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Abstract
The effect of the conditions applied for the synthesis of cobalt aluminate powder on the thermal behaviour of a

typical transparent frit was investigated. The nano-sized cobalt aluminate spinels were prepared with the combustion
method. The powders were synthesized at a pH of 2.5, 7.0, 10.5 and a fuel ratio of 0.56 and 0.75 using cobalt and
aluminium nitrates and glycine as fuel. The obtained gels were calcined at 800 and 1000 °C. 2 wt% calcined powders
were added to an industrial transparent frit and the thermal behaviour of the modified glazes was studied by means of
hot stage microscopy (HSM). The thermal properties are described in terms of height percentage and contact angle. All
samples began to shrink close to 700 °C and reached a minimum value at around 1330 °C. The synthesis of powder at
acidic and neutral pH with a low content of fuel led to a significant change in the height percentage and an expansion
was observed between 940 and 1040 °C. The HSM data were analyzed with the Vogel-Fulcher-Tamman equation and
the influence of the synthesis conditions on the molten viscosity was evaluated. The results indicated that the synthesis
of cobalt aluminate gel at neutral pH in the presence of a low fuel ratio and calcination at 1000 °C provides the best
conditions from an industrial point of view.
Keywords: Cobalt aluminate, glaze; melting, hot stage microscopy, viscosity

I. Introduction
Cobalt aluminate powder is widely used in the ceram-

ic, glass, paint and enamel industries as well as in colour
television tubes as a contrast-enhancing luminescent pig-
ment to produce Thenard’s blue 1, 2. This material is
preferred for use in ceramic glazes because of the at-
tractive colour produced when it is prepared in nano-
size 3, 4. The properties of cobalt aluminate spinel depend
on the mineralogy and particle size distribution of the
powder, which determine the quality of the final prod-
uct.

The theoretical formula for spinels is generally
A2+B2

3+O4 in which the crystalline structure is clas-
sified as cubic, the anions being arranged in a cubic
close-packed lattice. In addition, the A and B cations
occupy some or all of the octahedral and tetrahedral
sites in the lattice 5. There are two ideal structures: the
normal spinel structure which is usually identified by
cubic close-packed oxides with one octahedral and two
tetrahedral sites for each oxide anion. The tetrahedral
interstices are smaller than the octahedrals therefore; the
B3+ ions occupy half of the octahedral holes whereas
A2+ ions occupy 1/8th of the tetrahedral holes because
of a charge factor. The lattice energy is maximized when
the diameter of ions is similar 6, 7. On the other hand,
the inverse spinel structure is slightlydifferent owing to
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the presence of transition metals in the crystal field. If
the A2+ ions have a strong preference for the octahedral
sites, they displace half of the B3+ ions from the octa-
hedral sites to the tetrahedral ones. If the B3+ ions have
low or zero octahedral site stabilization energy, then
they have no preference and adopt the tetrahedral site 1.

One of the most frequently used spinels with regard
to the cobalt aluminate system is CoIICoIII

xAl2-xO4 in
which the x value is between zero and two. The chem-
ical analysis of cobalt aluminate spinels is more like
Co3O4,Co2AlO4 and CoAl2O4

8, 9. The coordination
of Co2+is one of the most important factors affecting the
colorant performance of cobalt pigment 10, 11. Control
of its composition is therefore necessary to ensure reli-
able performance in industrial applications. On the other
hand, the glaze composition, containing frit and pigment
should provide sufficient melting properties to support
the hot rheological characteristics and suitable surface
tension during firing with the substrate. Regardless of the
above properties, cobalt aluminate powder should exhibit
the normal thermal behaviour in order to achieve suitable
properties.

The most commonly applied process for the commer-
cial production of CoAl2O4 with effective colorant be-
haviour on industrial scale is based on a solid-state reac-
tion in which the oxides are mechanically ground at high
calcination temperatures of about 1300 °C for a long time.
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Although this process is relatively inexpensive, the prod-
uct may not be of acceptable quality. The inferior quali-
ty can be attributed to a lack of homogeneity, with rela-
tively large and uneven grains as a result of a poor control
of stoichiometry 11, 12. Recently spinels have been synthe-
sized using several wet-chemical techniques such as sol-
gel 13 – 15, emulsion precipitation 16, hydrothermal crys-
tallization 12, 17 and co-precipitation 18, 19. Regardless of
the available solution chemistry routes, the combustion
technique is an inexpensive method permitting the prepa-
ration of high-purity, nano-sized crystalline powders at
lower calcination temperatures in a significantly shorter
time 20 – 22.

Synthesis of cobalt aluminate powder by means of the
combustion method is an important application step. The
solution is prepared in an intermittently or continuous-
ly stirred tank at room temperature. To obtain favourable
properties of cobalt aluminate powder in glazes, it is neces-
sary to study the effect of the powder synthesis conditions
on the melting behaviour of glaze. Consequently, there is
great interest in studying the effect of the solution pH, fu-
el ratio and powder calcination temperature on the melt-
ing behaviour of glaze based on the determination of the
hot viscosity and surface tension. In this way, it is possible
to determine the optimal conditions to ensure acceptable
thermal behaviour following the addition of the pigment
into the glaze.

Hot stage microscopy provides useful data for character-
izing the melting behaviour of glaze 23 – 25. It enables mon-
itoring of the thermal behaviour of glaze from the sintering
to the melting stages. The application of this technique to
study the sintering of different ceramic substrates has been
reported by a number of researchers 26 – 28. Hot stage mi-
croscopy enables assessment of the shrinkage of glaze or
ceramic body. The compact sample was made from pow-
der with the uniaxial compaction technique.

Hot stage microscopy is a standard, well-known device
in the ceramic and glaze fields. Traditionally, the instru-
ment has been mainly applied to assess thermal behaviour,
particularly to determine the softening and melting tem-
peratures of glazes, ceramics and other silicate materials 29.
The cylindrical powder samples are obtained by pressing
in a die at room temperature, usually without the addition
of any binder 28. For non-isothermal experiments, the fur-
nace of the microscope is heated to the maximum temper-
ature usually at a constant heating rate. The samples are
placed on a small ceramic plate with the longitudinal ax-
is coinciding with the vertical direction. By measuring the
changes in length and diameter of the samples during the
sintering process, either by taking photographs of the sam-
ple at pre-defined time intervals during the sintering pro-
cess or by video recording the whole experiment, it is pos-
sible to ascertain the axial and radial shrinkage. The height
and diameter of the photographed or video-recorded sam-
ple images can be measured with a relative error < 1 % on
suitable enlargement.

At high temperatures glaze behaves as a fluid and its vis-
cosity falls with increasing temperature. In the tempera-
ture rangebetweenthevitreous transition temperatureand
the melting point, glaze behaves visco-elastically. In oth-

er words, a certain amount of time is needed for viscous
flow to ensue, but if it is subjected to a short and intense
stress, the glaze reacts elastically. When the temperature
is increased, the glaze reaches the vitreous transition tem-
perature, Tg, in which the viscosity is about 1012 Pa⋅s. A
further increase in the temperature causes the viscosity to
fall progressively down to 103 – 104 Pa⋅s, when the melting
point is reached 23. The variation in viscosity over the tem-
perature range applied in industrial processes is therefore
extremely wide, more than ten orders of magnitude.

Vogel-Fulcher-Tamman developed a model to estimate
the viscosity of molten glass as a function of temperature.
They predicted the hot viscosity based on three constant
parameters according to the following equation:

logη = A +
B

T - T0
(1)

where A, B and T0 are the constant parameters of equation.
T0 is an empirical constant which is used to linearize the
viscosity curve. This parameter defines the degree of asso-
ciation of the ceramic structure and depends on the type
of glaze and viscosity range. Moreover, the model param-
eter, A, is related to the theoretical viscosity of complete-
ly free particles. It means that no activation energy is re-
quired for mobility of particles into viscous flow and it is
possible to obtain this theoretical viscosity at an infinitely
high temperature. Parameter T0 is related to changes that
occur in matrix of glaze. This parameter is very important
since the value of T0 determines the association of the sili-
cate structure. B essentially influences the prediction cor-
relations because of appearing in power. If B equals zero,
the viscosity is temperature-independent. To calculate the
three unknown constants A, B and T0, it is necessary to
input the three reference temperatures into the VFT equa-
tion. A reference valve of 1012 Pa⋅s is widely accepted for
viscosity at Tg for all types of glasses. Also, the value of
viscosity at half sphere shape has been selected as anoth-
er reference temperature. T1/2 is the temperature in which
a sample forms a half sphere shape during HSM analy-
sis 30, 31. This temperature is obtained when the height of
the sample is half of width corresponding to the contact
angle 90 °. Scholze studied the viscosity of nine types of
pressed powder samples at T1/2 and reported the average
value of 103.55 Pa⋅s 30. The measured viscosity at T1/2 tem-
perature provided some important information and it is
easily distinguishable during HSM measurement. The vis-
cosity of multi-oxide silicate and frits at sintering tempera-
ture, Ts, was determined by several investigators. The ob-
tained results showed the value of 109.25 Pa⋅s 23, 30, 31. The
constant parameters of Eq. (1) can be easily calculated by
substituting the value of viscosity at corresponding tem-
peratures and the results are summarized as the following
equations:

T0 =
12Tg - 3.55T1/2

+
(
9.25Ts - 12Tg

) T1/2
- Tg

Ts - Tg

8.45 - 2.75
T1/2

- Tg

Ts - Tg

(2)

A =
9.25Ts - 12Tg + 2.75T0

Ts - Tg
(3)

B =
(
Tg - T0

)
(12 - A) (4)
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Extensive literature is available on the synthesis of cobalt
aluminate powder, which can be useful to understand the
structural changes in the powder properties. Unfortunate-
ly, information on the effect of the conditions for the syn-
thesis of cobalt aluminate on the thermal behaviour of
glaze does not exist for estimating hot viscosity and sur-
face tension to achieve optimum conditions. The aim of
this study is to quantify the viscosity changes as a func-
tion of the powder synthesis conditions. The laboratory
investigation was conducted to determine the shrinkage as
a function of temperature for a typical transparent frit and
the glazes modified with 2.0 wt% synthesized pigment by
means of hot stage microscopy. This paper reports on the
findings of this study on hot viscosity and surface tension,
which were conducted based on pH, fuel ratio and calci-
nation temperature.

II. Materials and Methods

(1) Sample preparation
The experiments were conducted by dissolving two

materials in de-ionized water at room temperature.
The solutions were prepared with the addition of
Co(NO3)2·6H2O, Al(NO3)3·9H2O (both from Merck,
99 % minimum) and glycine as a fuel. The molar ratio of
Co/Al was 1:2. Two appropriate amounts of glycine were
added to adjust the Gl/NO3molar ratio to 0.56 and 0.75.
Subsequently, ammonia was added to control the pH level
at around 7 and the final pH of the solution was adjusted
to 2.5, 7, and 10.5 by adding the required amount of either
HNO3 or liquid ammonia. Precursor solutions with a pH
of 2.5 were completely homogeneous but precipitations
were observed in solutions prepared with a pH of 7 and
10.5. The temperatures of the solutions were maintained
at 298 K.

In order to obtain a viscous gel, the mixed solution was
heated on a hot plate kept at a steady temperature of
110 °C. The viscous precursor materials were then heat-
ed rapidly in a pre-heated furnace kept at 500 °C. During
smouldering combustion, which lasted longer than 7 min,
the material underwent foaming followed by decomposi-
tion, generating a large volume of gases. The voluminous
and foamy combustion ashes obtained were easily crushed
to produce the powders. The crushed powders were fur-
ther calcined at 800 and 1000 °C for 1 h to study their ther-
mal behaviour. The powders calcined at 800 and 1000 °C
produced dark and bright blue colours respectively.

(2) Sample characterization
The experiments were conducted on small scale. For this

purpose, a typical transparent frit was used. The chemical
analysis of the frit, expressed in mass percent, was deter-
mined as a follows: SiO2: 61.95, Al2O3: 11.80, Na2O: 0.93,
K2O: 1.03, CaO: 12.40, MgO: 10.40, Fe2O3: 0.30, TiO2:
0.46 and SnO2: 0.70. To evaluate the effect of the synthesis
conditions of the cobalt spinel on the melting behaviour of
the frit, 2.0 wt% calcined pigments were replaced with the
same amount of frit. All samples were prepared by dispers-
ing the materials in acetone followed by milling to obtain
homogenous powders. Test specimens in the shape of bars

(3 mm height × 2 mm diameter) were prepared by means of
uniaxial pressing.

The HSM tests were performed on the specimens at a
constant heating rate of 50 °C/min. The HSM instrument
used (Misura ODHT-HSM, Expert Systems Srl, Mod-
ena, Italy) consists of three principal units mounted on
a 1.5-m-long optical bench. A halogen lamp as the light
source, an electronic furnace and a carriage for the spec-
imen were used in the equipment. The system was also
equipped with a microscope for observation of the shape
changes. Other data collected using HSM are the percent
of specimen height and contact angle curves. The percent
of initial height plots indicate the balance of three forces
acting on the glaze, i.e. gravity, viscous and tension forces.
The contact angle plots relate to the interfacial tension be-
tween the molten glaze and substrate. To further investi-
gate the effect of subsequent pigment synthesis conditions
on the melting behaviour of the frit used, the HSM tests
were performed on the specimens containing the pigments
calcined at 800 and 1000 °C respectively and the results
compared with the thermal characteristics of the frit. The
HSM experiments were repeated twice for the frit and pre-
pared glazes to substantiate the repetition of experimental
data. The maximum difference observed in the percent of
initial height plots was 5 °C.

Simultaneous differential thermal analysis (DTA-TG,
Model 409, Netzsch, Germany) of the gel was conducted
with a heating rate of 10 °C/min.

The nature of the chemical functional groups of the syn-
thesized powder was determined by means of Raman
spectroscopy (Horiba Jobin-Yvon, Longjumeau, France).
The Raman spectra were recorded using the excitation
wavelength (632.81 nm) provided by helium and neon.
The laser power was set to 20 mW.

The morphology of the calcined particles was analyzed
by means of transmission electron microscopy (TEM,
JEM 2010, JEOL, Tokyo, Japan). For this purpose, the
specimens were prepared by dispersing the powders
in distilled water and then placing a drop of suspen-
sion on a copper grid with a transparent polymer fol-
lowed by drying in laboratory oven. Approximately, 100
crystals were considered in the evaluation of the crystal
size.

III. Results and Discussion
The initial height percent of the glazes containing the

pigments prepared at different pH and calcined at 800 °C
are plotted in Fig. 1. The glazes have been studied non-
isothermally from 70 to 1330 °C. The results presented in
Fig. 1(a) show the height of glazes prepared with the fu-
el ratio of 0.56. Sintering of the frit used begins at 720 °C.
The nature of the curve is similar to that published in
the literature on glazes 23, 24. In the non-isotherm curve
no significant shrinkage was measured at the tempera-
ture less than 720 °C. The decrease in height begins at
720 °C, corresponding to the sintering temperature of the
frit. In the initial stage, the areas of contact between ad-
jacent particles form and grow. In the intermediate stage,
growing necks merge and the large number of small parti-
cles is replaced by a smaller number of large particles. In
the final stage of sintering, the pore spaces become bro-
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ken up with isolated closed pores and shrinkage is ob-
served as densification proceeds. At 892 °C, the soften-
ing temperature, the specimen height does not change
any more. In this case, the final shrinkage is about 20 %.
The softening temperature measured using the heating mi-
croscope represents the temperature at which the liquid
phase prevails over the solid phase and at this tempera-
ture the specimen becomes completely impermeable to the
passage of gas formation on the surface of the specimen.
For the temperatures above 990 °C, the height of sam-
ple decreases exponentially with temperature as shown in
Fig. 1(a). It should be noted that the shape of sample was
changed to a sphere at 1080 °C. Above 1080 °C signifi-
cant height reduction is observed. When the temperature
reaches 1162 °C, the sample appears like a half sphere. Be-
tween 1162 °C and 1242 °C, the frit begins to melt and fi-
nally coats the substrate at 1242 °C. The variation in sam-
ple shapes of frit is illustrated in Fig. 2 as a function of tem-
perature.

The effect of the synthesis pH on the thermal behaviour
of glaze containing 2.0 wt% pigment is also presented in
Fig. 1(a). It is obvious that the sample height undergoes
different changes than those observed in the frit used.
From the curves for compositions prepared at different
pH, it can be seen that the shrinkage rate decreases to a
minimum with an addition of cobalt aluminate powder.
The change in pH negligibly decreases the sintering rate.
When shrinkage reaches 20 % at about 900 °C, the height
variation is affected by the pH. The height is observed to
increase until a maximum value when powder is synthe-
sized at a pH of 7 and 10.5. From 1000 °C and 1040 °C on-
ward, the expansion rate gradually decreases and melting
starts at 1050 °C and 1070 °C corresponding to a pH of 7
and 10.5. From these temperatures the height decreases in
an exponential form with temperature. The value of crit-
ical temperatures, such as the glass transmission temper-
ature determined with an optical dilatometer, Tg, the sin-
tering temperature evaluated by thermal microscopy, Ts,
the temperature at which sphere shape is obtained, Tsp, the
temperature in which half of sphere is formed, T1/2 and
melting point, Tm, are summarized in Table 1 as a func-
tion of the pH. It is clearly observed that the value of Tg
remains approximately constant for modified glazes. Also
Ts does not substantially change with the pH whilst T1/2
and Tm increase considerably compared to those for the
frit. Although, for the synthesis of cobalt aluminate pow-
der in acidic environment, a pH of 2.5 favours the ther-
mal behaviour, obtaining a normal variation from sinter-

ing point to melting temperature, the precursor prepared
at a pH of 2.5 presents a flaming combustion type. In con-
trast precursors prepared at a pH of 7 and 10.5 exhibit
smouldering combustion type. Therefore, from an indus-
trial point of view the preparation of powder in an acidic
environment is not suitable for the synthesis of cobalt alu-
minate powder.

Fig. 1: The initial height percentage of glazes containing the powders
prepared at different pH, calcined at 800 °C and a fuel ratio of (a)
0.56, (b) 0.75.

Fig. 2: The sample shapes of frit as a function of temperature.
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Table 1: The critical temperatures of the frit and modified compositions used as a function of the synthesis conditions and
calcination temperature

Fuel ratio Calcination temperature (°C) pH Critical temperatures (°C)
Tg Ts Tsp T1/2 Tm

Frit 698 726 1086 1162 1242
0.56 800 2.5 700 726 1100 1260 1328

800 7.0 700 732 1152 1258 1328
800 10.5 700 736 1084 1246 1314

0.75 800 2.5 700 732 1108 1244 1310
800 7.0 732 752 1094 1248 1320
800 10.5 706 722 1090 1230 1304

0.56 1000 2.5 694 716 1088 1256 1328
1000 7.0 710 734 1148 1246 1322
1000 10.5 716 738 1162 1256 1328

0.75 1000 2.5 704 724 1100 1200 1250
1000 7.0 708 726 1090 1246 1324
1000 10.5 704 728 1072 1240 1316

The cobalt aluminate powders were prepared with a fu-
el ratio of 0.75 at different pH and the obtained powders
were calcined at 800 °C. The modified glazes were pre-
pared with addition of 2.0 wt% calcined powder to the frit
and the HSM plots shown in Fig. 1(b) refer to the thermal
behaviour of the above-mentioned glazes. All the curves
are identical in nature and are characterized by exponential
behaviour in sintering and melting regions. This type of
behaviour is generally observed in the thermal behaviour
of glazes. The results obtained show that the melting tem-
perature increases with addition of the synthesized pow-
ders. The composition containing the powder prepared
in an acidic environment undergoes rapid expansion be-
tween 970 and 1040 °C. First, the decrease in height is a re-
sult of the softening of the glaze. As the thermal process
progresses, expansion is observed in the sample. Finally,
because of the melting of glaze, the height of the sample
falls exponentially, leading to the covering of the substrate.
It is obvious that the rate of variation decreases as the pH
of the synthesis environment rises. The expansion may be
related to spinel transformation, which can be observed at
800 °C.

To study the effect of the calcination temperature of the
pigment synthesis on the thermal behaviour of modified
glazes, the prepared powders were calcined at 1000 °C and
the HSM plots of glazes are shown in Fig. 3. The plots
describe the starting stage of neck formation as stages of
the sintering process. At higher temperatures, densifica-
tion occurs and shrinkage increases. All the phenomena
previously described take place in all studied cases. In sol-
id-state sintering, it is evident that linear shrinkage values
do not increase after a certain temperature. It is useful to
compare, on the same temperature scale, the HSM plots
to determine which composition may affect thermal be-
haviour. In an analysis of the plots obtained, two prima-

Fig. 3: The initial height percent of glazes containing the pow-
ders prepared at different pH, calcined at 1000 °C and a fuel ra-
tio of (a) 0.56, (b) 0.75.
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ry behaviours are exhibited. The first behaviour describes
those cases where the temperature at the end of the final
sintering stage remains approximately constant. The glaze
powder that presents such behaviour sinters before the
melting process begins. The second behaviour describes
those cases where the melting temperature increases with
addition of the powders. In the studied cases with the pH
and fuel ratio of the synthesis conditions, the expansion
behaviour seen in Fig. 1 is not observed. All the composi-
tions studied in this work that present the normal thermal
behaviour can be considered for the production of cobalt
aluminate powder but the selection of a simple method for
pigment synthesis is of great importance in the manufac-
turing process. According to the data in Table 1, no signif-
icant changes were observed in Tg and Ts with a change in
the synthesis conditions. In fact, below 900 °C no signifi-
cant change occurred in shrinkage. The melting tempera-
ture is approximately constant for the modified glazes and
near to1320 °C with an exception in the composition con-
taining the powder prepared at a pH of 2.5 and a fuel ratio
of 0.75.

Fig. 4: The contact angle of glazes containing the powders prepared
at different pH, calcined at 800 °C and fuel ratio of (a) 0.56, (b) 0.75.

The good approximation in determination of the opti-
mum synthesis conditions can also be related to surface
tension. In order to better understand the influence of the
synthesis conditions on thermal behaviour, the contact an-
gle was evaluated as a function of temperature. By com-
paring contact angle curves, Figs. 4 and 5, it was possible
to illustrate how the conditions in the synthesis of cobalt
aluminate powder influence the behaviour of glaze. As a
general rule, the synthesized powders notably decrease the
minimum contact angle. The cobalt aluminate powders
usually increase surface tension at around 1080 °C. With
rising temperature up to melting temperature, the con-
tact angle increases and reaches 120 ° for frit and modified
glazes. When cobalt aluminate powders are introduced in-
to the glaze matrix, they can notably modify the glaze net-
work near the temperature in which the spherical shape is
obtained.

Fig. 5: The contact angle of glazes containing the powders prepared
at different pH, calcined at 1000 °C and fuel ratio of (a) 0.56, (b) 0.75.
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All samples were analyzed with the help of the VFT mod-
el to determine the viscosity as a function of temperature
for the investigated frit and modified compositions. The
effect of the pH on the viscosity of melted glaze is shown in
Fig. 6 for samples calcined at 800 °C. The viscosity increas-
es as the pH of the synthesis environment rises. Fig. 6 also
shows the effect of the fuel ratio on hot viscosity. As the
fuel ratio was increased, a considerable decrease was ob-
served in viscosity. It might be of importance to note that
when the fuel ratio was increased, the inverse behaviour
was detected compared to Fig. 6(a).

It is worth noting that the viscosity varies with the calci-
nation temperature of cobalt aluminate powder as shown
in Fig. 7. The plots show that the fuel ratio has no pro-
nounced effect on the viscosity when synthesis was per-
formed at a pH of 10.5. Also, significant changes are ob-
servable in the viscosity of molten glazes prepared with
addition of powders synthesized at a pH of 2.5 and 7.0.
Therefore, the pH was found to be an important factor af-
fecting the viscosity of melted glaze in these conditions.

The constant parameters of the VFT equation were de-
termined based on Tg, Ts and T1/2. The results obtained
are compared in Table 2. The parameters of the VFT equa-
tion were used to choose the best synthesis conditions. For
the VFT model, the value of the constant T0 varies from
637 to 606 with changing pH of the synthesis environ-
ment, which shows the decreasing association of the sili-
cate structure. The value of B increases regularly from 590
to 926. The change in the value of B, which may be termed
the dependence of viscosity on temperature, suggests that
the viscosity of molten glaze increases with changing pH.
The VFT model was chosen to predict the viscosity. This
model appears to have considerable merit in determining
the dominant factor influencing viscosity during the melt-
ing schedule. This empirical model is in agreement with the
viscosity changes for many glass and glaze systems over
the melting stage. In the VFT model, the constant B ex-
pressed the temperature dependence of the viscosity.

Fig. 6: The hot viscosity of glazes containing the powders prepared
at different pH, calcined at 800 °C and fuel ratio of (a) 0.56, (b) 0.75.

Table 2: The constant parameters of the VFT model for the frit and modified compositions used as a function of the synthesis
conditions and calcination temperature

Fuel ratio Calcination temperature (°C) pH A B T0
Frit 2.25 694.5 626.8
0.56 800 2.5 2.60 590.8 637.1

800 7.0 2.33 778.5 619.5
800 10.5 2.10 926.2 606.4

0.75 800 2.5 2.29 538.8 650.4
800 7.0 2.65 433.9 684.9
800 10.5 2.96 330.8 669.4

0.56 1000 2.5 2.77 478.4 642.2
1000 7.0 2.64 539.9 652.3
1000 10.5 2.73 483.0 663.9

0.75 1000 2.5 2.74 438.0 656.7
1000 7.0 2.90 378.5 666.4
1000 10.5 2.64 539.9 646.3
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Only the sample in which the resulting HSM demon-
strated the normal thermal behaviour was subsequently
analyzed from the thermal and structural point of view.
The synthesis of cobalt aluminate at a neutral pH with low
fuel ratio and calcination of powder at 1000 °C enabled
the best results to be achieved from the industrial point
of view. The other conditions studied can be considered
unacceptable. The presented conditions strongly favour-
the thermal behaviour, enabling an applicable method to
be achieved.

Fig. 7: The hot viscosity of glazes containing the powders prepared
at different pH, calcined at 1000 °C and fuel ratio of (a) 0.56, (b) 0.75.

The results of simultaneous DTA-TG analyses of gel
synthesized at a pH 7 with a fuel ratio of 0.56 are shown in
Fig. 8. In the investigated temperature range there are two
regions of interest. From 200 to 300 °C glycine is removed
from the gel. Between 300 and 400 °C the remaining organ-

ic material is decomposed. The total weight loss was about
55 wt%, corresponding to the content of fuel used in the
preparation of the gel.

Fig. 9 shows the Raman spectra of the powder prepared
in optimum conditions. The normal spinel characteristics
can be distinguished in the Raman spectrum of the pow-
der. The Raman spectra clearly showed that the calcined
sample at 1000 °C has the peak intensity at 380 cm-1. The
intensity therefore depends directly on the crystallinity of
sample, the highest degree of crystallinity appears to be
achieved after calcination at 1000 °C 32, 33.

A TEM micrograph of the powders after calcination at
1000 °C is shown in Fig. 10. The microstructure of the
particles is observed to be almost spherical, with a particle
size in the range 50 – 70 nm.

Fig. 8: The DTA-TG curves of gel synthesized at a pH of 7 with a
fuel ratio of 0.56.

Fig. 9: The Raman spectra of the powder prepared in optimum
conditions.
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Fig. 10: The TEM micrograph of the powder prepared in optimum
conditions.

IV. Conclusions
The thermal behaviour of glazes containing 2.0 wt%

cobalt aluminate powders was investigated as a function
of the synthesis conditions of the pigment used by means
of hot stage microscopy. In all studied cases, significant
changes in the height percentage were observed versus
the temperature. The modified glazes begin to shrink near
720 °C and reach a minimum value at 1330 °C. The varia-
tion in the thermal process was investigated and compared
with the behaviour of the transparent frit used, which
takes into account a base material. The results showed
that the addition of powders synthesized at a low fuel ra-
tio and calcined at 800 °C leads to an expansion between
940 and 1040 °C and beyond this range, the height per-
centage decreases normally. The results of this study have
shown that the fuel ratio is efficient in the thermal be-
haviour of modified glaze. However, when fuel ratio was
0.75, the expansion region was disappeared with an excep-
tion in the glaze containing the powder synthesized in an
acidic environment.

The Vogel-Fulcher-Tamman model was used to under-
stand the effect of the synthesis conditions on the viscosity
of the molten phase. This equation provides evidence that
the pigment synthesis conditions affect the firing curve.
The synthesis of powder at a high fuel ratio, 0.75, or calci-
nation of pigment at 1000 °C produces the optimum con-
ditions. Finally, powder synthesis at the neutral pH per-
mits the best results to be obtained. The other methods
used in this investigation are unacceptable from practical
and engineering points of view.
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