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bstract

he traditional ceramic industry has recently witnessed increasing interest in the obtainment of inclusion pigments to stabilize at firing temperature
nd in the action of molten glass unstable chromospheres such as hematite or cadmium sulphoselenide.

This work focuses in the introduction, before the calcination step, of a high energy milling step (mechanosynthesis) to improve the inclusion
fficiency of hematite into the zircon matrix by solid state reaction. In particular the synthesis of hematite–zircon inclusion pigment was optimized

hrough an accurate control of the raw material milling time and calcination temperature. The mechanical activation modifies the conditions in
hich chemical reactions usually take place changing the reactivity of as-milled solids by increase of reaction rates and lowering the reaction

emperatures of ground powders.
2011 Elsevier Ltd. All rights reserved.
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. Introduction

Inorganic natural and synthetic pigments produced and mar-
eted as fine powders are an integral part of many decorative
nd protective coatings and are used for the mass colouration of
any materials, including glazes, ceramic bodies and porcelain

namels. In all these applications, pigments are dispersed (they
o not dissolve) in the media, to form a heterogeneous mixture.
riefly, powders used to colour ceramics must show thermal and
hemical stability at high temperatures and must be inert to the
ction of molten glass (frits or sintering aids).1 These character-
stics limit ceramic pigments to a very small number of refractory
ystems, which are fully reacted and relatively inert to the matrix
n which they are dispersed.2–7 In recent years, there has been

developing interest toward inclusion pigments,1,8–12 which
ake usable colouring substances tolerant of the industrial ther-
al and chemical conditions by occluding them in a stable glassy
r crystalline matrix (heteromorphic pigments). The inclusion
r encapsulation of reactive, coloured or toxic crystals inside
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table crystalline or amorphous uncoloured matrixes provides
n efficient chromophore protection.

Early works13 described the preparation of red and orange
ircon pigments by inclusion of inorganic compounds (i.e.
d(SxSe1 − x)) into the zircon network to obtain pigments with

ufficient chemical and thermal stability at firing temperatures.
ccording to the “inclusion pigments” denomination proposed
y V.L. Lavilla and J.M. Rincon,14 this new family of pigments
resent the following characteristics:

(a) they are composed by two or more different insoluble crys-
talline structures;

b) their behaviour in the presence of glazes is like a unique
chromatic unit from a pigmentation point of view. The
colour is not developed by introduction of coloured ions
into matrix lattices or by the formation of solid solutions,
but by the inclusion of small coloured crystals into the matrix
during the sintering process.

Among the systems studied for such use, hematite included
15
n zircon (DCMA 14-44-5), also known as “coral pink”

igment, is one of the zircon-based pigments, along with vana-
ium zircon blue ((V,Zr)SiO4) and praseodymium zircon yellow
(Pr,Zr)SiO4), that represent a market leader in high-temperature

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.008
mailto:federica.bondioli@unimore.it
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pplications for the whitewares industry. The traditional synthe-
is of the “hematite included in zircon/or coral pink” pigment
onsists in the mixing of an iron precursor (generally Fe2O3,
eSO4, or FeO(OH)) with zirconia, silica and several mineraliz-
rs (mainly alkaline or alkaline earth halides) and the firing of the
btained mixture at temperatures such as 900 ◦C.16 Zircon for-
ation and hematite coarsening have to occur simultaneously to

uarantee efficient hematite occlusion and a high colour yield.11

he control of these two steps is fundamental for appropriately
rowing chromophore particles in the same range of temper-
tures as that for zircon formation, so that the chromophore
articles can be trapped by the matrix particles during sintering.
he choice of an appropriate mineralizer becomes particularly

mportant.
In this work, a high energy milling step (mechanosynthe-

is) was applied to the raw materials before the calcination
tep to improve the inclusion efficiency of hematite into the
ircon matrix by solid state reaction. The intrinsic advan-
age of mechanosynthesis is that the solid-state reaction
s activated by mechanical energy instead of temperature.
igh-energy ball-milling enables to modify the conditions

n which chemical reactions usually take place changing the
eactivity of as-milled solids (mechanical activation17) by
ncrease of reaction rates, lowering the reaction temperatures
f ground powders and inducing chemical reactions during
illing (mechanochemistry18–20). Mechanical activation has

een used in the synthesis of other ceramic pigments such as
ano-crystalline ZnO–CoO21 or alumina-based pigments,22,23

owever, as far as we are concerned, the effect of mechani-
al activation on the synthesis of hematite–zircon red ceramic
igment has still not been investigated.

In particular, the effect of specific process variables such
s milling time (at a fixed milling rate), and calcination tem-
erature was investigated in order to optimize the inclusion of
ematite in the zircon matrix. Colour tests were performed on
porcelainized stoneware ceramic glaze loaded with 4 wt% of

s-synthesized pigments and fired in a semi-industrial kilns to
erify the applicability of the investigated pigments into indus-
rial glazes.

. Experimental procedure

.1. Powder synthesis

Industrial-quality monoclinic ZrO2, SiO2 (�-quartz), and �-
e2O3, as well as mineralizers (KCl, 2 wt%, and KNO3, 2 wt%),
ere selected as raw materials for the pigment preparation.
iO2 and ZrO2 were mixed in order to obtain the stoichiometric
omposition of zircon with a 15 wt% of �-Fe2O3. All the raw
aterials employed in this investigation were used in as-received

tate without any purification or grinding to reproduce the indus-
rial process. The powders were charged in a cylindrical agate
ial of 40 mm in diameter together with agate balls of 12 mm

iameter. All the experiments were performed in a Fritsch Pul-
erisette 7 planetary ball mill using a rotation speed of 200 rpm
eeping constant ball-to-powder weight ratio at 20:1. Milling
as interrupted every hour for 30 min to prevent significant
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ncreases in powder temperature. The milling time were changed
n the 15–480 min range to study the effect of mechanosynthesis
n both pigment grain size distribution and degree of inclusion.
ence, the obtained mixtures were calcined in closed porcelain

rucibles with heating rates of 10 ◦C/min at different temper-
tures (1000–1200 ◦C) for 2 h of soaking time and then wet
illed. Finally, the obtained powders were tested as pigments

or glaze colouring. A porcelainized stoneware ceramic glaze
as used for pigment application. The pigments, added to the

omposition at 4 wt%, were wet mixed with the ceramic frit for
0 min in a blender-mixer and then deposited by a roller blade
n a ceramic body. The obtained tiles were fired in an industrial
igh-speed roller kiln using a typical industrial cycle of ∼35 min
ith a maximum temperature of 1140 ◦C.

.2. Powder characterization

Thermal behaviour of the mechanically activated mixtures
as studied in air using a simultaneous thermogravimetric and
ifferential thermal analyzer (TG-DTA, mod. 409, Netzsch).
bout 30 mg of powdered samplewith grain size lower than
5 �m in grain size were subjected to a thermal treatment from
0 to 1400 ◦C at a heating rate of 10 ◦C/min.

X-ray diffraction measurements (XRD) were carried out
sing a conventional Bragg–Brentano diffractometer (PW 3710,
hilips Research Laboratories) with Ni-filtered CuK� radia-

ion to determine the crystalline phases present on the samples.
he patterns were recorded on grounded samples (<25 �m in
ize) in the 20–80◦ 2θ range at room temperature, with a scan-
ing rate of 0.005◦/s and a step size of 0.02◦. The morphology
nd microstructure of the samples were examined by scanning
lectron microscopy (SEM) (XL40, Philips Research Labora-
ories) equipped with an energy dispersion spectroscopy (EDS)
quipment (EDAX, Philips Research Laboratories).

The colour measurements were performed by UV–Vis spec-
roscopy (model Lambda 19, Perkin Elmer) using the CIELab

ethod in order to obtain L*, a* and b* values. This method,
hich is the standard analysis in the ceramic industry, allows

o determine the whiteness and colour degree of tiles by mea-
uring the three parameters L* (brightness), from absolute
hite L* = 100 to absolute black L* = 0, a* (red–green) and b*

yellow–blue) elaborated from the visible spectra.

. Results and discussion

.1. Milling time optimization

In Fig. 1a the DTA curve of the raw material mixture after
0 min of mechanical synthesis is reported as representative.
he curve presents an endothermic peak at around 100 ◦C due to
umidity elimination and an exothermal peak at around 1100 ◦C
ue to ZrSiO4 formation. From the overlapped view of the

TA curves of the powders milled at different times reported

n Fig. 1b), it is evident the shift of the zircon formation peak
o lower temperatures as the milling time is increased. This
ehaviour clearly shows that the mechanical synthesis changed
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sintering as evidenced by the increase of specific surface area
values (Table 3) as the milling time is increased.
ig. 1. DTA curve of the sample milled for 60 min (a) and overlapped view of
he DTA curves of powders milled in the range 15–480 min (b).

he reactivity of as-milled solids having an activation effect on
he zircon structure crystallization.

In Fig. 2 the XRD patterns of the raw milled samples are
eported. In particular, the pattern of the powder milled for
5 min (Fig. 2a) shows the presence of baddeleyite (ICDD
24-1165), quartz (ICDD #33-1161) and �-hematite (ICDD
33-664). After 240 min of milling (Fig. 2b), the sharp crys-
alline lines of the starting powders disappear and a relative broad
iffuse pattern shows up. This amorphization is a clear indication
hat the crystal structures of the starting materials were modified
y high energy ball milling. Moreover, starting from the powder
illed for 240 min, a series of new lines appear attributable to the

-ZrO2 phase (ICDD #17-0923), while those of m-ZrO2 remain.
eak position indicated that this phase could be a t-ZrO2 solid
olution being the peaks slightly at higher diffraction angles if
ompared with the characteristic ones. In particular, taking into
ccount the ionic radii (Fe3+ = 63 pm; Zr4+ = 79 pm) a tetragonal
hase stabilization due to iron could be hypothesized.

The mechanically activated powders were calcined at
100 ◦C. Independently on the milling time, the XRD patterns
Fig. 3) underlined the presence of zircon (ICDD #6-266), m-
rO2 and �-hematite. In particular, the figure shows that the

ntensity of monoclinic zirconia peaks decreases as the milling
ime is increased in agreement with the higher reactivity of pow-
ers milled for longer time. In Table 1, the CIElab values of the
alcined powders are reported. In particular, the a* parameter,

hat indicates the predominance of the red colour (positive val-
es) on the green colour (negative values), is for this pigment the
ost representative value. The table shows that the a* parameter

F
c

ig. 2. XRD pattern of the raw mixture milled for 15 min (a) and 240 min (b)
f mechanical synthesis. B = m-ZrO2; Q = quartz; H = Fe2O3; T = t-ZrO2.

ncreases as the milling time is increased underlining that the red
olour of fired powders is mainly dominated by the amount of
ize of free hematite particles. This result can be commented
aking into account several factors that are crucial for the inclu-
ion process. In particular it can be hypothesized that, as the
illing time increases, the inclusion process is less efficient due

o both the formation of the tetragonal solid solution and the
nhancement of zircon crystallization rate. Moreover, the inclu-
ion process is also surely less efficient due to the smaller size
f free hematite particles during the zircon crystallization and
ig. 3. XRD pattern of the pigments milled for 15 (a) and 240 min (b) and
alcined at 1100 ◦C. Z = ZrSiO4; B = m-ZrO2; H = Fe2O3.
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Table 1
CIELab values of samples milled for different time and calcined at 1100 ◦C.

Milling time (min) L* a* b*

0 46.88 10.33 4.91
15 43.80 11.35 6.41
30 43.99 11.68 6.79

120 43.80 11.91 7.04
240 44.26 13.34 7.90
480 43.85 13.92 8.88

Table 2
CIELab values of glazed obtained with pigment milled for different time (cal-
cination temperature 1100 ◦C).

Milling time (min) L* a* b*

0 58.00 18.73 18.92
15 57.19 29.37 28.63
30 60.49 25.35 25.81
60 56.48 26.67 28.34

120 60.99 27.43 32.16
240 67.71 26.08 35.32
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Fig. 4. XRD pattern of the mixture milled for 15 min and calcined at 1000 (a),
and 1200 ◦C (b). Z = ZrSiO4; M = m-ZrO2; H = Fe2O3.

Table 4
CIELab values of pigment calcined at different temperature(milling time 15
min).

Calcination temperature (◦C) L* a* b*

1000 42.89 14.12 8.15
1050 43.18 13.78 7.34
1100 43.80 11.35 6.41
1150 44.84 10.85 6.83
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80 69.28 20.53 33.38

The CIELab values of the coloured glazes, reported in
able 2, indicate that, independently on the milling time, the
echanically activated powders have always a higher value of

he a* parameter. Moreover, Table 2 shows that the best colour,
haracterized by the highest a* values, can be obtained with a
illing time of 15 min. This result could be explained consid-

ring that for shorter milling time, the efficacy of the inclusion
rocess is higher. In fact above the optimal milling time, hematite
articles would be less efficiently included (due to their smaller
ize and to the faster rate of zircon crystallization) and thus less
fficiently protected by zircon grains against the action of molten
lass during the enamel firing.

In conclusion, the analysis of the obtained results suggests
hat the best milling time is 15 min.

.2. Calcination temperature optimization

The XRD patterns of the obtained pigments (Fig. 4) show
hat, independently on the calcination temperature, the crys-
allographic phases present in the samples are zircon, m-ZrO2

nd �-hematite. In particular, analysing the peak intensity, it is
vident that as the temperature increases the peak intensity of
onoclinic zirconia decreases due to the higher reactivity. The

able 3
pecific surface area (SSA) values of the calcined pigments as a function of
illing time.

illing time (min) Temperature (◦C) SSA (m2/g)

480 1100 8.23
15 1100 0.75
15 1000 0.62
15 1050 0.74
15 1150 0.85
15 1200 0.75

q
c
t

T
C
(

C

1
1
1
1
1

200 45.28 10.42 5.65

SA values (Table 3) of the pigments obtained at different cal-
ination temperatures do not show any important differences as
onfirmed by SEM analysis (Fig. 5). Fig. 5 also puts in evidence
hat the size of the pigment particles is in the 0.5–2 �m range.

In Tables 4 and 5 the colour of pigments and glazes are
eported as a function of calcination temperature at a constant
illing time of 15 min. In particular the a* parameter of glazes

ncreases as the temperature of pigment calcination is increased
ith an opposite behaviour with respect of the pigment colour.

t could be hypothesized that for the pigments, the calcination
emperature directly influences the inclusion efficiency. In fact,
lthough the red colour of the fired pigments decreases with the
ncrease of firing temperature (probably due to the higher par-
icle size of free hematite particles), the hematite particles are

ore efficiently included as a result of the improved sintering
eading to a higher resistance towards the action of the molten
lasses and thus to a higher chromophore efficiency. As a conse-
uence, the a* parameter of the glazes increases as the pigment

alcination temperature is increased. Table 5 puts in evidence
hat from 1100 ◦C the values are similar indicating that 1100 ◦C

able 5
IELab values of glazes obtained with pigment calcined at different temperature

15 min milling time).

alcination temperature (◦C) L* a* b*

000 61.46 15.36 22.45
050 58.87 24.76 28.54
100 57.19 29.37 28.63
150 53.46 28.95 28.45
200 51.82 29.56 28.93
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Fig. 5. SEM images of the pigment calcined at 11

ould be considered the optimal temperature to obtain a good
nclusion efficiency.

. Conclusion

The obtained results suggest that the mechanosynthesis is an
fficient method to activate the raw materials for the synthesis
f the inclusion pigment Fe2O3–ZrSiO4.

In particular, the mechanical activation increases the reactiv-
ty of the mixture decreasing, as the milling time is increased,
he characteristic temperature of zircon formation. However, the
btained results underline the extreme importance of the milling
ime optimization. The optimal milling time condition is 15 min
ince a further increase of milling time results in the stabilization
f tetragonal zirconia by iron in the raw mixture and at the same
ime in the lowering of the grain size of free hematite, which
ppears to be detrimental for the efficacy of hematite inclusion
fter the firing treatment. The effect of calcination temperature
s also of crucial importance: the increase of firing temperature
ppears to result in more efficiently included hematite parti-
les within the zircon grains as underlined by the higher red
ue developed in the ceramic glasses, indicating 1100 ◦C as the
ptimal firing temperature.
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