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Carbonates in clay based ceramics produces higher sintering at lower firing temperatures, but may cause lime
spalling, affecting the physical and mechanical behaviour of the ceramic body. The present study investigated
the mineralogical and microstructural changes that occur in a kaolinitic clay tempered with different contents
of limestone sand with two skewed grain size distributions, after firing. The firing temperatures were set at

500, 750 and 1000 °C. The mineralogy of the fired bodies was analyzed by XRPD and quantitative phase analysis 2

was performed using Rietveld method. SEM-EDS analyses were carried out to investigate the changes in micro-
structures and the clay/limestone reactivity. The use of sand-sized limestone temper and short firing times in-
duced the formation of non-stoichiometric phases at the clay/limestone boundary, ruled by the lateral
variation of CaO activity. The structure and composition of the spinel-type phase (e.g. y-Al,05), as typical firing
product of kaolinite clays, were investigated. Different Ca-silicates and -aluminosilicates (gehlenite, rankinite
and larnite) in ceramics fired at 1000 °C are found according to the limestone grain size. Lime spalling already oc-
curs in ceramics fired at 750 °C; it is triggered by coarse calcined grains (Ospaliing > Omatrix failure) aNd then fractures

propagates through finer calcined limestone grains.

© 2015 Published by Elsevier B.V.

1. Introduction

Carbonates as temper in clay-based ceramics produces much com-
plications in mineralogical and textural evolution during the firing pro-
cess, making the physical and mechanical behaviour of the ceramic
body less predictable. Despite the apparent danger of using limestone
as a tempering material, it has been, and still is, extensively used.

During firing, most of the hydrated phases and carbonates in the clay
body decompose and recrystallize through different reaction paths ac-
cording to the existing microchemical domains, without attaining ther-
modynamical equilibrium and giving the coexistence of original and
high temperature phases. Such mineralogical mixtures affect the phys-
ical and mechanical properties of ceramics.

Many previous researches have established the phase transforma-
tion sequence obtained by firing kaolinite or illite clays mixed with cal-
cite are fired (e.g., Cultrone et al.,2001; Dominuco et al., 1998; Heimann,
1989; Jordan et al., 2008; Maggetti, 1982; Peters and Iberg, 1978;
Riccardi et al., 1999; Traoré et al., 2003), but less attention has been
paid to the effects of the type and grain size of temper on reactivity
and microstructures.

The reactions which take place along grain boundaries between cal-
cite and clay matrix are indeed also a function of the granulometry,
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other than paste composition and firing conditions (soaking tempera-
ture/time, heating rate, duration of firing and kiln redox atmosphere).
Moreover, physical and mechanical properties of ceramic products are
also related to the different variables occurring in the production pro-
cess (i.e. shaping technique, type of kiln, etc) (Carretero et al., 2002;
Delbrouck et al.,, 1993; Dondi et al., 2004; Gonzalez-Garcia et al., 1990;
Parras et al., 1996). The influence of carbonates on the physical and me-
chanical properties of ceramics was frequently addressed in the litera-
ture (e.g. Allegretta et al., 2014, 2015; Carretero et al., 2002;
Lassinantti Gualtieri et al., 2010; Traore et al.,, 2007).

In this study, test pieces made with kaolinite clay and crushed lime-
stone with known grain size distribution were investigated to under-
stand the existing correlations between the mineralogical content and
the microstructure. Since the reacting environment is ruled by disequi-
librium conditions, where the presence of different reacting subsystems
occur according to the different phases in contact one to another, the
deliberate use of 1 h as soaking time to fire the ceramic tests allowed
some insight into the dynamic aspects of the process by the coexistence
of relic and new formed phases. Because of the analogy between the
mineral assemblages obtained with such experimental conditions and
those detected in archaeological ceramic artefacts, the results here
presented are useful to determine some technological and functional at-
tributes of historical ceramics. The results of this study are part of a
wider research project aimed to investigate the effects of the nature,
percentage and grain size of the temper and firing temperature, on the

http://dx.doi.org/10.1016/j.clay.2016.03.020
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thermo-mechanical properties of pre-industrial ceramics, by using both
an experimental and a numerical approach (Allegretta, 2014; Allegretta
et al., 2014, 2015).

2. Materials and methods
2.1. Raw materials and sample preparation

For the preparation of the samples, a Ukrainian kaolinitic clay, dis-
tributed by Imerys Tiles Minerals Italia S.r.l. of Reggio Emilia (Italy)
was used. A 1 mm-mode (mean 2.7, median 1.5, standard deviation
1.7 and skewness 0.7 in ¢ values) and a 0.125 mm-mode limestone
sand (mean 0.3, median 1.5, standard deviation 1.7 and skewness
—0.7 in © values) were obtained from the grounding of a pelbiosparite
limestone, coming from the Calcare di Bari formation and sampled
along the coast between Molfetta and Giovinazzo (Bari — Italy). They
were added to the clay in quantity of 5, 15 and 25 vol.%. An amount of
5 vol.% of water was added in each mix and twenty-one disks (70 mm
of diameter and 10 mm of height) were prepared by uniaxial pressing
using a pressure of 25 MPa. Finally, ceramic samples were fired at 500,
750 and 1000 °C using heating rate of 150 °C/h and a soaking time of
1 h. One month was waited (at 25 °C and 20% of relative humidity) be-
fore doing any analysis in order to allow the CaO hydration to occur
fully. All the sample characteristics are summarized in Table 1.

A preliminary characterization of the clay by means of granulometric
and mineralogical investigations was performed before the preparation
of fired samples. Clay granulometry was studied coupling both water-
assisted sieving and fractional sedimentation according to Dell'Anna
and Laviano (1987).

2.2. Mineralogical analysis

The mineralogy of the clay was investigated by means of X-ray pow-
der diffraction (XRPD) using both a qualitative and a quantitative ap-
proach. Laboratory X-ray powder diffraction patterns were recorded
at room temperature with a PANalytical X'Pert pro MPD diffractometer
using CuKo radiation and a graphite monochromator on diffracted
beam. Initial qualitative analyses of the clay were performed on un-
treated, calcined (550 °C) and glycerol-treated oriented samples
(Azaroff and Buerger, 1958). XRPD data were collected in a Bragg-
Brentano (6/26) vertical geometry (flat reflection mode) between 2°
and 65° (26) in steps of 0.02° 26 and step-counting time of 1 s. The X-

Table 1
Sample list and specifications about their preparation.

Sample Limestone temper Firing temperature
Quantity (vol.%) Grain size (mm) 0
NT500 500
NT750 750
NT1000 1000
5CL500 5 1.000 500
15CL500 15 1.000 500
25CL500 25 1.000 500
5FL500 5 0.125 500
15FL500 15 0.125 500
25FL500 25 0.125 500
5CL750 5 1.000 750
15CL750 15 1.000 750
25CL750 25 1.000 750
5FL750 5 0.125 750
15FL750 15 0.125 750
25FL750 25 0.125 750
5CL1000 5 1.000 1000
15CL1000 15 1.000 1000
25CL1000 25 1.000 1000
5FL1000 5 0.125 1000
15FL1000 15 0.125 1000
25FL1000 25 0.125 1000

ray tube operated at 40 kV and 40 mA. A 1/2° divergence slit, a soller
slit (0.04 rad) and a 10 mm fixed mask were mounted in the incident
beam pathway. The diffracted beam pathway included a soller slit
(0.04 rad) and a 1/2° fixed anti-scatter slit.

Quantitative phase analyses (QPA) of the clay were conducted in
two different ways: 1. with the method developed by Shaw and co-
workers (Griffin, 1971) and modified by Laviano (1987); 2. using the
Rietveld method. Besides, QPA by the Rietveld method were also per-
formed on fired test ceramic samples.

X-ray powder data for QPA quantitative phase analyses were collect-
ed from carefully ground powders, sideloaded in Plexiglas sample
holders. X-ray data were collected with the same PANalytical diffrac-
tometer described above. Analytical conditions were: angular range
2°-70°, step scan 0.02° 26, step counting time 11 s. The Rietveld refine-
ments for QPA were performed by means of the fundamental parame-
ters based Rietveld program BGMN Version 1.8.6b (Bergmann et al.,
1998). For fired samples, the quantitative phase analysis method using
the Rietveld technique was combined with the internal standard meth-
od in order to quantify the amorphous phase (Bellotto and Cristiani,
1991; Gualtieri, 1996, 2000; Gualtieri and Artioli, 1995; Gualtieri and
Zanni, 1998) formed after the dehydroxylation of clay minerals. Corun-
dum was thus added to the samples (10 wt.%) as internal standard and
included in the refinements. The refined weight fraction of each crystal-
line phase (X;c) was rescaled with respect to the known weight fraction
of the added standard (Xs) in order to obtain the real crystalline phase
weight fraction (X;) according to the following equation:

1 (X
- 1 ()

where X, is the refined weight fraction of the internal standard. After
calculating the real weight fraction of the crystalline phases, the amor-
phous content (X,) was calculated by the following equation:

Xo=1-3; X

The following generalized refinement models were applied for the
analyzed samples: background was modeled by a 5-parameter polyno-
mial for the clay sample and by a 12-parameter polynomial for test-
samples at 1000 °C; zero point (limits + 0.02°) and sample displace-
ment (40.03 mm) were always refined.

Lattice parameters were refined for all phases with ‘reasonable’ in-
terval restraints, with the exception of the 3 parameter of the monoclin-
ic structure of the 2:1 layers of smectites which was fixed because of
disordering; all atomic coordinates and displacement parameters were
kept fixed; a number of occupancy parameters was refined, within
predefined limits, e.g. interlayer K in mica was limited to 0.6-1, interlay-
er complex (cation and water) in smectites was limited to 0.1-0.3, in
dioctahedral smectites Fe was substituted for Al in the octahedral
sheet and cis-trans distribution was refined.

Isotropic size-related line broadening was assumed for all non-clay
minerals and mica. Spherical harmonics models were used to correct
preferred orientation, which was observed especially for layer silicates.

All the structures used for the Rietveld refinement were taken from
the BGMN database; kaolinite and smectites were refined according to a
disordered kaolinite and a Na-smectite structure model, respectively.
After testing several existing structural model, the spinel-type phase
was refined by using a y-alumina structure (Zhou and Snyder, 1991)
and applying both a size-related and microstrain-related line broaden-
ing with limits 0-0.1 and 0-0.0001, respectively. As in samples fired at
1000 °C the refinement gave a small but significant misfit (intensity cal-
culated too high) at about 32° 26, pattern simulations were performed
by means the program Powder Cell in order to check the dependence
between intensities and structural parameters of the y-alumina struc-
ture (Zhou and Snyder, 1991) used for the refinement. It was found
that the observed mismatch (Fig. 1) in the intensity is significantly

http://dx.doi.org/10.1016/j.clay.2016.03.020
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Fig. 1. Observed (dots), calculated (dark line) and difference (bottom red line) curves for
Rietvel refinement of the untempered clay fired at 1000 °C. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

reduced by changing the occupancy factors in Al1 and Al2 sites with re-
spect to the original values of y-alumina (Zhou and Snyder, 1991).
Owing to the very close scattering power of Al and Si, Al was assumed
in all sites. The site occupation factors of the y-alumina structure used
in the final refinements are: 0.72 Al1, 0.82 AI2 and 0.08 Al3.

2.3. Scanning electron microscopy (SEM)

Back scattered electron (BSE) images were acquired using a 50XVP
LEO scanning electron microscope, operating at 15 kV. Qualitative and
quantitative chemical compositions were obtained by energy dispersive
spectrometry (EDS) using an Oxford AZtec system with a Oxford SDD X-
Max (80 mm?) detector. X-ray maps of major elements were acquired
(counting time = 0.5 h, spot size = 600 pA) to show the chemical dif-
fusion at the interface between limestone temper and clay matrix.
Quantitative EDS data were obtained using geological standards.

3. Results
3.1. Mineralogy

The clay used for ceramic tests is mainly composed of kaolinite, il-
lite/mica and quartz with minor amounts of smectite, anatase and ru-
tile. Presence of smectite and lack of chlorite in the clay were attested
from the XRPD measurements performed on as-prepared, calcined
(550 °C) and glycerol-treated oriented clay samples. The results of
quantitative phase analysis (QPA) of the clay performed by means of

Table 2

the method suggested by Shaw and coworkers (Griffin, 1971) and the
Rietveld approach are shown in Table 2 in comparison with data from
a previous works on the same clay material (Bellanova, 2009). In spite
of the amounts of each mineral component obtained by the different
methods do not agree perfectly, the results obtained universally con-
firm that the analyzed clay has a high content of kaolinite (estimated
from 54.8 to 64.1 wt.%) with a relevant component of illite (about
18 wt.%), quartz (from 11.5 to 22 wt.%), and minor smectite. In order
to test the consistency of the estimated mineral compositions of the
clay, quantitative data obtained from the different methods were used
to derive the chemical composition of the clay from the determined
crystalline fractions assuming stoichiometric compositions for all
phases; the obtained results (Table 2) were then compared with ICP-
MS chemical data performed on the same clay (Bellanova, 2009). It
can be seen from Table 2 that both the independently estimated oxide
values show a very satisfactory agreement with those obtained by
ICP-MS, although a better match in the Al,O3 content can be observed
for data obtained from the Shaw method, probably due to a better esti-
mation of the kaolinite content. From the fit of the Rietveld refinement
the evidence of a heavily disordered kaolinite comes out, as well as a
possible disorder of the illitic material, which are probably the main
cause of an underestimation of kaolinite with respect to the other clay
minerals in the samples. Nevertheless, the Rietveld approach permitted
also the estimation of minor phases like anatase, rutile and alunite.

Granulometric analysis (Fig. 2) shows that the sediment is very fine:
the 80% of the sediment has a ¢ greater than 9, the 18.6% has a grain size
which ranges from 9 to 4, whereas only the 1.4% of it has a grain size in
the range of the sand (—1 <@ <4).

A comparison of diffraction patterns for the untreated clay with
those of the same clay fired at different temperatures, without any
limestone-tempered ceramic is reported in Fig. 3 . It can be seen that ka-
olinite peaks are still present at the firing temperature of 500 °C al-
though less intense than those measured on the unfired clay,
suggesting that the reaction of decomposition of kaolinite to
metakaolinite by losing hydroxide groups (Chakraborty, 2003; Lee
et al.,, 1999; Maggetti and Rossmanith, 1981; Watanabe et al., 1987) is
already started at this temperature; a decrease of the smectite hump
atabout 14 A is also observed. At 750 °C the main kaolinite peaks disap-
pear completely, whereas the main peaks of illite/mica can be still ob-
served in addition to quartz and traces of anatase and rutile. It shows
that the reaction of decomposition of kaolinite to metakaolinite is com-
plete at 750 °C, whereas relic illite structure or illite/mica anhydride is
present in the fired clay.

XRPD data of samples fired at 1000 °C show a broad hump in the
background in the range of 15-30°, indicating the presence of an amor-
phous phase, as well as the occurrence of three very broad reflections at
about d = 2.39,1.98 and 1.40 A, which were referred to y-Al,03 or Al-Si
spinel (Brindley et al., 1959; Brown et al., 1985; Chakraborty, 2003; He
et al,, 2005; Lee et al., 1999; Sanz et al., 1988) and the presence of few
very small peaks of a weakly crystallized mullite. At 1050 °C the mullite
peaks appear more intense and better defined than those found in the

Mineral content of the kaolinitic clay estimated from X-ray diffraction data according to the Shaw's method (Griffin, 1971), the Rietveld refinement and comparison with mineralogical and

chemical data reported in Bellanova (2009).

Mineral content (wt.%)

Chemical composition from mineral the mineral content (wt.%)

Kln 1t Sme Ant Rt K-Feld Alu Qz CM Si0, AlLO; K0 NaO TiO, Fe,03 MgO CaO H,0
Shaw's method (Griffin, 1971) 64.1 18.2 6.2 tr tr - 115 885 539 296 13 0.1 00 04 06 01 134
Rietveld method by BGMN 54.8(4) 18.2(3) 10.2(3) 1.1(1) 0.5(1) 0.8(1) 0.9(1) 13.4(1) 832 532 266 13 0.1 1.6 04 06 01 141
(Bergmann et al., 1998)
QPA by Bellanova (2009) 58 18 2 - - - 22 78 596 263 13 00 00 04 06 00 110
Si0, AlLO; K,O Na,0 TiO, Fe,03 MgO CaO LOI
Chemical data by ICP-MS 527 297 15 04 12 12 04 03 120

(Bellanova, 2009)

Mineral abbreviations after Whitney and Evans (2010): kaolinite (KIn), illite (Ilt), smectite (Sme), anatase (Ant), rutile (Rt), K-feldspar (K-feld), alunite (Alu), and quartz (Qz). CM = total

clay minerals.

http://dx.doi.org/10.1016/j.clay.2016.03.020
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Fig. 2. Grain size distribution of the kaolinitc clay. Both the cumulative percentage (black
line) and the fraction percentage (histogram) are reported.

diffractogram of the sample fired at 1000 °C, and broad spinel-type
peaks are still present. Finally, at 1150 °C intense peaks of a well crystal-
lized mullite can be observed and spinel phase disappears but

Counts

cristobalite begins to develop as testified by a very small and broad
peak at 4.09 A (Fig. 3).

As expected, no newly formed phases were observed in the
limestone-tempered samples fired at 500 °C, whereas at 750 °C small
peaks of portlandite, formed by lime hydration after firing, were detect-
ed in the sole sample with 25% of coarse limestone-temper (25CL750)
and in all fine limestone-tempered samples; the major concentration
of this mineral phase was detected in the two samples which cracked
after the firing (25CL750 and 15FL750). Traces of gehlenite were only
observed in the fine-limestone tempered sample 25FL750. Such results
show that no significant reaction between the matrix and the
limestone-temper occurs in samples fired at 750 °C. At the firing tem-
perature of 1000 °C a number of new Ca-silicate and Ca-Al-silicates
such as gehlenite, a Ca-olivine (larnite), rankinite, are mainly observed
as new phases, together with portlandite, in fine-limestone-tempered
samples, whereas only portlandite and CaO form in most of coarse
limestone-tempered samples; the unique exception is represented by
coarse limestone tempered sample 25CL1000, which shows also
minor amounts of gehlenite and Ca-olivine. Small peaks of anorthite
wollastonite and lime, were observed in addition to portlandite,
gehlenite, larnite and rankinite, in the sample with 25 vol% of fine lime-
stone temper (25FL1000). A quantitative estimation of the mineral
phases formed in ceramic samples fired at 1000 °C is reported in
Table 3. No quantitative data for samples fired at 500 and 750 °C are re-
ported owing to the impossibility to obtain satisfactory results by
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Fig. 3. XRPD patterns of the unfired clay (RTClay) and non-tempered ceramic (NT samples) fired at 500, 750, 1000, 1050 and 1150 °C. At the bottom of the figure, the XRPD patterns of the

mineral phases found in the samples are reported.
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Table 3
Results of the Rietveld-RIR QPA on the ceramic samples fired at 1000 °C.
Sample Qtz Ant Ru Cal Am Mul v-Al,03 Lm Ca-0l Rnk Gh Wo An Prt Rw
NT1000 21.6 0.9 0.4 37.2 6.6 334 5.78
(1.6) (0.2) (0.1) (5.7) (1.5) (3.3)
5CL1000 22.1 1.2 0.4 31.7 7.7 354 14 5.63
(1.7) (0.2) (0.1) (6.0) (1.4) (3.6) (0.4)
15CL1000 18.0 0.9 0.4 36.9 7.0 26.5 2.6 74 5.82
(1.4) (0.2) (0.1) (5.7) (1.6) (3.0) (0.2) (6)
25CL1000 18.8 1.2 0.4 24.0 6.6 27.4 9.5 1.5 0.7 10.0 6.16
(1.6) (0.3) (0.2) (7.5) (1.5) (3.6) (0.8) (0.6) (0.3) (0.9)
5FL1000 20.6 0.9 0.4 40.5 31 32.0 0.9 0.6 1.0 5.35
(1.4) (0.2) (0.1) (4.8) (0.7) (3.0) (0.6) (0.2) (0.3)
15FL1000 19.8 1.0 0.5 35 379 35 247 22 0.8 13 438 7.08
(1.8) (0.2) (0.2) (0.7) (6.3) (0.9) (3.3) (0.5) (0.5) (0.4) (0.5)
25FL1000 18.1 1.1 0.5 2.2 144 5.8 29.2 0.5 5.8 2.7 4.0 0.8 0.7 14.0 6.88
(1.7) (0.2) (0.2) (0.5) (6.2) (2.0) (3.3) (0.1) (0.9) (0.7) (0.5) (0.3) (0.5) (1.4)

In order to give a more realistic confidence interval for the estimated phases of such complex systems the e.s.d coming out from the Rietveld refinement was multiplied by 3 (values in the
parentheses). Mineral abbreviations after Whitney and Evans (2010): kaolinite (Kln), illite (Ilt), smectite (Sme), anatase (Ant), rutile (Rt), quartz (Qz), portlandite (Prt), lime (Lm),

gehlenite (Gh), Ca-olivine (Ca-Ol), mullite (Mul), wollastonite (Wo), and rankinite (rnk).

applying the Rietveld approach to such complex systems (more expla-
nations are in Section 4.1)

3.2. Fabric evolution

SEM imaging coupled with X-ray mapping allowed to visualise the
fabric evolution of the ceramic body, showing that different microstruc-
tures developed according to the firing temperature, the granulometry
and the temper percentage defined in the experimental design.

At 500 °C (Fig. 4A) samples are characterized by large pores due to
moulding (primary porosity), and flaws parallel to the surface, due to
the loss of residual water during the firing (secondary porosity). This
kind of porosity increases when coarse limestone is added (Allegretta
et al,, 2014, 2015). X-ray maps and in situ EDS analysis (Fig. 5A) reveal
that no significant chemical diffusion occurred during firing. This is
also showed by the line scan across the boundary between limestone
grains and the ceramic matrix (Fig. 6A), where Ca signal abruptly de-
creases out from the limestone grains.

At 750 °C (Fig. 4B), small fissures parallel to the sample surface,
which are due to the ceramic shrinkage during firing, could be observed.
The increase of limestone content of both granulometries, allows the
formation of these fractures (Allegretta et al., 2014, 2015). Even if no
chemical diffusion was detectable at the limestone/matrix boundary
(Fig. 5B) , in situ EDS analysis reveals that the chemical compositions
of the analyzed points are located in the Wo-Ge-An compositional trian-
gle. Fig. 6B confirms that the diffusion of Ca in the matrix is very poor
and in fact Si, Al and Ca signal are simultaneously recorded in no more
than 5 um at the limestone-matrix interface.

At 1000 °C only fine-tempered bodies survived. However, the use of
a temper with skewed unimodal granulometric distribution instead of
single grain size, permit us to study what happened around coarse lime-
stone grains which are also present in fine-tempered ceramics.

Fig. 4C shows that limestone fragments decomposed at 1000 °C. Dif-
ferent microstructures developed according to the grain size of lime-
stone fragments. In the case of fine limestone temper, a reaction rim
(bright ring) surrounds the temper grain and connects it to the matrix.
This reaction rim is due to the chemical diffusion of calcium into the ma-
trix as shown in Fig. 5C. It is arranged asymmetrically around fine grains
and no preference direction is observed. On the contrary, coarse temper
fragments are detached from the matrix and radial cracks start from
these coarse grains and spread into the ceramic sample. The reaction
rim is also detected around coarse temper grains just after the detach-
ment zone, as shown in Fig. 4C and in its relative chemical map
(Fig. 5D). However, in this case, the reaction rim is less thick than that
developed around fine temper grains. Fig. 6C shows that the chemical
diffusion of Ca extends up to 20-25 um into the ceramic matrix when
fine temper grains are considered.

The overlapping of Ca and Ti maps on crystals with squared shape
shows the formation of rare perovskite grains (white circles in
Fig. 5D), which were also identified via quantitative SEM-EDS analyses.
Furthermore, it can be seen from points 1 and 3 in Fig. 7 that a Ca-olivine
(probably larnite) is observed as a result of the reaction between quartz
and limestone, in agreement with XRPD results.

Triangular phase diagrams shows that most of the new formed
phases have non stoichiometric composition (Fig. 5).

4. Discussion
4.1. Clay mineralogy

The clay used in this study is mainly kaolinitic with some relevant
concentrations of illite/muscovite and quartz, minor smectite and traces
of Ti-oxides (Table 2). The absence of any calcite and dolomite in the
clay confirms its suitability for the preparation of calcite-tempered sam-
ples since all effects due to carbonate reaction can only be ascribed to
the limestone added as temper.

The XRPD analysis showed that the reaction of dehydroxylation of
kaolinite is already started in samples fired at 500 °C and that at
750 °C all kaolinite is decomposed to metakaolinite, whereas relic illite
structure or illite/mica anhydride is still present in the samples. This re-
sult is almost consistent with literature data. It is well known that the
dehydroxylation of kaolinite occurs between 400 and 600° (see for in-
stance: Bellotto et al., 1995; Brindley and Nakaira, 1959a; Gualtieri
and Bellotto, 1998; Lee et al., 1999), while it is generally accepted that
illites dehydroxylate between 350° and 600° although there have been
comparatively few studies of microstructural evolution of firing illite
and smectite group clays. Experimental studies have shown that the
original illite/mica crystal structure as observed by XRPD is maintained
until 700 °C, in contrast to kaolinite, in which the X-ray reflections are
lost upon the dehydroxylation (Lee et al., 2008). Smectite clays such
as montmorillonite dehydroxylate below 600 °C and, as in the illites,
form a stable dehydroxylated phase that retains some of the crystal
structure of the original clay mineral (Brett et al,, 1970). As the charac-
teristic crystal structure of smectite is generally lost above 800 °C
(Brindley and Udagawa, 1960) we may suppose some contribution
from dehydroxylate smectite still present in diffraction pattern of
750 °C fired samples. The peak at 4.48 A in the same sample is clearly at-
tributed to the illite/mica phase, but we cannot exclude also a possible
contribution from kaolinite as well. According to Onike et al. (1986),
the reflection at d = 4.48 A is in fact a relict kaolinite peak which per-
sists up to 950 °C, indicating that some ordering of the original kaolinite
is preserved up to a quite high temperature.

The complicate sequence of both intramineral and intermineral re-
actions taking place in the temperature range between 400 and
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Fig. 4. SEM-BS micrographs of ceramics tempered with 15 % of limestone and fired at 500
(A), 750 (B) and 1000 °C (C). In the last frame, a magnification of a coarse temper grain is
presented in order to show the presence of the aluminosilicate reaction rim around coarse
fragments. The area surrounded by the dashed line in the magnification was investigated
by EDS analysis and the chemical map is shown in panel D.

900 °C, i.e. dehydroxylation of clay minerals and the consequent forma-
tion of pseudo-amorphous products, is the main cause of the difficulty
to obtain satisfactory results by applying the Rietveld approach for
QPA of samples fired at 500 and 750 °C. However, the lack of quantita-
tive data concerning the mineralogical composition of untempered

and tempered samples fired at these temperatures does not represent
a critical point for the aim of this study since, as above said, no signifi-
cant reaction between the matrix and the limestone-temper was ob-
served in samples fired at 500 °C and 750 °C. On the contrary, the
Rietveld approach was successfully applied to 1000 °C fired samples
allowing an estimation from a quantitative point of view of reactions
taking place at this firing temperature in the kaolinitic clay, as well be-
tween the clay and the limestone temper for different grain sizes and
amount of temper adds. In addition it should be stressed that the
Rietveld BGMN analysis of XRPD data was very useful for accurate iden-
tification of minor phases, which were not clearly identified during the
automatic search-match qualitative routine analysis (Table 3).

4.2. Spinel and mullite formation

XRPD data and the subsequent Rietveld refinement show that an
amorphous phase, y-alumina (often named Si-spinel or cubic mullite)
and mullite are present as newly formed phase in the clay samples
fired at 1000 °C. According to the widespread literature (Brindley and
Nakaira, 1959b; Chakraborty and Ghosh, 1978; Gualtieri and Bellotto,
1998; Sanuparlak et al., 1987) the occurrence of these phases is associ-
ated with the exothermic reaction taking place at about 980 °C during
the kaolinite-to-mullite reaction series. However, there are quite a lot
of speculations about this aspect as the several studies did not give univ-
ocal results about what exactly is the cause of this exothermic reaction
which was attributed to the sole mullite formation (Gualtieri and
Bellotto, 1998; Roy et al., 1955) or to the sole spinel phase (Brindley
and Nakaira, 1959b; Sanuparlak et al., 1987) by some researchers, or
to both mullite and spinel formation (Brown et al., 1985; Chakraborty,
2003; Chakraborty and Ghosh, 1978), or both mullite nucleation and ex-
tensive segregation of amorphous silica (Lee et al., 1999) by others. It is
general opinion that crystallinity and degree of defects of the kaolinite,
presence and amount of accessories phases, thermal history, grain size
and other factors, affect significantly the kaolinite-to-mullite reaction
series and are considered the main reason for the apparently contradic-
tory results reported in the literature. Some of the most discussed as-
pects of reaction taking place in kaolinite at about 1000 °C concern the
composition and temperature appearance of mullite, as well as the
structure and chemistry of the formed spinel-type phase.

In this study the structure of y-Al,03 (Zhou and Snyder, 1991) was
used for modelling the spinel-type phase during the Rietveld refine-
ment with site occupancies factors of Al-sites modified according to pat-
tern simulations (see Section 2.2). The total Al content of the so
obtained “defective Al-spinel” model is of 20.64 (for 32 oxigens and
Z = 1) suggesting that limited Si for Al substitution must occur in the
structure for charge balance requirements [i.e. for a sum of cations =
20.6 apfu. (atoms per formula unit) for O = 32 and Z = 1, the formula
is charge balanced by about 2.1 apfu of Si]. The possibility of a limited
Si-for-Al substitution in the structure of this spinel-type phase has
been postulates by Okada et al. (1986) and Sanuparlak et al. (1987) on
the basis of TEM investigations. According to Okada et al. (1986) the spi-
nel phase contain about 8 wt.% of SiO, with an approximate composi-
tion Si; gAl19,03,, while no more than 10 wt.% SiO, is suggested from
investigations of Sanuparlak et al. (1987). These values agree well
with the amount of Si here estimated independently on the basis of
crystal chemical and structural evidences. From XRPD data we could
not define the location of Si among the structural sites y-Al,03 as Al
and Si have similar scattering behaviour, but according to Okada et al.
(1986) it is expected to occupy only the tetrahedral site, in analogy
with the structure of mullite and kaolinite. Rather contradictory results
were previously obtained by Srikrishna etal. (1990) and by Chakraborty
and Ghosh (1991) which suggested a Si-rich composition almost analo-
gous to that of the orthorhombic form of mullite. Pure Al-spinel was in-
stead proposed from other studies (Leonard, 1977 and references
therein).
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Fig. 5. Chemical maps and chemical composition analyzed via SEM-EDS of limestone-tempered samples. The analyzed points are: the interface between fine and coarse limestone and the
matrix at 500 °C (A), the interface between fine limestone and the matrix at 750 °C (B), the reaction rim around fine limestone grains at 1000 °C (C) and the magnification reported in
Fig. 3C of the reaction rim around coarse limestone at 1000 °C (D). The white numbers on the maps correspond to the analyzed points and their composition is reported in the
triangular ceramic phase diagram (filled squares). In each triangular diagram all the analyzed points are also reported in hollow squares. The composition of anorthite (An), gehlenite
(Ge), wollastonite (Wo), rankinite (Rnk), larnite (Lrn), Krotite (Kr) and C3A is reported. The white circles put in evidence the formation of perovskite.
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Fig. 6. EDS chemical profiles taken at the interface between fine limestone grains and the ceramic matrix in samples fired at 500, (A), 750 (B) and 1000 °C (C).

444 The broad and small peaks of mullite in the XRPD data indicates that peaks are more intense, but a shift of the (001) peak position towards 447
445  at 1000 °C mullite nuclei starts to develop and coexists with the Al-Si high angles is observed. At 1150 °C mullite is well crystalline as testified 448
446 spinel; at 1050 °C both these phases are still present and main mullite by sharp and intense X-ray peaks at the expected position, whereas the 449

50 pim

Fig. 7. Chemical map and chemical analysis showing the reaction between a quartz and a limestone grains in 15FL1000 (points 1 and 3) and with fine limestone and matrix (points 2,4-7).
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spinel phase is totally absent and small nuclei of cristobatile starts to
growth (Fig. 3). This seems to suggests that the growth of mullite nuclei
is delayed by the coexistence of the spinel-type phase and that it is pro-
moted at the time of breakdown of the Al-spinel according to the state-
ment of Lee et al. (1999). Aras (2004) demonstrated that in pure
kaolinite clay, mullite is not detected until 1150 °C while in pure illite
clay it appears at 1000 °C and in mixtures of these two clays mullite
peaks begin to form at an almost intermediate temperature. It suggests
that the relatively high content of illite/mica in the clay had a significant
role in the formation of mullite already at 1000 °C. According to
Slaughter and Keller (1959) it can be attributed largely to the effect of
potassium and other alkali or alkaline earth metal cations present in
or near the holes of the hexagonal network of the silica tetrahedral
layers in the illite/sericite. No explanation can be given for the observed
shift of the (001) peak of mullite, but we suppose it may be somehow
related to the anomaly in the length of the c parameters observed by
Ban and Okada (1993) for pseudotetragonal mullite. The apparently
lower value of the c axis in some pseudotetragonal mullites with respect
to that of orthorhombic mullite having the same a axis was tentatively
explained by these authors as caused by a local ordering of Al and Si
atoms in the tetrahedral position of the pseudotetragonal mullite.

The amount of the Al-spinel, mullite and amorphous phase in sam-
ples fired at 1000 °C as determined by the Rietveld refinement are ap-
proximately 33, 7 and 37 wt.% (Table 3). Note that normalizing these
values in order to exclude the amount of quartz and Ti oxides which
were present in the original clay and are expected to be stable at this
temperature, the Al-spinel is 43 wt.%, thus not far from the values be-
tween 20 and 30 wt.% estimated by Chakraborty (2003) for different
kaolinites.

4.3. Clay/limestone reactions

The presence of carbonates as temper in the ceramic body affects the
micro-structural and mineralogical evolution during and after firing. X-
ray maps show that the boundary between limestone grains and clay
matrix has higher reactivity and wider compositional variability com-
pared to other reacting microsites. SEM micrographs (Fig. 4C) show
that after the decomposition of limestone, CaO reacts with SiO, and
Al,05 of the matrix forming Ca-silicates and -aluminosilicates which
are recognizable by the bright white rim around temper grains
(Fig. 5C and D). Although, an incipient calcite-matrix reaction was ob-
served in the sample fired at 750 °C having the highest content of fine
limestone (sample 25FL750), this solid-state reaction zone was mainly
observed in all samples fired at 1000 °C. The amount of such new
formed phases is significantly higher in fine limestone-tempered sam-
ples than in coarse limestone-tempered ones (Table 3). It can be easily
explained considering that the specific surface area is higher in fine
limestone-temper than in coarse one (at the same quantity of temper),
increasing the contact surface of the limestone with the clay matrix,
which allows interfacial reactions. The non-stoichiometric compositions
determined in reaction boundaries are consequence of both chemical
complexity of new formed phases and short soaking times. In much de-
tail, the composition of the phases detected at the limestone/clay matrix
interface points to Ca-rich melilite, rankinite, larnite (Ca-olivine), Ca-
rich clinopyroxene and anorthite, in agreement with XRPD results and
literature data (Dondi et al., 1996, 1998; Messiga and Riccardi, 1996;
Peters and Iberg, 1978; Riccardi et al., 1999). It is worth noting that
the use of non calcareous clay and sand-sized limestone temper permit-
ted the formation of such Ca-silicates and -aluminosilicates at a temper-
ature relatively higher than that observed for calcareous clays where the
fineness of the carbonates triggers the reactions with the clay matrix
(e.g. Cultrone et al., 2001; Eramo et al., 2014; Maggetti, 1982; Peters
and Iberg, 1978). The copresence of gehlenite (Ca-rich melilite),
rankinite and larnite in ceramic tests with fine-limestone temper fired
at 1000 °C is allowed by low SiO, activity close to the limestone grains
and high firing temperature (Messiga and Riccardi, 1996).

Residual drying and clay dehydroxylation are responsible for the
body shrinkage at lower firing temperatures. Rim porosity around lime-
stone temper never formed before calcination, as observed in samples
fired at 500 °C.

The decrease in open porosity between test pieces fired at 750 °C
and 1000 °C is due to higher vitrification, even if SE images of clay ma-
trix in fabrics fired at 1000 ue show relic clay minerals (Allegretta
etal, 2015).

Due to the high open porosity of this ceramic samples (Allegretta
et al,, 2014, 2015) water can reach the non reacted CaO and forms
portlandite, which has a greater volume than lime (Boynton, 1980;
Courard et al., 2014). As reported in several works (Hoard et al., 1995;
Laird and Worcester, 1956; Orton et al., 2008; Rice, 1987; Rye, 1976;
Velde and Druc, 1998) this phenomenon called “lime blowing” or
“lime spalling” is deleterious for ceramics. However, as demonstrated
by SEM micrographs, not all the temper grains produce this effect but
only the coarse one.

According to XRPD, part or all the lime produced after calcination of
limestone grains was transformed in portlantite. Almost equal amounts
of lime and portlandite were observed for sample 25CL1000, whereas
in the rest of samples portlandite represents the most abundant phase.
Lime and portlandite are the principal new formed phases in coarse-
tempered ceramic tests, while significant presence of several Ca-
silicoaluminates is observed in ceramic tests with fine temper. Poorly
crystalline calcite detected by XRPD in samples 15FL1000 and 25FL1000
(Table 3) might be considered as an unreacted temper inhibited by the
formation of the Ca-aluminosicate and silicate rim around limestone
grains.

With the exception of the sample with 5% of fine-limestone tem-
per, all test pieces fired at 1000 °C failed after lime spalling. Coarse
limestone grains trigger the lime spalling and then involve the fine
grains, causing the failure of the ceramic body (Fig. 4C). To illustrate
the lime spalling mechanism a geometrical simplification of the sys-
tem is proposed (Fig. 8). The gap between the reaction rim and the
calcined limestone grains was formed after three steps (Fig. 8a-c).
(a) During firing at 1000 °C, calcite grains start to turn into lime
from the surface to the core, freeing CO,. (b) The CaO at the grain/
matrix interface reacts with SiO, and Al,03 of the dehydroxylation
of clay matrix, forming new Ca-silicoaluminates. At the same time,
the decomposition of the limestone grain evolves inward, with a vol-
ume contraction of 48% (Boynton, 1980). (c) This shrinkage in vol-
ume produces a detachment between the temper grain and the
reaction rim hindering chemical diffusion and the progression of
the reactions to form Ca-silicoaluminates. (d) During cooling, the
open porosity allows hydration of lime and the formation of
portlandite, with an increase of molar volume of 93% (Boynton,
1980), or even greater if water adsorption is considered. According
to the grain size of limestone temper, the sintering degree and the
volume expansion produced by the portlandite formation/water ad-
sorption, a spalling phenomenon may occur (e, f).

From a thermodynamic point of view, the total energy (U) is the sum
of the mechanical energy (Uy), the surface energy (Us) and the work
done by the grain volume expansion (W). The mechanical and surface
energy are respectively considered as:

Uy = —mVo? /E

Us = S"{

where V and S are respectively the volume and the surface of the temper
particle, o is the fracture strength, E is the Young's Modulus of the ma-
trix and +y the free surface energy per unit area (Lawn, 1993).

At constant temperature before spalling, the work is expressed as:

W=—-Vp
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Fig. 8. Limestone/clay matrix reaction path and lime spalling mechanism. Action of mechanical energy (Uy;), surface energy (Us) and the work done by lime hydration (W) at the lime-
matrix and their effects on the ceramic. A) Incipient limestone decomposition; B) Ca-aluminosilicates (CAS) forms at the boundary between limestone grain and dehydroxylated clay
matrix; C) further limestone decomposition gives rim porosity and hinders reaction; D) after firing, the hygroscopic lime take moisture from the open porosity to form portlandite;

E) the sintered matrix withstand the stress caused by lime hydration; F) lime spalling.

where V is the volume occupied by the single temper particle in the
sintered matrix and p is the pressure due to the lime hydration. Consid-
ering spherical particles, the system is in equilibrium up to dU/dr = 0.
The fracture strength is given by:

E
Uzpalling = P (3”)/—[)1’)

where r is the radius of the temper grain.

For a given total volume of spheres, surface area is different according
to the fact that we consider only one particle or many smaller particles. In
the first case, the surface area of one sphere is lower than that obtained by
summing all the little spheres’ surface areas. This means that the pressure
due to the volume expansion is distributed in a larger area than in one
large sphere, allowing the sintered matrix at the grain boundary to with-
stand the tensile stress of volume expansion (Omatrix failure > Ospalling)
(Fig. 8e). For this reason small temper particles do not produce cracks
in the ceramic and there is a certain particle surface-volume ratio,
which depends on the matrix mechanical properties (E and ), below
which the ceramic matrix cannot withstand the stresses due to lime

spalling (Fig. 8f).
5. Summary

The preparation of test pieces made with kaolinite-rich clay and
crushed limestone temper with skewed grain size distribution, as well

as the use of 1 h as soaking time, allowed to preserve disequilibrium
conditions to better understand the clay/limestone reactivity and inves-
tigate the lime spalling mechanism.

1) Typical firing products of kaolinite clays were detected and it was
shown that the spinel-type phase formed from decomposition of ka-
olinite at about 1000 °C can be satisfactorily modelled as a y-Al,05
with limited Si for Al substitution.

2) The use of sand-sized limestone temper and short firing times in-
duced the formation of non-stoichiometric phases at the clay/lime-
stone boundary, ruled by the lateral variation CaO activity. This is
demonstrated by phase association of gehlenite, rankinite and
larnite in ceramic bodies with fine limestone temper, fired at
1000 °C.

3) Lime spalling is positively correlated with temper size. Much
unreacted lime in coarse grains survived to firing and if open porosity
was still present, formation of portlandite occurs after firing. Around
coarse calcined grains a higher tensile stress (Ospaliing > Omatrix failure)
triggers the lime spalling and fractures propagates through finer cal-
cined limestone grains. Such mechanism determines ceramic failure
or at least post-firing (tertiary) porosity.

Uncited reference

Bellotto, 1994
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