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19Carbonates in clay based ceramics produces higher sintering at lower firing temperatures, but may cause lime
20spalling, affecting the physical and mechanical behaviour of the ceramic body. The present study investigated
21the mineralogical and microstructural changes that occur in a kaolinitic clay tempered with different contents
22of limestone sand with two skewed grain size distributions, after firing. The firing temperatures were set at
23500, 750 and 1000 °C. The mineralogy of the fired bodies was analyzed by XRPD and quantitative phase analysis
24was performed using Rietveld method. SEM–EDS analyses were carried out to investigate the changes in micro-
25structures and the clay/limestone reactivity. The use of sand-sized limestone temper and short firing times in-
26duced the formation of non-stoichiometric phases at the clay/limestone boundary, ruled by the lateral
27variation of CaO activity. The structure and composition of the spinel-type phase (e.g. γ-Al2O3), as typical firing
28product of kaolinite clays, were investigated. Different Ca-silicates and -aluminosilicates (gehlenite, rankinite
29and larnite) in ceramics fired at 1000 °C are found according to the limestone grain size. Lime spalling already oc-
30curs in ceramicsfired at 750 °C; it is triggered by coarse calcined grains (σspalling N σmatrix failure) and then fractures
31propagates through finer calcined limestone grains.

32 © 2015 Published by Elsevier B.V.
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43 1. Introduction

44 Carbonates as temper in clay-based ceramics produces much com-
45 plications in mineralogical and textural evolution during the firing pro-
46 cess, making the physical and mechanical behaviour of the ceramic
47 body less predictable. Despite the apparent danger of using limestone
48 as a tempering material, it has been, and still is, extensively used.
49 Duringfiring,most of the hydrated phases and carbonates in the clay
50 body decompose and recrystallize through different reaction paths ac-
51 cording to the existing microchemical domains, without attaining ther-
52 modynamical equilibrium and giving the coexistence of original and
53 high temperature phases. Such mineralogical mixtures affect the phys-
54 ical and mechanical properties of ceramics.
55 Many previous researches have established the phase transforma-
56 tion sequence obtained by firing kaolinite or illite clays mixed with cal-
57 cite arefired (e.g., Cultrone et al., 2001; Dominuco et al., 1998;Heimann,
58 1989; Jordan et al., 2008; Maggetti, 1982; Peters and Iberg, 1978;
59 Riccardi et al., 1999; Traoré et al., 2003Q6Q7 ), but less attention has been
60 paid to the effects of the type and grain size of temper on reactivity
61 and microstructures.
62 The reactions which take place along grain boundaries between cal-
63 cite and clay matrix are indeed also a function of the granulometry,

64other than paste composition and firing conditions (soaking tempera-
65ture/time, heating rate, duration of firing and kiln redox atmosphere).
66Moreover, physical and mechanical properties of ceramic products are
67also related to the different variables occurring in the production pro-
68cess (i.e. shaping technique, type of kiln, etc) (Carretero et al., 2002;
69Delbrouck et al., 1993; Dondi et al., 2004; Gonzalez-Garcia et al., 1990;
70Parras et al., 1996). The influence of carbonates on the physical andme-
71chanical properties of ceramics was frequently addressed in the litera-
72ture (e.g. Allegretta et al., 2014, 2015; Carretero et al., 2002;
73Lassinantti Gualtieri et al., 2010; Traorè et al., 2007 Q8Q9).
74In this study, test pieces made with kaolinite clay and crushed lime-
75stone with known grain size distribution were investigated to under-
76stand the existing correlations between the mineralogical content and
77the microstructure. Since the reacting environment is ruled by disequi-
78librium conditions, where the presence of different reacting subsystems
79occur according to the different phases in contact one to another, the
80deliberate use of 1 h as soaking time to fire the ceramic tests allowed
81some insight into the dynamic aspects of the process by the coexistence
82of relic and new formed phases. Because of the analogy between the
83mineral assemblages obtained with such experimental conditions and
84those detected in archaeological ceramic artefacts, the results here
85presented are useful to determine some technological and functional at-
86tributes of historical ceramics. The results of this study are part of a
87wider research project aimed to investigate the effects of the nature,
88percentage and grain size of the temper and firing temperature, on the

Applied Clay Science xxx (2015) xxx–xxx

E-mail addresses: ignazio.allegretta@uniba.it (I. Allegretta), daniela.pinto@uniba.it
(D. Pinto), giacomo.eramo@uniba.it (G. Eramo).

CLAY-03804; No of Pages 12

http://dx.doi.org/10.1016/j.clay.2016.03.020
0169-1317/© 2015 Published by Elsevier B.V.

Contents lists available at ScienceDirect

Applied Clay Science

j ourna l homepage: www.e lsev ie r .com/ locate /c lay

Please cite this article as: Allegretta, I., et al., Effects of grain size on the reactivity of limestone temper in a kaolinitic clay, Appl. Clay Sci. (2015),
http://dx.doi.org/10.1016/j.clay.2016.03.020

http://dx.doi.org/10.1016/j.clay.2016.03.020
mailto:giacomo.eramo@uniba.it
Journal logo
http://dx.doi.org/10.1016/j.clay.2016.03.020
http://www.sciencedirect.com/science/journal/01691317
www.elsevier.com/locate/clay
http://dx.doi.org/10.1016/j.clay.2016.03.020


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

89 thermo-mechanical properties of pre-industrial ceramics, by using both
90 an experimental and a numerical approach (Allegretta, 2014; Allegretta
91 et al., 2014, 2015).

92 2. Materials and methods

93 2.1. Raw materials and sample preparation

94 For the preparation of the samples, a Ukrainian kaolinitic clay, dis-
95 tributed by Imerys Tiles Minerals Italia S.r.l. of Reggio Emilia (Italy)
96 was used. A 1 mm-mode (mean 2.7, median 1.5, standard deviation
97 1.7 and skewness 0.7 in φ values) and a 0.125 mm-mode limestone
98 sand (mean 0.3, median 1.5, standard deviation 1.7 and skewness
99 −0.7 in φ values) were obtained from the grounding of a pelbiosparite
100 limestone, coming from the Calcare di Bari formation and sampled
101 along the coast between Molfetta and Giovinazzo (Bari — Italy). They
102 were added to the clay in quantity of 5, 15 and 25 vol.%. An amount of
103 5 vol.% of water was added in each mix and twenty-one disks (70 mm
104 of diameter and 10 mm of height) were prepared by uniaxial pressing
105 using a pressure of 25 MPa. Finally, ceramic samples were fired at 500,
106 750 and 1000 °C using heating rate of 150 °C/h and a soaking time of
107 1 h. One month was waited (at 25 °C and 20% of relative humidity) be-
108 fore doing any analysis in order to allow the CaO hydration to occur
109 fully. All the sample characteristics are summarized in Table 1.
110 Apreliminary characterization of the clay bymeans of granulometric
111 and mineralogical investigations was performed before the preparation
112 of fired samples. Clay granulometry was studied coupling both water-
113 assisted sieving and fractional sedimentation according to Dell'Anna
114 and Laviano (1987).

115 2.2. Mineralogical analysis

116 Themineralogy of the claywas investigated bymeans of X-ray pow-
117 der diffraction (XRPD) using both a qualitative and a quantitative ap-
118 proach. Laboratory X-ray powder diffraction patterns were recorded
119 at room temperature with a PANalytical X'Pert pro MPD diffractometer
120 using CuKα radiation and a graphite monochromator on diffracted
121 beam. Initial qualitative analyses of the clay were performed on un-
122 treated, calcined (550 °C) and glycerol-treated oriented samplesQ10

123 (Azaroff and Buerger, 1958). XRPD data were collected in a Bragg–
124 Brentano (θ/2θ) vertical geometry (flat reflection mode) between 2°
125 and 65° (2θ) in steps of 0.02° 2θ and step-counting time of 1 s. The X-

126ray tube operated at 40 kV and 40 mA. A 1/2° divergence slit, a soller
127slit (0.04 rad) and a 10 mm fixed mask were mounted in the incident
128beam pathway. The diffracted beam pathway included a soller slit
129(0.04 rad) and a 1/2° fixed anti-scatter slit.
130Quantitative phase analyses (QPA) of the clay were conducted in
131two different ways: 1. with the method developed by Shaw and co-
132workers (Griffin, 1971) and modified by Laviano (1987); 2. using the
133Rietveld method. Besides, QPA by the Rietveld method were also per-
134formed on fired test ceramic samples.
135X-ray powder data for QPA quantitative phase analyseswere collect-
136ed from carefully ground powders, sideloaded in Plexiglas sample
137holders. X-ray data were collected with the same PANalytical diffrac-
138tometer described above. Analytical conditions were: angular range
1392°–70°, step scan 0.02° 2θ, step counting time 11 s. The Rietveld refine-
140ments for QPA were performed by means of the fundamental parame-
141ters based Rietveld program BGMN Version 1.8.6b Q11(Bergmann et al.,
1421998). For fired samples, the quantitative phase analysis method using
143the Rietveld technique was combined with the internal standard meth-
144od in order to quantify the amorphous phase (Bellotto and Cristiani,
1451991; Gualtieri, 1996, 2000; Gualtieri and Artioli, 1995; Gualtieri and
146Zanni, 1998) formed after the dehydroxylation of clay minerals. Corun-
147dumwas thus added to the samples (10 wt.%) as internal standard and
148included in the refinements. The refinedweight fraction of each crystal-
149line phase (Xic) was rescaled with respect to the knownweight fraction
150of the added standard (Xs) in order to obtain the real crystalline phase
151weight fraction (Xi) according to the following equation:

Xi ¼ 1
1−Xs

Xs

Xsc

� �
Xic

� �

153153where Xsc is the refined weight fraction of the internal standard. After
calculating the real weight fraction of the crystalline phases, the amor-

154phous content (Xa) was calculated by the following equation:

Xa ¼ 1−Σi Xi:

156156

The following generalized refinement models were applied for the
157analyzed samples: background was modeled by a 5-parameter polyno-
158mial for the clay sample and by a 12-parameter polynomial for test-
159samples at 1000 °C; zero point (limits ± 0.02°) and sample displace-
160ment (±0.03 mm) were always refined.
161Lattice parameters were refined for all phases with ‘reasonable’ in-
162terval restraints,with the exception of theβ parameter of themonoclin-
163ic structure of the 2:1 layers of smectites which was fixed because of
164disordering; all atomic coordinates and displacement parameters were
165kept fixed; a number of occupancy parameters was refined, within
166predefined limits, e.g. interlayer K inmicawas limited to 0.6–1, interlay-
167er complex (cation and water) in smectites was limited to 0.1–0.3, in
168dioctahedral smectites Fe was substituted for Al in the octahedral
169sheet and cis-trans distribution was refined.
170Isotropic size-related line broadening was assumed for all non-clay
171minerals and mica. Spherical harmonics models were used to correct
172preferred orientation, which was observed especially for layer silicates.
173All the structures used for the Rietveld refinement were taken from
174the BGMNdatabase; kaolinite and smectiteswere refined according to a
175disordered kaolinite and a Na-smectite structure model, respectively.
176After testing several existing structural model, the spinel-type phase
177was refined by using a γ-alumina structure (Zhou and Snyder, 1991)
178and applying both a size-related and microstrain-related line broaden-
179ing with limits 0–0.1 and 0–0.0001, respectively. As in samples fired at
1801000 °C the refinement gave a small but significantmisfit (intensity cal-
181culated too high) at about 32° 2θ, pattern simulations were performed
182by means the program Powder Cell in order to check the dependence
183between intensities and structural parameters of the γ-alumina struc-
184ture (Zhou and Snyder, 1991) used for the refinement. It was found
185that the observed mismatch (Fig. 1) in the intensity is significantly

t1:1 Table 1
t1:2 Sample list and specifications about their preparation.

t1:3 Sample Limestone temper Firing temperature
(°C)

t1:4 Quantity (vol.%) Grain size (mm)

t1:5 NT500 500
t1:6 NT750 750
t1:7 NT1000 1000
t1:8 5CL500 5 1.000 500
t1:9 15CL500 15 1.000 500
t1:10 25CL500 25 1.000 500
t1:11 5FL500 5 0.125 500
t1:12 15FL500 15 0.125 500
t1:13 25FL500 25 0.125 500
t1:14 5CL750 5 1.000 750
t1:15 15CL750 15 1.000 750
t1:16 25CL750 25 1.000 750
t1:17 5FL750 5 0.125 750
t1:18 15FL750 15 0.125 750
t1:19 25FL750 25 0.125 750
t1:20 5CL1000 5 1.000 1000
t1:21 15CL1000 15 1.000 1000
t1:22 25CL1000 25 1.000 1000
t1:23 5FL1000 5 0.125 1000
t1:24 15FL1000 15 0.125 1000
t1:25 25FL1000 25 0.125 1000
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186 reduced by changing the occupancy factors in Al1 and Al2 sites with re-
187 spect to the original values of γ-alumina (Zhou and Snyder, 1991).
188 Owing to the very close scattering power of Al and Si, Al was assumed
189 in all sites. The site occupation factors of the γ-alumina structure used
190 in the final refinements are: 0.72 Al1, 0.82 Al2 and 0.08 Al3.

191 2.3. Scanning electron microscopy (SEM)

192 Back scattered electron (BSE) images were acquired using a 50XVP
193 LEO scanning electron microscope, operating at 15 kV. Qualitative and
194 quantitative chemical compositionswere obtained by energy dispersive
195 spectrometry (EDS) using anOxfordAZtec systemwith aOxford SDDX-
196 Max (80 mm2) detector. X-ray maps of major elements were acquired
197 (counting time = 0.5 h, spot size = 600 pA) to show the chemical dif-
198 fusion at the interface between limestone temper and clay matrix.
199 Quantitative EDS data were obtained using geological standards.

200 3. Results

201 3.1. Mineralogy

202 The clay used for ceramic tests is mainly composed of kaolinite, il-
203 lite/mica and quartz with minor amounts of smectite, anatase and ru-
204 tile. Presence of smectite and lack of chlorite in the clay were attested
205 from the XRPD measurements performed on as-prepared, calcined
206 (550 °C) and glycerol-treated oriented clay samples. The results of
207 quantitative phase analysis (QPA) of the clay performed by means of

208the method suggested by Shaw and coworkers (Griffin, 1971) and the
209Rietveld approach are shown in Table 2 in comparison with data from
210a previous works on the same clay material (Bellanova, 2009). In spite
211of the amounts of each mineral component obtained by the different
212methods do not agree perfectly, the results obtained universally con-
213firm that the analyzed clay has a high content of kaolinite (estimated
214from 54.8 to 64.1 wt.%) with a relevant component of illite (about
21518 wt.%), quartz (from 11.5 to 22 wt.%), and minor smectite. In order
216to test the consistency of the estimated mineral compositions of the
217clay, quantitative data obtained from the different methods were used
218to derive the chemical composition of the clay from the determined
219crystalline fractions assuming stoichiometric compositions for all
220phases; the obtained results (Table 2) were then compared with ICP-
221MS chemical data performed on the same clay (Bellanova, 2009). It
222can be seen from Table 2 that both the independently estimated oxide
223values show a very satisfactory agreement with those obtained by
224ICP-MS, although a better match in the Al2O3 content can be observed
225for data obtained from the Shawmethod, probably due to a better esti-
226mation of the kaolinite content. From the fit of the Rietveld refinement
227the evidence of a heavily disordered kaolinite comes out, as well as a
228possible disorder of the illitic material, which are probably the main
229cause of an underestimation of kaolinite with respect to the other clay
230minerals in the samples. Nevertheless, the Rietveld approach permitted
231also the estimation of minor phases like anatase, rutile and alunite.
232Granulometric analysis (Fig. 2) shows that the sediment is very fine:
233the 80% of the sediment has aφ greater than 9, the 18.6% has a grain size
234which ranges from 9 to 4, whereas only the 1.4% of it has a grain size in
235the range of the sand (−1 b φ b 4).
236A comparison of diffraction patterns for the untreated clay with
237those of the same clay fired at different temperatures, without any
238limestone-tempered ceramic is reported in Fig. 3 . It can be seen that ka-
239olinite peaks are still present at the firing temperature of 500 °C al-
240though less intense than those measured on the unfired clay,
241suggesting that the reaction of decomposition of kaolinite to
242metakaolinite by losing hydroxide groups (Chakraborty, 2003; Lee
243et al., 1999; Maggetti and Rossmanith, 1981; Watanabe et al., 1987) is
244already started at this temperature; a decrease of the smectite hump
245at about 14 Å is also observed. At 750 °C themain kaolinite peaks disap-
246pear completely, whereas the main peaks of illite/mica can be still ob-
247served in addition to quartz and traces of anatase and rutile. It shows
248that the reaction of decomposition of kaolinite to metakaolinite is com-
249plete at 750 °C, whereas relic illite structure or illite/mica anhydride is
250present in the fired clay.
251XRPD data of samples fired at 1000 °C show a broad hump in the
252background in the range of 15–30°, indicating the presence of an amor-
253phous phase, aswell as the occurrence of three very broad reflections at
254about d=2.39, 1.98 and 1.40 Å, whichwere referred to γ-Al2O3 or Al-Si
255spinel (Brindley Q12et al., 1959; Brown et al., 1985; Chakraborty, 2003; He
256et al., 2005; Lee et al., 1999; Sanz et al., 1988 Q13) and the presence of few
257very small peaks of a weakly crystallized mullite. At 1050 °C the mullite
258peaks appear more intense and better defined than those found in the

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.)

t2:1 Table 2
t2:2 Mineral content of the kaolinitic clay estimated fromX-ray diffraction data according to the Shaw'smethod (Griffin, 1971), theRietveld refinement and comparisonwithmineralogical and
t2:3 chemical data reported in Bellanova (2009).

t2:4 Mineral content (wt.%) Chemical composition frommineral the mineral content (wt.%)

t2:5 Kln Ilt Sme Ant Rt K-Feld Alu Qz CM SiO2 Al2O3 K2O Na2O TiO2 Fe2O3 MgO CaO H2O

t2:6 Shaw's method (Griffin, 1971) 64.1 18.2 6.2 tr tr – – 11.5 88.5 53.9 29.6 1.3 0.1 0.0 0.4 0.6 0.1 13.4Q1
t2:7 Rietveld method by BGMNQ2
t2:8 (Bergmann et al., 1998)

54.8(4) 18.2(3) 10.2(3) 1.1(1) 0.5(1) 0.8(1) 0.9(1) 13.4(1) 83.2 53.2 26.6 1.3 0.1 1.6 0.4 0.6 0.1 14.1

t2:9 QPA by Bellanova (2009) 58 18 2 - - - - 22 78 59.6 26.3 1.3 0.0 0.0 0.4 0.6 0.0 11.0
t2:10 SiO2 Al2O3 K2O Na2O TiO2 Fe2O3 MgO CaO LOI
t2:11 Chemical data by ICP-MS
t2:12 (Bellanova, 2009)

52.7 29.7 1.5 0.4 1.2 1.2 0.4 0.3 12.0

t2:13 Mineral abbreviations afterWhitney and Evans (2010): kaolinite (Kln), illite (Ilt), smectite (Sme), anatase (Ant), rutile (Rt), K-feldspar (K-feld), alunite (Alu), and quartz (Qz). CM= total
t2:14 clay minerals.

3I. Allegretta et al. / Applied Clay Science xxx (2015) xxx–xxx

Please cite this article as: Allegretta, I., et al., Effects of grain size on the reactivity of limestone temper in a kaolinitic clay, Appl. Clay Sci. (2015),
http://dx.doi.org/10.1016/j.clay.2016.03.020

http://dx.doi.org/10.1016/j.clay.2016.03.020


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

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

262cristobalite begins to develop as testified by a very small and broad
263peak at 4.09 Å (Fig. 3).
264As expected, no newly formed phases were observed in the
265limestone-tempered samples fired at 500 °C, whereas at 750 °C small
266peaks of portlandite, formed by lime hydration after firing, were detect-
267ed in the sole sample with 25% of coarse limestone-temper (25CL750)
268and in all fine limestone-tempered samples; the major concentration
269of this mineral phase was detected in the two samples which cracked
270after the firing (25CL750 and 15FL750). Traces of gehlenite were only
271observed in the fine-limestone tempered sample 25FL750. Such results
272show that no significant reaction between the matrix and the
273limestone-temper occurs in samples fired at 750 °C. At the firing tem-
274perature of 1000 °C a number of new Ca-silicate and Ca-Al-silicates
275such as gehlenite, a Ca-olivine (larnite), rankinite, are mainly observed
276as new phases, together with portlandite, in fine-limestone-tempered
277samples, whereas only portlandite and CaO form in most of coarse
278limestone-tempered samples; the unique exception is represented by
279coarse limestone tempered sample 25CL1000, which shows also
280minor amounts of gehlenite and Ca-olivine. Small peaks of anorthite
281wollastonite and lime, were observed in addition to portlandite,
282gehlenite, larnite and rankinite, in the sample with 25 vol% of fine lime-
283stone temper (25FL1000). A quantitative estimation of the mineral
284phases formed in ceramic samples fired at 1000 °C is reported in
285Table 3. No quantitative data for samples fired at 500 and 750 °C are re-
286ported owing to the impossibility to obtain satisfactory results by

Fig. 2. Grain size distribution of the kaolinitc clay. Both the cumulative percentage (black
line) and the fraction percentage (histogram) are reported.

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

289 3.2. Fabric evolution

290 SEM imaging coupled with X-ray mapping allowed to visualise the
291 fabric evolution of the ceramic body, showing that differentmicrostruc-
292 tures developed according to the firing temperature, the granulometry
293 and the temper percentage defined in the experimental design.
294 At 500 °C (Fig. 4A) samples are characterized by large pores due to
295 moulding (primary porosity), and flaws parallel to the surface, due to
296 the loss of residual water during the firing (secondary porosity). This
297 kind of porosity increases when coarse limestone is added (Allegretta
298 et al., 2014, 2015). X-ray maps and in situ EDS analysis (Fig. 5A) reveal
299 that no significant chemical diffusion occurred during firing. This is
300 also showed by the line scan across the boundary between limestone
301 grains and the ceramic matrix (Fig. 6A), where Ca signal abruptly de-
302 creases out from the limestone grains.
303 At 750 °C (Fig. 4B), small fissures parallel to the sample surface,
304 which are due to the ceramic shrinkage duringfiring, could be observed.
305 The increase of limestone content of both granulometries, allows the
306 formation of these fractures (Allegretta et al., 2014, 2015). Even if no
307 chemical diffusion was detectable at the limestone/matrix boundary
308 (Fig. 5B) , in situ EDS analysis reveals that the chemical compositions
309 of the analyzed points are located in theWo-Ge-An compositional trian-
310 gle. Fig. 6B confirms that the diffusion of Ca in the matrix is very poor
311 and in fact Si, Al and Ca signal are simultaneously recorded in no more
312 than 5 μm at the limestone-matrix interface.
313 At 1000 °C only fine-tempered bodies survived. However, the use of
314 a temper with skewed unimodal granulometric distribution instead of
315 single grain size, permit us to studywhat happened around coarse lime-
316 stone grains which are also present in fine-tempered ceramics.
317 Fig. 4C shows that limestone fragments decomposed at 1000 °C. Dif-
318 ferent microstructures developed according to the grain size of lime-
319 stone fragments. In the case of fine limestone temper, a reaction rim
320 (bright ring) surrounds the temper grain and connects it to the matrix.
321 This reaction rim is due to the chemical diffusion of calcium into thema-
322 trix as shown in Fig. 5C. It is arranged asymmetrically around fine grains
323 and no preference direction is observed. On the contrary, coarse temper
324 fragments are detached from the matrix and radial cracks start from
325 these coarse grains and spread into the ceramic sample. The reaction
326 rim is also detected around coarse temper grains just after the detach-
327 ment zone, as shown in Fig. 4C and in its relative chemical map
328 (Fig. 5D). However, in this case, the reaction rim is less thick than that
329 developed around fine temper grains. Fig. 6C shows that the chemical
330 diffusion of Ca extends up to 20–25 μm into the ceramic matrix when
331 fine temper grains are considered.

332The overlapping of Ca and Ti maps on crystals with squared shape
333shows the formation of rare perovskite grains (white circles in
334Fig. 5D), which were also identified via quantitative SEM-EDS analyses.
335Furthermore, it can be seen frompoints 1 and 3 in Fig. 7 that a Ca-olivine
336(probably larnite) is observed as a result of the reaction between quartz
337and limestone, in agreement with XRPD results.
338Triangular phase diagrams shows that most of the new formed
339phases have non stoichiometric composition (Fig. 5).

3404. Discussion

3414.1. Clay mineralogy

342The clay used in this study is mainly kaolinitic with some relevant
343concentrations of illite/muscovite and quartz,minor smectite and traces
344of Ti-oxides (Table 2). The absence of any calcite and dolomite in the
345clay confirms its suitability for the preparation of calcite-tempered sam-
346ples since all effects due to carbonate reaction can only be ascribed to
347the limestone added as temper.
348The XRPD analysis showed that the reaction of dehydroxylation of
349kaolinite is already started in samples fired at 500 °C and that at
350750 °C all kaolinite is decomposed to metakaolinite, whereas relic illite
351structure or illite/mica anhydride is still present in the samples. This re-
352sult is almost consistent with literature data. It is well known that the
353dehydroxylation of kaolinite occurs between 400 and 600° (see for in-
354stance: Bellotto et al., 1995; Brindley and Nakaira, 1959a; Gualtieri
355and Bellotto, 1998; Lee et al., 1999 Q14), while it is generally accepted that
356illites dehydroxylate between 350° and 600° although there have been
357comparatively few studies of microstructural evolution of firing illite
358and smectite group clays. Experimental studies have shown that the
359original illite/mica crystal structure as observed by XRPD is maintained
360until 700 °C, in contrast to kaolinite, in which the X-ray reflections are
361lost upon the dehydroxylation (Lee et al., 2008). Smectite clays such
362as montmorillonite dehydroxylate below 600 °C and, as in the illites,
363form a stable dehydroxylated phase that retains some of the crystal
364structure of the original clay mineral (Brett et al., 1970). As the charac-
365teristic crystal structure of smectite is generally lost above 800 °C
366(Brindley and Udagawa, 1960) we may suppose some contribution
367from dehydroxylate smectite still present in diffraction pattern of
368750 °C fired samples. The peak at 4.48 Å in the same sample is clearly at-
369tributed to the illite/mica phase, but we cannot exclude also a possible
370contribution from kaolinite as well. According to Onike et al. (1986),
371the reflection at d = 4.48 Å is in fact a relict kaolinite peak which per-
372sists up to 950 °C, indicating that some ordering of the original kaolinite
373is preserved up to a quite high temperature.
374The complicate sequence of both intramineral and intermineral re-
375actions taking place in the temperature range between 400 and

t3:1 Table 3
t3:2 Results of the Rietveld–RIR QPA on the ceramic samples fired at 1000 °C.

t3:3 Sample Qtz Ant Ru Cal Am Mul γ-Al2O3 Lm Ca-Ol Rnk Gh Wo An Prt Rw

t3:4 NT1000 21.6
(1.6)

0.9
(0.2)

0.4
(0.1)

37.2
(5.7)

6.6
(1.5)

33.4
(3.3)

5.78

t3:5 5CL1000 22.1
(1.7)

1.2
(0.2)

0.4
(0.1)

31.7
(6.0)

7.7
(1.4)

35.4
(3.6)

1.4
(0.4)

5.63

t3:6 15CL1000 18.0
(1.4)

0.9
(0.2)

0.4
(0.1)

36.9
(5.7)

7.0
(1.6)

26.5
(3.0)

2.6
(0.2)

7.4
(6)

5.82

t3:7 25CL1000 18.8
(1.6)

1.2
(0.3)

0.4
(0.2)

24.0
(7.5)

6.6
(1.5)

27.4
(3.6)

9.5
(0.8)

1.5
(0.6)

0.7
(0.3)

10.0
(0.9)

6.16

t3:8 5FL1000 20.6
(1.4)

0.9
(0.2)

0.4
(0.1)

40.5
(4.8)

3.1
(0.7)

32.0
(3.0)

0.9
(0.6)

0.6
(0.2)

1.0
(0.3)

5.35

t3:9 15FL1000 19.8
(1.8)

1.0
(0.2)

0.5
(0.2)

3.5
(0.7)

37.9
(6.3)

3.5
(0.9)

24.7
(3.3)

2.2
(0.5)

0.8
(0.5)

1.3
(0.4)

4.8
(0.5)

7.08

t3:10 25FL1000 18.1
(1.7)

1.1
(0.2)

0.5
(0.2)

2.2
(0.5)

14.4
(6.2)

5.8
(2.0)

29.2
(3.3)

0.5
(0.1)

5.8
(0.9)

2.7
(0.7)

4.0
(0.5)

0.8
(0.3)

0.7
(0.5)

14.0
(1.4)

6.88

t3:11 In order to give amore realistic confidence interval for the estimated phases of such complex systems the e.s.d coming out from the Rietveld refinementwasmultiplied by 3 (values in the
t3:12 parentheses). Mineral abbreviations after Whitney and Evans (2010): kaolinite (Kln), illite (Ilt), smectite (Sme), anatase (Ant), rutile (Rt), quartz (Qz), portlandite (Prt), lime (Lm),
t3:13 gehlenite (Gh), Ca-olivine (Ca-Ol), mullite (Mul), wollastonite (Wo), and rankinite (rnk).

5I. Allegretta et al. / Applied Clay Science xxx (2015) xxx–xxx

Please cite this article as: Allegretta, I., et al., Effects of grain size on the reactivity of limestone temper in a kaolinitic clay, Appl. Clay Sci. (2015),
http://dx.doi.org/10.1016/j.clay.2016.03.020

http://dx.doi.org/10.1016/j.clay.2016.03.020


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

376 900 °C, i.e. dehydroxylation of clayminerals and the consequent forma-
377 tion of pseudo-amorphous products, is the main cause of the difficulty
378 to obtain satisfactory results by applying the Rietveld approach for
379 QPA of samples fired at 500 and 750 °C. However, the lack of quantita-
380 tive data concerning the mineralogical composition of untempered

381and tempered samples fired at these temperatures does not represent
382a critical point for the aim of this study since, as above said, no signifi-
383cant reaction between the matrix and the limestone-temper was ob-
384served in samples fired at 500 °C and 750 °C. On the contrary, the
385Rietveld approach was successfully applied to 1000 °C fired samples
386allowing an estimation from a quantitative point of view of reactions
387taking place at this firing temperature in the kaolinitic clay, as well be-
388tween the clay and the limestone temper for different grain sizes and
389amount of temper adds. In addition it should be stressed that the
390Rietveld BGMN analysis of XRPD data was very useful for accurate iden-
391tification of minor phases, which were not clearly identified during the
392automatic search-match qualitative routine analysis (Table 3).

3934.2. Spinel and mullite formation

394XRPD data and the subsequent Rietveld refinement show that an
395amorphous phase, γ-alumina (often named Si-spinel or cubic mullite)
396and mullite are present as newly formed phase in the clay samples
397fired at 1000 °C. According to the widespread literature Q15(Brindley and
398Nakaira, 1959b; Chakraborty and Ghosh, 1978; Gualtieri and Bellotto,
3991998; Sanuparlak et al., 1987 Q16) the occurrence of these phases is associ-
400ated with the exothermic reaction taking place at about 980 °C during
401the kaolinite-to-mullite reaction series. However, there are quite a lot
402of speculations about this aspect as the several studies did not give univ-
403ocal results about what exactly is the cause of this exothermic reaction
404which was attributed to the sole mullite formation (Gualtieri and
405Bellotto, 1998; Roy et al., 1955) or to the sole spinel phase Q17(Brindley
406and Nakaira, 1959b; Sanuparlak et al., 1987 Q18) by some researchers, or
407to both mullite and spinel formation (Brown et al., 1985; Chakraborty,
4082003; Chakraborty andGhosh, 1978), or bothmullite nucleation and ex-
409tensive segregation of amorphous silica (Lee et al., 1999) by others. It is
410general opinion that crystallinity and degree of defects of the kaolinite,
411presence and amount of accessories phases, thermal history, grain size
412and other factors, affect significantly the kaolinite-to-mullite reaction
413series and are considered themain reason for the apparently contradic-
414tory results reported in the literature. Some of the most discussed as-
415pects of reaction taking place in kaolinite at about 1000 °C concern the
416composition and temperature appearance of mullite, as well as the
417structure and chemistry of the formed spinel-type phase.
418In this study the structure of γ-Al2O3 (Zhou and Snyder, 1991) was
419used for modelling the spinel-type phase during the Rietveld refine-
420mentwith site occupancies factors of Al-sitesmodified according to pat-
421tern simulations (see Section 2.2). The total Al content of the so
422obtained “defective Al-spinel” model is of 20.64 (for 32 oxigens and
423Z = 1) suggesting that limited Si for Al substitution must occur in the
424structure for charge balance requirements [i.e. for a sum of cations =
42520.6 apfu. (atoms per formula unit) for O = 32 and Z = 1, the formula
426is charge balanced by about 2.1 apfu of Si]. The possibility of a limited
427Si-for-Al substitution in the structure of this spinel-type phase has
428been postulates by Okada et al. (1986) and Q19Sanuparlak et al. (1987) on
429the basis of TEM investigations. According to Okada et al. (1986) the spi-
430nel phase contain about 8 wt.% of SiO2 with an approximate composi-
431tion Si1.6Al19.2O32, while no more than 10 wt.% SiO2 is suggested from
432investigations of Q20Sanuparlak et al. (1987). These values agree well
433with the amount of Si here estimated independently on the basis of
434crystal chemical and structural evidences. From XRPD data we could
435not define the location of Si among the structural sites γ-Al2O3 as Al
436and Si have similar scattering behaviour, but according to Okada et al.
437(1986) it is expected to occupy only the tetrahedral site, in analogy
438with the structure of mullite and kaolinite. Rather contradictory results
439were previously obtained by Srikrishna et al. (1990) and by Chakraborty
440and Ghosh (1991)which suggested a Si-rich composition almost analo-
441gous to that of the orthorhombic form of mullite. Pure Al-spinel was in-
442stead proposed from other studies (Leonard, 1977 and references
443therein).

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 inQ25 panel D.
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Fig. 5. Chemicalmaps 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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444 The broad and small peaks of mullite in the XRPD data indicates that
445 at 1000 °C mullite nuclei starts to develop and coexists with the Al-Si
446 spinel; at 1050 °C both these phases are still present and main mullite

447peaks are more intense, but a shift of the (001) peak position towards
448high angles is observed. At 1150 °Cmullite is well crystalline as testified
449by sharp and intense X-ray peaks at the expected position, whereas the

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).

Fig. 7. Chemicalmap and chemical analysis showing the reaction between a quartz and a limestone grains in 15FL1000 (points 1 and 3) andwith fine limestone andmatrix (points 2, 4–7).
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450 spinel phase is totally absent and small nuclei of cristobatile starts to
451 growth (Fig. 3). This seems to suggests that the growth of mullite nuclei
452 is delayed by the coexistence of the spinel-type phase and that it is pro-
453 moted at the time of breakdown of the Al-spinel according to the state-
454 ment of Lee et al. (1999). Aras (2004) demonstrated that in pure
455 kaolinite clay, mullite is not detected until 1150 °C while in pure illite
456 clay it appears at 1000 °C and in mixtures of these two clays mullite
457 peaks begin to form at an almost intermediate temperature. It suggests
458 that the relatively high content of illite/mica in the clay had a significant
459 role in the formation of mullite already at 1000 °C. According to
460 Slaughter and Keller (1959) it can be attributed largely to the effect of
461 potassium and other alkali or alkaline earth metal cations present in
462 or near the holes of the hexagonal network of the silica tetrahedral
463 layers in the illite/sericite. No explanation can be given for the observed
464 shift of the (001) peak of mullite, but we suppose it may be somehow
465 related to the anomaly in the length of the c parameters observed by
466 Ban and Okada (1993) for pseudotetragonal mullite. The apparently
467 lower value of the c axis in somepseudotetragonalmulliteswith respect
468 to that of orthorhombic mullite having the same a axis was tentatively
469 explained by these authors as caused by a local ordering of Al and Si
470 atoms in the tetrahedral position of the pseudotetragonal mullite.
471 The amount of the Al-spinel, mullite and amorphous phase in sam-
472 ples fired at 1000 °C as determined by the Rietveld refinement are ap-
473 proximately 33, 7 and 37 wt.% (Table 3). Note that normalizing these
474 values in order to exclude the amount of quartz and Ti oxides which
475 were present in the original clay and are expected to be stable at this
476 temperature, the Al-spinel is 43 wt.%, thus not far from the values be-
477 tween 20 and 30 wt.% estimated by Chakraborty (2003) for different
478 kaolinites.

479 4.3. Clay/limestone reactions

480 The presence of carbonates as temper in the ceramic body affects the
481 micro-structural and mineralogical evolution during and after firing. X-
482 ray maps show that the boundary between limestone grains and clay
483 matrix has higher reactivity and wider compositional variability com-
484 pared to other reacting microsites. SEM micrographs (Fig. 4C) show
485 that after the decomposition of limestone, CaO reacts with SiO2 and
486 Al2O3 of the matrix forming Ca-silicates and -aluminosilicates which
487 are recognizable by the bright white rim around temper grains
488 (Fig. 5C and D). Although, an incipient calcite-matrix reaction was ob-
489 served in the sample fired at 750 °C having the highest content of fine
490 limestone (sample 25FL750), this solid-state reaction zone was mainly
491 observed in all samples fired at 1000 °C. The amount of such new
492 formed phases is significantly higher in fine limestone-tempered sam-
493 ples than in coarse limestone-tempered ones (Table 3). It can be easily
494 explained considering that the specific surface area is higher in fine
495 limestone-temper than in coarse one (at the same quantity of temper),
496 increasing the contact surface of the limestone with the clay matrix,
497 which allows interfacial reactions. The non-stoichiometric compositions
498 determined in reaction boundaries are consequence of both chemical
499 complexity of new formed phases and short soaking times. Inmuch de-
500 tail, the composition of the phases detected at the limestone/claymatrix
501 interface points to Ca-rich melilite, rankinite, larnite (Ca-olivine), Ca-
502 rich clinopyroxene and anorthite, in agreement with XRPD results and
503 literature data (Dondi et al., 1996, 1998; Messiga and Riccardi, 1996;
504 Peters and Iberg, 1978; Riccardi et al., 1999). It is worth noting that
505 the use of non calcareous clay and sand-sized limestone temper permit-
506 ted the formation of such Ca-silicates and -aluminosilicates at a temper-
507 ature relatively higher than that observed for calcareous clayswhere the
508 fineness of the carbonates triggers the reactions with the clay matrix
509 (e.g. Cultrone et al., 2001; Eramo et al., 2014; Maggetti, 1982; Peters
510 and Iberg, 1978). The copresence of gehlenite (Ca-rich melilite),
511 rankinite and larnite in ceramic tests with fine-limestone temper fired
512 at 1000 °C is allowed by low SiO2 activity close to the limestone grains
513 and high firing temperature (Messiga and Riccardi, 1996).

514Residual drying and clay dehydroxylation are responsible for the
515body shrinkage at lower firing temperatures. Rim porosity around lime-
516stone temper never formed before calcination, as observed in samples
517fired at 500 °C.
518The decrease in open porosity between test pieces fired at 750 °C
519and 1000 °C is due to higher vitrification, even if SE images of clay ma-
520trix in fabrics fired at 1000 ue show relic clay minerals (Allegretta
521et al., 2015).
522Due to the high open porosity of this ceramic samples (Allegretta
523et al., 2014, 2015) water can reach the non reacted CaO and forms
524portlandite, which has a greater volume than lime (Boynton, 1980;
525Courard et al., 2014). As reported in several works (Hoard et al., 1995;
526Laird and Worcester, 1956; Orton et al., 2008; Rice Q21, 1987; Rye, 1976;
527Velde and Druc, 1998 Q22) this phenomenon called “lime blowing” or
528“lime spalling" is deleterious for ceramics. However, as demonstrated
529by SEM micrographs, not all the temper grains produce this effect but
530only the coarse one.
531According to XRPD, part or all the lime produced after calcination of
532limestone grains was transformed in portlantite. Almost equal amounts
533of lime and portlandite were observed for sample 25CL1000, whereas
534in the rest of samples portlandite represents the most abundant phase.
535Lime and portlandite are the principal new formed phases in coarse-
536tempered ceramic tests, while significant presence of several Ca-
537silicoaluminates is observed in ceramic tests with fine temper. Poorly
538crystalline calcite detected by XRPD in samples 15FL1000 and 25FL1000
539(Table 3) might be considered as an unreacted temper inhibited by the
540formation of the Ca-aluminosicate and silicate rim around limestone
541grains.
542With the exception of the sample with 5% of fine-limestone tem-
543per, all test pieces fired at 1000 °C failed after lime spalling. Coarse
544limestone grains trigger the lime spalling and then involve the fine
545grains, causing the failure of the ceramic body (Fig. 4C). To illustrate
546the lime spalling mechanism a geometrical simplification of the sys-
547tem is proposed (Fig. 8). The gap between the reaction rim and the
548calcined limestone grains was formed after three steps (Fig. 8a–c).
549(a) During firing at 1000 °C, calcite grains start to turn into lime
550from the surface to the core, freeing CO2. (b) The CaO at the grain/
551matrix interface reacts with SiO2 and Al2O3 of the dehydroxylation
552of clay matrix, forming new Ca-silicoaluminates. At the same time,
553the decomposition of the limestone grain evolves inward, with a vol-
554ume contraction of 48% (Boynton, 1980). (c) This shrinkage in vol-
555ume produces a detachment between the temper grain and the
556reaction rim hindering chemical diffusion and the progression of
557the reactions to form Ca-silicoaluminates. (d) During cooling, the
558open porosity allows hydration of lime and the formation of
559portlandite, with an increase of molar volume of 93% (Boynton,
5601980), or even greater if water adsorption is considered. According
561to the grain size of limestone temper, the sintering degree and the
562volume expansion produced by the portlandite formation/water ad-
563sorption, a spalling phenomenon may occur (e, f).
564From a thermodynamic point of view, the total energy (U) is the sum
565of the mechanical energy (UM), the surface energy (US) and the work
566done by the grain volume expansion (W). The mechanical and surface
567energy are respectively considered as:

UM ¼ −πVσ2=E
569569

570

US ¼ Sγ

572572where V and S are respectively the volume and the surface of the temper
particle, σ is the fracture strength, E is the Young's Modulus of the ma-

573trix and γ the free surface energy per unit area (Lawn, 1993).
574At constant temperature before spalling, the work is expressed as:

W ¼ −Vp
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576576 where V is the volume occupied by the single temper particle in the
sinteredmatrix and p is the pressure due to the lime hydration. Consid-

577 ering spherical particles, the system is in equilibrium up to dU/dr = 0.
578 The fracture strength is given by:

σ2
spalling ¼

E
πr

3γ−prð Þ

580580 where r is the radius of the temper grain.
For a given total volume of spheres, surface area is different according

581 to the fact thatwe consider only one particle ormany smaller particles. In
582 thefirst case, the surface area of one sphere is lower than that obtainedby
583 summing all the little spheres’ surface areas. Thismeans that the pressure
584 due to the volume expansion is distributed in a larger area than in one
585 large sphere, allowing the sinteredmatrix at the grain boundary to with-
586 stand the tensile stress of volume expansion (σmatrix failure N σspalling)
587 (Fig. 8e). For this reason small temper particles do not produce cracks
588 in the ceramic and there is a certain particle surface-volume ratio,
589 which depends on the matrix mechanical properties (E and γ), below
590 which the ceramic matrix cannot withstand the stresses due to lime
591 spalling (Fig. 8f).

592 5. Summary

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

595as the use of 1 h as soaking time, allowed to preserve disequilibrium
596conditions to better understand the clay/limestone reactivity and inves-
597tigate the lime spalling mechanism.

5981) Typical firing products of kaolinite clays were detected and it was
599shown that the spinel-type phase formed fromdecomposition of ka-
600olinite at about 1000 °C can be satisfactorily modelled as a γ-Al2O3

601with limited Si for Al substitution.
6022) The use of sand-sized limestone temper and short firing times in-
603duced the formation of non-stoichiometric phases at the clay/lime-
604stone boundary, ruled by the lateral variation CaO activity. This is
605demonstrated by phase association of gehlenite, rankinite and
606larnite in ceramic bodies with fine limestone temper, fired at
6071000 °C.
6083) Lime spalling is positively correlated with temper size. Much
609unreacted lime in coarse grains survived to firing and if open porosity
610was still present, formation of portlandite occurs after firing. Around
611coarse calcined grains a higher tensile stress (σspalling N σmatrix failure)
612triggers the lime spalling and fractures propagates through finer cal-
613cined limestone grains. Such mechanism determines ceramic failure
614or at least post-firing (tertiary) porosity.

615Uncited reference Q23

616Bellotto, 1994

Fig. 8. Limestone/clay matrix reaction path and lime spalling mechanism. Action of mechanical energy (UM), 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.
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