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bstract

ere we describe the evolution of iron-bearing phases in the firing of carbonate-rich illite and chlorite clay. Breakdown of chlorite forms an

morphous phase, which continues to retain iron in a (distorted) paramagnetic octahedral site, until carbonates start to decompose and react at
50 ◦C, forming Ca-silicates. Only at this temperature can hematite nucleate and grow in specific micro-domains located in former chlorite flakes.
t 950 ◦C, decomposition of illite in the presence of an amorphous phase and CaO produces a melt in which nano-sized hematite may nucleate,

lthough its growth is inhibited due to low diffusion with respect to soaking time.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Gibbs’ Phase Rule predicts that the maximum number of
hases simultaneously at equilibrium – i.e., in invariant con-
itions – cannot exceed the number of components plus two,
lthough it is generally lower. At constant values of the inten-
ive variables, various mineral assemblages may form, starting
rom different bulk compositions. Therefore, in systems charac-
erised by sluggish diffusion for given components – e.g., with
espect to heating rate and soaking time – compositional dif-
erences from site to site may constitute microdomains within
hich local equilibria produce varying mineral assemblages.
he addition of one chemical component to such a system may
onsiderably increase the number of possible mineral assem-
lages in each microdomain. For example, at high temperatures,
he firing of carbonate-rich clay for pottery production has been

bserved to produce a large number of mineral phases with
espect to carbonate-poor clay,1,2 due to control of local equilib-
ia and irreversible reactions on the formation of stable mineral
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ssemblages. At appropriate temperatures, the decomposition of
alcite in the presence of quartz and clay minerals may lead to
he crystallisation of diopside, melilite, wollastonite, K-feldspar,
northite, and usually also hematite.3,4 Duminuco et al.3 also
rgued that decomposition of calcite produces a fluid phase,
hich enhances reaction kinetics and diffusion.
The effects of carbonate on the firing of ceramics have

een thoroughly discussed by several authors 5–7,1,8–10 in terms
f both sequence of reactions and textural modifications dur-
ng firing.11,6,3,1 The presence of carbonate with appropriate
rain-size improves the mechanical properties of pottery in com-
arison with carbonate-free starting raw materials over a wide
ange of firing temperatures (800–1000 ◦C), both as regards the
igh stability of Ca-silicates forming during firing and the early
ormation of a glassy phase.10,12 The decomposition of car-
onate may also produce secondary porosity, which increases
hermal diffusion and enhances the properties of pottery such
s cooking ware, although the related higher water absorption
esults in lower quality when bricks are produced.9,10

The total amount of iron in the raw material and redox con-

itions of firing are generally the main factors determining
he colour of potsherds. Carbonate-free clays tend to produce
eddish-brown pottery when fired in an oxidising atmosphere,
nd become dark grey to black in a reducing atmosphere.13,14

mailto:luca.nodari@unipd.it
dx.doi.org/10.1016/j.jeurceramsoc.2007.03.031
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hen carbonate-rich clays are fired in the same firing conditions,
ottery with creamy or brownish colours is produced.15 In oxi-
ising firing conditions and at an adequate temperature, hematite
ommonly forms, and is the main pigmenting mineral phase
n potsherds, whether carbonate is present in the starting clay
r not. In carbonate-free systems, the total amount of hematite
ncreases with increasing firing temperature, at the expense of
ther oxides and oxyhydroxides in the raw clay, and/or as a con-
equence of progressive decomposition of silicates, which bear
tructural iron. In the case of carbonate-rich clay – i.e., with
aO derived from carbonates greater than 5 wt% – Maniatis
t al.16 observed a significant decrease in hematite content at
ring temperatures between 900 and 1080 ◦C, and argued that

he growth of calcium silicates may inhibit the crystallisation
f hematite, favouring the formation of poorly crystallised new
xides, possibly with Al substitution, and lowering the mag-
etic component over the total absorption ratio in Mössbauer
pectra. Mackenzie17 and Wagner and Wagner18 also invoked
he solution of iron into the calcium silicate lattice with increas-
ng temperature, leaving less iron as oxides. A multi-analytical
pproach was adopted here, in order to verify some of these spec-
lations and to understand fully the decomposition, nucleation,
rain-size and microstructural location of iron phases during
ring in a carbonate-rich illitic-chloritic clay. This specific bulk
ineral composition was chosen considering that such a starting

layey material has a wide geographic distribution in temperate
egions, is extensively exploited for the production of construc-
ion materials and pottery, and was commonly used for pottery
roduction in historical and pre-historical times. Knowledge of
he changes occurring during firing and their influence on several

acroscopic features such as hardness, colour and heat conduc-
ivity, gives information on the degree of awareness of ancient
otters in selecting specific clayey materials for their production.

. Experimental procedure

A naturally occurring clay relatively rich in Fe2O3tot
7.25 wt%) and CaO (9.73 wt%), and characterised by a high
e2O3tot/CaO ratio (0.745), was collected in the countryside
orth-west of Este (south of the Euganean Hills, north-eastern
taly) and used tout court in a set of firing experiments.

The chemical composition of the starting clay was determined
y X-ray fluorescence (XRF) spectroscopy, on a Philips PW
400 spectrometer, equipped with a Rh tube, preparing the sam-
le as a bead of calcined powder and Li2B4O7, with a dilution
atio of 1:10, and applying geological standards for calibration.
eO content was determined by titration with potassium per-
anganate, and compared with the FeO/Fe2O3 ratio obtained

rom Mössbauer spectroscopy. Thermo-Gravimetric (TGA) and
ifferential Thermal Analyses (DTA) were also performed on

he clay, with custom-built equipment, by heating the sample
o 1000 ◦C in an oxidizing atmosphere at a heating rate of
0 ◦C/min.
The clay was then prepared in 5 cm × 1.5 cm discs, dried
t room temperature for 7 days and then at 50 ◦C in an oven
or 24 h, and finally submitted to firing temperatures (Tf) from
00 to 1100 ◦C, in successive temperature steps of 50 ◦C, in air

3

r
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fO2 ∼ 0.2 bars) at a heating rate of 200 ◦C/h, soaking time of 6 h,
nd cooling rate of 50 ◦C/h, in a MT furnace equipped with a dig-
tal microprocessor (Digitronik DCP200, Yamateke-Honeywell)
or the control of firing curves. The mineral composition of
oth the fired samples and the staring clay was determined
y X-ray diffraction (XRD) on a Philips PW 3710 diffrac-
ometer with Cu K� radiation. Fourier Transform Infrared
FT-IR) spectroscopy was also applied, with a Nicolet FT-IR
pectrometer equipped with a DTGS detector, dispersing the
amples in anhydrous KBr (Aldrich, 99+%) at a dilution ratio
f 1:100. Spectra were collected in the range from 4000 to
00 cm−1, running 128 scans at a 4 cm−1 resolution for each
pectrum. When necessary, the second derivative method was
sed to resolve overlapping absorptions. All samples were also
tudied by Mössbauer spectroscopy on a conventional constant-
cceleration spectrometer equipped with a room-temperature
h matrix 57Co source. All spectra were collected at room

emperature (RT) and at liquid nitrogen temperature (80 K),
n a liquid nitrogen static cryostat. The hyperfine parameter
somer shift (IS), quadrupole splitting (QS), full linewidth at
alf maximum (W), expressed in mm/s, and the internal mag-
etic field (Hint), expressed in Tesla, were obtained by means
f a standard least-squares minimisation technique. The spec-
ra were fitted to Lorentzian line shapes using a minimum
umber of sextets and doublets. The IS is quoted relative
o metallic iron at room temperature. When necessary, 10 K
pectra were also collected on an ARS® close circuit cryo-
tat.

We assume that, in all spectra, the hyperfine parameters were
ffected by the same error, postulated as the maximum error
ver all measurements. We assigned ±0.03 mm/s to isomer
hift, ±0.03 mm/s to quadrupole splitting (or quadrupole shift
or magnetically split components), ±0.03 mm/s to linewidth,
0.1 T to hyperfine magnetic field, and ±2% to relative area.
ollowing the suggestion of Oh and Cook,19 we also assumed

hat the recoilless fraction (f) for hematite is the same at both
oom and low temperature. This assumption is supported by the
bservation that the 80 K and 10 K spectra are not significantly
ifferent.

On selected samples – unfired starting clay, and samples fired
t 750 ◦C, 850 ◦C, 950 ◦C and 1050 ◦C, respectively – dithionite
oluble iron was chemically separated following the procedure
escribed by Mehra and Jackson.20 The supernatant solution
as diluted to 100 ml in deionised water and then analysed by

nductively coupled argon plasma optical emission spectrometry
ICP-OES) at the Dipartimento di Ingegneria Meccanica (Uni-
ersity of Padova) on a Spectro Flame SOPS/N6410/95A. For
e determination, the 2% Fe(NO3)3·9H2O in HNO3 standard
BDH Chemical Ltd.) was used, and for Al determination, a 2%
l(NO3)3·9H2O in HNO3 (EXAXOL Italia S.r.l.).

. Results
.1. Raw clay material

The starting clay was naturally composed by a carbonate-
ich fraction with a grain size from clay to silt, and a few coarser
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Fig. 1. (a) XRD pattern, (b) differential thermal (DTA), thermo-gravimetric (TGA) and second derivative (SD) diagrams, (c) complete FT-IR spectrum and (d)
d ) roo
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etail of 1500–900 cm−1 wavenumber region and relative second derivative, (e
bbreviations: Ill: illite; Chl: chlorite; Qtz: quartz; Pl: plagioclase; Kfs: K-felds

rains of quartz, illite and micritic limestone up to 0.1 mm in
ize, and had the following chemical composition (expressed in
t%): SiO2 (53.37), TiO2 (0.82), Al2O3 (17.31), Fe2O3 (4.68),
eO (2.31), MnO (0.15), MgO (6.15), CaO (9.73), Na2O (1.42),
2O (3.32), P2O5 (0.20), with a loss on ignition of 15.08 wt%.
tarting mineral assemblage was determined by XRD (Fig. 1a)
nd illite, chlorite, quartz, calcite, dolomite, plagioclase and K-
eldspar were identified. Some of these mineral phases were also

dentified by DTA and TGA (Fig. 1b) by comparison with data
rom the literature.21,22 In particular, the endothermic peak at
30 ◦C and the inflexion point around 200 ◦C in the DTA pat-
ern (Fig. 1b) were attributed to the removal of hygroscopic water

t
u
F
f

m temperature (RT) and (f) 80 K Mössbauer spectra for starting clay. Mineral
c: calcite; Dol: dolomite.

rom illite, the continuous loss of weight between 550 and 700 ◦C
o that of chlorite, and the two endothermic peaks at 800 ◦C
nd 850 ◦C, and the associated loss of weight, were related to
ecarbonation of dolomite (15 wt%) and calcite (7 wt%), respec-
ively. The FT-IR spectra and relative second derivative patterns
Fig. 1c and d) further confirm XRD, DTA and TGA data. The
T Mössbauer spectrum shows the typical pattern of a silicate
ixture, characterised by strong absorption at low velocity, due
o paramagnetic iron. The best fit of the spectrum was achieved
sing a model with three subspectra, referring to two octahedral
e(III) (sites A and B) and one octahedral Fe(II) (site C which,
rom a crystallographic point of view, may coincide with sites
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F firing temperature. Per: periclase; Gh: gehlenite; Di: diopside; Hem: hematite. Other
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ig. 2. Bar-diagram showing variations in mineral assemblages with increasing
bbreviations as in Fig. 1. hkl indexes in brackets.

or B) (Fig. 1e), 65% of total iron being accommodated in the
e(III) sites and the remaining 35% in the Fe(II) site.

After cooling the system to 80 K, the typical sextet of mag-
etic absorption became evident (Fig. 1f), related to the super-
aramagnetic behaviour of nano-sized oxide/oxyhydroxide
articles. Mössbauer parameters were typical of poorly crys-
alline and/or Al-substituted goethite (�-FeOOH).18 The best fit
f the 80 K spectrum was achieved considering two paramag-
etic components – Fe(III) in site A’ and Fe(II) in site C – and
ne magnetic component. In applying this model, we assumed
hat the two RT paramagnetic ferric sites A and B overlapped in
he single 80 K site A’, which turns out to be representative of
he whole Fe(III) paramagnetic contribution. The broad shape of
he sextet and the related magnetic parameters (IS: 0.45 mm/s;
S: −0.27 mm/s, W: 0.85 mm/s; H: 51.7 T) are characteristic
f an Al-substituted and/or poorly crystalline goethite. No fur-
her superparamagnetic components were identified from the
pectrum at 10 K. According to Murad and Johnston,23 spectra
lready blocked at 80 K are compatible with goethite particles
bout 20 nm in size. Small differences in the ferrous site area
i.e., 28% at RT versus 20% at 80 K – may derive from small

ariations in the recoilless fraction, which is not always strictly
onstant.

.2. Fired clay samples

The mineral assemblages in the fired clay samples were deter-
ined by XRD. Results are shown in the bar-diagram of Fig. 2.
he first variations in the mineral assemblage with respect to the
tarting clay occurred between 500 and 650 ◦C, with the progres-
ive decomposition of chlorite, marked by disappearance of the
0 0 2) and (0 0 1) reflections, and between 700 and 750 ◦C, when
ematite started to form, or at least its modal fraction increased
bove the XRD detection limit. The decomposition of dolomite
nd calcite occurred at about 750–800 ◦C and 800–850 ◦C

espectively, temperatures which are about 50 ◦C lower than
hose observed in DTA (Fig. 1b). A possible explanation for this
iscrepancy is the lower residence time in DTA, causing a greater
eviation from equilibrium.13 The decomposition of carbonates

Fig. 3. Wavenumber vs. firing temperature for (a) Si O and (b) CO3
2− stretch-

ing bands. Filled symbols: peaks in FT-IR spectra; open symbols: calcite and
dolomite peaks in second derivative pattern.
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ig. 4. Al2O3–(CaO + MgO)–SiO2 (ACS) diagram. Circle: projection of chem-
cal composition of clay material used for firing experiments.

nd reaction of products with the mineral phases in the sur-
ounding matrix caused the growth of periclase (MgO), gehlenite
Ca2Al2SiO7) and diopside (Ca(Mg,Fe)Si2O6). Lastly, the grad-
al decomposition of illite between 850 and 1000 ◦C was marked
y the progressive disappearance of the (0 0 1) and (1 1 0) peaks.
n addition, the intensity of the diffraction patterns of plagioclase
nd K-feldspar progressively increased with increasing tempera-
ure, suggesting the occurrence of continuous reactions between
llite and calcite, and between gehlenite and quartz, respectively,
s well as an increase in amorphous matter.24,6,3,13

Reactions involving silicates in the 700–900 ◦C temperature
ange also caused progressive broadening of the Si O stretch-
ng band and shift of the band centre, which at low temperature
s located at about 1028 cm−1, in the mid-region of the FT-IR
pectra (Fig. 3a). Further broadening of this band above 900 ◦C
uggests the formation of glass.25 At the same time, typical
ignals of K-feldspar (1013 cm−1), diopside (977 cm−1) and
ehlenite (935 cm−1) progressively increased in intensity. The
econd derivative of the absorption band in the typical infrared
egion for carbonates showed that the peak at 1437 cm−1 in
aw material derives from the contribution of both calcite and
olomite (Fig. 1d). On increasing Tf, the band centre progres-
ively shifted towards smaller wavenumbers and became less
ntense (Fig. 3b). FT-IR data show that dolomite was completely
ecomposed at Tf > 800 ◦C (Fig. 3b), in agreement with the
iterature.26 The FT-IR spectra of samples fired at higher Tf only
howed the signal of calcite, which apparently persisted in small
uantities above decomposition temperature – in the interval
30–870 ◦C, according to Boynton27 – although not detected in
he XRD patterns. Shoval28 attributed the presence of calcite in
igh temperature spectra to recarbonation during cooling. Mari-

29 2−
an et al. argued that the weak CO3 stretching peak above the
alcite decomposition temperature is related to crystallisation of
alcite after portlandite, which may derive from free CaO avail-
ble for hydration after firing. The CO3

2− stretching band of

p
B
s
m

ig. 5. Mössbauer hyperfine parameters vs. firing temperature: (a) RT relative
reas; (b) RT quadrupole splitting; (c) 80 K relative areas.

alcite in the starting clay was located at about 1437 cm−1, and
◦
ersisted unchanged in the spectra of samples fired up to 400 C.

etween 400 and 600 ◦C, the stretching band of calcite progres-
ively shifted towards a wavenumber of 1417 cm−1, which is
ore similar to what was expected for well-crystallised calcite.
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ig. 6. (a) Magnetic ratio vs. firing temperature; (b) superparamagnetic contri-
ution vs. firing temperature. Dashed line: superparamagnetic contribution in
tarting clay.

s the CO3
2− vibration signal is influenced by perturbations

n the crystalline field,30 the observed calcite pattern (Fig. 3b)
ay be attributed to recrystallisation of a primary fine-grained
icritic, possibly partially substituted, calcite. In addition, the

icinity of the CO3
2− stretching band of dolomite – which is

ocated at 1448 cm−1 in the raw material – may also influence
alcite peak position.

Comparing the mineral assemblage observed in the fired
amples and that predicted from the ACS (Al2O3 CaO +

gO SiO2) diagram, by projecting the bulk chemical compo-

ition of the starting clay (Fig. 4), disequilibrium conditions
pparently arise, since periclase and diopside also occur, as well
s quartz, gehlenite and anorthite. Instead, local equilibrium
onditions may have controlled nucleation and growth of min-

r
a
o
c

ig. 7. Dithionite soluble iron concentration, as determined by OES-ICP vs.
ring temperature.

ral phases, which could not equilibrate with the bulk chemical
omposition due to sluggish diffusion and the relatively short
esidence time of firing.31,1

As regards changes in Fe-bearing mineral phases as revealed
y Mössbauer spectra, the most evident effect on Fe sites at low
f was a progressive Fe(II) oxidation (Fig. 5a). Above 400 ◦C,
e was completely oxidised and distributed within two differ-
nt paramagnetic Fe(III) sites (A and B). A further increase in
f caused a progressive decrease in the relative area of site A
nd an increase in that of site B, probably due to the forma-
ion of iron oxides after decomposition of silicates (Fig. 5a).

magnetic signal became evident for Tf > 500 ◦C, and was
ttributed to an Al-substituted hematite on the basis of hyper-
ne parameters.23 This signal progressively increased up to
f = 950 ◦C and then rapidly decreased for further temperature

ncrease (Fig. 5a).
Quadrupole splitting, which provides a measure of site

symmetry, significantly increased in both paramagnetic sites
p to 600 ◦C (Fig. 5b), suggesting progressive site distor-
ion caused by dehydroxylation of silicates and associated
attice collapse. Above 850 ◦C, quadrupole splitting rapidly
ecreased, coinciding with the growth of high-temperature
ilicates.

The 80 K spectra for samples fired at Tf < 500 ◦C were
tted using a paramagnetic Fe(III) site (A’), a paramag-
etic Fe(II) site (C), and a magnetic sextet due to the
ontribution of nano-sized or sometimes larger oxide parti-
les (Fig. 5c). This indicates that Fe(II) actually persisted
t slightly higher temperatures than those indicated by
he RT spectra. In addition, the magnetic component was
bserved here throughout the Tf range, as well as in the
tarting clay, and progressively increased with Tf. Accord-
ng to this model, site B in the RT Mössbauer spectra
erives from the overlap of paramagnetic species and a
uperparamagnetic oxide, the latter contributing more to the

elative area of the site, in agreement with observed rel-
tive area variations with increasing Tf. The relative area
f site A’ also increased up to 750 ◦C, remained quite
onstant in the interval 750–850 ◦C, and then decreased
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Fig. 8. Backscattered electron images of glass portion of ceramics

bove 850 ◦C, coinciding with an increase in the magnetic
omponent.

. Discussion

The combination of XRD, FT-IR and Mössbauer data pro-
ides some constraints on nucleation, growth and changes in
ron oxides grain size in the firing of carbonate-rich clay. Com-
lete oxidation of Fe(II) at about 500 ◦C coincides with chlorite
ecomposition, suggesting that iron oxidation is controlled by
ron availability rather than oxidation efficiency. However, the
0 K Mössbauer spectra (Fig. 5c) indicate that iron remained in a
aramagnetic site (A’), and that the magnetic fraction remained
asically constant, coinciding with that originally present in
he starting clay. This suggests that the decomposition of chlo-
ite produced an amorphous phase rather than contributing to
he nucleation of new mineral phases, in agreement with the
ncrease in paramagnetic site distortion marked by the pattern
f quadrupole splitting in Fig. 5b. Transformation of chlorite
nto an amorphous phase continued up to 700 ◦C, when chlo-
ite reflections completely disappeared from the XRD patterns
Fig. 2), while the magnetic component in 80 K Mössbauer spec-

ra continued to be constant. Therefore, the magnetic component
etected in the RT Mössbauer spectra starting from 500 ◦C is
robably related to coarsening of nano-sized oxide particles
lready present in the starting clay.

I
s
o
n

g sub-micrometric hematite crystals with relative EDS spectrum.

In addition, the following observations should be considered:

The total magnetic fraction in the 80 K Mössbauer spectra
started to increase from about 800 ◦C (Fig. 5c).
This trend was not detected in the corresponding RT spectra
(Fig. 5a).
Carbonates completely decomposed between 750 and 850 ◦C
(Fig. 2).
Gehlenite and diopside crystallised between 750 and 900 ◦C
(Fig. 2).
Quadrupole splitting rapidly decreased above 850 ◦C
(Fig. 5b).

These data suggest that decomposition of carbonates pro-
oted rapid crystallisation of Ca-silicates at the expense of the

morphous phase. In this process, iron was released from the
istorted paramagnetic site of the amorphous phase, partly form-
ng new nano-sized hematite and partly being incorporated into
aramagnetic sites in Ca-silicates.

This evolution of the magnetic component was also con-
rmed by the pattern of the magnetic ratio (MR), expressed
s the magnetic over the total area of a spectrum (Fig. 6a).

n the case of the RT Mössbauer measurements, MR repre-
ents the coarser-grained magnetic fraction, whereas in that
f the 80 K spectra, MR refers to the total magnetic compo-
ent – i.e., nano-sized and coarser-grained magnetic particles.
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measure of the variations in the superparamagnetic com-
onent with Tf may also be obtained by subtracting the
oarse-grained magnetic contribution from the total oxide
ontribution (Fig. 6b). For Tf < 400 ◦C, no significant varia-
ions in the amount of superparamagnetic component were
bserved. The quadrupole shift in the 80 K spectrum slightly
ncreased, from −0.27 mm/s in the starting clay to −0.16 mm/s
t 400 ◦C, with a magnetic field value (51.3 T) compatible with
l-substituted hematite, suggesting that the original goethite
nderwent dehydroxylation.32

In the Tf interval 400–700 ◦C, the superparamagnetic compo-
ent progressively decreased, suggesting grain coarsening, with
ittle or no nucleation of new hematite. This evidence confirms
he idea that the kinetics of silicate decomposition are sluggish
ith respect to crystal growth in this temperature interval, and

hat paramagnetic iron remains in a silicate-like structure within
n amorphous phase. Above 750 ◦C, decomposition of carbon-
tes and growth of gehlenite and diopside involve the amorphous
hase, releasing iron, which nucleates into nano-sized hematite
articles (Fig. 5c). However, the superparamagnetic component
emained quite constant at low values up to 950 ◦C (Fig. 6b),
ndicating that nucleation and growth processes proceeded at
he same rate. This may be explained by considering that sev-
ral nano-sized hematite particles were probably concentrated
ithin microdomains, each corresponding to a former chlo-

ite flake, and they could therefore easily be reorganised into
oarser-grained hematite crystals.

After illite had completely decomposed at 950 ◦C (Fig. 2),
roducing a glass, as suggested by Si O stretching band
roadening in the FT-IR spectra (Fig. 3a), the superparam-
gnetic component rapidly increased (Fig. 6b), indicating an
ncrease in the amount of nano-sized versus coarser-grained
ematite particles. These observations also indicate that the
morphous phase was involved in the melting process, pro-
ucing a Fe-saturated glass, from which nano-sized hematite
rystals precipitated. Low iron diffusion within the glass and
hort soaking time may have favoured nucleation and inhibited
rystal growth.

In order to confirm this hypothesis, dithionite soluble iron
as extracted from the starting clay and from samples fired

t 750 ◦C, 850 ◦C, 950 ◦C and 1050 ◦C, respectively, and its
oncentration into the solution analysed by OES-ICP. It is well
nown that extraction efficiency depends on the dimensions
nd crystallinity of oxide particles, as well as on the nature of
he matrix in which the oxides are embedded.12 For example,
fficiency in the extraction of dithionite soluble iron is severely
ompromised when nano-sized hematite particles are located
ithin a glass. At 750 ◦C and 850 ◦C, the concentration of
ithionite soluble iron was much higher than in the start-
ng clay (Fig. 7), in agreement with the crystallisation of
ematite during firing, whereas at Tf ≥ 950 ◦C it dramatically
ropped. This is consistent with the growing difficulty in the
xtraction of iron from hematite increasingly located within
glass. Accordingly, high-magnification SEM backscat-
ered images (Fig. 8) show that hematite crystals are mainly
ocated within a glass at temperatures as high as 1050 ◦C and
100 ◦C.
eramic Society 27 (2007) 4665–4673

. Conclusions

The nucleation, growth and grain size of hematite during
ring in an oxidising atmosphere are strictly controlled not only
y the availability of iron, but also by the structure and evolution
f domains at the micro-scale. The thermal decomposition of
e-rich sheet silicates such as chlorite produces an amorphous
hase, which continues to retain iron in paramagnetic octahedral
ites, inhibiting the crystallisation of hematite well above the
isappearance of the relative reflections from the XRD pattern.

When carbonates are present in the clay, they decompose
etween 750 and 850 ◦C, and react with the amorphous phase to
roduce diopside and gehlenite. In these conditions, hematite
s able to nucleate as nano-sized particles and grow within

icrodomains corresponding to former chlorite flakes. Some
ron may also be accommodated in Ca-silicates, causing a rapid
ecrease in quadrupole splitting, due to progressive organisation
f paramagnetic octahedral sites.

The decomposition of illite at 950 ◦C in the presence of CaO
nd residual amorphous matter produces a relatively Fe-rich sil-
cate melt, which dramatically modifies the neighbourhoods of
ron and determines radical changes in the evolution of hematite.
ano-sized hematite particles precipitate from the melt, increas-

ng the superparamagnetic contribution, which progressively
ecomes dominant over the total magnetic component with
ncreasing firing temperature, indicating that iron diffusion in
he melt is low with respect to the applied soaking time, and
nsufficient to allow the growth of nano-sized hematite particles.

Therefore, changes in physical properties such as pottery
olour seem to be related to the microstructural location and
rain-size of hematite particles and to the presence of iron in
lass rather than in Ca-silicate phases. The location of hematite
ithin a glass significantly reduces its reactivity to hydroxyla-

ion and improves the durability of pottery to weathering.
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