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The traditional electric porcelain glaze, widely used today, still exhibits signi⿿�cant limitations in core performance indicators 
such as mechanical strength and thermal shock resistance, making it challenging to fully satisfy the high standards and 
demanding operating conditions required by modern power equipment for insulation materials. This paper presents 
conclusions that the addition of zinc oxide to the glaze does not alter its stability but optimizes its performance, enabling 
the creation of a low expansion glaze. The hardness of both types of glazes increases as the sintering temperature rises; the 
maximum Vickers hardness for low expansion glazes can be achieved with sintering temperatures at 1200 ℃. The hardness 
of both glazes initially rises and then falls, peaking at 2 hours as the holding time extends. Increasing the heating rate leads 
to a decrease in glaze hardness and a signi⿿�cant increase in the thermal expansion coe῿�cient; the lowest thermal expansion 
coe῿�cient for the glaze occurs at a heating rate of 3 ℃/min. When the sintering temperature is 1200 ℃, the holding time is 
2 hours, and the heating rate is 3 ℃/min, the performance of the added ZnO glaze prepared reaches its peak. The Vickers 
hardness is 548.9HV, and the thermal expansion coe῿�cient is 1.7×10^-6/K, respectively.
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Introduction

With the rapid advancement of ultra-high voltage 
transmission technology and the large-scale integration 
of new energy into the grid, power electronic equipment 
demands more rigorous performance from ceramic 
insulators, particularly in terms of thermal stability 
and mechanical reliability [1, 2]. Porcelain insulators, 
as critical support and insulation components of the 
power system, are indispensable and their performance 
directly affects the operational stability and safety of 
the power system. The dust pollution generated during 
the production of high-voltage electrical ceramics, 
along with the exhaust gases and solid waste emitted 
during high-temperature firing, have contributed to 
the degradation of atmospheric environmental quality. 
This includes frequent acid rain, significant road dust 
during non-precipitation weather, and issues such as 
drainage system blockages that disrupt daily life. As 
the greenhouse effect intensifies and global climate 
conditions worsen, environmental protection has garnered 
increasing international attention. The challenge facing 

the high-voltage electrical porcelain industry is how to 
effectively reduce pollution emissions, decrease energy 
consumption, achieve a harmonious balance between 
industrial operations and environmental protection, and 
explore paths towards sustainable development [3, 4].

As a key material for manufacturing high-voltage 
electric porcelain insulators, the performance of high-
voltage electric porcelain glaze directly determines the 
insulation performance and mechanical strength of the 
electric porcelain. Electric porcelain plays a supportive and 
insulating role in the power system, needing to withstand 
multiple severe tests, including high-voltage electric 
fields, mechanical loads, harsh natural environments (such 
as wind, rain, ice, and snow, and industrial pollutants). 
High-voltage electric porcelain glaze is widely used in 
the manufacturing of high-voltage line insulators, power 
station electrical insulators, and other components. With 
the development of ultra-high voltage transmission 
technology, the performance requirements for high-
voltage ceramic glazes are constantly increasing [5, 6]. 
The future development trends include that the high-
performance, with further improvements in insulation 
performance, mechanical strength, and thermal stability, 
environmental adaptability, with enhanced corrosion 
resistance and anti-pollution performance to adapt to 
harsh natural environments, and resource utilization and 
cost control, by recycling industrial waste and optimizing 
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raw material ratios, costs can be reduced to achieve 
sustainable development.

Low expansion glaze refers to ceramic glazes that 
have a relatively low absolute value of thermal expansion 
coefficient, this type of glaze is ideal for ceramic products 
requiring high thermal shock resistance [7, 8]. The low 
alpha value effectively reduces thermal stress caused by 
temperature gradients. In high-temperature environments, 
low expansion glazes demonstrate excellent stability, 
along with good mechanical properties and corrosion 
resistance. The glaze is widely used in the field of ceramic 
products that demand high thermal shock resistance, such 
as high-voltage electric ceramics and high-temperature 
furnaces. Its core advantages include outstanding thermal 
shock resistance, high strength, and corrosion resistance. 
These properties can effectively suppress the generation 
of thermal stress due to temperature changes, enhancing 
the mechanical strength and corrosion resistance of 
ceramic products. The use of environmentally friendly 
materials can significantly reduce pollution emissions 
during the production process [9, 10].

The purpose of this experiment is to investigate the 
effects of varying sintering temperatures, holding times, 
and heating rates on the properties of electric porcelain 
glaze, and to study the performance optimization of low 
expansion glaze for enterprise electric porcelain. The 
experiment analyzed the influence of these factors on the 
thermal expansion coefficient of the glaze, as well as the 
changes in the surface properties of the glaze layer (such 
as porosity, Vickers hardness, microstructure, etc.) after 
sintering, to determine the optimal sintering parameters 
for low expansion glaze. By systematically studying the 
influence of the sintering process on the properties of 
low thermal expansion coefficient of glaze, it is helpful 
to promote the widespread application of low expansion 
glaze in high-voltage electric ceramics and other fields. 
This experiment provides important data reference for 
the successful preparation of low expansion glaze.

Experimental Materials and Methods

Mix the original glaze slurry with zinc oxide and 
mineral powder in accordance with the predetermined 
ratio. Implement continuous stirring throughout the 
mixing process to ensure all components are thoroughly 
combined, with the stirring duration controlled at 
100 minutes to achieve uniformity. Prior to mixing, 
calculations revealed that the water to material ratio of 
the original glaze slurry was 97%, a factor that directly 
influences the performance and sintering parameters of 
the subsequent slurry. Introduce zinc oxide powder into 
the glaze powder to attain a mass fraction of 3%, and 
ultimately obtain a slurry that satisfies the experimental 
requirements. Dry the prepared slurry and conduct a 
sieving operation on the dried powder to ensure its 
fineness, using a 200-mesh sieve. Finally, the sieved 
powder is filled into a mold of specified shape and 

size, and a specific pressure load is applied to complete 
the compression molding process. The glaze powder 
was pressed into a cylindrical body with a diameter 
of 5×25 mm under a pressure of 10 MPa, prepared 
5 spare samples for each sample. After the sample is 
prepared,strict control is exerted over the three key 
process parameters of sintering temperature, holding 
time, and heating rate during the sintering process. 
By adjusting the combination of these parameters, the 
optimal sintering process conditions can be optimized 
and determined, thereby preparing high-performance low 
expansion glazes.

The Vickers hardness is a standard measure of 
material hardness. A higher Vickers hardness value 
directly indicates superior comprehensive mechanical 
properties (Type: HVT-10Z, China). The thermal 
expansion coefficient is the rate of relative length 
change of an object due to a unit temperature change 
under isobaric conditions. This experiment utilized a 
thermal expansion coefficient analyzer produced by the 
German company Nike to directly measure the thermal 
expansion coefficient of the glaze (Type: NETZSCH 
DIL 402, Germany). When conducting SEM (Type: 
SU8010, Japan) analysis, it is necessary to fracture the 
sintered sample and select a cross-section with typical 
characteristics. Use conductive adhesive to firmly attach 
the cross-sectional sample to the sample stage and 
place it in the scanning electron microscope chamber 
for observation of the microstructure of the glaze layer 
surface.

Results and Discussion

The influence of sintering temperature on the 
properties of electric porcelain glaze 

From Fig. 1, it is evident that as the sintering 
temperature rises from 600 to 1300 ℃, the performance 
of the glaze also enhances with the increasing of the 
sintering temperature before 1200 ℃. The hardness of 
the original glaze consistently remains below that of the 
added ZnO glaze. Notably, both the added ZnO glaze and 
the original glaze exhibit the significant alterationminimal 
change between 600 to 900 ℃ and the minimal change 
occurring from 900 to 1200 ℃. The maximum Vickers 
hardness for original glazes can reach 505.3HV, while 
the added ZnO glaze can achieve 527.6HV. When 
examining the curves, it becomes apparent that the 
surface hardness of the added ZnO glaze is superior at 
various temperatures. This suggests that the addition of 
3% ZnO does indeed elevate the hardness of the glaze 
and enhance its physical properties. The reason for this is 
that during the sintering process, the certain components 
within the glaze melt and form a glass phase [11, 12]. 
This glass phase fills the interstices between the grains, 
resulting in a more complete structure of the glaze. 
Furthermore, an increase in sintering temperature results 
in more complete chemical reactions within the glaze. 
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The reaction rate under high - temperature conditions 
is accelerated, enabling the formation of more stable 
compounds. When the sintering temperature exceeds 
1200 degrees Celsius, the surface Vickers hardness of 
the glaze exhibits a decreasing trend. This is because the 
sintering temperature is too high, leading to an excessive 
amount of liquid phase in the body, which causes the 
crystals to become coarse and internal pores to form 
easily. 

From Fig. 2, it is evident that as the sintering temperature 
rises, so does the thermal expansion coefficient of the 
original glaze produced by the enterprise. When the 
temperature surpasses 1200 ℃, the thermal expansion 
coefficient of the added ZnO glaze remains consistently 
lower than that of the original glaze. This is because 
ZnO effectively lowers the sintering temperature of 
the glaze, secondly, it facilitates the formation of the 
glass phase and curbs the loss of volatile components, 
and finally, it optimizes the microstructure of the glaze 
layer, enhancing the thermal stability of the glaze during 
both sintering and cooling processes (Fig. 3). During 
the cooling stage, the glass phase undergoes volume 
shrinkage, while it expands in the high-temperature 
range, leading to an increase the thermal expansion 
coefficient of the glaze. The rise in temperature fosters 
the growth and progressive densification of glaze grains, 
resulting in volume reduction. However, the generated 
glass phase may also experience excessive melting, 
causing overall structural looseness.

The influence of holding time on the performance 
of electric porcelain glaze

From Fig. 4, it is evident that as the holding time 
increases, the Vickers hardness exhibits a trend of initial 
increase followed by a decrease. This phenomenon 

Fig. 1. Effect of sintering temperature on the Vickers hardness 
of the glaze.

Fig. 2. Effect of sintering temperature on the thermal expansion 
coefficient of the glaze.

Fig. 3. Effect of sintering temperature on the microstructure of the added ZnO glaze (a-600 ℃, b-800 ℃, c-900 ℃, d-1200 ℃, 
e-1300 ℃).
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occurs because that the particles within the glaze start to 
crystallize and the grains gradually as the holding time 
extends enlargein the early stages of sintering. These 
larger grains are packed more tightly and resulting in 
a more compact structure of the glaze. Concurrently, 
the pores and voids within the glaze diminish during 
the sintering process. As the holding time progresses, 
the contact area between particles expands, pores are 
eliminated, the density of the glaze increases, and 
consequently, the hardness rises, the hardness reached 
its peak after holding time for 2 h. The Vickers hardness 
of the original glaze was 532.1HV, while that of the 
added ZnO glaze was 548.9HV. Overall, the hardness of 
the added ZnO glaze surpassed that of the original glaze 
at all insulation time intervals, reaffirming the impact of 
zinc oxide in enhancing the hardness of glazes.

The thermal expansion coefficient of the two glazes 
vary at different temperatures and under various holding 
time in Fig. 5. A horizontal comparison reveals that 
as the holding time increases, the thermal expansion 
coefficient of both glazes diminishes. This occurs 
because some of the glaze melts and forms a glass phase 
during the sintering process. The glass phase experiences 
volume contraction as the temperature drops, however, 
the expansion of the glass phase results in an increased 
expansion rate of the glaze at elevated temperatures (Fig. 

6). The distinct components within the glaze possess their 
own specific thermal expansion coefficient. The thermal 
expansion coefficient of these components contributes to 
a general increase in volume with rising temperatures. 
The high-temperature conditions can also expedite 
chemical reactions and potentially causing volume 
expansion [13, 14], the thermal expansion coefficient 
of the added ZnO glaze remains lower than that of the 
original glaze as the holding time for 2 h.

The effect of heating rate on the properties of 
electric porcelain glaze

The Vickers hardness curves for both original and 
added ZnO glaze exhibit a downward trend as the 
heating rate increases in Fig. 7. This phenomenon occurs 
because rapid heating does not allow sufficient time for 
the glaze components to diffuse and recrystallize. Grain 
growth necessitates a specific duration and temperature, 
and while fast heating can elevate the glaze to a high-
temperature state quickly, the grains may not have fully 
developed. During sintering, certain glaze components 
melt and create a glass phase. The formation of this 
phase requires a set temperature and time to ensure 
complete melting and uniform mixing of the components. 
A rapid temperature rise can lead to a rushed glass 

Fig. 4. Effect of holding time on the Vickers hardness of the glaze. Fig. 5. Effect of holding time on the thermal expansion coefficient 
of the glaze.

Fig. 6. Effect of holding time on the microstructure of the added ZnO glaze (a-1h, b-2h, c-3h).
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phase formation, resulting in an uneven chemical 
composition [15, 16]. Such an uneven glass phase fails to 
effectively fill the interstices between grains, leading to 
an incomplete glaze structure. Nonetheless, irrespective 
of the heating rate, the added ZnO glaze consistently 
exhibit higher hardness than the original glaze. This 
is attributed to ZnO, which enhances the uniformity 
of chemical reactions. It ensures that reactions within 

the glaze proceed evenly, reducing incomplete local 
reactions. Even under conditions of rapid heating, zinc 
oxide maintains the uniformity of chemical reactions, 
thereby increasing hardness. Consequently, ZnO signifi
cantly improves the performance of glazes.

The thermal expansion coefficient of the two glazes 
vary with temperature at different heating rates in Fig. 8. 
The graph clearly shows that as the temperature rises, the 
thermal expansion coefficient of both glazes generally 
increase, a phenomenon associated with the volatilization 
of their chemical components at high temperatures and 
the formation of uneven structures due to the melting 
of the glass phase (Fig. 9). In the figure, the curve 
is distinctly divided into two segments that the upper 
segment, which exhibits a higher thermal expansion 
coefficient, consists of original glaze, whereas the lower 
segment, with a lower thermal expansion coefficient, is 
composed of low expansion glaze. At a heating rate of 
3 ℃/min, the thermal expansion coefficient of the ZnO 
glaze is at its lowest.

Conclusion

This article details the process of enhancing the 
original glaze from an electric porcelain factory by 
incorporating zinc oxide. The glaze is mixed with zinc 
oxide and mineral powder in specific proportions and 
stirred. The resulting mixture's hardness, porosity, and 
expansion rate were assessed under varying sintering 
temperatures, holding times, and heating rates. The 
following conclusions were drawn that the addition 
of zinc oxide to the glaze does not alter its stability 
but optimizes its performance, enabling the creation of 
a low expansion glaze. The hardness of both types of 
glazes increases as the sintering temperature rises, the 
maximum Vickers hardness for low expansion glazes 
can achieve with sintering temperatures at 1200 ℃. 
The hardness of both glazes initially rises and then 
falls, peaking at 2 hours as the holding time extends. 
Increasing the heating rate leads to a decrease in glaze 
hardness and a significant increase in expansion rate, the 
lowest expansion rate for the glaze occurs at a heating 
rate of 3 ℃/min. When the sintering temperature is 1200 
℃, the holding time is 2 h, and the heating rate is 3 ℃/

Fig. 7. Effect of heating rate on Vickers hardness of the glaze.

Fig. 8. Effect of heating rate on the thermal expansion coefficient 
of the glaze.

Fig. 9. Effect of heating rate on the microstructure of the added ZnO glaze (a-3 ℃/min, b-5 ℃/min, c-7 ℃/min).
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min, the performance of the added ZnO glaze prepared 
reaches the best performance the Vickers hardness is 
548.9HV and the thermal expansion coefficient is 
1.7×10-6/K, respectively.
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