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bstract

n innovative way of reduction of firing temperature of porcelain tableware is reached by preparation of raw materials down to submicron- and
anoscaled powder for higher reactivity. In this study a common slurry was ground in an agitator ball mill from d50 = 5.0 �m to 0.9 �m, green bodies
ere prepared, and glost firing was simulated in a dilatometer. The sintering temperature has been decreased by approximately 180 ◦C. A reflection
etween ball mill and agitator ball mill regarding the grinding cost shows no difference which means that the ball mill could be replaced. The energy

onsumption during the grinding process will be discussed regarding to energy savings resulting from reduced firing temperature. Furthermore a
omparison between experimental and literature data will be done. The effect of grinding of raw material is finally evaluated concerning sintering
ehaviour and material properties.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

For keeping up competitive capability and high quality the
orcelain industry needs new innovations which also require
change in firing process, sintering time, and energy cost.1–5

irst improvements were achieved with introduction of the fast
ring process in the past years.4,6–12 Here for example time
or glost firing was reduced from 20–25 h (1965) to 8–12 h
cold–cold) and in some times to approximately 5 h (2000).10

econd improvements can be the change to the single firing
echnology13 which is rarely used at the moment for the produc-
ion of tableware. Another promising idea to decrease energy
emand is the reduction of temperature during glost firing. A
eduction of energy consumption implies a decline of energy
ost and a lower environmental pollution because of less CO2
mission. An innovative way of reduction of firing temperature

an be reached by change of batch composition5,14–18 or by
reparation of raw material up to submicron- and nanoscaled
owder for higher reactivity. The use of conventional ball mills
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or mass preparation is state of the art in porcelain tableware
ndustries. It is expected that the use of agitator ball mills results
n a submicron particle size distribution19,20 with influence on
intering temperature, shrinkage behaviour, microstructure and
elated properties. The reduction of sintering temperature leads
o energy savings which have to be compared to the energy con-
umption of the agitator ball mill. The comparison of the phase
omposition and pore size distribution of agitator ball milled
ith conventional ball milled materials is a further issue of this
aper.

. Experimental procedures

The slurry used in this work is an established porcelain slurry
or pressure casting, consisting of kaolin/clay (36.85 wt.%),
eldspar (12.73 wt.%), quartz (17.42 wt.%), water (33 wt.%) and
n industrial commercial deflocculant (Formsil D), that was
onventionally batch prepared by the industry. The chemical

nalysis of the starting material is given in Table 1 (XRF, X-
ay fluorescence spectroscopy, X-ray spectrometer Phillips PW
410) and Table 2 (XRD, X-ray diffraction analysis, Diffrak-
ometer Siemens D5000 Kristalloflex).

mailto:ellen.kivitz@tu-clausthal.de
dx.doi.org/10.1016/j.jeurceramsoc.2009.03.029


2692 E. Kivitz et al. / Journal of the European Ceramic Society 29 (2009) 2691–2696

Table 1
Single XRF determination of raw material (LOI = loss on ignition).

Slurry unground Slurry ground for 720 min

SiO2 (%) 62.44 ± 0.3 62.17 ± 0.3
Al2O3 (%) 25.40 ± 0.2 24.68 ± 0.2
K2O (%) 3.55 ± 0.04 3.37 ± 0.04
Fe2O3 (%) 0.45 ± 0.02 0.41 ± 0.02
Na2O (%) 0.44 ± 0.03 0.44 ± 0.03
CaO (%) 0.24 ± 0.04 0.15 ± 0.04
SO3 (%) 0.11 0.00
TiO2 (%) 0.10 ± 0.03 0.10 ± 0.03
MgO (%) 0.09 ± 0.03 0.07 ± 0.03
P2O5 (%) 0.09 0.09
Trace elements % 0.09 0.04
LOI (%) 6.85 7.82

Table 2
Single XRD determination of raw material and sintered bodies, equipment accuracy ±2 wt.%.

Powder Phase in wt.% ±2%

Feldspar Kaolin/clay Quartz Mullite Glassy phase

Raw material 19 55 26 – –
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decrease of the d50-value. The change of the d10-value is only
minimal because of the natural fineness of the kaolin/clay parti-
cles. Therefore further grinding will not produce finer particles,
nground, sintered – –
round for 720 min, sintered – –

Half of the slurry was used as reference, which means no fur-
her grinding took place. The other half was ground for 720 min
n an agitator ball mill (Netzsch RWKM LME 1) with Si3N4
rinding balls (diameter = 1 mm) in a Si3N4 cylinder. This shows
ardly any abrasion (see Table 1). Measurements of particle size
istribution were accomplished controlling the progress of the
rinding process using laser diffraction (Coulter LS 230).

Both unground and ground slurry were spray-dried at 200 ◦C
Mobile Minor) and cuboid samples were prepared by cold
sostatic pressing (System Uhde-Lohrengel). The following con-
itions were used: pressure of 200 MPa and dwell time of 2 min.
ensity of green bodies was measured using a solid pycnometer

GeoPyc 1360). The samples were biscuit fired in an electric
aboratory kiln at 900 ◦C in air with a dwell time of 15 min.

After determination of density of biscuit fired bodies with
olid pycnometer glost firing in air was simulated in dilatome-
ers (Netzsch DIL 402 PC). The relative linear length change
as measured up to 1300 ◦C for samples prepared from ground
aterial or 1500 ◦C for bodies from unground material. Heat-

ng was carried out with rates of 5 K/min, dwell time was
5 min at maximum temperatures and cooling rates were also
K/min.

Density of sintered bodies was measured using solid pyc-
ometer. To gain insight into microstructure as well as pore
izes and pore distributions of the differently prepared sam-
les light microscopy (LM) and scanning electron microscopy
SEM) were applied (Zeiss Axiophot and CamScan CS4). The

pen porosity was measured by mercury porosimetry (Porotec
ascal 240). X-ray diffraction analysis of the sintered samples
XRD, Diffraktometer Siemens D5000 Kristalloflex) finished up
he study.
2 43 55
8 39 53

. Results and discussion

Based on the fact that there was no information about the
illing behaviour of porcelain slurries in the ball mill used

or these experiments, the particle size distribution was mea-
ured in regular time periods. The d90-, d50- and d10-values in
ependence of the milling time are given in Fig. 1.

As expected the change of particle size is exponential and it
s obvious that the decrease of the d90-value is higher than the
Fig. 1. Reduction of d-values in dependence of milling time.
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particle distribution. Another problem is worse venting of
finer material during isostatic pressing26 which results in infe-
rior green densities of ground material compared to unground
material. After sintering densities are comparable (2.52 g/cm3
Fig. 2. Comparison of particle siz

ut will increase the energy consumption.21 For these reasons
rinding was terminated after 720 min.

A difference in particle size distribution between unground
nd ground material (Fig. 2) was clearly verified. The d50 value
f solids in the unground raw material is 5.0 ± 0.51 �m whereas
he d50 value of ground solids is 0.90 ± 0.01 �m. As the parti-
le size decreases the distribution of particle sizes changes from
imodal to monomodal and narrows. From the sintering point
f view a bimodal distribution is better than a monomodal dis-
ribution at the same d50 value.22 In this paper the effect of the
ifferent d50 values on sintering performance and material prop-
rties (density, porosity, microstructure and phase composition)
as to be determined.

Because of smaller particles the ground material has a
arger surface area and consequently an improved sintering
ehaviour,23 which counterbalances the disadvantage of a
onomodal distribution. The consequences can be seen in the

esults later discussed in this paper.
In industrial production porcelain tableware is mainly fired

wice – biscuit fired at about 900 ◦C and glost fired at about
450 ◦C. Sintering temperatures set for these experiments were
hosen after discussion with porcelain industry (see acknowl-
dgement). Both firing steps were done with samples from
nground and ground material. Due to the fact that shrinkage
akes place in glost firing, this firing step was made in a dilatome-
er and relative linear length change was detected (Fig. 3). In
his context one has to pay attention that sintering behaviour in
ilatometers cannot be compared exactly to sintering in indus-
rial equipment because of different sintering conditions (rates
nd atmospheres) and different sample geometries.

A clear difference between unground and ground material
an be seen. The unground porcelain material (dotted line in
ig. 3) shows three sintering steps and has its maximal shrink-
ge at 1422 ◦C with 6.6%, whereas the ground material (solid
ine in Fig. 3) shows two sintering steps and already reaches the

aximal shrinkage at 1244 ◦C with 11.4%. That means sinter-

ng temperature can be decreased by about 180 ◦C after grinding
f raw material and the result will still be a dense sintered arti-
le. Due to the fact that small particles enhance the quantity
f contact points between the single particles in the cold iso-
ibution before and after grinding.

tatic pressed green bodies, sintering is accelerated.23 By closer
xamination of the second sintering step it is evident that the
tart of sintering is shifted to lower temperatures about 33 ◦C
fter grinding. A similar behaviour concerning the onset sinter-
ng temperature was already reported for alumina by Roosen
nd Bowen.24

The difference in relative linear length change (6.6% com-
ared to 11.4%) suggests differences in number, size and
istribution of pores and therefore in density. To confirm these
resumptions, measurements of density and light microscopy
ere done (Figs. 4 and 5).
The green density of pressed samples from unground material

s higher than the green density of ground material (2.09 g/cm3

ompared to 1.8 g/cm3). This is based on densification behaviour
uring isostatic pressing,25 because monomodal particle distri-
ution results in lower packing density compared to bimodal
Fig. 3. Effect of grinding on sintering behaviour of porcelain samples.
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ig. 4. Effect of grinding on density of raw (0 ◦C), biscuit fired (900 ◦C) and
intered bodies (1250/1450 ◦C).

nground compared to 2.59 g/cm3 ground). Density of bod-
es from ground material increases stronger because the green

ody has a higher porosity. The adjustment to a lower d50
alue compensates for the slower sintering behaviour of the
onomodal particle size distribution. Measured densities of

ig. 5. Effect of grinding on porosity of sintered bodies (a) unground, (b) ground
or 720 min.
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ig. 6. Scanning electron micrographs of polished and chemically etched (HF
0 vol.% 1 min) surfaces. Effect of grinding on microstructure of sintered bodies
a) unground, (b) ground for 720 min.

intered specimen are similar to densities of sintered table-
are. The micrographs show much smaller pores for the ground
aterial at constant total porosity compared to the unground
aterial (Fig. 5). This reduction of pore size probably leads to

n increased strength which has not been investigated in this
aper.

The micrograph of sintered unground sample (Fig. 5a) shows
n irregular texture with wide range of pores sizes. In compari-
on the picture of sintered ground sample (Fig. 5b) shows mainly
ores smaller than 5 �m. Measurements of pore size distribution
y mercury porosimetry confirm that the unground sample pri-
arily exhibits pores around 10 �m, whereas the ground sample

rimarily exhibits pores around 3 �m. The unground sample has
higher total open pore volume (7.5%) than the ground sample

0.3%).
The analysis of microstructure with scanning electron micro-

cope (see Fig. 6) presents grains of quartz and mullite in needle
orm for sintered unground material and mullite in planar form
or sintered ground material. This difference can be explained

y the different sintering temperatures for the samples: primary
lanar mullite is developed from metakaolin at temperatures
etween 950 ◦C and 1000 ◦C and secondary needle mullite by
rystallization from liquid phase above 1200 ◦C.27,28
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Table 3
Specific energy consumption at different sintering temperatures [private communication, Friedherz Becker, Riedhammer GmbH].

Parameter Material

Sanitary ware Porcelain

Shuttle kiln Shuttle kiln with car conveyance Rapid firing kiln

S 1
S 1
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intering temperature (◦C) 1260 1160
pecific energy consumption (kWh/t) 1826 1550 (15%)

To complete the evaluation of samples from unground and
round material the results of X-ray diffraction (Riedfeld anal-
sis) are shown in Table 2 and the X-ray patterns in Fig. 7.

The porcelain raw material used consists of kaolin/clay,
eldspar, quartz, dispersed in water with deflocculant. Sin-
ered samples consist of quartz (Q in Fig. 7), mullite (M in
ig. 7) and glassy phase. The XRD diagrams (Fig. 7) show
lmost no difference between sintered samples from ground
nd unground material except for the differing characteris-
ic of the peak at about 31◦. Chemical composition is almost
he same for both samples because variance of measurement

ethod is ±2 wt.%. The mullite content can be expected to
ncrease due to the increased reactivity of smaller particles after
rinding. This would lead to a higher mullite content in the
amples from ground material, which could not be observed.
esides the influence of particle size on mullite formation

ime and temperature must also be considered. Because of a
ecrease in sintering temperature (from 1500 ◦C to 1300 ◦C)
nd sintering time (from 311 min to 271 min) less mullite is
enerated. This illustrates that the influence of sintering tem-
erature on mullite formation is higher than the effect of
rinding.

The analysis of the results shows that it would be possible
o reduce the sintering temperature and therefore the energy
onsumption during sintering by grinding the raw material. To

ransfer these results to industrial application it is necessary to
ompare energy input by milling and energy saving with reduced
intering temperature.

ig. 7. Single XRD determination of sintered bodies from ground (top) and
nground (bottom) material, equipment accuracy ±2 wt.%.
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260 1160 1364 1264
466 1263 (14%) 3253 2963 (9%)

Becker (see acknowledgement) investigated specific energy
onsumptions of three different kiln types when firing tempera-
ures are reduced by 100 ◦C (Table 3). The percentage reduction
f energy consumption for reducing the sintering temperature
bout 100 ◦C depends on the kiln and ranges between 9% and
5%. This implies an energy saving of approximately 270 kWh/t
or a temperature reduction of 100 ◦C. Basically energy saving
s higher in shuttle kilns than in tunnel kilns.

Literature29,30 gives information about the energy input when
rinding with agitator ball mills. Stehr determined the specific
nergy consumption between 3 kWh/t and 600 kWh/t for grind-
ng Al2O3 slurries (from 40 �m to 0.6 �m) in agitator ball mills.

comparison between Stehr/Stadler and Becker points out a
imilar energy input for grinding and energy saving for reducing
intering temperature. To make profit with milling an optimiza-
ion is needed and possible with31:

reduction of grinding time,
only grinding of hard materials (feldspar, quartz),
optimization of grinding body size and
optimization of milling type.

ctually ball mills are used for mass preparation in porcelain
ndustry. For tableware masses they can be replaced by agitator
all mills that have a better efficiency than ball mills.

. Conclusion

The experiments conducted show that it is possible to reduce
intering temperature by grinding raw materials, that the energy
nput for grinding can be compensated by the energy saving
uring firing, and that agitator ball mills can replace conventional
all mills in porcelain tableware industries.

Further experiments in industrial kilns are necessary to con-
rol shrinkage. Due to the fact that total shrinkage increases,
eplacement of the moulds in use would be necessary. This
ould lead to high costs for the industry which is not realiz-

ble. For further use of the present moulds the total shrinkage
ust be adapted to actual shrinkage values by optimizing the

emperature-time-program with a kinetic program based on
hermal conductivity measurements. In addition the change
f morphology from needle to planar mullite and its influ-
nce on the properties of industrial products needs to be

nalyzed.

Practical implementation can only be reached after optimiz-
ng the milling which includes the mill type and choosing a

ore efficient milling process. After all optimizations a new
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omparison of energy input and energy output under serial
onditions has to be done.
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