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Abstract

Calcined bovine bone (CBB) is generally used to manufacture high-quality porcelain known as bone china. In these products, the amount of
bone ash is about 50%. However, it is known that CBB, in small quantities added to raw materials such as feldspars, can reduce the liquidus
temperature and thus promote liquid-phase sintering. The purpose of this study was to evaluate the potential use of bone ash as a sintering
promoter of porcelain made by a classical triaxial system. Hard porcelain was prepared with 0, 1, 2, and 5 wt% CBB and sintered at temperatures
ranging from 1100 to 1400 °C. For the sample containing 2% CBB, the sintering temperature was reduced by 50 °C relative to 0% CBB, while
the sample’s tensile strength was the highest among all samples. Two mechanisms could be observed during porcelain sintering depending on
CBB quantities: for 1 and 2% of CBB, the mullite formation determined the final shrinkage without changes on initial sintering temperatures; for
5% the initial sintering temperature was decreased by liquid formation.

© 2014 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Porcelain has unique characteristics that distinguish it from
other kinds of china, such as high mechanical strength, firing
temperatures above 1350 °C, porosity below 0.3%, and high
whiteness and translucency [1]. Porcelain is a ceramic material
of the alumina-silica—alkali oxides (primarily K,O) ternary
system, and is produced by sintering a mixture of kaolin,
feldspar, and quartz at a composition close to 50:25:25,
respectively [1,2]. Plastic clays can replace part of the kaolin
content to increase the mechanical strength and plasticity of
green bodies. Albite or orthoclase are usually used as flux and
contain high sodium or potassium oxide content, respectively
[1,2]. Less common raw materials used as fluxes include
phyllite, pegmatites, and, more recently, phonolites, soda-lime
scrap-glass and slag [3-11]. However, different types and
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proportions of fluxes can modify the firing temperature and
final mechanical resistance of the products. For this reason,
orthoclase is generally used as a flux for porcelain [1].

The characteristic particulars of the glass phase formation
process during porcelain firing restrict the use of new flux
compounds in china. Because porcelain consists generally of a
70% glassy phase and a 30% crystalline phase, the viscosity of
the glassy phase and the amount of the crystalline phase
control the pyroplastic deformation resistance of these materi-
als [12]. Calcite and dolomite can be used to accelerate the
melting of feldspars and to reduce the firing temperature
without significantly changing the pyroplastic deformation
behavior. However, carbonates have, as a significant draw-
back, the formation of CO, at temperatures above 900 °C. For
ceramic materials produced by a single firing or rapid thermal
cycles, the formation of gases at high temperatures can cause
performance-affecting defects in the end products.

Calcium phosphate can be used as an alternative to
carbonates for reducing the melting temperature of feldspar
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in porcelain. Calcined bovine bone (CBB), or bone ash, use is
restricted to amounts of about 50% [2] in the manufacturing of
bone china, making bone china generally more durable and
translucent than kaolin-based porcelain [13].

The reactions of calcined bovine bones (CBB) were
extensively studied by Igbal et al. [14,15]. Although the article
deals with the microstructural evolution of phosphatic porce-
lain, most of the chemical reactions between the CBB, kaolin,
quartz and feldspar should be similar despite the low propor-
tion of CBB used as a sintering additive of hard porcelain.
As shown previously, CBB is mainly hydroxyapatite and alone
is stable until 1000 °C [15,16]. However, CBB decomposes to
B-TCP and calcium oxide at temperatures higher than 775 °C
probably due to the presence of metakaolin [15]. The lime
originated from the hydroxyapatite decomposition was sup-
posed to react with clay materials to give a new anorthite phase
at temperatures next to 800 °C and liquid phase was detected
only for 7> 900 °C [14]. Gas bubbles were supposed to be the
origin of the anomalous density decreases when sintering
temperatures are higher than 1200 °C [14]. Bone china sintered
at 1245 °C by 1 h has a final composition of crystalline grains
of anorthite, f-tricalcium phosphate and small amounts of
quartz immerse in a glassy matrix [17].

Closed porosity were observed above 1280 °C for porcelain
stoneware tiles as a consequence of the increase of pressure of
the gas inside the closed pores, which tends to expand the
pores when glass viscosity decreases [18]. Thermal analysis of
porcelain stoneware (50% kaolinitic clay, 40% feldspar and
10% quartz) showed the endothermic transformation next to
550 °C is due to both clay dehydroxylation and a— 3 quartz
transformation and the exothermic reaction next to 1000 °C
was attributed to mullite crystallization [18]. Mullite, quartz
and glass were found after sintering at 1280 °C simultaneously
to the decrease of the mechanical properties [18]. Therefore,
the best results of strength were obtained at 1270 °C which
reached 34 MPa [18].

The main thermal transformations during porcelain firing
were described by Carty and Senapati [I] and can be
summarized as: 550 °C—dehydroxylation of kaolinite;
573 °C—a to P-quartz inversion; 700-1000 °C—alkali feld-
spar transformation to sanidine and depends on the sodium:
potassium ratio; 950-1000 °C metakaolin transforms to a
spinel-type structure; 990 °C—amorphous silica liberated dur-
ing the metakaolin decomposition; 990 “C—a eutectic melt of
potash feldspar with silica (depends on the type of feldspar);
next to 1200 °C melt becomes saturated with silica-quartz
dissolution ends and quartz-to-cristobalite transformation
begins [1]. The kinetic of mullite formation could be affected
by the viscosity of liquid phase formed during metakaolin
decomposition [19,20]. Marinoni et al. showed that the
premature glass formation due to the substitution of some
feldspar by soda-lime glass in the porcelain formulation
accelerated the mullite growth reaction kinetics [21].

Despite the abundance of cattle in Brazil, CBB has rarely
been exploited as a raw material in the ceramic industry,
and the production of bone china is relatively unknown in
Latin America. CBB is primarily hydroxyapatite, which in

combination with kaolin and feldspar, could form glasses [22].
Unlike most kaolin porcelains, bone china contains amorphous
and crystalline phases—approximately 30 and 70%, respec-
tively. While the amorphous phase is rich in SiO, and Al,O3,
but also contains K,O and CaO, the crystalline phase is mainly
calcium phosphate [2]. CBB could therefore be used to change
the liquidus temperature [23-25], promote liquid phase for-
mation, and reduce the sintering temperature via liquid phase
sintering.

The purpose of this study is to verify the effect of small
quantities of CBB on the sintering, microstructure, and proper-
ties of traditional kaolin-based porcelain. Porcelain containing
0, 1, 2, and 5 wt% CBB was sintered at temperatures ranging
from 1000 to 1400 °C.

2. Materials and methods

Water absorption and flexural strength were measured for
all samples, and the degree of the decomposition and/or phase
formation was determined by X-ray diffraction using the
Rietveld method. Microstructural information was obtained
by scanning electron microscopy (SEM), and chemical
analysis was carried out using energy dispersive X-ray
spectroscopy (EDS).

A 2:1:1 base porcelain composition of kaolin, to orthoclase,
to quartz, respectively, was provided by Porcelanas Teixeira
Company. The raw material was initially milled in an
industrial ball mill for 24 h. CBB in amounts of 1, 2, and
5 wt% was introduced to the base composition by milling in a
laboratory ball mill for 24 h with porcelain grinding elements.
A reference sample without CBB was milled under the same
conditions. Details of the powder preparation are given else-
where [16]. The autoclaved material was then calcined at
700 °C, and ground in a laboratory ball mill. The raw material
was dispersed using a commercial sodium polyacrylate, and
specimens with a standard size of 80 x 30 x 3 mm were
obtained by slip casting in a plaster mold.

The specimens were heated at a rate of 2 °C/min from room
temperature to the sintering temperature in a muffle furnace.
The maximum sintering temperatures ranged from 1100 to
1400 °C in 50 °C increments without any soaking time. Three-
point bend testing of the sintered samples was performed using
a Kratos™ universal machine with a support span of 40 mm.
Deformation was carried out at a rate of 6 mm/min until
fracture. Water absorption was measured in each sample by
initially determining the dry weight at 110 °C, and then
determining the wet weight after immersion in boiling water
for 2 h and then cooling. Sintering studies were performed in a
dilatometer (BP Engenharia—RB 115) by heating at 2 °C/min
to 1200 °C, without residence time, in flowing air (1 atm).

The samples characterized by X-ray diffraction (XRD) were
ground in an agate mortar to eliminate any preferred orienta-
tion that may have developed during firing. The patterns were
carried out in the range of 10 to 70° 26, with a step size of
0.03° and a counting time of 30 s per step, using a PANalytical
X’Pert PRO diffractometer equipped with a X’Celerator
detector operating with Cu-Ka radiation using similar analysis
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routine than Bish and Howard [26]. The identification of the
crystalline phases was obtained by comparing the results with
the database of the International Centre for Diffraction Data
(ICDD, 2003). Quantitative determination of phase abundance
was performed by Rietveld refinement using the Inorganic
Crystal Structures Database (ICSD, 2007) and fluorite (CaF2)
as the internal standard. The main parameters refined were
background, scale factor, and unit cell size, in addition to the
W profile peak factor. The quality of refinements was
evaluated by, the least squares residues index (y*) and the
difference plot. Quantitative chemical analyses were carried
out by X-ray fluorescence spectrometry (XRF) on a MagixPro
—PANalytical instrument. A mass ratio of 1:7 (sample:
spectromelt A10—Merck) was put in a platinum crucible
and heated at 1100 °C to form a homogeneous glass.
Observations using SEM were made on polished sections
using a 600 FEG Quanta (FEI) with an energy dispersive
spectrometer (EDS) (QUANTAX 4030, Bruker ). The ceramic
samples were embedded in epoxy resin (Epofix—Struers), and
then ground and polished with diamond. The sections were
carbon coated and imaged at an accelerating voltage of 10 kV.
For each section, secondary electron (SE) imaging and back-
scattered electron (BSE) imaging were used to complement the
elemental mapping (Na, Al, P, K, and Ca) obtained by EDS.

3. Results and discussion

The results of chemical analysis shown in Table 1 indicate
that the chemical composition of bone ashes is hydroxyapatite.
However, as a natural material, it is usual to find traces of a
number of other elements (Table 1). The chemical composition
of porcelain raw materials matches well with kaolinite,
orthoclase and quartz sand (Table 1).

The water absorption (WA) results of the sintered samples
with 0, 1, 2, and 5% CBB are shown in Fig. 1. By introducing
CBB, we observed a notable reduction in the sintering
temperature and a decrease in firing range (i.e., the temperature
range between a fully opened pore network and closed
porosity). From 0 to 2% CBB, the total densification clearly
increases to the final sintering temperatures (Figs. 1 and 2).
However, for 5% CBB porcelain the beginning of densification

Table 1

was clearly at lower temperatures (Fig. le and Fig. 2). The
liquid phase originated from the lime and clay reaction during
bone china sintering was perceived for 7>900 °C [14].
Therefore, the supposition of lime-rich liquid phase increases
with CBB and the sintering temperature proportionally
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Fig. 1. Water absorption of porcelain samples containing bone ash (0, 1, 2 and
5 wt%) and sintered at different temperatures.
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Fig. 2. Dilatometric study of porcelain containing 0, 1 and 5% of CBB in air
using a heating rate of 2 °C/min.

X-ray fluorescence spectrometry (XRF) chemical analysis of raw materials. The error estimated was less than 0.1% (LOI=loss on ignition).

Kaolin (wt%)

Feldspar (wt%)

Quartz sand (wWt%) Bone Ash (wt%)

SiO, 47.7 66.8

ALO; 38.1 17.9

Fe,03 0.35 0.13
MnO <0.10 <0.10
MgO 0.24 0.26
CaO <0.10 0.27
Na,O <0.10 2.30
K,O 1.09 11.5

TiO, <0.10 <0.10
P,0s 0.16 <0.10

LOI (1000 °C) 12.4 0.84

99.9 0.02
<0.10 0.01
<0.10 <0.10
<0.10 <0.10
<0.10 1.11
<0.10 553
<0.10 1.33
<0.10 0.40
<0.10 <0.10
<0.10 41.9

0.00 0.00
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decreased with the glass amount originated from lime and clay glasses depends on how cations replacing silica. For soda-
reaction seems to be plausible. Nevertheless, the similar results lime glasses, the addition of CaO drastically reduces the
of open porosity obtained for 2 and 5% CBB could indicate  temperature required to achieve a viscosity of 7=10 dPas
some balance between the glass amount and viscosity or but only for low CaO amounts and viscosity increase for
mullite formation. The viscosity-temperature behavior of  concentration high then 10% [27]. How it will be discussed
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Fig. 3. SEM micrographs of porcelain samples containing different amounts of bone ash. 0% CBB 1400 °C (a); 1% CBB 1300 °C (b); 2% CBB 1250 °C (c);
5% CBB 1250 °C (d); 5% CBB 1350 °C (e) and (f).
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later, the liquid phase increases the quartz dissolution during
sintering and the free additional SiO, on the glass phase could
increase the viscosity for high CBB amount.

The dilatometric study showed an interesting tendency
wherein the sintering temperature decreases only for 5%
CBB, but the total shrinkage increases proportionally to
CCB quantities (Fig. 2). It is interesting to note that a
contraction at 570 °C is observed for all samples, which is
probably related to both kaolinite dehydroxylation to form
metakaolin (A1,05-2Si0,) and the phase transition from
alpha to beta quartz transformation [1,18]. However, the
contraction observed for temperatures between 850 and
1000 °C, which can be attributed to the transformation of
metakaolin to a spinel-type structure and amorphous free silica
because was observed for all compositions [1,17,28], is clearly
shifted to lower temperatures for the sample containing 5%
CBB, and could indicate a reaction between metakaolin and
CBB to form a viscous liquid and promoting sintering. The
formation of free silica during metakaolin decomposition could
be responsible for a reduction in the temperature of glass
formation, thereby further reducing the densification tempera-
ture. However, the shrinkage increases without changes on the
initial sintering temperature from 0 to 2% CBB seems to
involve some other mechanism then liquid formation and will
be better interpreted with the phases analysis by Rietveld
method.

However, SEM analysis of the polished surfaces reveals
that, despite low water absorption, there is a large volume of
closed porosity for some combinations of temperature and
composition (Fig. 3). It is important to note that the unusual
pore formation occurs after total pore elimination, and its
severity increases with increasing temperature (Fig. 3d and e).
This is characteristic of the dehydroxylation of hydroxyapatite
(Ca;p(PO4)6(OH),) to oxyapatite (Ca;o(PO4)s0), which results
in the release of a significant amount of water vapor [29]. Even
though hydroxyapatite is known to be stable at temperatures as
high as 1300 °C [30], reaction with the glass liquid phase
could be responsible for the solid phase decomposition and gas
elimination at lower temperatures. However, some bubbles
were also observed for overfired porcelain without CBB
[31,32]. The bubble formation in this case was credited to
clay decomposition (dehydroxylation to form metakaolin),
which occurs in less viscous regions during the early stages
of overfiring. The decrease in glass viscosity caused by
calcium and phosphorus solubilization could accelerate bubble
formation in compounds containing CBB [14]. Fig. 4 shows
that all hydroxyapatite was reacted at 1250 °C and 5% CBB
and only mullite, quartz and glass phases are stables. This
result indicates that all calcium and phosphorus should be
soluble in the glass phase with a consequent decrease in the
glass transition temperature and allowing bubbles to growth.

The rounded shape of the pores is also an indication that
steam, or another gaseous phase, had formed at some stage of
the firing process and nucleated inside the low viscosity
amorphous phase. During isothermal sintering, the amount of
rounded pores increased with the quantity of CBB, demon-
strating a direct relationship between gas formation, the

amount of CBB, and the sintering temperature, as shown
Fig. 3a—d. When firing is carried out at 1300 °C, for the sample
with 1% CBB (Fig. 3b), the residual porosity is similar to the
sample without CBB (Fig. 3a). However, at a sintering
temperature of 1250 °C, the addition of 5% CBB leads to
the significant formation of rounded and closed pores (Fig. 3d).

Besides the amorphous phase, the crystalline phases found
were mullite, formed from the decomposition of metakaolin
during firing, and residual quartz (Fig. 4). These phases are
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calculated and difference X-ray powder diffraction profiles for 2% CBB—
1300 °C sample.
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commonly formed in porcelain sintered in the employed
temperature range. The only additional crystalline phases
observed arises from the reaction of the CBB with the raw
materials, and were identified by XRD for samples containing
5% CBB sintered at 1200 °C—anorthite similar to common

D. Gouvéa et al. / Ceramics International 41 (2015) 487496

bone china [10] or 1350 °C—wollastonite [33,34]. However,
anorthite is presumably consumed by the glass phase and at
1250 °C or higher, only mullite and quartz were observed.
The quantification of crystalline and glass phases was
obtained by Rietveld refinement of the XRD patterns only

Table 2

Quantification of glass, mullite, quartz and orthoclase phases obtained by XRD and Rietveld refinement to different porcelain compositions and sintering
temperatures.

CBB (%) Temperature (°C) Quartz (%) Mullite (%) Glass (%)
0 1400 8 14 78

0 1350 12 13 75

1 1350 15 19 66

2 1350 14 18 67

2 1300 18 17 65

5 1300 14 13 73

0
MAG: 4000 x

0
MAG: 4000 x

Al

0
MAG: 4000 x

Fig. 6. SEM and chemical analysis of porcelain without CBB after sintering at 1400 “C—bar scales are the same for all images (M=mullite, G=glass and

Q=quartz).
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0 0 8
MAG: 4000 x MAG: 4000 x

MAG: 4000 x

0
MAG: 4000 x

Si

Fig. 7. SEM and EDS elemental mapping of porcelain containing 5% CBB after sintering at 1350 °C—bar scales are the same for all images. G=glass; Q=quartz
and M=mulite.
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for samples containing exclusively mullite and quartz as
crystalline phases (Fig. 5 and Table 2) which shows good y*
adjustment parameters from 3 to 5 for all samples.

CBB has a high effect in mullite crystallization and the
liquid phase seems to be significant only at higher concentra-
tion and temperature (Table 2). These results corroborate with
dilatometric one (Fig. 2). From 0, 1 and 2% CBB, only the
final shrinkage increase proportionally to the CBB but the
densification starts at the same temperature. The mullite phase
has a specific gravity around 3.26 g/cm® and then significantly
higher than glass density. As the quartz amount is about the
same, the increase of mullite and the proportional reduction of
glass contents produce a high final density and consequently
more shrinkage. However, the densification temperature for

porcelain containing 5% CBB is markedly lower probably due
to the increase in the glass proportion and at lower tempera-
ture. For the latter case, shrinkage can be considered mainly
due to the liquid phase sintering.

The chemical analysis performed by EDS during SEM
shows that most of the calcium and phosphorous is soluble
in the glass phase, and that the final size of the residual quartz
varies with changes in the chemical composition of the glass
phase (Figs. 6-8). Islands of the glass phase surround by
mullite grains could be observed in the porcelain sintered at
1400 °C (Fig. 6). The distribution of the liquid phase changes
with the addition of CBB, and a more homogeneous allocation
among the mullite grains could be observed for samples
containing 5% CBB sintered at 1350 °C (Fig. 7). The decrease

0% 1400 °C

5% 1250 °C

N[

Fig. 8. SEM and EDS elemental mapping of porcelain with 0% CBB after sintering at 1400 °C, and with 2% CBB after sintered at 1300 °C.
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in the final size of quartz grains observed in the Fig. 8 was also
detected by a decrease in the total amount of quartz phase
obtained by XRD-Rietveld refinement (Table 2). The mullite
amount increases from 12% for samples containing 0% CBB
sintered at 1350 °C to 18% for 2% CBB sintered at same
temperature, while the amount of glass decreases from 75 to
67%. We must point out here that although the difference in
glass quantities between the two samples, the presence of CBB
significantly promoted the final shrinkage which has been
associated to the change in the final composition of mullite
and quartz (Table 2). The effect of CBB becomes clear by
comparing the phases present for samples containing CBB and
sintered at different temperatures (Table 2). The presence of
calcium and phosphorous significantly promote mullite forma-
tion for 1 and 2% CBB increasing the shrinkage due to low
glass formation and the augment of medium density due to
mullite (calculated density of mullite=3.16 g/cm’). It is
known that the glass viscosity is high during metakaolin
decomposition limiting the primary mullite crystallization.
Therefore, the glass viscosity decrease due to CBB dissolution
could be the reason for the increase the kinetic of mullite
crystallization. Mechanic properties of sintered porcelain are
found to depend on the final grain size of residual quartz and
the improvement on strength was supposed due to the
reduction of thermal mistake between glass and quartz phases
and resulting in a reduction of the failure-initiating flaw size
[7]. Therefore, the final mechanical strength of porcelain
containing CBB should be a balance between the defects
formation due to porosity which increases with CCB quantities
and the flaw size due to thermal mistake which decrease with
CCB amount.

The mechanical behavior of the porcelain reflects the
microstructural evolution of the ceramic bodies (Fig. 9).
Increasing closed porosity was related to a decrease in flexural
strength. Samples containing 2% CBB and heated to 1300 °C
showed similar porosity (Fig. 1) and microstructure to that of
the sample with 0% CBB sintered at 1350 °C. However,
the 2% CBB samples exhibited higher mechanical resistance
(Fig. 9). A reduction in porosity associated with the decrease in
grain size of residual quartz could be responsible for the
superior performance. These results demonstrate that the

0%
1%
40 4 - 2%
50

Flexural Strength (MPa)
~
A

950 1050 1150 1250 1350 1450
Temperature (°C )

Fig. 9. Flexural Strength of porcelain samples containing 0, 1, 2 and 5 wt% of
bone ash and sintering at different temperatures.

introduction of CBB reduces the firing temperature of porce-
lain and increases its mechanical strength, depending on the
use of an appropriate sintering temperature and CBB
concentration.

4. Conclusions

The purpose of this study was to evaluate the potential use
of bone ash as a sintering promoter in porcelain made by a
classical triaxial system: 50% kaolin, 25% feldspar, and 25%
quartz. Hard porcelain was prepared with 0, 1, 2, and 5 wt%
calcined bovine bone (CBB) and sintered from 1100 to
1400 °C. The densification increased with the CBB amount.
Closed porosity was achieved at 1300 °C for samples with 2
and 5% CBB. However, microstructural analysis reveals that in
samples containing 5% CBB, large pore formation was
observed and can be attributed to water vapor formation
during hydroxyapatite dehydroxylation, or to the decreased
viscosity of the glassy phase and the acceleration of the
overfiring process. The addition of CBB also accelerates
mullite formation from 0 to 2% CBB promoting the total
shrinkage and for 5% the liquid formation decreased the initial
sintering temperature.. For most samples, only glass, mullite,
orthoclase, and residual quartz were observed by XRD.
Porcelains containing 2% CBB were densified at temperatures
50 °C lower than porcelain without CBB, and presented a
higher modulus of rupture. However, bubble formation occur-
ring during the overfiring of some compositions can decrease
the flexural strength of the porcelain. These results indicate
that, given the abundance of cattle bones in Brazil, CBB
should be exploited as an alternative source of flux for the
porcelain industry.
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