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Influence of diopside:feldspar ratio in ceramic reactions assessed by
quantitative phase analysis (X-ray diffraction - Rietveld method)
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Abstract

White ceramics were produced with raw mixtures prepared with varying proportions of diopside-rich rock (0 to 20 wt.%) and
potassic feldspar (40 to 20 wt.%), and fixed proportions of kaolinite (40 wt.%) and quartz (20 wt.%), fired in a temperature range
from 1170 to 1210 °C. The phases identified in the experimental ceramics were quartz, anorthite, mullite and glass, and their
relative mass proportions were determined by X-ray diffraction (Rietveld method). The addition of diopside as a partial substitute
for potassic feldspar causes the formation of a calcium silicate, analogous of the natural anorthite (CaSi,Al,O,) in the ceramics,
with proportional reduction in its glass and mullite contents. Water absorption and porosity of the ceramic bodies clearly decrease
with increasing firing temperature, while the effect of the raw mixture composition on the physical and mechanical properties of
the ceramics is less evident. Diopside-rich rock has low iron content (1.5 wt.% Fe,0,) and, therefore, promotes white burning.
Keywords: diopside, feldspar, ceramic, X-ray diffraction, Rietveld method.

Resumo

Foram produzidas cerdmicas brancas com matérias-primas preparadas com proporgoes variaveis de rocha rica em diopsidio (0 a
20% em peso) e feldspato potassico (40 a 20% em peso), e proporgoes fixas de caulinita (40% em peso) e quartzo (20% em peso),
queimadas em temperatura entre 1170 e 1210 °C. As fases identificadas nas cerdamicas experimentais foram quartzo, anortita,
mulita e vidro, e suas proporg¢des relativas em massa foram determinadas por difragdo de raios X (método de Rietveld). A adi¢do
de diopsidio em substituicdo parcial do feldspato potdssico causa a formagdo nas pegas cerdmicas de um silicato de calcio andlogo
a anortita (CaSi,Al,0,), com uma redugdo proporcional dos teores de vidro e mulita. A absor¢do de dgua e a porosidade das pecas
cerdmicas diminuem com o aumento da temperatura de queima, enquanto que o efeito da composi¢do das matérias-primas nas
propriedades fisicas e mecdnicas dos corpos ceramicos é menos evidente. A rocha rica em diopsidio tem baixo teor de ferro(1,5%
em peso de Fe,0,) e, portanto, promove uma queima branca.

Palavras-chave: diopsidio, feldspato, ceramica, difra¢do de raios X, método de Rietveld.

INTRODUCTION

Diopside is widely recognized as a raw material for
glass-ceramic, due to its relatively low melting point and
the low viscosity of the melt. The use of diopside-rich rock,
replacing up to 20 wt% of the potassic feldspar added to
ceramic bodies improves their technical features, reducing
water absorption while maintaining constant the drying
linear retraction and increasing the flexural resistance, for
porcelains produced at low temperature. The use of diopside,
not only on ceramic, was investigated in the past by several
authors [1-6]. In Brazil, however, studies of technological
application of diopside-rich rock are still restricted [7-9].

Diopside-rich rock used in the present study was

collected in Castro Alves district (Bahia, northeastern
Brazil). The geological setting of the area refers to the S.
Francisco Craton, with metamorphic rocks of granulite to
high amphibolite facies that belong to the Jequié and Caraiba
Complexes. The Caraiba Complex has lense-shaped bodies
of diopside-rich rock, which may reach up to 700 m in length
and 200 m in width, usually aligned in the NW-SE direction.
These diopside-rich rocks are deformed and cut by granites
and pegmatites, with intrusive breccias and veins. Diopside-
rich rock is mainly composed by diopside, with minor
amounts of tremolite, feldspar, quartz, carbonates, titanite,
garnet, epidote and tourmaline — nevertheless, the whole-
rock chemical composition is close to the stoichiometric
composition of diopside (MgCaSi,O,).
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Crystalline phases of the ceramic bodies were identified
by X-ray diffraction (XRD) and their weight proportion in
each sample, together with the amount of the amorphous
phase (glass), were determined by the Rietveld method [12-
14]. This method is based on the calculation of simulated
X-ray diffractograms, which are step by step refined in
order to match the observed diffractogram (actual data).
The simulated X-ray diffractogram is calculated considering
the instrumental parameters used in data collection and the
crystallographic information of the phases present in the
sample. Although a non-crystalline phase lacks diffraction
peaks, it is possible to determine its weight proportion in
a mixture using the Riteveld method combined with the
addition of an internal standard, a procedure described by
[15].

In the present study, the use of diopside-rich rock was
tested in white ceramics together with quartz and feldspar
from Castro Alves pegmatites [10] and ceramic clays from
the Reconcavo Basin, Bahia [11], fired in the temperature
range from 1170 to 1210 °C, according to procedures
described below.

EXPERIMENTAL

Five series of mixtures of clay, feldspar, quartz and
diopside-rich rock have been prepared and fired under
oxidizing conditions at 1170 (T1), 1180 (T2), 1190 (T3),
1200 (T4) and 1210 °C (T5). Raw mixtures contain clay (40
wt%), quartz (20 wt%) and several proportions of potassic
feldspar (KF) and diopside-rich rock (di): M1 = 40 wt.%
KF; M2 = 35 wt.% KF + 5 wt.% di; M3 = 30 wt.% KF +
10 wt.% di; M4 = 25 wt.% KF + 15 wt.% di; M5 = 20
wt.% KF + 20 wt.% di). Samples are labeled according to
raw mix composition and temperature, for instance sample
M2T3 means a raw mix M2 (40 wt.% clay, 20 wt.% quartz,
35 wt.% KF, 5 wt.% di) burned at T3 (1190 °C). The ceramic
samples are straight prisms with dimensions of 60 mm x 20
mm X 5 mm, weighing about 15 g, molded in a hydraulic
press with 300 kgf/cm? (29.4 MPa).

The following physical and mechanical characteristics
of the ceramics were determined: drying linear retraction
(%), flexural resistance (MPa), water absorption (wt.%) and
apparent porosity (%). Determination of water absorption
and apparent porosity was made according to ISO 10545-
3 standard procedure [16], while the analysis of flexural
resistance was made according to ISO 10545-4 [17]. Drying
linear retraction (DLR) was calculated by expression:

DLR = [(L, - L /L] x 100 (A)

where Ls is the length of the ceramic body measured after
drying at 110 °C and before firing, while L, is the length
after firing.
The chemical composition of the raw materials
determined by X-ray fluorescence is presented in Table 1.
XRD analysis of the raw materials indicates that the
clay is composed mainly by kaolinite, with trace amounts

Table I - Chemical composition of raw materials.
[Tabela I - Composicdo quimica das matérias-primas.]

diopside-rich

wt.% clay rock feldspar quartz
SiO, 64.60 514 64.9 99.00
ALO, 21.99 3.4 18.7 0.15
Fe O, 2.30 1.57 <0.10 <0.1
MnO n.d 0.34 <0.10 n.d
MgO 0.28 16.7 <0.10 <0.1
CaO 0.02 244 0.10 <0.1
Na,O 0.05 0.21 3.71 <0.1
K0 0.51 0.1 10.8 <0.1
TiO, 1.41 0.1 <0.10 <0.1
PO, n.d <0.10 <0.10 n.d
PF 7.91 1.6 0.85 0.23

of illite and quartz, while potassium feldspar corresponds
to microcline. Composition of the diopside-rich rock was
determined by optical petrography and comprises mainly
diopside, with trace amounts of tremolite, quartz and
carbonate.

Powder samples of ceramic bodies were analysed in
a Panalytical Empyrean X-ray diffractometer, with Cuk-
alpha radiation, 40 mA, 45 kV, fixed divergent slit (0.25°)
in an angular range from 3 to 90° 20, step size 0.02°, at
room conditions. Quantitative phase analysis was made by
XRD-Rietveld method of ceramic bodies fired at 1170 (T1),
1190 (T3), and 1210 °C (TS). An internal standard (15 wt.%
TiO,, rutile) was added to the powder samples in order to
determine their amorphous phase (glass) content, according
to the procedure described by [15]. Rietveld refinements
were made with High Score Plus 3.0 (Panalytical). The
refinement strategy included: (1) automatic background
determination [18]; (2) peak search [19]; (3) insertion of
individual phases and refinement of their scale factor [20];
(4) sample displacement correction after insertion of rutile
structure (internal standard) — sample displacement is
measured perpendicularly to the sample surface and causes
a shift in peak position which is positive if the sample is
high in a vertical goniometer system and negative if the
sample is low; (5) refinement of cell parameters and scale
factors of all phases together; (6) followed by refinement
of peak assymetry and extinction [21] of quartz only. The
peak profile function used was pseudo-Voigt. The following
crystallographic information files (CIF) for identified phases
were used: rutile (internal standard) [22], quartz [23],
anorthite [24], mullite [25], diopside [26], cordierite [27].

RESULTS AND DISCUSSION

Phase composition of the ceramic bodies is presented in
Table II and Fig. 1. X-ray diffractograms of ceramic bodies
of all series, M1 to M5, fired at 1210 °C (T5) are shown in
Fig. 2; a selected angular interval (15 to 30° 20) was chosen
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Table II - Phase composition of ceramic bodies determined by XRD-Rietveld and respective water absorption, apparent
porosity, linear retraction and flexure resistance. Agreement indexes of Rietveld refinement (Rwp — weighted residue; GOF —

goodness of fit = 6%)are shown; for further detail, see [14].

[Tabela Il - Composicdo das fases dos corpos cerdmicos determinadas pelo método de Rietveld-DRX e respectivos dados de
absorg¢do de dgua, porosidade aparente, retracdo linear e resisténcia a flexdo. Os indicadores estatisticos de qualidade dos
refinamentos pelo método de Rietveld (Rwp-residuo ponderado; GOF —qualidade da convergéncia = 6°) sd@o apresentados;
para maiores detalhes, consulte [14].]

MIT1 MIT3 MITS M2T1 M2T3 M2T5 M3T1 M3T3 M3T5 M4T1 MA4T3 M4TS MSTI MST3 MSTS

quartz

(WE%) 315 302 312 299 298 295 253
anorthite 51 28 49 52 42 155
(WE%) . . . . . . .
mullite

(Wt.%) 124 142 159 132 134 164 108
diopside 50 00 00 00 00 00
(WE%) . . . . . . .
cordierite

(WE%) 0.0 0.0 0.0 0.0 0.0 0.0 0.0
glass

(WE%) 53.6 534 50.1 520 51.6 499 484
Rwp 7.7 7.4 7.4 7.3 7.2 6.7 6.9
GOF (©0*) 4.2 4.0 3.9 3.8 3.7 3.2 3.3
water

absorption 3.28 1.87 1.12 0.63 048 048 0.54
(%)

apparent

porosity 735 431 264 153 1.15 1.13 131
(%)

linear

retraction 7.31 791 847 9.64 928 948 9.57
(%)

flexure

resistance 17.43 20.12 22.88 26.48

(MPa)

26.79 23.88 29.20 2594 2738 30.95

256 195 244 236 225 28,6 224 18.6
15,1 99 236 239 19.6 262 262 225
10.7 104 59 59 59 7.8 9.2 8.6
0.0 0.0 0.0 00 00 5.1 0.0 0.0
0.0 0.0 0.8 1.3 3.8 0.0 0.0 0.0
48.6 602 453 453 482 324 422 504
6.8 6.6 7.7 72 6.2 8.1 6.7 6.5
3.3 3.1 4.3 37 27 46 32 30
034 021 042 036 028 085 044 023
0.81 051 1.02 086 0.66 206 1.05 0.55
894 934 816 773 806 9.16 879 640

26.64 23.67 24.88 2529 29.46

to emphasize the strongest peaks of the phases. The Rietveld
plot in 20 range from 10 to 90° of sample M3T5, which has
the highest glass content of all samples, is shown in Fig. 3.
Angular range from 3 to 10°26 does not contain diffraction
peaks and was not included in the Rietveld refinement.
Diffratograms calculated using the Rietveld method reached
an acceptable convergence to observed data (Table II).
Weighted residue (Rwp) ranges from 6.2 to 8.1, and displays
a slight decrease in each ceramic. Goodness of fit (square
chi) ranges from 2.7 to 4.6 and follows the same trend of
slight decrease with increasing temperature in each series of
ceramic compositions.

Diopside (CaMgSi,0,) is the only source of Ca among
the experimental raw materials and promotes anorthite
(CaAlSi,O,) formation in the ceramic bodies; increase in
anorthite proportion is followed by a respective decrease in
glass and mullite (Al Si,0,). Anorthite proportion increases
with diopside content in the raw mixture, but there is no

clear variation of anorthite content with increasing burning
temperature. The introduction of over 15 wt.% diopside gives
rise to anorthite, which decreases the sintering range and
the viscosity of the melt [3]. However, our results indicates
that anorthite appears at even lower diopside content in the
raw mixture. The MgO content of diopside was partitioned
into the glass phase, as no Mg-bearing crystalline phase
was recognized in the ceramic bodies. A residual amount
of diopside was detected in the ceramic body prepared with
the highest diopside content and fired in the lowermost
temperature (M5T1; 20 wt.% di, 1170 °C).

Mullite content decreases with the amount of diopside in
the raw mixture (Fig. 1), but there is an increase in mullite
in M5 composition (maximum diopside content); higher
burning temperature slightly favours mullite formation.
The antagonic relation between anorthite and mullite is a
consequence of decreasing Al O,:CaO ratio, with increasing
degree of substitution of feldspar by diopside.
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Figure 1: Phase composition of ceramic bodies in respect to KF:di
ratio of the raw misture (KF = potassium feldspar; di = diopside;
qz = quartz; an = anorthite; mul = mullite; gl = glass) and burning
temperature.

[Figura 1: Composicdo das fases dos corpos cerdmicos em relacdo
a razdo KF':di nas matérias-primas (KF = feldspato potdssico; di
= diopsidio; qz = quartzo, an = anortita =; mul = mulita; gl =
vidro) e temperatura de queima.]

Potassium  feldspar (KAISi,O,) was completely
consumed in ceramic reactions in all ceramic bodies. The
lack of potassium-bearing crystalline phases in the ceramic
bodies and the direct relationship between potassium feldspar
in the raw mixture and glass in the respective ceramic body
indicates that K O is partitioned towards the glass phase.
The glass phase also contains the potassium provided by the
illite present in the clay fraction of the raw mixture. As K,O
is the main flux in the raw mixture, progressive subtitution
of feldspar by diopside causes a decrease in glass content in
the ceramics.

The amount of quartz (SiO,) steadily decreases with the
increase in diopside content in the raw mixture. The high
temperature polymorphs of SiO, (cristobalite, tridymite) are
lacking. The effect of temperature on the amount of quartz
is less evident, as it remains constant for compositions M1,
M2 and M4 for the three temperatures analyzed and there is
a trend of decreasing quartz with increasing temperature for
M3 and M5 (Figure 1). Quartz content of the raw mixtures
was 20 wt%, while in the ceramics it is in the range between
18.6 and 31.5 wt.%, indicating that quartz was also formed

10 20 30 4|0 50 60 70
20 (degree)

Figure 2: X-ray diffraction patterns (CuKa) of ceramic bodies of all
compositions, fired in the maximum temperature (T5 = 1210 °C).
Phases identified are: an = anorthite; mul = mullite; qz = quartz; cord
= cordierite; ru = rutile (internal standard).

[Figura 2: Difratogramas de raios X (CuKa,) dos corpos cerdmicos
de todas as composigées, sinterizados na temperatura maxima (T5 =
1210 °C). As fases identificadas sdo: an = anortita; mul = mulita; qz
= quartzo, cord = cordierita; rutilo = ru (internal standard).]
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Figure 3: Rietveld plot of sample M3T5. Crystalline phases
identified are rutile (ru, internal standard), quartz (gz), mullite
(mul), anorthite (an).

[Figura 3: Diagrama de Rietveld da amostra M3T5. As fases
cristalinas identificadas sdo rutilo (ru, padrdo interno), quartzo
(qz), mulita (mul) e anortita (an).]
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after thermal breakdown of feldspar.

Cordierite (Mg Fe), Al (Si,AlO ,)) is present in the series
M4 only; its amount is fairly low (< 4 wt.%) and increases
with increasing temperatures (Fig. 1, Fig. 2); this rather
exceptional behaviour is possibly related to heterogeneities
in the raw materials. The SiO,-Al O,-MgO ternary system at
1 atm shows a sequence of cristobalite, mullite, corundum
along its Si0,-Al, O, join [28]. With increased MgO contents,
there is a field of cordierite stability close to the center of
the triangular phase diagram, slightly displaced toward the
SiO, apex. Therefore, cordierite formation is favored by
increased MgO content.

There is a sharp contrast in the physical and mechanical
properties of the ceramics produced with diopside-free (M 1)
and diopside-bearing (M2 to M5) raw mixtures (Table II),
although there are no systematic trends in these properties
with increasing diopside content in the raw mixture.
Apparent porosity and water absorption are significantly
higher in diopside-free series compared to the dipside-
bearing series. Flexural resistance and linear retraction
are higher in ceramics produced with diopside-bearing
raw mixtures. Increased flexure resistance is related to the
presence of anorthite, as a matrix composed of imbricated
microcrystals is more resistant than a glassy one, as grain
boundaries hinder crack-propagation. Porosity and water
absorption decrease with increasing firing temperature in all
series of ceramic composition (Table IT), due the formation of
the liquid (glass) phase, with increasing firing temperature.

A general mineral reaction for the studied mixture may
be written as:

3A1,S1,0,(OH), + 4KAISi,0, + CaMgSi,0, = AL Si,0
+ CaAlSi,0, +16Si0, + 2K,0 + MgO + 6H,0

This general reaction combines all raw materials
(kaolinite + potassic feldspar + diopside) and produces
a mixture of mullite, anorthite, silica (both as quartz and
glass), water, and of the oxides which are present only in
the glass phase (MgO, K,0), as they are present in the raw
materials but not in the crystalline phases of the ceramic
bodies.

CONCLUSIONS

Phase composition of the experimental ceramic bodies
is more strongly controlled by the proportion of potassium
feldspar and diopside in the raw mixture, while temperature
in the considered range (1170-1210 °C) is less effective in
controlling phase formation. Diopside favours anorthite
formation. Potassium feldspar favours glass and mullite
formation in the ceramic bodies. Cordierite could be
favoured by increased MgO content of the system, and its
presence in mixture M4 is probably related to heterogeneity
of the raw mixture, such as a slightly higher content of
diopside in diopside-rich rock. The addition of diopside
partially replacing the potassic feldspar, reduces water
absorption and porosity of the ceramic bodies, and provides

higher values of flexural resistance. The temperature rise
at a constant proportion of diopside collaborates with
decreased water absorption and porosity. The incorporation
of diopside provides white burning as traditional ceramic.
The addition of only 5% of diopside replacing the potassic
feldspar, permits obtaining porcelain at lower temperatures
than those used in the ceramic industry, collaborating with
the reduction of energy consumption.
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