and 17,9 kWh/t, respec-
tively, as compared with 27,8 kWh/t
when the ball mill alone was used to
achieve a sieve residue of 5,2 % over
45 µm. These values correspond to
energy savings of 40 % (for 5,5 h)
and 35 % (for 6 h) for grinding of the

commercial porcelain tile mix. Parti-
cle size distributions of the slurries
pre-ground in the ball mill for 5,5
and 6 h and then further ground
with MaxxMill (designated as 5,5 h
and 6 h, respectively), are given in
Tab. 1. The results were also com-
pared with that of the standard slur-
ry, ground in the ball mill for 14 h.
According to the table, use of such a
combination (discontinuous ball mill
+ agitated ball mill) in grinding of
porcelain tile slurries achieved nar-
rower particle size distributions than
that obtained by only ball milling. 
Some of the important physical
properties of the ground bodies
before and after fast firing are given

Fig. 4 A representative SEM image of the
STD tile body fired at 1212°C under
industrial conditions

5 mm. The grinding trials were car-
ried out with commercial porcelain
stoneware mixes, using one of the
discontinuous mills combined with
the agitator mill, as seen in Fig. 1.
The system is constituted by ball mill
(1) for pre-grinding for selected
times, a service tank (2) for holding
the slip, a simple pump (3) to feed
the slip into the agitator mill (4) and
another peristaltic extraction pump
(5) to unload the ground material.
The slip discharged from the ball mill
was first loaded into a tank equipped
with an agitator and then fed into
the MaxxMill. Feeding and discharg-
ing of the slip were performed con-
tinuously via controllable peristaltic
pumps. The grinding trials were car-
ried out in two parts: in the first part,
the MaxxMill was fed with the slurry,
pre-ground by the discontinuous
ball mill for 5, 6, 7 and 8 hours 
(Fig. 2), and then the agitator was
operated with 8,1 m/s rotating
speed and at various production
rates (1,6, 2 and 2,6 t/h slip). Energy
consumption and sieve residue of
obtained slip were measured for
each trial.
In the second part of the study, two
further grinding trials were per-
formed with the slips pre-ground in
the discontinuous mill for 5,5 and 
6 h. Then, the slurries were fed into
the MaxxMill operated with 8,1 m/s
rotating speed and at a production
rate of 2,6 t/h slip. Slurries exiting
the MaxxMill were screened, treated
to remove any iron present and then
stored in the tank serving the spray
drier to form granules with a mois-
ture content of 6 %. The spray dried
granules were pressed at a pressure
of 330 kg/cm2 in order to obtain tiles
of 33 x 33 cm. After pressing, tiles
were fired at 1212°C for 32 minutes
(from cold to cold) in an industrial
roller kiln. Particle size analysis of the
obtained slips was performed using
a Malvern laser diffraction instru-
ment (Hydro 2000G, UK). The tech-
nological properties of the final
product such as linear firing shrink-
age, water absorption, bulk density
and breaking strength were meas -
ured in accordance with the stan-
dard procedures. The vitrification
behavior of rectangular compacts of
the representative tile bodies was
studied using a double-beam optical
non-contact dilatometer (MISURA,
Expert System Solutions, Italy). The
fired bodies were also subjected to
color measurements using a UV-Vis
spectrophotometer (Minolta

3600d). Microstructural observa-
tions were performed on polished

Fig. 3 Total specific energy consumption
as a function of sieve residue for different
pre-grinding times and throughput rates 

 D10 [ m] D50 [ m] D90 [ m]  
Sieve Residue  

45 m [%] 

Standard 1,99 12,99 51,80 5,2 

5,5 h pre-grinding 1,97 12,32 49,12 6,4 

6 h pre-grinding 1,87 11,69 46,71 5,5 

Tab. 1 D10, D50,
D90 values and the
sieve residue values
of the selected slips



in Tab. 2. From the results, it can be
concluded that the bodies with nar-
rower particle size distribution pos-
sess improved properties. The
increase in strength is partially due
to better sintering behaviour but
believed to be mainly due to the
diminution of negative effect of
microcracks around residual quartz
particles. As a very well known fact,
the stress generation and associated
cracking due to the presence of
quartz particles tend to be severe
because of the rapid displacive
phase transformation of quartz and
the resultant thermal expansion mis-
match between quartz particles and
glassy matrix on cooling. The larger

quartz particles result in intercon-
nected matrix fractures leading to
poor strength [10−13]. Figs. 4 and 5
are typical back-scattered images
obtained from the polished surfaces
of the Std. and 6 h tile bodies both
fired at 1212°C for 32 min under
industrial conditions. On the images,
porosity and residual quartz grains
are distinguished as dark and grey
areas within the structure, respec-
tively. Finer particle size of residual
quartz and smaller and rounder
pores in 6 h body are clear indica-
tions of these improved technical
properties in Tab. 2.  
Fig. 6 presents the sintering curves
of the tile bodies studied in the 
second part of the study. According
to the curves obtained with the
industrial firing cycle (1212°C, 
32 min), sintering rate and final
shrinkage of the investigated tile
bodies increased with the decrease
in particle size distribution, as
expected. At the final stage of sinter-
ing where the maximum shrinkage
was reached, there was no further
shrinkage and bloating. In order to
realize the benefits of the improved
sintering kinetics, the standard body
and the body pre-ground for 6 h and
then further ground in the MaxxMill
were fired at different firing cycles
under industrial conditions and the

Tab. 3 
Properties of the
investigated bodies
fired under different
industrial conditions

technological properties were mea-
sured (Tab. 3). According to the
results in Table 3, it was possible to
satisfy the requirements of the fired
porcelain tile body at faster firing
regimes than usual by simply using
the combination of discontinuous
ball mill and agitator mill. In addi-
tion, the roller kiln capacity also
increased approximately 15 % with
the reduction of total firing time
from 32 to 28 min.

Conclusion

A combination of a discontinuous
ball mill and agitator mill was
employed for milling a commercial
porcelain tile body under industrial
conditions. It was proved that it was
possible to achieve up to 40 % ener-
gy saving from classical discontinu-
ous ball milling. Further benefits
were also realized in sintering kinet-
ics and technological properties,
mainly in breaking strength.
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Fig. 5 A representative SEM image of 6 h
pre-ground tile body fired at 1212°C
under industrial conditions

Fig. 6 Dilatometric curves of the investi-
gated bodies (cycle: 1212°C, 32 min.)

Property Standard 

5,5 h  

pre-

grinding
 

6 h  

pre-

grinding
 

Dry Strength [N/mm
2
] 1,6± 0,06 1,58± 0,13 1,62± 0,08 

Firing Shrinkage [%] 7,4± 0,18 7,6± 0,03 7,9± 0,06 

Water Absorption [%] 0,30± 0,02 0,22± 0,04 0,16± 0,02 

Bulk Density [g/cm
3
] 2,38± 0,01 2,39 2,39± 0,01 

Breaking Strength [N/mm
2
] 52,2± 2,34 57,3± 1,28 64,2± 2,59 

L* 55,10 52,87 52,63 

a* 3,42 3,57 4,12 

b* 9,96 9,26 9,16 

Property 
Standard 

[1210°C/30’] 

6 h  

pre-grinding 

[1210°C/30’] 

Standard 

[1212°C/28’] 

6 h  

pre-grinding 

[1212°C/28’] 

Dry Strength [N/mm
2
] 

1,6 

± 0,2 

1,62 

± 0,18 

1,6  

± 0,2 

1,62  

± 0,14 

Firing Shrinkage [%] 
7,3 

± 0,1 
7,6 

7,3  

± 0,1 

7,6 

± 0,1 

Water Absorption [%] 
0,98 

± 0,06 

0,19 

± 0,04 

1,16 

± 0,02 

0,26 

± 0,02 

Breaking Strength [N/mm
2
] 

48,3 

± 2,56 

58,5 

± 2,96 

45,9 

± 2,12 

58,1 

± 3,02 

Tab. 2 Technological properties of the porcelain tile bodies fired under industrial condi-
tions (1212°C for 32 minutes)
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