Available online at www.sciencedirect.com

ScienceDirect

ELRRS

www.elsevier.com/locate/jeurceramsoc

ELSEVIER

Journal of the European Ceramic Society 30 (2010) 1841-1851

Effect of firing temperature and atmosphere on ceramics made of NW
Peloponnese clay sediments. Part I: Reaction paths, crystalline phases,
microstructure and colour

C. Rathossi?, Y. Pontikes ?-¢:*

& Section of Earth Materials, Dept. of Geology, University of Patras, 26500 Rio, Greece
Y Laboratory of Materials and Metallurgy, Dept. of Chemical Engineering, University of Patras, 26500 Rio, Greece
¢ Department of Metallurgy and Materials Engineering, Katholieke Universiteit Leuven, 3001 Leuven, Belgium

Available online 12 March 2010

Abstract

Archaeometric investigation on ancient ceramic collected from excavations in NW Peloponnese demonstrated that the ancient potters used the
local Plio-Pleistocene clay sedimentary deposits for a large historical period. Three representative raw materials of these local sediments were
chosen for experimental work aiming to evaluate their firing behaviour in a propane-fired kiln, with a different atmosphere and temperature. The
determination of mineralogy and microstructure was carried out by XRD and SEM-EDS analysis. For ceramics fired at 850 and 950 °C, no significant
mineralogical and microstructural differences were observed between the oxidising and reducing atmosphere. The main pyrometamorphic phases
are fassaite, gehlenite, anorthite and wollastonite. On the contrary, at 1050 °C in reducing atmosphere, gehlenite and wollastonite are diminished
whereas the content of anorthite, fassaite and amorphous phase is higher. The higher vitrification is attributed to Fe?* that participates either in the

formation of eutectic phases or in low melting crystalline phases.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

The study of the macroscopic and microscopic characteris-
tics of ancient ceramic sherds may be very helpful enabling a
deeper understating of —among others — the provenance, the dat-
ing, as well as the ceramic processing followed by the potters of
the time. The analysis on non-glazed sherds typically involves
a number of complementary techniques, such as colour deter-
mination for both the surface and the core, major, minor and
trace element analysis, crystalline/amorphous phase analysis,
study of the microstructure by optical and electron microscopy
(scanning, cathode-luminescence and transmission), Mossbauer
spectroscopy and more.

Provided the above analyses have permitted the identification
of the clay deposits used and the assessment of the ceramic pro-
cessing employed, it is expected as a final step to reproduce the
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ceramic sherd by achieving a material with comparable micro
and macro characteristics as that produced by the potters of the
time. A number of works are devoted in such a reproduction
process and in the study of the pathways of clay firing, however,
results mainly derive from ceramics fired in resistance (i.e. muf-
fle/electric) furnaces in oxidising atmosphere.'” Nonetheless,
ancient Greek ceramics have been fired under both oxidising
and reducing conditions (e.g. '*!!), and the same applies to
non-Greek potteries as well.*!? Despite the great interest in this
field, a relatively small number of works are devoted to the study
of firing in reducing conditions,'3~!7 which is counterbalanced
by a substantial interest in the technical literature. 31

To assess the effect of firing conditions on the mineralogy and
microstructure of clay-based ceramics, and therefore provide
direct comparison between contemporary and ancient bodies,
ceramics were fired in oxidising and reducing atmospheres in a
propane-fired kiln. Raw materials were collected from local Plio-
Pleistocene sediments, close to Patras, prefecture of Achaia, NW
Peloponnese. Excavations in this region give evidence of activity
of ceramic manufacturing during Archaic (6th c. B.C.), Hellenis-
tic (3rd c. B.C.) and Roman (1st-3rd c. A.D.) period.20 Previous
research on collected fine wares has led to the conclusion that
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the artefacts have been most probably produced from the clay
sediments used in this study. This is supported by a number of
findings, such as the mineralogy and particle size distribution
and most notably the geochemistry between ceramics and clay
sediments.?! =23

The goal of this study is to provide a set of results that would
assist during the interpretation of ancient ceramic sherds and find
application in the contemporary ceramic industry. An extended
micro-chemical analysis on the crystalline phases as well as a
comparison between the microstructures produced here with the
ancient ceramic sherds is presented in Part I1.%*

2. Experimental

The three raw materials used in the experiments, G, TS and
TH, have been collected from the region of Patras. Details con-
cerning the sampling location and their geological context are
provided elsewhere.?->* Analysis on the methods employed for
the chemical and mineralogical analysis is also provided in the
previously cited work. The organic content has been determined
by pyrolysis at 400 °C for 16 h.?> The particle size distribution
has been measured by laser scattering (Hydro 2000M, Malvern,
U.K.).

For the preparation of the specimens, the raw materials were
gently crushed by hand in an agate mortar, without any refine-
ment. The powder was mixed with water and the plastic mass
was shaped by hand in discs, of 5cm dia. by 1.5cm height,
approximately. After drying at room temperature for five days,
the discs were placed in a resistance oven at 50 °C for 24 h.

Firing was performed in a propane-fired kiln. Propane com-
bustion results in different products, depending on oxygen
ratio and temperature, the main compounds being hydrocar-
bons, carbonyl compounds, alcohols and organic acids.2® The
higher concentrations, besides CO; and CO, apply for propane,
methane, ethylene, acetylene, propylene and ethane.?® Ancient
potters used for fuel wood, olive pits, and plants such as vine cut-
tings, straw, pistachio shells, almond shells or prickly shrubs.?’
The combustion of those organic materials releases CO;, CO and
other volatile and semi-volatile emissions. Again, the specific
products depend on the oxygen ratio and temperature, however,
for the case of pyrolysis and combustion of olive-oil solid waste
as an example, the main products are methane, ethylene, acety-
lene, as well as, propane, propene, benzene, etc.?8 The similarity
found between the products in the firing atmospheres supports
the choice of propane as a firing medium for archaeometric study.

The heating and cooling rate was in all cases 3°C min~!,
the firing temperature was 850, 950 and 1050 °C and the soak-
ing time was 1 h. Eighteen experiments were conducted; for
each sample, three firing temperatures, in oxidising and reducing
atmosphere, were tested. The firing atmosphere was controlled
by regulating the primary and secondary air flow; Bernoulli-
type burners were used. Firing initiated in oxidising atmosphere
and the transition to a reducing atmosphere, where applicable,
took place for 7>800 °C and throughout the soaking period.
During cooling, the settings for the burners were not modified
initially, however, for 7< 800 °C the atmosphere was inverted
to oxidising as there was no practical effect on reduction. The

measurement of the firing atmosphere was performed using a
flue gas analyser employing electrochemical cells, measuring
07 and CO and calculating CO; (Testo 335, Germany). A sam-
ple of hematite powder was placed next to the clay body during
the firing tests in order to be used as diagnostic for the specific
firing conditions. The colour of the green (unfired) and fired
bodies was determined by comparison to the Munsell soil chart.

Analysis of the crystalline phases after firing was performed
by X-ray diffraction (Bruker D8 Advance, USA) equipped
with a LynxEye® detector. The scanning area covered the 260
interval 2-70°, with a scanning angle step of 0.015° and a
time step of 0.3s. Qualitative analysis was performed by the
DIFFRACplus EVA® software (Bruker-AXS, USA) based on
the ICDD Powder Diffraction File. The mineral phases were
quantified using a Rietveld-based quantification routine with
the TOPAS® software (DIFFRACplus TOPAS Ver. 3.0 Tuto-
rial, Bruker-AXS, USA). The routine is based on the calculation
of a single mineral-phase pattern according to the crystalline
structure of the respective mineral, and the refinement of the
pattern using a non-linear least squares routine. A number
of corrections of various parameters including, among others,
the instrument’s geometry, background, sample displacement,
detector type, mass absorption coefficients of the refined phases
and the preferred orientation of certain h k[ planes were also
applied in order to achieve the optimum pattern fitting. A new
scaling factor and crystallite size was then calculated for each
mineral phase enabling the calculation of the mineral content in
the sample.?® The quantification errors were also calculated for
each phase as a weight percent of the crystalline phases. Addi-
tionally, the Ry, (R—weighted pattern) and Rexp (R—expected
pattern) parameters were calculated in order to check the fit
accuracy, following the “Goodness Of Fit” (GOF) or chi® rule,
where the more the Ryp to Rexp ratio approaches the value of
1 the better is the fitting of the refinement.”’ The amorphous
phase was calculated by the determination of the degree of crys-
tallinity. The method combines Rietveld refinement and single
line fitting, where the single peak describes the amorphous phase
intensity. The results obtained from this quantification method
are expressed as weight percent of the crystalline phases of
the sample and should be regarded as relative and not abso-
lute. The microstructure and micro-chemical analysis of the
samples was performed on thin sections, using Scanning Elec-
tron Microscopy (JEOL 6300, Japan) fitted with an Energy
Dispersive X-ray Spectrometer (LINK PentaFET 6699, Oxford
Instruments, U.K.), respectively. The samples were embedded
in cold epoxy resin, polished gradually with SiC papers up to
2400 grit and were finally carbon-coated. Natural minerals and
synthetic oxides were used as calibration standards.

3. Results and discussion
3.1. Raw materials

The chemical analysis of the raw materials, Table 1, reveals
that Fe;O3, MnO, MgO, Nay0, K;0, TiO; and P,0s, range

in comparable levels. The main difference regards the lev-
els of SiOp, 42.03-51.17 wt%, Al,03, 10.48-12.80 wt%, CaO,
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Table 1
Concentration, in wt%, of the major elements of the raw materials.
SiO; Al O3 Fe,03 MnO MgO CaO Na,O K,O TiO, P,0s5 LOI Total
G 42.03 12.80 6.20 0.15 3.38 0.91 2.36 0.66 0.12 21.76 99.85
TS 51.17 12.62 5.25 0.08 2.76 10.33 1.17 2.15 0.68 0.11 14.03 100.35
TH 47.77 10.48 5.13 0.12 2.58 13.97 1.23 1.83 0.58 0.12 1591 99.72
Table 2 20 - - - -~ : . r 35000
Semi-quantitative, in wt%, mineralogical composition of the raw materials 18 1 ——02
employed in the firing experiments. Qtz: quartz, Ab: albite, Or: orthoclase, Cc: ] i fi A ——CO [ 30000
calcite, Mi: white mica (illite/muscovite), Chl: Fe-rich chlorite, ML: mixed-layer 164 / \ 43 | 4
(white mica/chlorite, chlorite/vermiculite, illite/smectite). 14 ,‘ | 4' 5| \ ’* \‘ ,,.’ \\ J | i | 25000
{ / 1 7
Location ~ Samples Qtz Ab  Or Cc  Mi  Chl ML al \ TN TREFAY, \ £ 1T
1 4 ’ ’ | ' f ‘*, Y 20000 ~
NE Patras G 266 7.1 66 142 174 153 128 © 0] | \ t \ [ \ L | il o)
TS 293 124 7.8 137 134 145 89 . 4 SR y f\ | oo =
& | ‘ ) Y | p150003
SW Patras  TH 325 111 62 174 107 123 98 © 8 | | A \ SRR J i \/ =
Y, } [ | / ) -
64 |1 “ Loy [ A t Yok L 10000
J ik i | il ’ ¥ f v I
9.48-13.97 wt% and the loss on ignition, 14.03-21.76 wt%. The 4'_ b 74 , I J ! | l‘ | o
content of organic material was 2.15 wt% for G, 2.10 wt% for 24 |
TH and 1.88 wt% for TS. 0 - 0
The mineralogical analysis, Table 2, shows that the mate- 60 80 1°°T. 120 140 160 180
ime, sec

rials are composed of quartz, albite (NaAlSi3Og), orthoclase
(KAISi30g), calcite (CaCQs3), white mica (illite/muscovite,
K(ALMg,Fe),(Si3,Al)O19(OH)2), Fe-rich chlorite ((Mg,
Fe2+)5Al)((Al,Si3)010)(OH)8), mixed-layer clay minerals
(white mica/chlorite, chlorite/vermiculite and illite/smectite).
As accessory minerals, iron oxy-hydroxides, rutile, ilmenite,
Cr-spinel, apatite, zircon and garnet were also detected by
optical and electron microscopy.

The fraction of clay minerals is higher in G, quartz and calcite
is higher in TH, whereas albite and orthoclase are higher in
TS. The higher fraction of clay minerals is responsible for the
increased loss onignition of G. This is also expected to contribute
to a comparably more reactive body for G. On the contrary, TS
and TH have higher levels of temper materials (for the typical
firing scheme employed). The higher level of calcite in TH is
likely to enhance the formation of calcium-(alumino)-silicates.
Apart from the effect on porosity, and therefore engineering
properties related to, calcite participates in the neomineralisation
of an array of crystalline phases, and affects the usable firing
interval (i.e. without body deformation) as well as the thermal
expansion coefficient.

The d(10), d(50) and d(90) values, in pwm, for G are: 1.65,
7.31, 80.63, for TS: 1.34, 8.87,291.28, and for TH: 1.61, 11.07,
459.85. It is evident therefore that G has the finest particle size
distribution, whereas TH has considerably more coarse particles.

3.2. Firing and fired bodies

During the firing experiments, the effort was to establish two
combustion regimes: excess of air and excess of fuel (deficiency
of air). Due to the Bernoulli-type burners used in the experi-
ments (as opposed to pre-mixing burners), the bottom of the
kiln enables the introduction of air in the firing chamber. More-
over, the firing atmosphere in the kiln is continuously changing
according to the ignition and cease of the burners (Fig. 1). In

Fig. 1. Concentration of the gases O, and CO for reducing atmosphere at 950 °C.

view of the above, it has not been possible to achieve low levels
of Oy, Table 3, which are higher than 7% approximately (aver-
age values) in all cases and increase, as expected, for oxidising
firing. The above results suggest that the reducing atmosphere
employed is in effect mildly reducing. This is in line with the
results for the powder of hematite included in the firings, where
partial reduction to magnetite was only observed for a reduc-
ing atmosphere at 1050 °C. In view of the oxidising firing up to
800 °C, itis expected that the conditions have permitted an effec-
tive oxidation (burn-out) of the organic material in the ceramic
bodies and therefore the carbon content does not contribute to the
reduction. The CO levels are increased in reducing atmosphere,
but the absolute values in general diminish as the temperature
increases. On the contrary, CO; levels increase as temperature
rises but are comparable for a specific temperature. As a result,
the ratio of CO/CO; is declining for increasing temperature.
Finally, it should be remarked that the analysis of the firing atmo-
sphere is not exhaustive. According to the water—gas reaction:
H,0 + CO = CO; + Hy, both H>O, which enhances heat trans-

Table 3
Average values of O,, CO, CO; and CO/CO», in %, for all firing conditions
tested.

°C 0O, % CO, % CO,, % CO/CO,, %
850 Ox 11.70 0.26 5.91 4.40
Rd 10.66 1.34 5.84 22.95
950 Ox 8.98 0.02 7.89 0.25
Rd 8.56 1.10 7.39 14.88
1050 Ox 8.33 0.10 8.33 1.20
Rd 6.98 0.96 8.54 11.24
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fer, and Hy, a gas with high reduction potential and permeability
in the ceramic microstructure, are expected to be constituents
of the atmosphere.!3 However, there are no available data on
their concentrations. More information on the products found in
propane flames can be retrieved elsewhere.?

To assist the presentation of the data for the fired bodies and
avoid the use of multiple graphs and tables, the results for the
quantitative analysis are summarised in Table 4, and for the
colour in Table 5.

3.2.1. Oxidising atmosphere

At 850 °C the microstructure is characterized by open, elon-
gated and interconnected pores (Figs. 2(a) and 3(a)). The
individual minerals are well defined as they retain their charac-
teristic morphologies. The phases identified by XRD are quartz,
anorthite, albite, sanidine, anorthoclase, fassaite (Fe3+,Al-rich
clinopyroxene), gehlenite, hematite, magnetite, wollastonite,
forsterite, calcite, white mica (illite/muscovite) and amorphous
(Table 4). Quartz, albite, calcite and white mica (001, 1 10) are
the remaining phases from the raw material whereas the other
phases present have been formed during firing. Chlorite is no
longer present.

The levels of quartz and albite are close to the original content
due to the reduced reactivity in view of the low firing temper-
ature. Indeed, both quartz and albite grains have retained the
original angular morphology. A fraction of quartz is likely to
have participated in the formation of the gehlenite,’? reaction

(D
Al O3 + Si0; +2CaCO3 =2 Cap Al SiO7 +2C0O, €))

formation of the
7,30

Participation of quartz in the
wollastonite,”3! reaction (2), and the anorthite, reac-
tion (3) is also likely, yet these new phases are present in
very low concentrations at 850 °C. The crystallisation of these
phases typically occurs in the surface of quartz grains, however,
only reactions (1) and (2) have been verified by EDS analysis.
The fine grain size of raw materials probably promotes the
crystallization of anorthite at low temperature

CaCOs + Si0; 2 CaSiO3 + CO, )
2A1,03 +4Si0, 4+ 2CaC0O; 2 2CaAlSi,05 +2C0,  (3)

The dissociation of calcite and the dehydroxylation of mica,
chlorite and mixed layers have already initiated at a lower
temperature and only calcite and mica are present at 850 °C
in diminished quantities. As optical and electron microscopy
reveal, the grains of calcite are partly decomposed whereas the
grains of mica have preserved the characteristic laminar habit
(Figs. 2(a) and 3(a)). However, in sample TH, partially decom-
posed calcite grains appear more often as aresult of higher calcite
quantity (CaO 13.97 wt%) and larger size (up to 200 wm). The
dissociation of calcite yields CO, and CaO; the latter functions
as mineraliser and promotes the formation of an array of neo-
formed phases (some already presented in reactions (1)—(3)).
Mica participates in the formation of sanidine and anorthite,>>

according to reaction (4):
KAl (Si3, A)O19(OH), + CaCO3 + 2510, = KAISizOg
+ CaAl,Si,Og + CO, + H0O “4)

Other reactions between mica and calcite involve, among oth-
ers, the formation of sanidine and gehlenite (5) and gehlenite

(6):
KAl (Siz, A1)O19(OH), +2CaCO3 + Si0; = Cap Al SiO~
+ KAISi30g +2CO; + H,0 (5)

2KAly(Si3, A)O1o(OH), 4+ 6CaCO3 = 3CaAl,SiO7
+6C0; +2H,0 + K0 + 3Si0, (©)

Chlorite participates in the formation of fassaite’? as reaction
(7) indicates:

(Mg, Fe?*)5Al(Al, Si3)O19(OH)g 4 4CaCO3 + 2Si0,
= 4Ca(Mg, Fe’1)Si,0¢ + (Mg, Fe)Al,04+4C0O,+4H,0
@)

The crystallisation of fassaite also results from the reac-
tion between mixed-layer illite/chlorite and calcite, according
to reaction (8):

K((Fe*™, Mg)s, A>)(Sis, Al3)O20(OH)1o + 2CaCOs
= 2Ca(Fe’*, Mg)AISiOg + KAISi3Og + Fe, O3
+ MgAl,Oy4 +2CO5 + 5H,0 )

In fact, the crystallisation of fassaite predominates that of
gehlenite at 850 °C probably due to the fine particle size of raw
materials, the almost homogeneous dispersion of calcite in the
micromass and the content of CaO (lower than 15 wt%).

The formation of spinel, as anticipated by reactions (7) and
(8) is not easy to be detected in XRD patterns, since its main
reflections overlap with the reflections of minerals such as quartz
and fassaite.

Besides the formation of KAISi3Og according to reactions
(4), (5) and (8), EDS analyses point out that K-feldspar has
been formed in the rims of albite grains, after substitution of
Na by K (released after the dehydroxylation of illite). Mag-
netite results after the Fe>* release from chlorite breakdown and
remains for all firing temperatures tested in oxidation. The most
plausible explanation has to do with the limited possibility of
oxidising gases to penetrate the body. Actually, the inverse phe-
nomenon, of hematite remaining in a reducing atmosphere, was
also observed in the present work and is attributed to the same
mechanism, as also reported elsewhere.?*3> Nonetheless, a part
of magnetite is expected to oxidise resulting in the formation of
hematite. In addition, hematite is formed on the dehydration of
iron oxy-hydroxides in the raw materials and after the dehydrox-
ylation of illite.>*37 The amorphous phase is mainly comprised
of clay/phyllosilicate minerals after the dehydroxylation they
have been subjected to and only a fraction is expected to be a
glassy phase.
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Table 4

Rietveld-based quantification analysis of the fired bodies G, TS and TH, in wt%, of the crystalline phases. The numbers in parentheses declare the quantification
errors; n.d.: not detected; GOF: “Goodness of Fit” = chi? = Ryp/Rexp, see text for details. Abbreviations: Qtz: quartz, An: anorthite (An7s_1o0), Ab: albite (refers to
Ang_;5 content at 850 °C and Ang_so at 950 and 1050 °C), Sa: sanidine (>Or4s), Ant: anorthoclase (<Orys), Fs: fassaite (Fe3*, Al-rich clinopyroxene), Gh: gehlenite,
He: hematite, Mt: magnetite, Wo: wollastonite, Fo: forsterite, Cc: calcite, Mi: white mica.

Temp. (°C) Qtz An Ab Sa Ant Fs Gh He Mt Wo Fo Cc Mi Lime Amorphous GOF

G

Ox 850 27.2(3) 1.1(4) 74(1) 147(4) 2812) 79(1) 56(7) 1.73) 142) 1.13) nd. 234 8.1(1) nd. 19.0 1.19
950 25.6(7) 7.02) 11.8(1) 157(3) 1.1(3) 157(6) 8.5(4) 2.52) 2.1(2) 2.0@3) 2305 nd. nd nd 5.8 1.20
1050 21.2(1) 209(1) 9.2(1) 6.4@3) 1.0@8) 199(1) 3.33) 1220 503) 4306) 3.8(7) nd. nd nd 4.0 1.13

Rd 850 26.8(2) 1.4(3) 7.5(1) 143(2) 2.72) 79(1) 5706) 143) 1.82) 1.3(2) nd. 2.003) 7.809) nd. 195 1.18
950 25.2(7) 84(1) 13.5(6) 14.1(4) 193) 159(7) 58¢4) 1.1(1) 342 284 1.74) nd. nd nd 6.3 1.17
1050 13.3(7) 27.3(2) 5.7(3) 53(7) 1.3(1) 249(1) 032) 1.0(1) 3.42) 2.82) 1.04) nd. nd nd 138 1.09

TS

Ox 850 30.5(1)  2.04) 8.0(1) 13.9(2) 04(6) 9.6(8) 6.6(5 1.12) 1.72) 134 nd. 1.1(1) 58(7) nd. 18.0 1.17
950 279(2) 523) 122(1) 12.7(5) 2.5(1) 13.9(1) 8.5@8) 1.2(2) 223) 639 257 nd. nd nd 5.1 1.23
1050 18.6(2) 16.7(4) 13.6(2) 9.8(3) 2.3(1) 16.7(1) 3.33) 1.12) 443) 5306) 34(7) nd. nd nd 4.9 1.14

Rd 850 30.1(1)  27(1) 824 123(5) 1.02) 9.79) 69(5) 1.02) 2.02) 13(4) nd 1.0(1) 54(7) nd. 18.5 1.18
950 27.4(1) 8.1(6) 8.4(2) 14.1(2) 0.5(1) 14209 825 1.1(2) 39(2) 56(6) 3.07) nd. nd nd 5.7 1.22
1050 11.9(6) 25.1(1) 9.1(1) 443) 26(2) 229(1) 1.1(2) 04(1) 232 653) 1.3(7) nd n.d n.d 12.5 1.10

TH

Ox 850 3492) 1445 7.8(5) 7.8(3) 14(3) 11.5(1) 10.1(8) 1.92) 0.6(2) 2.8(5) nd. 3.04) 425 05(1) 12.2 1.22
950 32.0(1) 4.3(6) 5.8(5 13.8(3) 1.9(1) 13.3(7) 132(6) 1.1(2) 1.7(2) 7.3(5) 14(6) nd. 023) nd. 4.0 1.21
1050 21.7(4) 15.5(5) 4.5(4) 103(4) 1.4(3) 19.2(5) 10.8(3) 0.7(1) 2.4(1) 10.04) 14(4) nd. nd nd 22 1.19

Rd 850 343(2) 1.6(5) 8.0(7) 7.53) 123) 11.6(1) 10.2(8) 1.12) 12(2) 2.84) nd. 2.8(3) 4.0(5) 0409 133 1.22
950 30.6(1) 59(2) 7.56) 10.3(2) 0.6(1) 13.8(8) 14.5(6) 0.8(1) 2.01) 7.4(5) 124 nd. nd. nd 5.5 1.23
1050 159(5) 163(5) 9.1(5) 6.4(6) 1.0(6) 256(9) 4.4(2) 0.7(2) 0.7(1) 7.6(5) 1.2(6) nd. nd. nd 112 1.13

At 950°C, the microstructure of the body is comparable
with that at 850 °C (Figs. 2(b) and 3(b)) Porosity remains open
and interconnected. Quartz is decreased whereas sanidine and
anorthoclase (calculated together) are at the same levels except
for TH. Calcite and white mica are no longer present for G
and TS, however, trace of white mica is still preserved in
TH (reflection 00 1, only detected at XRD pattern). All other

it involves chlorite and calcite38:
3(Mg, Fe?*)sAl(Al, Si3)0;9(OH)g +2CaCOs3
= 5(Mg, Fe’1),8i04 + 2Ca(Mg, Fe?7)Si>Og
+3(Mg, Fe)Al,04 4+ 2CO, + 12H,0 )

phases, i.e. magnetite, gehlenite, fassaite, wollastonite and anor-
thite, are increased. Hematite is increased for G and TS and
slightly reduced for TH. Gehlenite presents its maximum at this
temperature. The higher level of albite compared with that at
850°C is primarily attributed to the increasing contribution of
An members (Ang_s¢) in a solution/precipitation process where
the original Na-rich plagioclase is progressively dissolved with
a concurrent epitactic formation of a more Ca-rich plagioclase.
Forsterite is a new mineral detected; a possible route for its for-
mation is proposed in reaction (9), which is similar to (7) since

The amorphous phase at 950 °C has decreased compared to
850 °C as the crystallisation of new minerals is enhanced.

At 1050°C, the body is comprised of both open and
closed pores and there is evident bonding between the grains
(Figs. 2(c) and 3(c)). Both the pores and the grains are more
rounded compared to those from a lower firing temperature.
Quartz is further decreased and ranges from 18.6 wt% for TS to
21.7 wt% for TH. A coronitic rim is evident on many occasions
on the grain boundaries and around pores of pre-existed calcite
grains. Albite is reduced, except for TS. Sanidine + anorthoclase

Table 5
Macroscopic observation of colour for the fired bodies G, TS and TH, according to Munsell soil colour chart.
Green body Fired bodies
Atm 850°C 950°C 1050°C
G GLEY 1 5GY 4/1 dark greenish gray Ox 7.5 YR 6/6 reddish yellow 5YR 6/6 reddish yellow 7.5YR 6/4 light brown
Rd 7.5 YR 6/6 reddish yellow 7.5 YR 6/4 light brown 7.5YR 5/4 brown
TS GLEY 2 5BG 6/1 greenish gray Ox 7.5YR 6/6 reddish yellow 7.5YR 7/6 reddish yellow 7.5YR 6/4 light brown
Rd 7.5YR 6/6 reddish yellow 7.5YR6/4 light brown 10YR 6/4 light yellowish brown
TH 2.5Y 6/2 light brownish gray Ox 7.5YR 6/4 light brown 10YR 7/4 very pale brown 10YR 7/3 very pale brown
Rd 7.5YR 6/4 light brown 10YR 7/4 very pale brown 5Y 7/4 pale yellow
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Fig. 2. Backscattered electron images of polished surfaces, after firing G body in the interval 850-1050 °C, in oxidation (a)—(c) and in reduction (d)—(f).

and gehlenite are significantly reduced in the body, whereas
hematite is slightly reduced. Sanidine + anorthoclase, probably
start to undergo partial melting as they attain a sponge-like
appearance, whereas hematite decreases as Fe>* incorporates in
the structure of gehlenite and fassaite.3**! According to reac-
tion (10), gehlenite reacts with quartz towards wollastonite and
anorthite:

Cay Al S107 4 2510, =2 CaSi03 4 CaAl,Si;Og (10)

Apart fromreaction (10), anorthite can also form after gehlen-
ite and amorphous clay>’ after the dehydroxylation, via reaction

(11):
CapAl»Si07 4 3Si0; + Al O3
(amorphousclaysubstance) <= 2CaAl;Si»Og (11

According to reactions (10) and (11), gehlenite behaves
as an intermediate compound reacting towards anorthite and
wollastonite or only anorthite. Therefore, the ratio of gehlen-
ite/anorthite may be considered diagnostic for the attainment of
a particular firing temperature.*> For the G samples, this ratio is
5.1,1.2.and 0.2 for 850, 950 and 1050 °C respectively. However,
it should be noted, that gehlenite in solid solution with aker-
manite can react towards fassaite instead of anorthite, if there
is availability of (Fe,Mg)-bearing amorphous phases (after the
dehydroxylation of Fe-rich chlorite and illite).3” The presence
of gehlenite, observed by other authors as well,®” is ascribed
to the grain size of calcite, promoting micro-sites enriched in
Ca.”*3 However, the findings of our work suggest that the fir-
ing atmosphere is another parameter that has to be taken into
consideration. Fassaite is increased to 16.8—19.9 wt% approx-
imately, whereas anorthite presents a considerable increase,
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Fig. 3. Backscattered electron images of polished surfaces, after firing TH body in the interval 850-1050 °C, in oxidation (a)—(c) and in reduction (d)—(f).

from 4.3-7.0 wt% at 950 °C to 15.5-20.9 wt% at 1050 °C. Wol-
lastonite, except for TS, and magnetite are further increased
compared to 950 °C. The increase of wollastonite and anorthite,
in conjunction with the decrease of gehlenite, is in line with
the suggested reactions (10) and (11). The higher amount of
gehlenite and wollastonite in sample TH was expected as the
calcite’s content was higher compared to samples G and TS and
in addition had a larger medium grain size. The amorphous phase
at 1050 °C is expected to be predominantly glassy and ranges
between 2.2 and 4.9 wt%.

The colour for both G and TS at 850 and 950 °C is reddish
yellow, having a minor difference in hue between the two tem-
peratures (Table 5). For TH the colour is light brown at 850 °C
and very pale brown at 950 °C. The crystallisation of fassaite
and gehlenite, which permit the entrapment of Fe** in their
crystal structure, limit the formation of hematite and as con-
sequence the red colour. As the temperature rises the colour

becomes lighter. The colour at 1050 °C becomes light brown for
G and TS and very pale brown for TH. This colour transition
is related to the reduction of hematite (red) in the body and the
increased formation of magnetite (black) and fassaite (yellow
green) (Table 4).

3.2.2. Reducing atmosphere

Firing in a reducing atmosphere at 850°C leads to
a comparable mineralogical assemblage with that for an
oxidising atmosphere (Table 4). Quartz, anorthite, albite,
sanidine, anorthoclase, fassaite, gehlenite, hematite, mag-
netite, wollastonite, calcite, white mica and amorphous, are
the identified phases by XRD, all levels comparable to
that for oxidising atmosphere. Similarly, the microstructure,
Figs. 2(d) and 3(d), is comparable to that for an oxidising atmo-
sphere (Figs. 2(a) and 3(a)).
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For firings at 950 °C, (Figs. 2(e) and 3(e)), calcite and white
mica are no longer present whereas forsterite is the new phase
detected. Quartz is decreased. The formation of anorthite is
enhanced. Albite increases for G but remains at almost the same
levels for TS and TH. Sanidine + anorthoclase, on the other hand,
are marginally affected for G but increase for TS and TH. The
levels of gehlenite are not affected in G but increase for TS and
TH, similarly to the observed trend for an oxidising atmosphere.
Levels of fassaite, magnetite and wollastonite are increased;
hematite is practically constant. The amorphous content ranges
between 5.5 and 6.3 wt%. A comparison of the mineralogi-
cal assemblage and microstructure between an oxidising and
areducing atmosphere at 950 °C reveals that the differences are
very subtle and therefore the differentiation of the bodies based
on these arguments is difficult to be made.

Firing at 1050 °C has a considerable effect on the character-
istics of the body. The microstructure is comprised of a network
of relatively large, spherical and predominantly closed pores
(Figs. 2(f), 3(f) and 4). Compared to an oxidising atmosphere,
there is a sharp decrease of quartz levels. Quartz grains are
rounded and the diffusion of Si in the matrix has taken place
for the quartz grains that are embedded in the body (Fig. 4).
As supported by EDS analysis, wollastonite and fassaite have
crystallised on the perimeter of quartz grains (Fig. 4). In con-
trast, quartz grains not in contact with the matrix have practically
remained inert, see the upper left grain in Fig. 4. For Ca, higher
levels are present in the vicinity of former calcite grains, now
present as pores (Fig. 4) Gehlenite and fassaite are usually crys-
tallised in these zones, however gehlenite is drastically reduced
compared to 850 and 950°C as it has started to react with
quartz towards wollastonite and anorthite at these firing con-
ditions. The crystallisation of wollastonite along the contact
between quartz and gehlenite is also observed. Ca-rich areas,
centre of Fig. 4, designate the presence of Ca(OH),/CaCOs3,
which are responsible for the effect of “lime popping/blowing”,
after hydration and carbonation. The formation of anorthite and
fassaite are enhanced and constitute, now, the main crystalline
phases. In G and TS, anorthite and fassaite amount together to
50 wt% approximately of the body. In TH, the combined lev-
els are 42 wt% approximately as there is substantial formation
of wollastonite, 7.6 wt%, whereas gehlenite, 4.4 wt%, is still
present. Wollastonite in G and TS is 2.8 and 6.5wt%, respec-
tively. The smaller content of anorthite and the greater content
of wollastonite in sample TH are linked to its greater calcium
and lower aluminium content. Sanidine + anorthoclase, detected
as grains rich in Si, Al and K in Fig. 4, diminish in all samples as
they contribute to the developing of a viscous phase. Glass has
been observed to form between quartz and feldspar boundaries.
Similarly, magnetite reduces in all samples, unlike albite that is
reduced only in G. The behaviour of albite reflects the interplay
between two competing trends: an increasing one, as it becomes
more An-rich and the overall content rises, and a decreasing
one, as it dissolutes in the viscous phase. Al is widespread in the
matrix, Fig. 4, although higher levels are present in gehlenite
and anorthite. Hematite and forsterite do not show any notable
changes in terms of content. The presence of hematite in reduc-
ing conditions is attributed to the limited potential of reducing

gases to penetrate the body. The levels of Na do not show any
topological pattern, in view also of the small initial content,
unlike Mg that is usually located in distinct grains (Fig. 4). Typ-
ically, there is high coincidence between Mg-rich and Fe-rich
grains, which is indicative of former chlorite and mixed-layer
clay minerals. Tiis located in distinct grains of ilmenite and rutile
(Fig. 4). Even though grains of ilmenite and rutile are present in
the raw material, in a number of occasions ilmenite grows as a
rim on rutile (Fig. 4). The amorphous phase is notably increased
and amounts to 11.2-13.8 wt%. It is predominantly glassy, as
suggested by the optical and morphological features (Fig. 3f). As
a general comment, the elemental mapping, Fig. 4, corroborates
the approach of a heterogeneous system with locally established
microsystems.

The colour for both G and TS at 850°C is reddish yel-
low (Table 5). For TH the colour is light brown due to the
greater amount of fassaite, gehlenite and wollastonite compared
to G and TS. As the temperature raises the neocrystallisation
increases and the colour becomes gradually lighter. At 1050 °C,
TS and TH exhibit the lighter hue in colour, light yellowish
brown and pale yellow respectively. However the colour of G
becomes slightly darker probably because of the higher amount
of magnetite and the lower amount of wollastonite compared to
the two others samples.

3.2.3. Comparison between oxidising and reducing
atmosphere

In general, the firing behaviour of clays is largely differ-
ent for oxidising and reducing conditions. Typically, iron under
reducing firing, in the form of iron oxides or available after the
breakdown of clay minerals, may be incorporated into a vitre-
ous matrix above 800°C, and crystallise to a variety of Fe?*
bearing mineral phases such as olivines (e.g. fayalite Fe;SiOy),
orthopyroxenes (ferrosilite, FeSiO3), iron-bearing cordierite
[(Mg,Fe);Al4SisO1g], and ferrous mullite in an even higher
temperature.** In the presence of Ca, like in the calcareous
clays under study, the breakdown of the initial clay minerals is
typically followed by the formation of melilites and clinopyrox-
enes, which incorporate ferrous and/or ferric ions. That applies
for both oxidising and reducing conditions, although, ferric ions
prevail in oxidising ones.

In oxidising conditions, the final microstructure comprises
an array of calcium-(aluminum,iron)-silicates, such as gehlen-
ite, wollastonite, anorthite and fassaite, which are usually stable
between 850 and 1050 °C. In reducing conditions, the formation
of viscous phase is more extended and usually the same levels
of vitrification are achieved for 50-100 °C less.* The difference
in the extent of vitrification has been ascribed to the different
mineralogical assemblage that prevails depending on the firing
atmosphere. In non-calcareous clays, the formation of low melt-
ing phases is favoured in reducing conditions, as opposed to
oxidising. In calcareous clays, the effect of firing atmosphere
is less pronounced. The neomineralisation leads to crystalline
phases that exhibit high melting temperature.

In our case, the mineralogy and the microstructure indicate
relatively minor differences between oxidising and reducing fir-
ing at 850 and 950 °C and become important at 1050 °C. This
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Fig. 4. Elemental mapping of G fired in reducing atmosphere at 1050 °C. Left to right, top row: secondary electrons’ image of the surface, Na, Mg, middle row: Al,

Si, K, bottom row: Ca, Ti, Fe.

is an outcome of the mild reducing firing atmosphere, as the Oy
concentration is relatively high, the CO» levels comparable and
only CO differentiates (Table 3). In fact, calcite breakdown has
not been delayed in any of the occasions, as one would expect in
a CO;,-rich atmosphere compared to a CO;-poor one. Moreover,
EDS and Rietveld analysis reveal that at both atmospheres stud-
ied, ferric and ferrous iron co-exist (extensive data are presented
in Part I1**). The latter is in line with the extent of reduction of
the Fe;O3 powder introduced in the kiln. Magnetite was only
formed at 4.7 wt% in reducing atmosphere at 1050 °C. This indi-
cates that the system is marginally at the Fe3O4 stability field,
of the Fe,O3—Fe3;04 buffer.

As already commented, the differences become substan-
tial at 1050°C. Both the crystalline and amorphous phases
differ between the oxidising and reducing atmospheres. The
higher vitrification is attributed to the role of Fe?*, demon-
strated in other studies too.>*3 Although the prediction of
the liquidus of the exact multi-component system does not
seem possible in view of the high complexity, it is plausible
to suggest that locally established redox reactions led to eutec-
tics, as predicted in the ternary diagrams CaO-FeO-SiO;, and
FeO—Al,03-Si0,.% In addition, low melting phases may have
been developed that contribute to liquid phase formation. This

is in line with the CaSiO3-FeSiO; and CaMgSi» Og—CaFeSi; Og
binary systems,*®*’ where a clinopyroxene solid solution
richer in hedenbergitic component (CaFeSiO,) will convert to
wollastonitegs, tridymite and liquid, at 1120 °C approximately.
As a consequence, the difference in the respective crystalline
levels is attributed to two counter-acting phenomena: (a) the
dissolution rate of the crystalline compounds in the melt is
increased, which subsequently leads to a reduction of the crys-
tals and a change in the properties of the melt (e.g. viscosity and
surface tension); (b) the nucleation and growth of the crystals
is enhanced, as the mass transfer (i.e. diffusion) is facilitated.
Finally, it should be remarked that Fe?* ion in the melt is a net-
work modifier (probably in octahedral coordination) whereas
Fe3* is either tetrahedrally or octahedrally coordinated, depend-
ing on the ratio Fe>*/SFe.*® This differentiation affects the
polymerization of the silicate melt*” and therefore possibly
its viscosity as well as the dissolution rate of the solids in
the melt. However, as the chemistry of the melt is constantly
changing, in view of the concurrent dissolution and crystallisa-
tion, and the viscous behaviour of iron-bearing silicate melts
is complex,*® conclusions regarding the effect of the reduc-
ing atmosphere on the viscosity of the liquid phase cannot be
drawn.
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Conclusions

The following conclusions are derived:

The effect of the kiln atmosphere for firing at 850 and 950 °C
is not intense as the microstructure and mineralogy of the
bodies appears to be similar. The body is characterised
by open, interconnected porosity whereas the major neo-
crystallised minerals are fassaite, gehlenite, anorthite and
wollastonite. Difference in colour is observed when fired at
950°C.

Comparison between the bodies fired at 850 and 950 °C,
under a specific firing atmosphere, reveals notable differ-
ences in the relative percentages of the mineral phases.
Fassaite, gehlenite, anorthite and wollastonite increase, both
for oxidising and reducing firing.

For firing at 1050 °C, the differences between the two firing
atmospheres become more substantial. The microstruc-
ture consists of both open and closed porosity; however
in a reducing atmosphere the pores are relatively large,
spherical and predominantly closed. Qualitatively the same
crystalline phases are present for both firing atmospheres.
Anorthite and fassaite constitute the main phases, however,
their contents are enhanced in reducing atmosphere.
Higher vitrification has taken place in reducing atmosphere,
which is attributed to Fe®* that participates either in the
formation of eutectic phases or in low melting crystalline
phases.
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