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Abstract 
  

Mullite has achieved outstanding importance as a material for both traditional and 
advanced ceramics because of its favorable thermal and mechanical properties. The low 
power transferred arc plasma (TAP) processing is found to have various key features like 
high temperatures ranges at low power and time which makes it a suitable mullite 
synthesizing technique when compared to conventional solid state reaction methods. In 
the present literature an effort has been made to compare the processing parameters like 
processing cost, purity and capacity of high temperature furnace (HTF) and TAP for low 
cost mullite synthesis. Zirconia is inexpensive and easily available, and this technique 
used in the current study is highly attractive to large scale production. Mullite – zro2 
(MZ) mixtures in different molecular ratios were ball milled for 4 hr. The ball milled 
samples were synthesized in HTF and TAP. The XRD and SEM patterns show that the 
single phase mullite obtained from TAP and HTF processes are crystalline. The TAP 
process requires low power input than HTF process [20].  
 
Keywords:    HTF – High Temperature Furnace, TAP- Transferred Arc Plasma, XRD – 
X-ray Diffraction, SEM – Scanning Electron Microscope. 

 
Introduction  

Recent advances in the processing of materials and the need for graded materials with tailored properties 

has recently fetched great attention towards glass ceramics system due to their attractive properties.    

Mullite is the only aluminosilicate which is stable at high temperatures. Mullite occurs very rarely in 

nature because of its high temperature but low pressure formation conditions. Mullite was first spotted at 

the contact of superheated magma intrusions with Al2O3 – rich sediments, as on the Island of Mull 

(Scotland), where the name mullite originated.  Mullite has been traced in high temperature 

metamorphosed rocks of the sanidinite facies [1]. 

In spite of its rare occurrences, mullite is found to have gained an important phase in advanced 

ceramics. Its importance can be explained by:  

a. Its high thermal stability up to melting point (2573K), low thermal expansion and conductivity 

of 1.56 Wm-1k-1 at 1273K,  high creep resistance and corrosion stability together with suitable strength 

and fracture toughness (Table 1).  [2] 
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b. Its ability to form glass ceramics in wide Al2O3/sio2 molar ratio (ranging from 1.5 to 2) and its 

ability to incorporate a large variety of new cations into the structure. 

c. Its ability to extend its structural principles to a large number of phases belonging to the family 

of mullite [3].  

Table 1: Thermo – mechanical properties of mullite ceramics and other advanced oxide ceramics 

 
A lot of works have been made to prepare mullite ceramics using various materials and methods, 

all of which follow different mullitization routes on heating. The most common methods are: 1. Use of 

HTF at 12000C and above for mullite formation. Here mullite is seen as a mixture of Kaolinite and 

alumina sol mixtures and diphasic gels. 2. Direct mullitization of Al rich mullite at about 900 - 10000C [4] 

observed as monophonic gels and glasses. 

When Al2O3 and SiO2 are mixed at different grains and on different molecular ratios, 

muttilization occurs by nucleation growth mechanisms at different routes. The low bending strength of 

mullite at room temperature has led to search for ways of improving the mechanical properties and 

thereby reducing the synthesis temperature. Some solution has been gained when ultrafine alumina, 

Zirconia and silica powders are used [5 - 6].  

MZ composites are used in various applications due to its good mechanical properties like 

toughness, chemical stability and resistance to creep and spalling. MZ can be used in glass melting 

furnaces as glass contact materials [7]. 

The use of MZ ceramics is due to their relatively high corrosion resistance, attributed to the 

microstructure of Zirconia and slightly wetted by siliceous and metallic melts. Also, the solubility 

potential of Zirconia in silica is low, thus the chemical attack of the refractory is comparatively low [8]. 

Zirconia particles toughen the materials mainly because of fracture process and the tetragonal-monoclinic 

phase transformation that occur during the process as shown in Fig.1 [9, 10].  

The stress induced phase transformation toughening mechanism activated during the fracture 

process is responsible for the increase in crack propagation energy [11, 12]. If the mullite crystal appears 

in needle shape, then an additional toughening mechanism is present. There are many ways to produce the 



International Journal of Chemical and Physical Sciences, ISSN:2319-6602 
 IJCPS Vol. 4 Special Issue-6  APST–2015   

 www.ijcps.org                                   
 

Experimental Study on Synthesizing Methods  of  Low 
Cost Mullite – Zro2 Glass Ceramics 

B.SHREERAM, DR.I.RAJENDRAN,  
Dr. NAVANEETHA PANDIARAJ 

- 22 - 

 

MZ composite i.e., chemical or use of conventional heating of alumina, zirconia and silica powders as 

well as sol-gel (aqueous solution of aluminumisopropoxide, aluminumnitrate and tetraethylorthosilicate) 

can be used [13]. The easiest and the most economical way is using sintering process where the complete 

mullitization occurs at temperatures near 1600oC [14]. The impurity added to the original material during 

manufacturing improves the sintering process but in turn, reduces the high temperature strength and shock 

resistance [15]. 

 

Experimental Work   

The present investigation is undertaken to synthesize mullite through Zirconia powder by thermal 

processing. The newly tailored material is expected to combine the excellent properties of alumina (high 

hardness, wear resistance and refractoriness), mullite (excellent thermal shock resistance, high creep 

resistance, low thermal expansion coefficient and binging strength at high temperature) and Zirconia 

(high corrosion resistance, high fracture toughness and low thermal conductivity). In this investigation, 

mullite is prepared using HTF and TAP process at different temperatures and exposure time. The phase 

formation, microstructure, chemical compositions of the processed samples are analyzed using XRD, 

SEM respectively.   

 

Fig.1. Phase transformation diagram for zro2 - cao 

Material and Methods 

In this work, commercially available lanthanum oxide -La2O3 (Sigma-Aldrich –99% purity), Al2O3 

(Sigma-Aldrich– 99% purity) and SiO2 (Sigma-Aldrich– 99% purity) were used to prepare MZ 

composite. The mixture of Al2O3 and SiO2 at 3:2 molecular ratios were mixed in a slow rotating ball mill 

with corundum ball for 2h. Later, the obtained were mixed with La2O3 at different weight ratios 
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(according to equation 1 and as listed in table 1) and ball milled for four hours with corundum ball mill 

using planetary ball mill (Insmart, India).  

 Table 1: Composition distribution model of MZ composite 

Sample A - 90% 3 Al2O3+2SiO2 / 10% ZrO2 

Sample B - 80% 3 Al2O3+2SiO2 / 20% ZrO2 

Sample C - 70% 3 Al2O3+2SiO2 / 30% ZrO2 

 

(Al2O3 + SiO2) + ZrO2  ZrSiO4 +           3 Al2O3.2SiO2+ Al2O3      (1) 

HTF process: The ball milled samples were placed in a graphite crucible and kept in a high temperature 

arc furnace for 1300o C and 1500o C for 4 hr. The 4 hr waiting time at the set temperature is expected to 

stabilize the mullitization growth.   

 TAP process:  The ball milled samples were kept in graphite bowl (acts as an Anode in TAP process) 

100 mm deep and 150 mm diameters. The graphite bowl also acts as the melting bed. The experimental 

setup consists of 12 kW plasma torch, power supply, gas (Argon) supply and water cooling system. The 

experimental system is shown in the schematic diagram (fig.2.).  

The cathode (conical end) is made of a graphite rod 250 mm long and 50 mm diameter. The 

cathode is enclosed in a brass cylinder and the space between the brass cylinder and the cathode is filled 

with water. The cold water from the cooling unit is supplied (at 10 lpm) on the one end of the brass 

cylinder and the hot water after cooling the cathode is circulated back to the cooling unit from the other 

end of the brass cylinder. Provisions are also made for the argon gas flow through the brass cylinder. The 

sample is processed in the plasma (operating parameter as listed in the table 2). 

Table 2: Operating parameters of Plasma 

 

The processed samples were allowed to cool in the atmosphere and were milled down to a few 

micrometer sized powders in an agate mortar prior to X- ray diffraction (XRD) analysis using a PW 

Philips Diffractometer with nickel filtered Cu-Kx radiation. For scanning electron microscope (SEM) 

investigation, the samples were polished using silicon carbide papers and with diamond paste. The 

chemical etching using 30 wt% HF solutions for 30 seconds was done on the sample. The microstructures 

of the sample were studied by the Philips XL40 SEM instrument. 

Description Parameter 1 

1. Input power 7.5kW 

2. Argon gas flow rate 5 lpm 

3. Plasma Processing time 5 minutes 
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Fig.2. Experimental setup showing Transfer Arc Plasma 

 

Results and Discussions 

The synthesis of Al2O3, SiO2 and ZrO2 mixture involves two reactions. First involves 

composition of ZrSiO4 and latter, formation of Mullite. In accordance to the thermodynamic data from 

the literature [18], the free energy of the reaction in the range 1200 – 1400K can be described by the 

linear function of temperature, T: 

∆G = 0.515 T + 72.19[kJ/mol]    (2) 

It is evident from equation (2) that the reaction should start at temperature T>1400 K (about 1127oC). 

The effect of processing temperature at 1300oC and 1500oC in the mullite formation was studied. The 

longer processing time subjects the molted pool of Al2O3, SiO2 and ZrO2 to a more extended heating. 

The extended heat causes the evaporation of ZrO2 [20] and causes deficiency in liquid phase 

concentration of ZrO2 system. The above tendency was slightly reflected in the XRD analysis in Fig.3; 

the peak shift at 1500o C and 1300o C at 25-28oC interval of 2� intensity.  

The XRD result of overall formation of mullite – Zirconia composite can be studied in Fig.4. In 

this figure the mullitization starts appearing at 1300oC, and the greater mullitization peaks was achieved 

at 1500oC. Interestingly Zirconia exists in both tetragonal and monoclinic phases [23]. In comparison with 

the XRD pattern of sample processed at HTF - 1500o C and 7.5 kW processed TAP sample as shown in 
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Fig.5, the mullitization is complete and the Zirconia peaks are greatly reduced due to complete 

mullitization process. 

Fig. 3. XRD pattern of relative shift of peak 
with different processing temperature in HTF 

 

Fig. 4. XRD pattern of MZ sample processed at 
different processing temperature in HTF 

 
 

 
Fig. 5. XRD pattern of 5 min TAP processed MZ at 7.5 kW 
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The microstructure of the Mullite/Zirconia samples fired at 1300o C, 1500o C for 4 hr and TAP 

processed samples can be seen in SEM (Fig.6). The microstructure of mullite is very much dependant on 

the torch input power. The needle structure of mullite is disappearing (when compared to Fig.6.a- 6.b. and 

Fig.6.c.) at higher temperature, due to the presence of silica and alumina [21]. The reduction of silica ratio 

is because of the evaporation at high power in plasma and large number of pores is observed in TAP. 

Also, the Zirconia (white grains) is surrounded by the mullite (dark grains) [22]. From the SEM results, it 

is clearly evident that the mullitization process is more stabilized in samples formed from TAP process. 

 

Fig. 6(a) SEM image of HTF processed sample @ 1300o C; (b) SEM image of HTF processed sample @ 
1500o C; (c) SEM image of TAP processed sample at 5kW 

 

Conclusions   

The Mullite – Zirconia was successfully synthesized from Al2O3, SiO2 and ZrO2 powders by low 

power transferred arc plasma TAP and High temperature furnace – HTF melting.  The processing 

parameters like, processing temperature, composition and processing method are directly influencing the 

Mullite-Zirconia formation. The obtained results confirm that the TAP processing at 7.5kW of torch input 

power, 5 min. of processing time are the appropriate conditions to give maximum mullite-zirconia 

composite formation. Hence the TAP process method is more effective for bulk production compared to 

the HTF synthesis process, due to its time and cost effectiveness. 
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