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Abstract: Nowadays, ceramic materials having adequate strength and good electrical insu-

lating properties, but also can be sintered at relatively low temperatures, play an increasingly 

important role. Ceramics providing this property combination are the glass-composite cera-

mics. The low-temperature sintering is ensured by the glass powder added to the base ceramic 

(which is usually alumina). Glass is typically a well-designed oxide frit that is sintered and 

melts/softens below 1,000 °C. 

In this research work, the effect of firing temperature on the properties of glass/ceramic 

composite ceramics was studied. The samples were prepared by injection moulding technology. 

Density, porosity, flexural and compressive strength, thermal conductivity of the fired samples 

was measured. The morphology and the phases of the fired products were also analyzed. 
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INTRODUCTION 

Glass-ceramic composites are increasingly being researched in the world of ceramics 

due to their well-controlled, individually adjustable properties [1–17]. In glass-ce-

ramic composites, the main phase is a dielectric material having a high sintering 

temperature [8]. This crystalline phase provides the appropriate dielectric properties. 

The glass phase increases the dielectric loss but reduces the relative permittivity and 

the sintering temperature (depending on the composition of the glass) [8]. 

The shrinkage process of the composite is controlled by the viscous flow of the 

glass and the reactions taking place at the alumina/glass interface [1]. During sinter-

ing, the alumina dissolves in the glass and changes its composition. As a conse-

quence, instead of cristoballite, other phases, e.g. anortite, albite are formed in the 

interfacial layer [1–3, 10, 13–14]. The formation of cristoballite limits the efficiency 

of the ceramic substrate when used on circuit boards [16]. An adequate amount (min. 

10–20 V/V%) of Al2O3 and sintering at 900 °C at least is required to prevent the 
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formation of cristoballite. The intensity of crystallization increases with temperature, 

however, firing at 1,100 °C increases the proportion of amorphous phase again [2–

3]. When firing at a temperature of about 700 °C, partial dissolution of Al2O3 in the 

low viscosity glass phase begins and continues up to 800 °C. The anortite phase 

begins to crystallize from the glass phase at 875 °C on the surface of the Al2O3 par-

ticles. The weight fraction of anortite increases with the temperature until it stabilizes 

at 950 °C or higher [6]. The addition of Al2O3 prevents the formation of cristoballite, 

because during sintering Al3 + ions diffuse into the glass and a strong bond can 

develop between Al3+/Al2O3 and the Na+/K+ ions of the glass, leading to changes in 

the structure and composition of the glass [7, 16–17].  

Because the aluminum ion acts as a glass former, its dissolution in the glass reduces 

the amount of non-bridging oxygen ions, which significantly increases the viscosity of 

the glass. This phenomenon becomes more and more significant with the decrease in 

the particle size of alumina. It follows that the dissolution of alumina in glass slows 

the shrinkage of glass/alumina composites [1]. Shrinkage is also significantly influ-

enced by the firing temperature, when examined between 900–1,100 °C, it initially 

increases with the sintering temperature, reaches a maximum value around 1,000 °C 

then decreases. During liquid-phase sintering, the viscosity of the glass melt de-

creases with increasing temperature, which in turn increases the densification due to 

rearrangement and changes in surface tension [4, 12]. Above 1,000 °C, the dissolu-

tion of alumina becomes more and more intense, as a result of which the viscosity 

of the glass melt increases, which slows down the grain rearrangement required for 

shrinkage [4, 18–20]. 

 

 
 a) b) c) 

Figure 1 

Schematic representation of the sintering process: a) green (pressed) glass/alu-

mina composite, b) less densified structure (partly due to early neck solidification), 

c) well-densified structure [4] 

 

Early solidification of the neck results in the formation of a solid alumina network 

that slows densification at higher temperatures, as this structure is difficult to break 

up due to the very high viscosity of the alumina-rich, liquid glass phase (Figure 1) 

[4, 20]. The glass/ceramic composite begins to densify at the temperature where the 

viscosity of the glass phase decreases sufficiently, i.e. where the glass melt is formed, 
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since above this temperature the viscous flow promotes further sintering [6, 21–23]. 

According to other studies, maximum shrinkage can be achieved by sintering bet-

ween 800–900 °C, and the density of the fired composites decreases by increasing 

the temperature further [9]. According to Kumar et al. [14], the sintering temperature 

should be below 1,050 °C to reduce the excess solubility of Al2O3 in the glass. 

In summary, several aspects must be taken into account when determining the 

appropriate firing temperature. Firstly, the firing temperature of a material designed 

for LTCC (low temperature cofired ceramic) application should be below 950 °C in 

order not to exceed the melting point of the built-in metal parts (e.g. silver – 961 °C). 

Secondly, at least 800 °C is required for the complete removal of the organic com-

ponents [8]. This temperature range also limits the composition of the adequate 

glasses. Glasses with low softening point (e.g. borosilicate) cannot be used, or at 

least not on themselves, only in combination with an other glass having a high sof-

tening point.  

The optimal composition for the glass-ceramic composites was set in preliminary 

experiments. In this research work, the optimal firing temperature, which fulfil the 

main requirements for the glass-ceramic composites, was investigated. First, the 

temperature should be below 1,000 °C to avoid the excess solubility of Al2O3 in the 

glass. On the other hand, it has to ensure the appropriate physical and mechanical 

properties. To this end, scanning electron microscopy (SEM), X-ray diffraction 

(XRD), porosity (Archimedes method), thermal conductivity, compressive and flex-

ural strength tests were performed on the fired samples. 

1. MATERIALS AND METHODS 

1.1. Sample preparation  

Alumina (Elektrokorund, IMERYS), glass frit (FERROX Frits), paraffin and oleic 

acid were used to prepare the glass/ceramic composites. The powder mixture con-

sisted of a 3 : 2 alumina and glass. The feedstock contained the base and the binding 

materials in 4 : 1 ratio. The injection mass was pre-heated in a direct mixer to 80 °C. 

Samples with different shapes and geometrical dimensions corresponding to the re-

quired tests were produced on Cerlux Ltd.’s self-developed, low-pressure injection 

moulding equipment. The pressure and the temperature of the injection moulding 

was 6 bar and 70 °C, respectively. Dimensions of the green, injection moulded samples 

are listed in Table 1. 

Table 1 

Dimensions of the green samples 

Test sample Diameter, 

mm 

Height, mm Width, mm Length, mm 

Compressive strength 10 11   

Flexural strength  6 6 100 

Thermal conductivity 30 12   
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Binder removal was accomplished at 650 °C in a 48-hour heat treatment cycle, in a 

natural gas furnace. The samples were fired at a maximum temperature of 850–900–

950–1,000–1,050–1,100 °C in a Nabertherm HT 40/18 laboratory furnace, at a heat-

ing rate of 60 °C/hour. 

 

1.2. Test methods  

The particle size distribution of the alumina and glass frit was determined with a Horiba 

LA-950 laser granulometer. The phases of the raw materials and the fired specimens 

were identified by a Rigaku Miniflex II (Cu Kα, 2θ 3–90°) tabletop X-ray diffractom-

eter, with a PDXL2 software to evaluate the results. The Rietveld complete profile 

fitting procedure was used to quantify the phases. The chemical composition and the 

surface morphology of the materials was measured using a ZEISS scanning electron 

microscope equipped with an EDAX detector. The specimens suitable for flexural and 

compressive strength tests were made in different geometries in an injection moulding 

tool. Columns were used for the former and cylindrical samples for the latter. Strength 

measurements were made with an Instron 5,560 universal tensile-pressing equipment. 

The porosity of the products was calculated from the water absorption test, in which 

the samples were boiled for 3 hours then soaked for 24 hours. All measurements re-

quiring statistical evaluation were performed on at least 20 samples. Thermal conduc-

tivity tests were conducted on cylindrical samples with a polished surface and a dia-

meter of 30 mm. C-Therm TCi thermal conductivity device operating on the principle 

of the Modified Transient Plane Source (MTPS) technique was used. Measurements 

were performed at room temperature. 

 

2. RESULTS 

2.1. Raw materials 

Based on the X-ray examinations performed, the alumina consists mainly of corun-

dum (Al2O3), with small amounts of diaoyudaoite (NaAl11O17) and hibonite 

(CaAl12O19), which are artificial minerals formed during corundum production. The 

frit is completely amorphous.  

Table 2 

Oxide composition and particle sizes of the raw materials 

Oxide composition, wt% 

 Na2O MgO Al2O3 SiO2 ZrO2 K2O CaO ZnO 

Alumina 0.8  98.78    0.42  

Frit 2.47 2.69 6.21 58.28 8.78 2.78 11.10 7.70 

Particle size, µm 

 D90 D50 D10 Aver-

age 

Me-

dian 

   

Alumina 43.9 17.67 7.89 22.65 17.67    

Frit 22.54 10.52 4.34 12.33 10.50    
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Table 2 shows the oxide composition and particle size distribution of the raw materials. Fig-

ure 2 represents the initial morphology of the materials. Alumina and frit are characterized 

by polyhedral particle shapes, both in terms of coarse and finer fractions.  

  

Figure 2 

SEM micrographs of alumina and frit (M = 1,000×) 

 

2.2. The effect of the firing temperature  

Figure 3 shows the compressive and flexural strength of alumina/glass composites 

fired at 850–1,100 °C. 

 

Figure 3 

Compressive and flexural strength of the samples 

 

The effect of the firing temperature is not clear as the standard deviation of the results is quite 

large. The samples fired at 950 °C had the best combination of flexural and compressive 

strength. The compressive strength slightly reduces by increasing the firing temperature, but 
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the smallest temperature produced similar results. The samples fired at 900 °C presented the 

lowest strength. 

Table 3  

Average values of shrinkage, water absorption and  

thermal conductivity of the fired samples 

 Firing temperature 

 850 °C 900 °C 950 °C 1000 °C 1050 °C 1100 °C 

Shrinkage in diameter, % 3.98 3.92 3.84 4.06 4.00 3.94 
Shrinkage in length, % 5.42 4.08 5.41 5.37 5.20 5.05 
Average shrinkage, % 4.61 4.00 4.62 4.71 4.60 4.49 
Water absorption, % 11.00 10.8 10.7 11.00 11.4 11.20 
Thermal conductivity, 

W/mK 
1.86 2.00 2.01 1.95 1.87 2.11 

 

Figure 4 and Table 3 represents the results of the density, porosity and shrinkage, 

water absorption, thermal conductivity tests, respectively. The shrinkage in diameter 

did not change significantly, the difference between the sample sintered at 950 °C 

and 1,000 °C was only 5.5%. Along the height and length, samples sintered at 900 

°C presented the lowest shrinkage. There is a similar trend in the values of water 

absorption and thermal conductivity. The density was not affected by temperature. 

The porosity value was the lowest at 950 °C, but it also differed only by 5.5% from 

the maximum value measured at 1,050 °C. 

 
Figure 4 

Density and porosity of the samples in the function of temperature 

 

2.3. Morphology and phase analysis 

Scanning electron micrographs of the fracture surface (Figure 5) show a pore system 

remained after the debinding. The pores, having a maximum size of a few 10 µm, 
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are inhomogeneously distributed. These micrographs underline the large variance in 

the strength data and the significant porosity values as well. Increasing the firing 

temperature did not change significantly the morphology of the fracture surfaces. 

   
 a) b) 

Figure 5 

Microstructure of the alumina/glass composites sintered at 850 °C and 1,100 °C 

 

 

 
Figure 6 

Phases of the samples fired at 850 °C 

 

Based on the X-ray diffraction analysis, from the mixture of the starting crystalline 

corundum phase and the amorphous fritted glass phase, mainly crystalline phases are 

present in the sample fired at 850 °C, with an amorphous content of about 5%. The 

phases identified were corundum, albite, anortite, zirconium silicate, gahnite, and 
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diaoyudaoite (Figure 6). These phases remain up to 1,100 °C, but their amount varies 

slightly. In the sample sintered at 900 °C, the frit already started to melt, which in-

creases the amount of amorphous phase to 22 wt%. It decreases to 16 wt% at 950 

°C, indicating an increase in the proportion of the crystalline phase. 

 

CONCLUSIONS 

In this research, the effect of firing temperature on the properties of alumina/glass 

composites was studied. The melting behaviour of the frit and the debinding process 

affect mostly the main (non-electrical) properties of the samples. In the sintering 

range of 850–1,100 °C, the tested characteristics did not change significantly. The 

samples sintered at 900 °C had the lowest compressive strength and shrinkage. Based 

on the above measurements, the tested material can be fired even at 850 °C, since 

the higher firing temperatures do not provide significantly better properties.  
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