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Abstract This contribution deals with the preparation and

characterization of Co-doped malayaite pigments. Pigment

samples were prepared by solid-state reaction at different

firing temperatures (1200–1400 �C). For characterization of

thermal behaviour, pigment formation and thermal stability

were studied by the methods of thermal analyses. The

compounds were evaluated from standpoint of their phase

composition and particle size distribution. The XRD ana-

lysis of samples prepared at 1,300–1,400 �C indicates the

occurrence of two-phase compounds, i.e. the malayaite and

the cassiterite. Average value of mean particle size of tested

malayaites is moved *10 lm. The great attention was

focused on determination of impact of firing temperature on

the pigment-application properties. Because the malayaite

compounds belong into ceramic pigments, the pigment-

application properties were observed after application into

organic matrix in mass tone and middle-temperature glaze

in different pigment amounts. Generally, the colour

appearance of tested malayaites is dependent on the firing

temperature and it moves in different shades of blue colour.

From pigmentary point of view, it is possible to recommend

15 % of mass pigment for sufficient colouring of middle-

temperature glaze. The higher firing temperature provides

the formation of pigment samples with the higher saturation

and the higher values of hue angle. For preparation of Co-

doped malayaite pigments with the excellent colour prop-

erties, the firing temperature 1,350 �C is necessary.

Keywords Inorganic pigments � Ceramic pigments �
Malayaite � Colour properties � Simultaneous DTA/TG

analysis � X-ray powder diffraction

Introduction

The research of inorganic pigments is in the past decades

focused on replacing or other substitution of toxic elements

(Pb, Cr6?, Se, Cd, Hg, Sb, etc.) which were included in the

pigment composition. Production of these industrial inor-

ganic pigments considering their toxic inappropriateness

was discontinued. Therefore, from pigmentary point of

view, the search and development on preparation and

characterization of new environmentally friendly pigment

compounds are concentrated.

Ceramic pigments are formed by a crystalline host lattice

containing chromophore cations. Transition metals with

unfilled d-orbitals or lanthanides with unfilled f-orbital

belong among to typical the chromophores, which are used

for preparation of colour ceramic pigments. The incorpo-

ration of the chromophore into the host lattice usually results

in the formation of a substitution or less often an addition

compounds. The colour of the formed pigment is deter-

mined by the properties of the created ligand field which

surrounds chromophore [1].

The malayaites are stannic substances derived from a

natural occurring mineral the Malayaite which has been

chemical formula CaSnOSiO4 or more precisely CaSnSiO5.

It crystallises in the monoclinic system with space group

P21/a and cell parameters: a = 0.7146 nm, b = 0.8887 nm,
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c = 0.6668 nm and b = 113.35� [2]. A coloured appear-

ance of natural malayaites is different, the colours are

moving from colourless, over white, greenish- grey, light

yellow up to orange. The colour of these natural malayaites is

dependent in part on present admixture or impurity, which has

a role as doping agent (chromophore), but also in next part on

amount of impurity [1]. Next factors having the impact on

final colour of prepared malayaites are firing time and

temperature of preparation [3–6], occurrence of secondary

phases [3, 6, 7], type and amount of mineralizers [3, 5, 7, 8],

coodopants [3, 9, 10] and of course different methods of

preparation [3, 8, 11].

The stannic compounds crystallize in different structures

(cassiterites, tin sphenes or recently malayaites, perovkites

and pyrochlores), and they are studied thanks to their

excellent heterogeneous properties. For example, it is

system Ca-(Sn,Ti)-Si–O with photoluminescence [12] or

also the CaSnO3 and the CaSnSiO5 with excellent elec-

trochemical properties find the utilization as anodes in Li-

batteries [13]. Several methods of synthesis of the stannate

compounds are studied too. It is the classical method based

on solid-state reaction [14], precipitation method [15],

polymeric precursor method [16], a sol–gel method [8],

spray- and freeze-drying techniques [17].

Substitutional solid solutions of foreign cations are

theoretically possible on the tin, silicon and calcium sites

and allow to prepare industrial pigments [2, 18]. For

example, Cr-doped compounds have been widely investi-

gated as ceramic pigments from reason of their synthesis

conditions, Cr ions different oxidation states (II–VI) lead-

ing to different colours and variable degrees of stability

[19]. Pink chromium-doped malayaite Ca(Sn,Cr)SiO5 is

the most important chromium pigments used in the ceramic

industry for colouring glazes, and it is catalogued under

number 12-25-5 in the CPMA classification [20]. In liter-

ature, it is possible to find several works dealing the sub-

stitution of Cr cations on different positions of malayaite

lattice. But studies of recent years prove that the chromium

cations are in octahedral sites replacing the SnIV centres

[21, 22]. Regarding Co-doped malayaites, the results from

Mossbauer spectra of 119Sn indicate the incorporation of

cobalt ions in the lattice of malayaite, which tends to make

the tin atom environment more asymmetric [23].

As the chromophore for colouring of the malayaite lat-

tice, cobalt was selected and the Co-doped malayaite pig-

ment Ca(Sn,Co)SiO5-d was prepared in this work. For

characterization of thermal behaviour, formation and sta-

bility of pigments, the methods of thermal analysis were

used. The great attention was focused on identification of

the impact of firing temperature on colour properties of

prepared pigments and evaluating of their phase composi-

tion and particle size distribution.

Experimental part

Materials and preparation of pigment samples

The tested sample based on the malayaite defined as

Ca(Sn,Co)SiO5-d was prepared from mixtures of oxides and

carbonate by the solid-state reaction. As starting materials,

precipitated CaCO3 (98.5 % purity, Merck Group KGaA,

Germany), SnO2 (99.9 % purity, Alfa Aesar GmgH & KG,

Germany), natural micro-milled SiO2 (99.6 % purity,

Sklopı́sek Střeleč, a.s., Czech Republic) and mixed Co3O4

(94.0 % purity, Shepherd Color Company, USA) were used.

The reaction mixtures having composition 33.33 mol%

CaCO3, 31.67 mol% SnO2, 1.67 mol% Co3O4 and

33,33 mol% SiO2 were hand milled in an agate mortar in the

required stoichiometric ratio. The homogenized powder was

placed into corundum crucibles for next firing procedure.

Calcination was performed in an electric furnace with the

temperature rate 10 �C min-1. The heating temperature in

the interval 1,200–1,400 �C was maintained for 4 h with the

step of 50 �C and then spontaneously cooled to room tem-

perature. The obtained calcined powder pigments were hand

milled in an agate mortar by reason homogenization of

agglomerates. Thereafter, the samples were washed by hot

distilled water, filtered and dried for a reason of elimination

of water-soluble substances.

Prepared pigments were dispersed into two binding

systems namely glaze P 07410 (transparent middle-tem-

perature leadless colourless lustrous frit glaze, Glazura

Roudnice a.s., Czech Republic) in mass ratio 5–25 % and

organic matrix (dispersive acrylic paint Parketol, Balacom a.s.,

Czech Republic) in a mass tone.

Characterization techniques

Determination of colour properties

The main aim of this work was to study the influence of

calcination temperature on the colour properties of mala-

yaite pigments. The colour properties of all heat-treated

pigments without application, i.e. in powdered form, and

samples applied into the two binding systems were mea-

sured in the visible region of light (400–700 nm) using

ColourQuest XE (HunterLab, USA). The measuring con-

ditions were the following: illuminant D65 (6,500 K), 10�
complementary observed, geometry of measurements d/8�.

The colour properties were described in terms of CIE-

L*a*b* system (1976). The value L* represents the light-

ness or darkness of the colour. In the CIEL*a*b* system, it

is described by numbers from zero (black) to hundred

(white). It means that in this system L* = 50 correspond to
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the grey colour. The value a* (the red–green axis) and b*

(the yellow–blue axis) indicate colour hue. The next

characteristics of the colour were determined too, namely

the chroma and the hue angle. The chroma C is calculated

according to Eq. 1 and represents a purity of the colour

from 0 (grey) to 100 (pure colour), i.e. chroma is the degree

of difference between a colour and grey. The hue angle,

H�, is expressed in the degrees and ranges from 0� to 360�.

It is defined by an angular position in the cylindrical colour

space (for the blue H� = 195–285 and for the violet

H� = 285–350) [24]. The value of hue is calculated using

Eq. 2.

C ¼ a�
2 þ b�

2
� �1=2

ð1Þ

H� ¼ arctg
b�

a�
ð2Þ

The simultaneous TG–DTA analysis

The thermal analysis was used for characterisation of

thermal behaviour and formation of the tested malayaite.

The thermal analysis of starting raw materials (CaCO3,

SnO2, Co3O4 and SiO2) and the reaction mixture contained

stoichiometric ratio of ingredients were performed by STA

449C Jupiter (Netzsch, Germany). This equipment allows

the simultaneous registration of the thermoanalytical

curves TG and DTA. The starting raw materials and the

reaction mixture were studied by thermal analysis in

corundum crucibles in air in temperature region

30–1,200 �C and 30–1,400 �C, respectively, with heating

rate 10 �C min-1. Corundum was used as reference inert

material.

Thermal stability

A heating microscope with automatic image analysis

EM201-12 (Hesse-Instruments, Germany) was used for

study of the thermal stability of heat-treated samples. This

instrument enables to monitor the thermal stability of

powdered materials maximally until 1,600 �C into the

furnace, with the guarantee of 100 �C delay on the sample,

i.e. maximum 1,500 �C on the sample. The equipment has

been calibrated using pure metallic Sn or In. For mea-

surement of heat-treated samples, tablets in shape of cyl-

inders with a diameter of 3 mm and height of 6 mm were

prepared. Changes of sample0s areas were determined. The

conditions of this study were the following: the tempera-

ture rate—10 �C min-1; end temperature—1,600 �C into

the furnace, i.e. 1,500 �C on the sample. The sensitivity

conditions for taking a new image were area change—5 %;

shape factor change—5 %; corner angle change—10 %.

Particle size distribution

Particle size distribution was measured by a Mastersizer

2000/MU (Malvern Instruments, Ltd., GB). It is the highly

integrated laser measuring system (He–Ne laser,

k = 633 nm) for analysis of particle size distribution. The

equipment uses scattering of the incident light on particles.

The signal is evaluated on the basis of Mie theory or

Fraunhofer bending.

XRD analysis

The phase composition of the tested powdered samples was

studied by X-ray diffraction analysis using an equipment

diffractometer D8 Advance (Bruker, GB) in the range 2H
from 10 to 80�. Cu Ka1 (k = 0.15418 nm) radiation was

used for range 2H\ 35� and Cu Ka2 (k = 0.15405 nm)

for range 2H [ 35�. A scintillation detector was used. The

identification of individual phases was evaluated in

accordance of obtained diffraction patterns with the data

contained in the PDF cards [25].

Results and discussion

Results of the thermal analysis

For better evaluation and support of results from thermal ana-

lysis of tested the malayaite compound, the studies of thermal

analysis of raw materials were performed. The TG/DTA

analyses of the used starting raw materials were studied in the

temperature range of 30–1,200 �C.

Figure 1a depicts the well-known record of DTA curve

of precipitated CaCO3 (mass sample: 159.30 mg). The

small exothermic and the dominant endothermic effects

were detected on DTA curve. The first exothermic effect

with maximum 234 �C is connected with recrystallization

of particles of the precipitated CaCO3. The dominant

endothermic effect of this record with minimum 900 �C

agrees with decomposition of CaCO3 [26]. Total mass loss

recorded on TG curve, which is showed in Fig. 1b, is

43.3 % and it is caused by decomposition of CaCO3. The

second thermoanalytical record in Fig. 1a represents the

DTA curve for Co3O4 with mass sample 183.90 mg. On

DTA curve, only the one endothermic effect was detected.

This effect with minimum at 930 �C indicates reduction of

Co3O4 to CoO [27, 28]. Total mass loss recorded on TG

curve (Fig. 1b) is 5.8 % and it is related with reduction of

Co3O4 to CoO.

The following figures (Fig. 2a,b) show the records of

DTA and TG curves for next materials—natural micro-

milled SiO2 and SnO2. Figure 2a describes the DTA curve
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of natural micro-milled SiO2 (mass sample: 174.10 mg),

and in the temperature region 30–1,200 �C, the two

endothermic and the small one exothermic effects were

detected. The first one endothermic effect with minimum

570 �C indicates the reversible phase transition a-quartz to

b-quartz [29, 30]. The second endothermic effect with the

minimum 777 �C can be probably related with some

changes of impurities, which are presented into the natural

SiO2. The last one is the exothermic effect with maximum

1,047 �C and it is related with phase transition b-quartz to

b-cristobalite [30]. No mass loss was recorded on the TG

curve (Fig. 2b). Fig. 2a describes the DTA record for the

last one of the starting raw material-SnO2 with the mass

sample 183.60 mg; from this record, it is evident that in the

temperature region 30–1,200 �C, no effect on DTA curve

was detected. No mass loss was recorded on the TG curve

(Fig. 2b) in cause of SnO2 too.

The thermal analysis for study of the synthesis of Co-

doped malayaite pigment has been used. Figure 3 depicts

the thermoanalytical curves TG and DTA of reaction

mixture for synthesis of tested malayaite pigment (mass

sample: 252.00 mg),which were monitored in temperature

region 30–1,400 �C. From this picture, it is evident that

several exothermic and two endothermic effects were

detected. The first one is the exothermic effect with max-

imum 251 �C and it is connected with recrystallization of

precipitated CaCO3. The next effect, which has the endo-

thermic character with minimum 571 �C, is related with

reversible transformation of quartz from a- to b-form [29, 30].

Next, it is the endothermic effect with minimum at 880 �C

and it is connected with decomposition of CaCO3 in con-

formity with partial reduction of Co3O4 to CoO [26–28].

The exothermic effect with maximum 1,040 �C agrees with

next phase change of SiO2 [30]. The last two exothermic
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Fig. 1 a DTA curves of the

starting raw materials—a full

line precipitated CaCO3 (mass

sample: 159.30 mg); b dashed

line Co3O4 (mass sample:

183.90 mg); (conditions of

measurement: atmosphere—air,

the heating rate—10 �C min-1).

b TG curves of the starting raw

materials—a full line

precipitated CaCO3 (mass

sample: 159.30 mg); b dashed

line Co3O4 (mass sample:

183.90 mg); (conditions of

measurement: atmosphere—air,

the heating rate—10 �C min-1)
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Fig. 2 a DTA curves of the

starting raw materials—a full

line natural micro-milled SiO2

(mass sample: 174.10 mg); b

dashed line SnO2 (mass sample:

183.60 mg); (conditions of

measurement: atmosphere—air,

the heating rate—10 �C min-1).

b TG curves of the starting raw

materials—a full line natural

micro-milled SiO2 (mass

sample: 174.10 mg); b dashed

line SnO2 (mass sample:

183.60 mg); (conditions of

measurement: atmosphere—air,

the heating rate—10 �C min-1)
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rate—10 �C min-1)
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effects with maximum at 1,214 and 1,325 �C are connected

with the start (effect at 1,214 �C) and the finishing (effect

at 1,325 �C) of formation of malayaite pigment. Total mass

loss, which is showed on TG curve of this TG–DTA record,

is 14 % and it is caused by decomposition of CaCO3 and

the partial reduction of Co3O4 to CoO.

Results of the thermal stability

The heat-treated powders (prepared at temperatures

1,200–1,400 �C) pressed into tablets were studied by the

heating microscope. The temperature range was held from

laboratory temperature to 1,500 �C. The dependence of the

area changes of tablets on increasing temperature examined

for the heat-treated samples is showed in Fig. 4. From

thermal stability point of view, especially pigment prepared

at higher temperatures gives good results. The lowest ther-

mal stability was observed for the pigment prepared at

1,200 �C. The decrease of area was started about 1,270 �C

and had the fastest character. The change of area for this

heat-treated sample was the greatest —25.6 %. The result

was probably affected by the phase composition of this

sample, i.e. by the occurrence of unreacted components. The

degradation of the pigment prepared at 1,250 �C started at

almost the same temperature as in previous case (1,275 �C),

but ran more slowly. This result was probably affected by the

presence of certain mass of incorporated CaSnO3. The

sample0s area dropped about 18.7 %. The results for the heat-

treated samples prepared at temperatures 1,300–1,350 �C

are similar to each other. The decreases of area of the sam-

ples prepared at 1,300 and 1,350 �C dropped about 13.8 or

10 % and they were started at almost the same tempera-

ture—1,236 and 1,245 �C. The slowest degradation of the

pigment was recorded for pigment prepared at 1,400 �C and

it was started about at 1,300 �C. The decrease of area was

8.5 %. Because the malayaite pigments belong to the group

of ceramic pigments, the thermal stability is one of the most

important characteristics, especially in the temperature area

of glazing (our cause—1,050 �C). It is possible to pronounce

the opinion that the changes in samples area into temperature

1,200 �C are a maximally 3 %. Therefore, pigments pre-

pared at 1,300–1,400 �C have very well the thermal stability.

XRD characterisation

The XRD patterns in Fig. 5 depict an impact of firing

temperature on the phase composition of Co-doped ma-

layaite compounds. From this figure, it is evident that

synthesis of Co-doped pigments at the all tested firing

temperatures did not bring the formation on a single-

phase malayaite system. The XRD pattern for the lowest

used temperature (1,200 �C) contains the diffraction lines

of malayaite as a major phase and calcium stannate,

cassiterite, cristobalite and wollastonite phases as unre-

acted or additional components as minor compounds and

it is evident that this temperature is not sufficient for good

production of the malayaite compound. The increasing

heating temperature 1,250 �C produces the three-phase

product having compositions the malayaite, calcium

stannate and cassiterite, i.e. this temperature 1,250 �C is

still not sufficient for preparation of products with good

pigmentary properties. But similar results were obtained

during the firing temperatures during 1,300–1,400 �C. For

these XRD patterns, the diffractive lines for the two-phase

compounds were indicated. The malayaite and the cas-

siterite structure were identified. Contribution published

by Piña [23], concerning by preparation of Co-doped

malayaite pigment, on the occurrence of cassiterite phase
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Fig. 4 Comparison of thermal

stability of heat-treated Co-

doped malayaite pigment

samples of prepared at different

temperatures (1,200–1,400 �C)
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in Co-doped malayaite compound points out too. There-

fore, it is possible to suppose than cobalt is incorporated

in malayaite structure in our case too. But for good react

of used starting raw materials by solid-state reaction,

temperature minimally 1,300 �C is necessary. From pig-

mentary point of view, it is not necessary to prepare

pigment with single-phase composition, but the most

important are the conditions of synthesis, which have to

be appropriate for the industrial utilization. Therefore, the

method of synthesis of tested malayaite compounds was

not improved, and pigmentary-application properties of

the samples were also measured. The identified phase

composition, an adequate structure and JPDF numbers are

summarized in Table 1.

Results of particle size distribution

All prepared pigments were subjected to measurement of

particle size distribution in dependence on heating tem-

perature. The most important value, which characterizes

particle size, is the value d50. From Table 2, it is evident

that with the increase of firing temperature, the main par-

ticle size grows too. A pigment prepared by the calcination

of reaction mixture at 1,200 �C has value of particles about

7.00 lm. The temperature increase by 50 or 100 �C caused

a gradual augmentation in the mean particle size about 1.6

or 3 lm. The similar results were obtained for firing tem-

peratures 1,350 and 1,400 �C, and the values of particles

mean were about 13.3 lm. So, the results of particles size

analysis showed that hand grinding of the samples in the

agate mortar after the firing process was sufficient for the

potential incorporation of the pigments into an organic

matrix or ceramic glaze. For these applications, the value

of mean particle size should not exceed 15 lm.
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Fig. 5 XRD patterns of Co-

doped malayaite pigment

samples prepared at

1,200–1,400 �C

Table 1 The impact of firing temperature on phase composition of

studied Co-doped malayaite pigment

Firing temperature Phase composition/structure JPDF number

1,200 �C CaSn(SiO4)O/monoclinic 04-011-7447

CaSnO3/orthorhombic 04-014-3041

SnO2/tetragonal 00-041-1445

SiO2/tetragonal 04-012-1126

CaSiO3/triclinic 04-011-2265

1,250 �C CaSn(SiO4)O/monoclinic 04-011-7447

CaSnO3/orthorhombic 04-014-3041

SnO2/tetragonal 00-041-1445

1,300 �C CaSn(SiO4)O/monoclinic 04-011-7447

SnO2/tetragonal 00-041-1445

1,350 �C CaSn(SiO4)O/monoclinic 04-011-7447

SnO2/tetragonal 00-041-1445

1,400 �C CaSn(SiO4)O/monoclinic 04-011-7447

SnO2/tetragonal 00-041-1445
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The colour properties

The great attention of this work was devoted on study of

the effect of firing temperature on colour properties of

tested Co-doped malayaite pigments. Although the results

from XRD analysis for sample prepared at 1,200 �C

showed the occurrence of unreacted or additional compo-

nents as minor compounds, this calcining temperature

(1,200 �C) in the study of the impact of the firing tem-

perature on the colour properties was included. The results

from DTA-TG analysis were also the reason of this deci-

sion, because these results detected that the beginning of

formation of Co-doped pigment at the temperature

1,214 �C probably was. The colour properties of pigments

without application (in powder form) and after application

in the organic matrix in mass tone and transparent glaze

P 07410 in mass ratio 5–25 % were studied.

The colour appearance of powder pigments is blue, and

the blue shades were in dependence on the firing tempera-

ture. The colour properties of samples without application

(in powdered form) and samples applied into organic matrix

together with the values of mean particle size are summa-

rized in Table 2. The obtained results of both studied sam-

ples showed that temperature increase affected the values of

lightness (L*), but not significantly. They are moved from 56

to 64 for powders and from 52 to 69 for the samples applied

into organic matrix. The shift of colour of powder pigments

from pale blue to bright blue is caused by increasing tem-

perature from 1,200 to 1,400 �C. This is clearly visible from

the values of colour coordinates b*, because the coordinates

b* have the decreasing character with the increasing firing

temperature. The highest value of b* coordinate was

-16.57, and it was assigned to temperature 1,400 �C. The

hue angle is closely connected with the colour coordinate b*

in this case. The values of H� moved from 181.59 to 275.52

for powders and from 181.65 to 279.85 for the samples

applied into organic matrix, and they indicated the shift of

colour from the blue to the very near field of the violet. The

values of colour coordinate a* had very slowly upward trend

with growing firing temperature. Therefore, the impact of

heating temperature is insignificant in this case. The values

of saturation (C) calculated for powdered pigments lie in

range from 5.77 to 16.63. The pigment prepared at 1,400 �C

is characterized by the highest saturation (C). Very similar

results were obtained for pigment samples which were

applied into the organic binder in mass tone including

individual evaluated trends. The highest value of coordinate

b* was -46.18 and it was assigned to temperature 1,400 �C

too. For temperature 1,400 �C, it was calculated the biggest

value of saturation (C) too. The shifts to the higher values of

a* and the lower values of b* in comparison with the colour

coordinates for powdered pigments were caused by the

presence of used organic binder.

The second studied binding system was transparent

glaze P 07410 with the glazing temperature 1,050 �C.

Because the tested malayaites can belong into group of the

high temperature ceramic pigments, the transparent glaze

with the middle-temperature of glazing for study of colour

properties was selected. From reason recommendation of

appropriate mass of pigment, the impact of used mass of

pigment on the colour properties was investigated too.

The surface of studied tiles was without visible crack and

bubbles. The colour appearances of tiles with applied tested

malayaites moved in different interesting pastel shades of

blue colour in dependence of firing temperature and used

mass of pigment. The colour properties of compounds

applied into glaze P 07410 are in Table 3. The obtained

results showed that temperature increase not significantly

affected the value of lightness (L*). The decrease of L*

values with the growing temperatures was very small. This

value (L*) was visibly affected by the mass of used pigment.

For the higher values of mass of pigments, the decreasing of

the L* values were obtained. The shift of colour of the

pigments applied into glaze from pastel pale blue to blue was

caused by augmentation the temperature and pigment mass

too. It is again clearly visible from the values of colour

coordinates b*. The smallest changes of b* values for 5 %

pigment mass were detected, but the next addition of pig-

ment mass on 10 % brings significant decrease of b* values.

Although following the growing of mass of pigment samples

cause the decrease of coordinates b*, it is this the decrease

insignificant. These changes are very small and gradual.

Table 2 The effect of the firing temperature on the mean particle size and the colour properties of the powdered malayaites and the samples

applied into the organic matrix in mass tone

T/�C d50/lm Powder pigments Application in organic matrix

L* a* b* C H� L* a* b* C H�

1,200 7.00 64.80 -0.16 -5.77 5.77 181.59 69.33 -0.56 -19.46 19.47 181.65

1,250 8.62 62.37 -0.13 -5.87 5.87 181.27 64.20 -0.01 -19.61 19.61 180.03

1,300 10.05 58.91 0.27 -13.82 13.82 271.12 48.48 6.36 -38.96 39.48 279.27

1,350 13.34 55.41 1.60 -16.55 16.63 275.52 58.44 5.05 -43.67 43.96 276.60

1,400 13.39 56.87 1.33 -16.57 16.62 274.59 52.57 8.02 -46.18 46.87 279.85
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From Table 3, it is evident that the changes in the values of

hue angels are very small, and they are similar to each other.

The values of H� moved in the narrow range, i.e. from

276.85 to 285.47, and it is shifted from the blue to the violet

colour space. The gradual increasing changes in the values

of a* coordinates in dependence on the augmentation firing

temperature and pigment mass were registered. The highest

saturation C was calculated for temperature 1,400 �C and

the pigment mass 25 % (28.19). But it is evident that the

changes of saturation values for mass of pigments 15–25 %

in dependence on the firing temperature are very similar.

Therefore, from technological and industrial point of view

(low operating and material costs), it is possible to state that

15 % of pigment mass is suitable and adequate the mass for

colouring of middle-temperature transparent glaze P 07410.

The results of both colour characteristics (C and H�) deter-

mined for individual mass of pigments in dependence on

firing temperature suggest about stable behaviour of Co-

doped malayaite in molten glaze. For preparation of Co-

doped malayaite pigments with the excellent colour prop-

erties, the firing temperature 1,350 �C is necessary.

Conclusions

The results of this contribution can be summarized in the

following pronouncement. The main aim of this study was

to synthesize Co-doped malayaite pigments. The pigments

were prepared using classical ceramic method, i.e. solid-

state reaction. The calcining procedure was performed at

1,200–1,400 �C/4 h. First, all the methods of thermal

analyses were used for determination of the optimal tem-

perature of pigment formation and for assessment of the

thermal stability of prepared heat-treated compounds. It

was showed that the formation of Co-doped pigments with

malayaite structure starts at 1,214 �C and finishes at

1,325 �C. The Co-doped malayaite pigments prepared at

different firing temperature are the thermal stable, namely

the samples prepared at 1,300–1,400 �C. The X-ray ana-

lysis informed that single-phase malayaite system did not

succeed to prepare. For good react of initial mixture, the

temperature 1,300 �C is necessary. In XRD patterns, for

heat-treated samples prepared at 1,300–1,400 �C, the dif-

fractive lines of the malayaite as the major and the

Table 3 The effect of the firing temperature and the different mass pigments on the colour properties of the pigment samples applied into the

middle-temperature transparent glaze P 07410

Glaze P07410/

pigment mass

The colour

characteristics

Firing temperature/�C

1,200 1,250 1,300 1,350 1,400

5 % L* 68.27 69.04 66.63 70.14 66.51

a* 1.68 1.33 1.82 1.19 2.04

b* -13.76 -11.07 -12.82 -7.89 -13.04

C 13.86 11.15 12.95 7.98 13.20

H� 276.96 276.85 278.08 278.58 278.89

10 % L* 62.40 62.42 59.50 58.57 59.97

a* 3.96 3.42 4.05 4.60 4.01

b* -20.87 -19.64 -20.84 -22.02 -20.34

C 21.24 19.94 21.23 22.50 20.73

H� 280.74 279.88 281.00 281.81 281.15

15 % L* 61.87 60.63 57.25 55.36 56.55

a* 4.44 4.00 5.41 6.35 6.12

b* -21.89 -20.99 -23.97 -25.37 -25.19

C 22.34 21.37 24.57 26.15 25.92

H� 281.47 280.79 282.72 284.05 283.66

20 % L* 61.16 58.34 55.43 53.46 55.51

a* 4.77 5.02 6.29 7.21 6.55

b* -22.47 -22.91 -25.15 -26.52 -25.85

C 22.97 23.45 25.93 27.48 26.67

H� 281.99 282.36 284.04 285.21 284.22

25 % L* 60.49 56.45 55.32 53.54 53.38

a* 5.08 5.67 6.46 7.30 7.52

b* -23.04 -23.98 -25.61 -26.56 -27.17

C 23.59 24.64 26.41 27.55 28.19

H� 282.43 283.30 284.16 285.37 285.47
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cassiterite as minor phase were identified. Mean particle

size moved in range 7.00–13.39 lm in dependence on

firing temperature (increasing character with increasing

temperature), and this particle size is sufficient for the

potential incorporation of the pigments into the organic

matrix and ceramic glaze. The great attention was devoted

on measuring of pigment-application properties. The col-

our appearance of powder pigments is blue, and the blue

shade on the firing temperature is dependent. Generally, the

higher firing temperature allowed formation of pigments

with the higher saturation (C) and the higher values oh hue

angles (H�). For colouring of the middle-temperature

P 07410, it is possible to recommend 15 % of pigment

mass, and for preparation pigment compounds with

excellent the colour properties minimally 1,350 �C is

necessary.
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