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bstract

or the ceramic and brick industry as an energy-intensive sector solutions to diminish the energy consumption are of crucial importance. One
ossibility to affect the energy consumption of the firing process is the use of sintering aids, e.g. secondary raw materials like scrap glass powders.

The knowledge of the mineral and liquid phase formation during firing is a basic requirement to assess the physical properties of the fired body.
he impact of the scrap glass powders depends to a great extent on the respective clay composition, but also on both the chemical composition and
he degree of preparation of the glass. The present paper discusses phase formations during firing and the resulting body properties, both of which
epend significantly on interactions between clay and glass during maturation. A material model for describing the mode of action of scrap glass
owders within kaolinitic clays is presented.

2010 Elsevier Ltd. All rights reserved.
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. Introduction and theoretical background

For the ceramic and brick industry as an energy-intensive sec-
or solutions to diminish the energy consumption are of crucial
mportance. In the forthcoming decades increasing production
osts are to be due to increasing energy costs and decreasing
mounts of fossil fuels. Furthermore, the use of natural resources
s inevitably connected with environmental changes and hence
ith additional costs, e.g. for the renaturation of disused clay
eposits. Moreover, in other industries by-products accrue which
re not used so far and hence have to be deposited.

An alternative application of such secondary raw materials
s their use in silicate ceramic bodies. The impact of secondary
aw materials on the physical properties of the fired body had
lready been systematised by earlier investigations.1 However,
he knowledge of the mineral and liquid phase formation during

ring is a basic requirement to apply secondary raw materials in
eramic bodies in a technically and economically advantageous
ay. The present paper emerged from a series of investigations

∗ Corresponding author. Tel.: +49 3643 494830; fax: +49 3643 494898.
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hase reactions

or which four clays and five scrap glass powders different in
ineralogy, chemistry and particle size distribution had been

sed. The overriding aim of these investigations was to clarify
he mode of action of scrap glass powders in silicate ceramic
odies with regard to the whole production process. This paper
xcerpts investigations and results of the phase formations dur-
ng firing and resulting body properties which significantly
epend on interactions between clay and glass during matura-
ion.

There are complex phase reactions occurring during firing
f silicate ceramic bodies due to the large number of mineral
hases clays consist of. With regard to the phase reactions,
ainly bodies rich and poor in earth alkalis, respectively, are

istinguished.2–4 In consideration of the microstructures formed
uring firing Freyburg5 classified four types of clays by which
he durability of the respective bodies can be assessed. Due to the
trongly varying composition of natural silicate raw materials
ccurring phase reactions can merely be estimated. The pres-
nce of further minerals or impurities leads to changed phase

eactions during firing. In the following, the basic knowledge of
hase formations and transitions will be described.

During firing of kaolinitic clays mullite formation takes
lace even under the presence of further compounds (Fig. 1).

mailto:a.schwarz-tatarin@lingl.com
dx.doi.org/10.1016/j.jeurceramsoc.2010.01.015
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Table 2
Cation exchange capacity and granulometrical parameters of clay A.

Cation exchange capacity
CEC [meq/100 g] 12
Specific surface area [m2/g]
BLAINE [m2/g] 0.73
BET [m2/g] 49.74

Particle size distribution
Medium gra in size xm [�m] 1.44
Mostly contained grain size xmodal [�m] 0.57
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Fig. 1. Schematic of the kaolinite transformation during firing.

urthermore, depending on the composition of the raw material
atch the formation of cristobalite and spinel is possible. After
he dehydroxylation of the clay minerals the formation of pri-

ary mullite from clay mineral metaphases and the segregation
f cristobalite without liquid phases take place. Thereby, the
ctivation energy for mullite nucleation and mullite growth
epends on the defective structure of the starting kaolinite.6,7

fter Sadunas et al.8 the intensity of mullite formation is
trongly relating to the presence of bivalent metal ions and
ecreases in the order Cu2+ > Fe2+ > Mn2+ > Co2+ > Ni2+ > Cr2+.
he formation of primary mullite at 900–1000 ◦C is a solid
tate reaction. Not till higher temperatures SiO2 is segregated
s silica as a liquid phase.4,5,9,10,11

. Experimental

For the investigations natural clays and industrial secondary
aw materials were used. Such raw materials are applied within
he ceramic industry, e.g. to produce facing and clinker bricks,
ertically perforated bricks or roofing tiles.

Since, they are many component systems consisting of a large
umber of clay and non-clay minerals which influence each other
uring processing, investigations on model systems consisting

f comparatively pure materials like kaoline give no practicable
esults. The clay used for the investigations had been selected
ccording to the microstructure-oriented clay classification after
reyburg5 and represents a typical natural clay used for produc-

w

c

able 1
ineralogical, chemical composition and water soluble ions of clay A.

ineralogical composition [%]

uartz Feldspar Ferreous minerals Calcite/dolomite

2 1 0

hemical composition [wt.%]

iO2 Al2O3 Fe2O3 CaO MgO

5.27 36.7 3.26 0.2 0.23

ater soluble ions [mmol/l]

l S N Ca

.01 0.03 0.00 0.04
rain size at 50% pass x50 [�m] 0.63

ion of clinker bricks. All characteristics of this clay A are shown
n Tables 1 and 2.

The mineralogical composition had been determined by
-ray diffraction of oriented clay mineral preparations accord-

ng to the classic method12. Data had been collected by an
-ray powder diffractometer D 5000 (Siemens, Germany) in
ragg–Brentano geometry (operation modes: Cu-K� radiation,
≈ 0.154 nm, 4–60◦ 2θ range, 0.05◦ step size, 2.5 s step time).
he cation exchange capacity (CEC) had been determined by
xchange of copper(II)-triethylenetetramine after Meier and
ahr.13

For the determination of the specific outer surface area
Blaine analyser Blaine-Star-ZEB-2002-B (Wasagchemie,

ythen GmbH, D) had been used. The density required for
his measurement had been determined by pycnometer Accu-
yc 1330 (Micromeritics GmbH, Mönchengladbach, D). The
etermination of the specific inner surface area was carried out
fter Brunauer, Emmett and Teller (BET) by using an ASAP
000 (Micromeritics, Mönchengladbach, D).

The grain size distribution was determined by laser diffrac-
ion analysis using a Coulter LS 230 (Coulter Cooperation

iami, USA) over a measurement range of 0.04–2000 �m. In
rder to prevent agglomeration before and during measuring the
amples had been ultrasonic-dispersed (2–6 min).
Furthermore, for the investigations four scrap glass powders
ere used. All characteristics of the glasses are shown in Table 3.
The glass powders G1 and G2 are recycling glasses from a

ontainer glass and a flat glass, respectively. The recycling rate

Kaolinite Muscovite Illitic mixed-layer minerals + smectite

72 5 13

TiO2 K2O Na2O SO3 P2O5

2.55 1.5 0.12 0.01 0.15

Mg K Na pH-value

0.02 0.02 0.01 6.3
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Table 3
Characteristics of the scrap glass powders used.

G1 G2 G3.1 G3.3 G3.4 G4

Mineralogical composition [%]
Quartz 2
Amorphous content 100 100 100 100 100 98

Chemical composition [wt.%]
SiO2 69.71 69.65 61.00 61.00 61.00 70.39
Al2O3 1.96 0.77 16.00 16.00 16.00 1.93
Fe2O3 0.51 0.00 1.59
CaO 10.93 10.37 8.00 8.00 8.00 9.00
MgO 0.85 1.73 3.00 3.00 3.00 3.21
MnO 0.32
TiO2 0.11 0.07
K2O 1.05 0.38 0.30
Na2O 14.86 16.24 11.59
SO3 0.28
B2O3 8.00 8.00 8.00
P2O5 0.02 0.21
BaO 4.00 4.00 4.00

Content of organic compounds [wt.%]
Weight loss at 300 ◦C (STA) 1.04

Water soluble ions [mmol/l]
Cl 0.01 0.01
S 0.01 0.01 0.03 0.01 0.04
N 0.06 0.06
Ca 0.06 0.10 0.06 0.09 0.06 0.16
Mg 0.01 0.04 0.02 0.21 0.17 0.07
K 0.01 0.01 0.02 0.01
Na 0.19 0.24 0.01 0.01 1.42
P 0.01
pH-value 10.0 10.0 7.7 10.2 10.0 10.1

Specific surface area [m2/g]
BLAINE [m2/g] 0.32 0.28 0.08 1.24 0.95 0.71
BET [m2/g] 0.60 0.47 0.12 3.34 2.30 2.88

Particle size distribution
M .5
M .8
G .1
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h

edium grain size xm [�m] 22.6 32
ostly contained grain size xmodal [�m] 41.7 45
rain size at 50% pass x50 [�m] 17.2 24

f such glasses averaged out at 83.6% in the year 2006 and is
eclining since 2004.14

The alkali free borosilicate glass G3 used for the investiga-
ions accrues as cullet during the recycling of borofloat glass.
t was chosen for the investigations since its chemical compo-
ition is completely different to that of the glass powders G1
nd G2.

Additionally, the borosilicate glass was further dry milled
y MaxxMill R02 Maxx (Maschinenfabrik Gustav Eirich, Ger-
any) using a high yield austenitic steel milling vessel as well

s corundum milling balls with a diameter of 4–5 mm. By the
ariation of the amount of mill material two grades of prepara-
ion were gained. The finest glass powder is named G3-3 and
he coarser one G3-4, respectively.

The glass powder G4 was obtained by drying a grinding
lurry accruing from flat glass processing with a moisture con-

ent between 10 wt.% and 30 wt.% and with an amount of
00–700 t/a (at the supplier).

Some of the starting raw materials were existent prepared and
ome were available in lumpy condition. Initially, the last were

t
f

248.9 3.9 5.5 8.3
203.5 2.3 7.1 7.8
181.8 2.5 3.8 5.6

rushed and milled to a maximum grain size of 2 mm. Previ-
usly, those raw materials accruing as slurry had been dried at
0 ◦C to a constant mass. For crushing and milling jaw crushers
or maximum starting grain sizes of 150 mm and 40 mm, respec-
ively as well as a baffle mill for a maximum starting grain size
f 10 mm combined with a 2 mm mesh were used.

In order to investigate the body properties batches and spec-
mens had been prepared as follows.

The dried clay and scrap glass powders were blended and
omogenised in the following compositions:

100% clay
90% clay/10% glass (all glass qualities)
75% clay/25% glass (G1 and G2)
70% clay/30% glass (all glass qualities)
50% clay/50% glass (all glass qualities)
Afterwards, the mixtures were blended with deionised water
o obtain plastic and extrudable batches. These had been matured
or 3–5 days and then extruded by a laboratory extruder with-
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ut vacuum (Netzsch, Germany) to prism-shaped specimens of
.5 cm × 1.0 cm × 12.0 cm in size.

The drying was initially carried out at room temperature and
fterwards at 100 ◦C within a laboratory drying chamber UT 20
Heraeus Instruments, Germany) to a constant mass. Firing was
onducted within a laboratory gradient furnace SO 498 (Linn
lektrotherm, Germany) with a heating rate of 2 K/min (1 h
oaking time, free cooling down). There were temperature steps
f 10 K between two specimens of each composition. Depend-
ng on the batch composition firing temperatures between 700 ◦C
nd 1200 ◦C were applied.

The mineralogical composition of the fired samples was
etermined by X-ray powder diffraction. Initially, the samples
ere gently milled by a mortar mill RM 100 (Retsch, Germany)

nd afterwards ground by mortar to a maximum particle size of
0 �m. Data had been collected by an X-ray powder diffractome-
er D 5000 (Siemens, Germany) in Bragg–Brentano geometry
operation modes: Cu-K� radiation, λ ≈ 0.154 nm, 4–60◦ 2θ

ange, 0.018◦ step size, 4 s step time).

In order to determine the amorphous content of the bodies the

amples had been blended with an internal standard of 20 wt.%
aF2 and afterwards measured again. The quantitative analysis
f the mineral and amorphous phase contents was carried out

r
t

ig. 2. Microstructure due to particle interactions between clay mineral- and glass
SEM-FEG, high vacuum mode, BSE, 15 kV).
opean Ceramic Society 30 (2010) 1619–1627

y Rietveld analysis using the software Topas R V3.0 (Bruker
XS, Germany). For every firing series (one composition fired

t different temperatures) the refinement started with all possible
hases within the investigated temperature range and eliminated
hose phases not present in the particular sample. In all samples
efinement involved correction of preferred orientation.

The optical assessment of the microstructure was conducted
y scanning electron microscopy (SEM S 2700 LB, Hitachi,
apan; high vacuum, acceleration voltage 15 kV). Additionally,
hemical composition of single phases was analysed by means
f an energy dispersive X-ray detector (EDS TRACOR Voyager
100, Noran Instruments, USA). The samples had been embed-
ed in resin and polished by diamond paste. In order to obtain a
onducting surface, samples had been coated with a gold layer
f about 5 nm.

. Results and discussion

.1. Unfired state
Investigations on clays and glass powders in the unfired state
evealed that the used glass powders are susceptible to dissolu-
ion (Fig. 2) due to the high grade of fineness and hence large

surfaces at the unfired state (A + G4, 1:1, water content 45 wt.%; after 5d;
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Fig. 3. Development of body properties with different am

pecific surface area as well as due to certain predeterioration
y milling and grinding processes. Glass dissolution already
ccurs due to the presence of water and leads to the solution of
asily soluble alkalis and earth alkalis from the glass network as
ell as to an increase in pH-value. In contrast, the addition of

lkali free borosilicate glass results in a mainly grogging impact
ndependent from the grade of fineness due to an impeded glass
isintegration by high values of Al2O3.15,16

.2. After firing

Basically, the addition of scrap glass powders leads to a higher
iversity in mineral phases of the body and to lower sintering
emperatures. Thereby, the chemical and granulometrical com-
osition of the glass powders strongly influence phase formation.
he densely sintered body of the kaolinitic clay A is mainly char-
cterised by formation of mullite, spinel and amorphous phases
Fig. 3). Between 800 ◦C and 900 ◦C, due to the alkali containing
lass powders G1, G2 and G4 cristobalite, wollastonite, diopside
nd nepheline are formed. The use of the alkali containing glass
owder G4 additionally resulted in the formation of enstatite
nd in an epidote-similar phase not clearly identified, but most
f all fitting the structure of epidote (Table 4). In contrast, the
ddition of alkali free alumoboro silicate glass merely leads

o the formation of cristobalite (G3-1) and akermanite (G3-3),
espectively.

Furthermore, in the at 900 ◦C densely sintered bodies con-
aining 50 wt.% of the glass powders G1, G2 and G4 (alkali

p
t
b
a

of G1 (gradient firing: �T 200 K, heating rate 2 K/min).

ontaining) primary clay minerals (in this case illite) were
etected (Figs. 3 and 4). Moreover, mullite and spinel which
ndicate sintering of the clay A without glass powder were not
resent at this firing temperature (Fig. 3). Hence, it can be
nferred that sintering of kaolinitic bodies due to alkali con-
aining glasses proceeds without any participation of the clay

atrix and is solely initialise by the glass melt. This can explain
hy, e.g. illite and cristobalite coexist in the same sample.
Furthermore, XRD results (Fig. 4) pointed out that kind and

mount of formed phases correlate with the chemical composi-
ion and the grade of fineness of the glass powders. At the same
ring temperature, the amount of crystalline phases is increased
nd the amount of amorphous phases is lowered with a higher
rade of fineness.

This can be explained by a shifting of formation of liq-
id phases as well as nucleation and crystallisation to lower
emperatures due to the larger specific surface area. Between
00 ◦C and 900 ◦C the amounts of amorphous phases decrease
ith increasing firing temperatures within the glass powder
atches of clay A (Figs. 4–6). Since there is no mullite for-
ation, that means that there is no segregation of a crystalline

hase from amorphous clay mineral metaphases (metakaolin-
te), the formation of secondary phases by crystallisation from
he melt is proved. A further indicator for the presence of liquid

hases is the decreasing amount of quartz with increasing firing
emperatures that had been determined already at temperatures
etween 800 ◦C and 900 ◦C for the batches containing G1, G2
nd G4. Since merely the glass particles form liquid phases it is
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Fig. 4. Amounts of crystalline and amorphous phases due to alkali containing
s
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crap glass powders in clay A (mix ratios 1:1; firing temp. 900 ◦C, heating rate
K/min; XRD/Rietveld, standard: 20 wt.% CaF2, refinement steps: preferred
rientation (h k l): Qtz (0 1 0), Ill (1 −1 −1 ), Wol (0 0 2)).

nferred that quartz melting starts at the quartz–glass interface
Fig. 7).

Furthermore, microstructure observation by SEM proves that
ollastonite solely crystallises at the regions of glass particles

nd in the form of long needles (Fig. 8). The crystals seem to start
rowth from defective glass regions that is the glass particle rim
s well as cracks which had already been formed in the unfired
tate (Fig. 2).

Since already at the unfired state sodium ions are enriched at
he glass particle rim as a result of the glass integration within
he alkaline milieu of the clay, it can be inferred that at these
egions liquid phases are formed first. The regions identified as

odium-rich glass melt (Fig. 9) appear as darkly shaded areas
hich are imaged as reaction rims around the glass particles, too.
urthermore, sponge-like phases identified as Mg–Ca-silicates
diopside) can be recognised in the SEM.

ig. 5. Amounts of crystalline and amorphous phases due to 50% of alkali
ontaining scrap glass powders G1 in clay A (XRD/Rietveld, standard: 20 wt.%
aF2, refinement steps: preferred orientation (h k l): Qtz (0 1 0), Ill (1 −1 −1 ),
ol (0 0 2)).
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Fig. 6. Amounts of crystalline and amorphous phases due to 50% of alkali
containing scrap glass powders G2 in clay A (XRD/Rietveld, standard: 20 wt.%
CaF2, refinement steps: preferred orientation (h k l): Qtz (0 1 0), Ill (1 −1 −1 ),
Wol (0 0 2)).

Fig. 7. Amounts of crystalline and amorphous phases due to 50% of alkali
containing scrap glass powders G4 in clay A (XRD/Rietveld, standard: 20 wt.%
CaF2, refinement steps: preferred orientation (h k l): Qtz (0 1 0), A (0 0 2), O
(0 0 2), Ill (1 −1 −1 ), Ep (0 0 4)).
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Fig. 8. Microstructure and secondary mineral phases due to the addition of glass pow
900 ◦C, heating rate 2 K/min; SEM-BSE, 15 kV).
ig. 9. EDS spectra of sodium-rich glass melt, wollastonite, diopside and devit-
ite of Fig. 8.

The light phase in Fig. 8 (right) was identified by EDX anal-
sis as Na–Ca-silicate of the composition Na2O*3CaO*6SiO2
devitrite) which had already been proven by Pontikes et al.17

ithin glass containing ceramic bodies. However, since devit-
ite is described as needle- or brush-like after the current
odels17–19, initially it was not sure whether devitrite is existent

r not. By means of XRD no Na–Ca-silicate was found. How-
ver, completive investigations with higher amounts of scrap
lass powders (60%) confirmed the formation of devitrite.
Furthermore, XRD investigations revealed that, although
ithin the range of detection limit, enstatite and an

pidot–similar phase are additionally formed due to the addition
f G4 to clay A. This can be attributed to the higher amounts of

ders to clay A (mix ratio clay:glass 1:1; left G1, right G4; firing temperature
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Fig. 10. Scheme of the mode of action of scrap g

gO and Fe2O3 within G4. Moreover, there is a lower formation
f diopside within this batch (Fig. 4).

Initially, it seems to be contradictory that the highest amounts
f nepheline are formed by the application of glass powder G4
hich possesses the lowest Na2O-content of the glass powders
1, G2 and G4 (Fig. 4). Nepheline is the only secondary mineral
hase which binds Na2O. Moreover, as there is a lower amount
f cristobalite and at the same time an about equal amount of
uartz it can be inferred that the formation of nepheline is pre-
erred compared to the formation of cristobalite when a sufficient
mount of Na2O is present. As the glass powder G4 yields the
ighest amount of sodium ions when exposed to water (Table 3),
t is further inferred that the mode of action of glass powders
t the unfired state significantly affects the formation of min-
ral phases during firing and hence the body properties. This
ssumption is sustained by the fact that the formation of aker-
anite solely takes place after adding the finest borosilicate glass
3-3 which yields the highest amount of magnesium ions when

xposed to water.
The proof of nepheline confirms the results of Pontikes et

l.17 who had detected nepheline when adding glass powders
o clays poor in calcite. Furthermore, after Pontikes et al.17 the
mpact of particle size distribution of the glasses consists in a
aster sintering process with finer glass particles. However, the
ormation of new phases due to a higher grade of fineness of
he glasses was not described by Pontikes et al.17 The results
resented within this paper augment current models by the proof
hat, in addition to the intensification of the sintering process,
ith a higher grade of fineness of the used glasses the formation
f new phases, like e.g. akermanite due to G3-3 in clay A, is
ossible.

.3. Material model

The basis for the sintering behaviour of the glasses is their
issolution by the alkaline environment within the clay. Depend-

ng on the chemical composition and the fineness of the scrap
lass powders easily soluble alkalis and earth alkalis and in a
urther state silica anions are solubilised from the glass network.
his process is impeded by the presence of increasing amounts

g
T
b
T

owders within kaolinitic, carbonate-free clay A.

f Al2O3 within the glass. Initially, the solution of sodium ions
rom the glass at the unfired state of the ceramic batch leads
o an oriented agglomeration of clay minerals around the glass
articles (Fig. 10a).20,21

With increasing firing temperatures above the transforma-
ion point of the glasses the glass particles within the kaolinitic,
arbonate-free clay A are melted while, due to the high kaolinite
ontent, the surrounding clay matrix undergoes no phase reac-
ions indicating the sintering process up to high temperatures
Fig. 10b). Liquid phases are primarily formed at sodium-rich
ims and cracks of the glass particles. According to the glass
omposition metal cations and silica anions are dissolved in
he glass melt. Moreover, quartz is also disintegrated at the
uartz–glass interface. Thereafter, with decreasing temperatures
cicular wollastonite, cristobalite and diopside as well as minor
hases crystallise (Fig. 10c).

The formation of nepheline takes place at the glass–kaolinite
nterface and depends on the predeterioration of the glass, i.e.
n the concentration of dissolved sodium ions. By formation of
epheline the bond between glass particles and the surround-
ng matrix is obtained what contributes to the increase in body
trength.

Dense sintered bodies can already be obtained at 900 ◦C
epending on the chemical composition, the grade of prepara-
ion and the portion of glass. Within these dense bodies primary

ineral phases of the clay (illite) and secondary mineral phases
rom the glass transformation (cristobalite) coexist. In contrast,
econdary mineral phases like mullite and spinel typical for the
intering process of kaolinitic clays are not formed.

. Conclusions

The phase reactions during the firing of traditional ceramic
atches containing scrap glass powders are strongly influ-
nced by chemical processes occurring within the unfired state.
epending on the particular composition and the fineness of the

lasses a different mineralogy of the fired bodies was obtained.
he occurring phase reactions are of significant influence on the
ody properties like shrinkage, strength and water absorption.
he knowledge of occurring mineral phase (trans)-formations
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22. Freyburg S, Bettzieche H, Schwarz A. Final report “Grundlegende Unter-
A. Schwarz-Tatarin, S. Freyburg / Journal of th

an serve as basis for the confident assessment of product prop-
rties and resulting applications. Furthermore, inferences on
esultant procedural impacts like alkali bursting or corrosion
f the kiln equipment are possible. The latter cannot be assessed
y solely determining the body properties without knowledge
f occurring phase reactions.

bbreviations

ET Brunauer, Emmett, Teller
OF goodness of fit; measure of Rietveld refinement quality
wp R-weighted pattern; measure of Rietveld refinement

quality

ineral phases
albite (NaAlSi3O8)

k akermanite (Ca2MgSi2O7)
mP amorphous phases [wt.%]
na anatase (TiO2)
r cristobalite (SiO2)

diopside (CaMgSi2O6)
n enstatite (MgSiO3)
p epidote (Ca2Al2Fe(SiO4)3OH)
s feldspar
em hematite (Fe2O3)

ll illite (KAl2[Si3AlO10(OH)2])
ao kaolinite (Al2(Si2O5)(OH)4)
s muscovite (KAl2[(OH,F)2|AlSi3O10])
ul mullite (Al6Si2O13)
e nepheline ((K,Na)AlSiO4)

orthoclase (KAlSi3O8)
s pseudobrookite ((Fe2TiO5))
tz quartz (SiO2)
p spinel (MgAl2O4)
ol wollastonite (CaSiO3)
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