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Abstract. The influence of temperature on the crystallization and the melting of the glassy frit was
discussed. SiO,—B,05-Al,05;-TiO, frits were obtained by melting batches at different temperatures,
were investigated by DTA and the crystallization energy was calculated. The fluidity of the frits upon
heating was estimated based on the sintering images. XRD measurements were applied to identify the
crystalline phase of the sintered frits. The results show that the frit has reduced activation energy when the
melting temperature is high. However, the melting temperature does not have effects on the transition and
crystallization temperatures of the glass frit. Although the frit could crystallize at a low temperature, a
much higher temperature has to be used for the sintering of the frit to obtain enamel glaze with a high
flatness.

Introduction

Enamel is an inorganic coating on the cast iron or steel surface formed by the firing of a glassy glaze.
It has very excellent resistance to corrosion, abrasion, high temperature, electrical conductivity. More
profoundly, it increases the resistance to chemical attack of the metallic substrate. In addition, enamel
makes the iron or steel based products beautiful. Enamels with high whiteness are the most popular
coating used for the decoration of cooking and sanitary products [1]. Sanitary-glazes are also
technological materials that play a crucial role in the aesthetic quality and durability of the final ceramic
output [2-4].

White enamels are made from glassy frit powders containing opacifiers such as TiO,, Sb,03, SnO, and
ZrO,. Among these opacifiers, TiO, is widely used in enamel glaze as white pigment [5], due to its
relatively cheap price, strong opacification capability. During the firing of the enamel coating, TiO,
crystallizes, offering the coating white appearance. However, the crystallization of a glassy frit powder
increases the viscosity of the melted glass phase, and hinders the fluidity of the enamel coating and
consequently results in the reduction of the coating roughness. Therefore, a balance between the
crystallization and the melting of the glassy frit should be found.

The properties of glaze depend on a variety of aspects: the effects of raw materials and process
conditions on the glaze formation and its performances on one hand and the firing conditions on the other
hand [6-10]. Many scholars have conducted research on white glazes. A. Bernasconi et al. [11] prepared
two sets of sanitary-ware glazes based on different initial mineralogical phases. They studied the
influence of composition on some industrially relevant properties of traditional sanitary-ware glaze. K.
Boudeghdegh et al. [12] investigated the effect of the chemical composition (amount of raw materials and
accordingly the oxides contents) on the glaze properties (whiteness, flexural strength, etc.) in order to
improve the quality of the obtained sanitary ware glaze. R. Pina-Zapardiel et al. [13] propose a new safe
method to introduce zirconia nanoparticles in a com-mercial ceramic frit, which increase the mechanical
properties, opacity as well as wear resistance of the original crystalline frit. However, the effect of firing
conditions on enamel performance remains unclear.

In this work, the influence of temperature on the crystallization and the melting of the glassy frit was
studied. We prepared fifteen samples in different three melting temperature and five heating rates to
explore the melting, crystallization and fluidity of SiO,—B,05;—Al,0,-TiO, frit for enamel glaze and
further the optimal whiteness.
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Experimental

The frits used for the enamel coating preparation have a composition of TiO, 16wt%, SiO, 44wt%,
Al, O3+ B,0; 22wt%, Na,0+ K,0 14wt%. Batches were put in a Pt-Rh crucible and melted in a furnace
at 1250°C, 1350°C and 1450°C for 1h. The melt was occasionally stirred every 30min. Then, the melt
was poured out and quenched in cold water to get frits. The frits were further dried and ground in an agate
mill (RESTCH, RM200, Germany).

Differential thermal analysis was performed on a Henjiu HCT thermal analyzer. To evaluate the
activation energy of the crystallization of the frits, the samples were heated with different heating rates (2,
5,7 and 10°C/min). The activation energy of crystallization was calculated based on the slope of the plots
of In(Tc?/p) against 1/Tc using the formula (1):

In(T?/B)=E/(RT)+C 1)

Which E, TC, B are the activation energy of crystallization, the crystallization peak temperature and
the heating rate. R is the gas constant [14].

The sintering process of the frit powder was recorded using a sintering imaging instrument. Based on
both the DTA results and the observation of sintering process, the frit samples were sintered at different
temperatures. X-ray diffraction analysis was performed on a Shimadzu 7000X X-ray diffractometer to
identify the crystalline phases in the sintered samples. Whiteness was measured by WSB-1 Whiteness
Meter to characterize the whiteness of titanium white glaze.

Results and Discussion

The DTA curves of the frits melted at different temperatures were shown in Figure 1. Generally, the
DTA curve of a glass display a small exothermal peak correspondent to the glass transition point, Tg, and
one or more crystallization peaks. There were two general trends of the curves presented in Figure 1. One
was that the curves were shifting towards higher temperatures when the heating rate applied in the DTA
analysis was from 2 to 10°C/min. The second trend was that Tg points were not visible when the heating
rate was 2°C/min, in contrast, the broad crystallization peak at around 650°C became weak when the
heating rate is 10°C/min. These two trends suggest that the crystallization of the glass frit was influenced
by the glass transition and softening [15].
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Fig.1 DTA curves of the frits melted at different temperatures (The heating rates of 2, 5, 7, and 10°C/min
correspondent to the curves from the bottom to the top).

Exothermic peak
Exothermic peak

Exothermic peak

270



£

ATLANTIS

Advances in Engineering Research, volume 103

PRESS

To compare the glass transition points and the crystallization temperatures, the characteristics data
derived from the curves which were obtained with the heating rate of 5°C/min were selected [16]. The
data was listed in Table 1. It can be seen that either the glass transition or the crystallization temperature
was not affected by the melting temperatures of the frits. Based on slopes of the In(Tc?/B) against 1/T
plots shown in Figure 2, the activation energy was calculated and also listed in Table 1. The data indicate
that E decreases with the melting temperature. It means that the frit melted at a higher temperature is easy
to crystallize.
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Fig.2 Plots of In(Tc?/p) against 1/T . of samples melted at different temperatures.

Tab.1 Transition point (Tg), crystallization peak temperature (Tc,, Tc,) and the activation energy of
crystallization (E) of the glass frits.

tmporre () T9(O) T, () Te(C)  E(Kimol)
1250 500 579 665 3831
1350 498 577 665 30029
1450 497 577 667 275.03

The sintering images of the frit melted at 1450°C were depicted in Fig.3 It can be seen that at the first
crystallization peak temperature (Tc¢,=577°C), the compact was densified and liquid phase was obvious,
evidenced by the round edges, corners and reduced height of the pressed frit powder body, however, the
fluidity was still poor. The fully melting temperature was 641°C, at which the height of the sintered body
was half of the original compact. The height of the sintered body was continuously decreasing from
641°C to 692°C, which was referred to as the flowing temperature. As shown in Table 1, 667°C was the
second crystallization temperature of this sample. Therefore, the results indicate that although the initial
crystallization occurred at a low temperature, it is not possible to obtain an enamel glaze with desired
flatness. To have a glaze with good quality, the glaze should be sintered at a temperature higher than the
flowing temperature. In the meantime, the crystallization is fulfilled.
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Fig. 3 The sintering images of the frit melted at 1450°C.

Further examination has been performed on the frit particles sintered at 600, 700 and 800°C. The
XRD patterns of the sintered samples were shown in Figure 4. It can be seen that at 600 and 700°C, the
samples were not fully crystallized. The crystalline phase was anatase. Upon the thermal treatment at
800°C, the sample was well crystallized, giving a crystalline phase of rutile. Combining both the sintering
images and XRD results, it can be concluded that upon raising the sintering temperature, the reduced
viscosity of the residual glass phase benefits both the flowing and the crystallization of the glass frit [17].
But for white enamel, the crystalline phase obtained under different sintering temperature phases has
different whiteness.
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Fig. 4 XRD patterns of the samples sintered at different temperatures

Therefore, the whiteness of the samples sintered at 600, 700, 800°C were measured respectively in
results of 76, 80, 77.3, the optimal value 80 shows that the optimal sintering temperature is 700°C.
Although, the crystallinity of the sample sintered at 700°C was second to that of the sample sintered at
800°C, the former one showed excellent whiteness, which was because the former one contained more
anatase phase. Based on above measurement results, the sintered temperature was controlled at 700°C to
obtain a better whiteness.

Conclusion

Titania-containing glass frits could be used for the enamel glaze preparation. In this work the melting,
crystallization and fluidity of SiO,—B,0;—Al,05;-TiO, frit for enamel glaze was investigated. It is
concluded that: Melting the frit at a high temperature benefits the crystallization of the glass frit. The
sintering at a certain high temperature on the one hand facilitates the flowing of the glaze and improves
the glass crystallization, on the other hand obtains a good white appearance. Then the enamel sinter at
higher temperature, the crystalline phase of rutile increasing, lead to the decease of glaze whiteness.
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