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Abstract Highly crystallized mullite synthesis with dif-

ferent concentration of tungsten ions has been achieved by

sol–gel technique and the effect of tungsten ion doping on

mullite was examined at 1,100 and 1,400 �C. Character-

izations were done by DTA/TGA, XRD, FTIR, LCR and

FESEM instruments at the room temperature. Mullite for-

mation was found to depend on the concentration of the

doping ion up to a certain extent. With the addition of

tungsten ion, the mullite formation temperature was

decreased. The result showed a decrease in mullite phase at

higher concentrations of doping ion with respect to

undoped mullite. Oxide phases continued to increase with

increasing doping concentration, which is mainly respon-

sible for the increment in dielectric value. Dielectric value

of the doped mullite was found to decrease with the

increase in frequency for all the samples and saturates at

higher frequency, which is normal behavior for dielectric

ceramics. A.C. conductivity increased with frequency by

following Jonscher’s power law. The composite showed

maximum dielectric constant of 124.02 sintered at

1,400 �C for 0.05 M at 20 Hz frequency. Highly crystal-

line mullite whiskers of average dimension 3 lm were

obtained at 0.02 tungsten concentration sintered at

1,400 �C. Due to the good dielectric response, compara-

tively low loss and appropriate nature of the doped mullite

it can be used as ceramic capacitors, packaging material for

integrated high speed devices. Also, it’s electrical and

thermal suitability may prove to be significant as the

insulator material of the spark plug.

1 Introduction

Mullite (3Al2O3�2SiO2) is a promising candidate of tradi-

tional and advanced ceramics because of its outstanding

electrical, mechanical and thermal properties such as high

melting point, good creep resistance, superior high tem-

perature strength, low thermal expansion, thermal shock

resistance, exceptional chemical stability under harsh

chemical environments etc [1–6]. Advanced structural

ceramics have a great contribution in electronics industries

with its unique structural, optical and dielectric applica-

tions. Fundamental building unit in mullite is the chain of

edge-sharing AlO6-octahedra oriented parallel to the crys-

tallographic c-axis. These chains of octahedra are separated

by (Si, Al)O4 tetrahedra in an alternating sequence, form-

ing double chains parallel to the c-axis [7–9]. The topo-

logical arrangement of these chains is a common feature of

a whole group of compounds with various chemical com-

positions. Conventionally, mullite formation starts above

1,200 �C completing at around 1,600 �C by solid state

reaction between aluminium oxide (Al2O3) and silicon di-

oxide (SiO2) particles [10–14]. Here mullite precursors are

mixed at atomic level which is best achieved via sol–gel

route by using a salt of aluminium and tetraethyl ortho-

silicate (TEOS). Sol–gel route is the most preferred way till

date because of the chemical homogeneity of the precur-

sors and high purity of the end product [15–17].

The 3:2 mullite has a highly stable open structure

(TMelt = 1,828 ± 10 �C) and it can accommodate a variety

of transition metal ions into its structure as a solid solution

[18, 19]. Transition metal generally induces their effects by

interacting with the silica layer and destabilizing the alu-

minium–silicate matrix [20–23]. Such solid solutions can

result in desirable improvements in physical properties.

Many reports have been published in the recent times
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regarding synthesis of mullite composites, in presence of

various metal ions with the aim, to improve the properties

of modified mullite composites. From these studies it has

been concluded that the mullite structure can incorporate

differing amounts of ions, where the limit of dopant ion

incorporation depends on synthesis conditions, ionic radii

and the oxidation states of transition metal ions [24].

A spark plug contains an insulator as a basic building

block of its body parts, where a ceramic material (e.g.

mullite) is used as an insulator. The insulator is used to

isolate the high voltage at the electrodes, ensuring the spark

happens at the tip of the center electrode and not anywhere

else on the plug. The insulator is subjected to harsh con-

ditions so a considerably high dielectric strength and ade-

quate thermal conductivity is required [25, 26]. Generally

mullite is ceramic material with low dielectric constant

(*6). Through systematic investigation it can be seen that,

dielectric value became much higher for tungsten doped

mullite, which is suitable to be the ceramic material of the

spark plug.

2 Experimental procedure

2.1 Materials

Chemicals used in the preparation of mullite precursor gels

are: Aluminium nitrate nonahydrate (Al(NO3)3�9H2O)

extra pure (MERCK, India), Aluminium isopropoxide

(Al(–O–i–Pr)3) puriss (Spectrochem Pvt. Ltd., India.),

Tetra ethyl orthosilicate (Si(OC2H5)4) (MERCK, Ger-

many) and Phosphotungstic acid (H3[P(W3O10)4]9H2O)

(MERCK, Germany).

2.2 Methods

Aluminum isopropoxide and aluminum nitrate nonahydrate

(ANN) were used as the alumina sources, whereas tetra

ethyl orthosilicate (TEOS) was used as a source of silica.

By using aluminium nitrate nonahydrate a 0.5 M aqueous

solution was prepared. Mullite precursor gel powder was

synthesized by dissolving stoichiometric amounts of alu-

minium isopropoxide and TEOS in the aqueous solution of

aluminium nitrate nonahydrate. The molar ratio of Al(–O–

i–Pr)3/Al(NO3)3�9H2O was kept at 7:2 in order to form

spinnable sols and the mole ratio of Al/Si was 3:1. More-

over, pH of the solution was also maintained at 5. On

vigorous stirring for 2 h and overnight temperature treat-

ment at 60 �C, the solutions forms gel which was further

dried and mortared to form a free flow powder.

By adding aqueous solution of five different concen-

trations of the tungsten salts—0.002, 0.005, 0.01, 0.02, and

0.05 M to the undoped mullite solution and stirring it for

120 min, metal ion doped gels were prepared by sol–gel

method. Then the above mentioned procedure is repeated

to obtain free flow powder of doped mullite. The samples

were then pelletized and sintered at 1,100 and 1,400 �C for

3 h in a muffle furnace under air atmosphere (heating rate

10 �C/min.). This whole process is summarized as a

flowchart shown in Fig. 1.

2.3 Investigating instruments

The crystalline phases developed in the samples sintered at

1,100 and 1,400 �C were analyzed by X-ray powder dif-

fractometer (model-D8, Bruker AXS, Wisconsin, USA)

using Cu Ka radiation—1.5418 Å and operating at 40 kV

with a scan speed of 1 s/step.

The characteristic stretching and bending modes of

vibration of chemical bonds of samples were effectively

evaluated by FTIR spectroscopy (FTIR-8400S, Shimadzu).

The samples were pelletized after mixing 1 % sample with

spectroscopy grade KBr and then analyzed by FTIR using

pure KBr pellet as background from 1,600 to 400 cm-1.

Thermal behavior of the gel samples were investigated

by a DTA-TGA [DTG-60H, Shimadzu (Asia Pacific) pvt.

Ltd., Singapore] analyzer operated at the heating rate of

10�C/min under N2 flow.

Electrical properties such as dielectric constant (er),

dissipation factor (tand), A.C. conductivity (ra.c.), resis-

tivity (q) of the samples were measured in the frequency

range 20 Hz–2.0 MHz using LCR meter (HP Model 4,274

Fig. 1 Flowchart depicting formation of tungsten doped mullite
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A, Hewlett-Packard, USA). For the measurement of elec-

trical properties sample pellets of uniform thickness were

prepared, and silver paste was coated on two extreme

surfaces of the pallet to make those surfaces conducting.

The morphology of the sintered gels were studied by

field emission scanning electron microscope (FESEM)

(JSM 6700F, JEOL Ltd., Tokyo, Japan). Samples were

etched with 25 % HF solution and about 2 mg of each

sample was dispersed in ethanol and a single drop was

placed on copper grid for sample preparation.

3 Results and discussion

3.1 DTA/TGA analysis

The DTA/TGA curves shown in Fig. 2a, b provides com-

parable differences between thermal behaviors of undoped

mullite gel and the gel having higher concentration of

tungsten ion as dopant. From the DTA pattern it can be

seen that, in both cases there are two endothermic peaks

below 400 �C, due to the evolution of volatile components

e.g. water, alcohol from the surface and structure. Here we

can notice that, for undoped mullite gel there is a sharp

exothermic peak at 961.89 �C. The occurrence and inten-

sity of this exothermic peak are closely related to the

intimacy and homogeneity of the Al–Si components in the

gels. Upon addition of tungsten ion, an exothermic peak is

obtained at 782.09 �C which is shifted towards lower

temperature by 179.80 �C compared to undoped one. This

transformation was achieved due to the complex forming

ability of the transition metal ions in the alumino-silicate

matrix [18, 19]. Hence we can conclude that, for the gel

with higher concentration of tungsten, temperature of

mullite formation has decreases due to the melting of

tungsten, which decreases the viscosity and helps in mullite

formation at a comparatively low temperature. On the other

hand, TGA curve shows that there occurs considerable

weight loss in between 30 and 400 �C due to evaporation

of water contents, alcohol etc. and no additional significant

weight loss is seen up to 1,400 �C.

3.2 X-ray diffraction analysis

Here crystal phase developments are observed at two dif-

ferent temperatures 1,100 and 1,400 �C.

In the X-ray diffractograms it has been observed that the

undoped sample shows considerable mullite phase at 1,100

and 1,400 �C, similarly the doped samples exhibit promi-

nent mullite phase (JCPDS # 15-0776) which varies with

the variation of the concentrations. Mullite phase increases

with increasing concentration of metal ions up to 0.01 M at

1,100 and 1,400 �C, then yield of mullite phase decreases

(Fig. 3a, b).

This suggests that at low concentration tungsten ion can

effectively induce accelerated transformation of the gels

into mullite, but on reaching a critical concentration, the

gel cannot transform into mullite. In fact at higher con-

centrations, tungsten doped gels transforms to crystalline

aluminium oxide (JCPDS # 0.43-1484), tungsten oxide

(JCPDS # 44-0396), silicon tungsten oxide (JCPDS # 0.25-

1331) and the aluminum tungsten oxide (JCPDS #

29-0096) phases (Fig. 3b). At higher doping concentra-

tions, the initial gel formation became inhomogeneous due

to the excess metal ion [20–22].

The sharp peaks at 1,400 �C indicates complete mulli-

tization expected at such high temperature, whereas, in

case of tungsten doped mullite sintered at 1,100 �C, there

Fig. 2 a, b DTA/TGA pattern of undoped (G0) and doped mullite gel with higher concentration (0.05 M) of tungsten ion
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still remains amorphous phases, which accounts in forma-

tion of peaks relatively blunt compared to the mullite

sintered at 1,400 �C.

3.3 FTIR analysis

The infrared spectra of tungsten doped mullite of different

strengths along with pure mullite sintered at 1,100 and

1,400 �C were recorded in the range of 1,350–450 cm-1.

In the spectrum of pure mullite gel (G0), calcinated at

1,100 �C, it gives peaks around wave number 1,136, 866,

740, 579, 517 cm-1. It is reported that, development of a

shoulder near about 1,130 cm-1 is assigned to the asym-

metric Si–O stretching vibration of SiO4 tetrahedra, Al–O

tetrahedral condition gives Al–O stretching modes in the

region 750–850 cm-1, and an Al–O octahedral condition

gives Al–O stretching modes in the region 500–750 cm-1,

which are the characteristic bands of mullite [22–24, 27].

Similarly doped samples of strengths 0.002, 0.005, 0.01,

0.02, 0.05 M sintered at above mentioned temperatures,

shows all the characteristic bands of mullite (Fig. 4a).

In case of pure mullite (G0) gel calcinated at 1,400 �C

peaks are obtained around 1,176, 1,133, 911, 831, 750 and

570 cm-1. Here the shoulders at 1,176 and 1,133 cm-1 are

assigned respectively, to the asymmetric stretching vibra-

tions of Si–O–Si and Si–O–Al networks [28]. Shifting of

asymmetric stretching frequencies to the higher wave

number indicates the better formation of mullite at

1,400 �C; this is further confirmed by the FESEM images.

Other peaks at 831 (alumina tetrahedra), 750 (alumina

tetrahedra), 570 (alumina octahedra) further confirms the

formation of mullite. Doped samples of five above men-

tioned strengths sintered at 1,400 �C, exhibits all the

characteristics peak of mullite along with a peak 624 cm-1

which may be due to the W–O bond in tungsten oxide

phases as shown in Fig. 4b.

3.4 Electrical properties analysis

3.4.1 Dielectric analysis

Dielectric constant of each sample was calculated by using

the formula

er ¼ C� dð Þ=Ae0

where, C, d, A, er and e0 are the capacitance of material,

thickness of the pellet, area of cross-section, dielectric

constant and permittivity of free space respectively [29].

Fig. 3 a, b XRD plot of tungsten doped mullite of different concentrations sintered at 1,100 and 1,400 �C
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The variation of dielectric constant of tungsten doped

mullite with frequency fired at 1,100 and 1,400 �C are

shown in Fig. 5a, b. From the plot it is observed that in all

the cases dielectric constant decreases with increase in

frequency. It happens as the electrode blocking layer is the

dominating mechanism at lower frequency region; thus the

dielectric behavior is affected by electrode polarization. At

higher frequency the dipole cannot rotate sufficient rapidly

results a lag in oscillation behind the field. As the fre-

quency is increased further, the dipole will be completely

unable to follow the field, so it approaches a constant value

at higher frequencies [30]. Presence of tungsten increases

the value of dielectric constant and it increases smoothly

with an increase in concentration of tungsten as it was

attributed to interfacial polarization [31]. At 20 Hz, 0.05 M

tungsten doped mullite composite gave k value (dielectric

constant) of 81.23 and 124.02 fired at 1,100 and 1,400 �C

respectively.

3.4.2 Dissipation factor analysis

The dielectric loss (tand) of all samples was measured in

the frequency range 20 Hz–2.0 MHz in the room temper-

ature and is graphically shown in Fig. 6a, b. At lower

Fig. 4 a, b FTIR bands of tungsten doped mullite precursor gels sintered at 1,100 and 1,400 �C

Fig. 5 a, b Variation of dielectric constant (er) with log f(Hz) of mullite gels sintered at 1,100 and 1,400 �C
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frequencies, tand is large for all samples and decreases

with increasing frequency reaching a constant value. The

reason behind is that in low signal frequency range elec-

trical dipoles follows the variation of electric field and it

reaches constant value at 2.0 MHz [32]. Dielectric loss

increases linearly with increasing dopant ion content in

investigated frequency range. The tangent loss for com-

posites is large at 1,100 �C; as after sintering at 1,100 �C

for 3 h, the ceramic composites still remains amorphous,

whereas, tangent loss decreases to a pretty small value of

all strengths at 1,400 �C, as at this temperature the crys-

tallinity of mullite increases.

3.4.3 A.C. Conductivity analysis

Electrical conductivity (rtotal (x)) consists of two parts:

A.C. conductivity (ra.c.(x)) and D.C. conductivity (rd.c.).

During a.c. conductivity the frequency of the electric field

varies whereas in case of d.c. conductivity it remains

constant. rd.c. depends strongly on temperature and dom-

inate on low frequency and high temperature. ra.c. (x) has

a dependence on temperature and dominates at higher

frequency and low temperature. The relation for frequency

dependent ac conductivity is

ra:c: xð Þ ¼ Axs;

where, A is constant, S is a function of temperature, value

of which lies in between 0 and 1 [33–35].

The plot of log ra.c.(x) versus log f shows a linear

increment of a.c. conductivity with frequency for all

doping concentrations as shown in Fig. 7a, b. Increase of

frequency increased a.c. conductivity by increasing hop-

ping of conducting electrons present in tungsten mullite

composite. At higher frequency the hopping frequency

could not match the applied field frequency [36]. Presence

of tungsten ion in the mullite structure increases the

mobility of ions, so a.c. conductivity increases with the

increasing concentration of tungsten. The increase of

conductivity at lower frequency range is due to interfacial

polarization; as the conductivity is pure d.c. in this region

[37]. At higher frequency range, rapid increase of con-

ductivity with increasing frequency is referred to electronic

polarization effect.

3.4.4 Resistivity analysis

Although the thermal conductivity is the most important

property for heat sink and electrical contact applications,

this property is not easy to measure due to large experi-

mental errors. Since resistivity (q) is easy to measure and

can be translated into thermal conductivity when needed

through the Wiedmann–Franz equation, it was selected in

this study to compare the thermal properties of the tungsten

doped mullite. For metals, thermal conductivity is consid-

erably high and those metals which are good electrical

conductors are also good thermal conductors, as we know

that, at a given temperature thermal conductivity of a metal

is proportional to its electrical conductivity [38]. Figure 8a,

b shows that the resistivity decreases with increasing

density of the dopant ion. Generally mullite is a bad

Fig. 6 a, b Variation of dielectric loss (tand) with log f(Hz) of mullite gels sintered at 1,100 and 1,400 �C
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conductor, so it is found to be a highly resistive material,

but when we incorporate some conducting metal like

tungsten in it, the resistivity began to decrease as the

conductivity grows in it, and as the electrical conductivity

increases, thermal conductivity also increases by the

Wiedmann–Franz equation:

c
r
¼ LT;

where, c is thermal conductivity, L is Lorenz number,

which is constant for all metals (2 9 10-8 W X K-2), T is

absolute temperature [38]. Thus resistivity decreases as

electrical conductivity is inversely proportional to electri-

cal resistivity.

The factors, which are responsible for lowering of

resistivity of mullite are, the 3-D orbital electrons, the

oxidation states and the concentration of the transition

metal ions as well as the sites of mullite lattice occupied by

the ions [39, 40].

From the plot it is observed that, at 2 MHz frequency

the resistivity of pure mullite sample are 419.81 and

291.56 X cm, where, for doped samples of highest strength

Fig. 7 a, b Variation of log of AC conductivity (log ra.c.(x)) with log f(Hz) of mullite gels sintered at 1,100 and 1,400 �C

Fig. 8 a, b Variation of resistivity (q) with log f(Hz) of mullite gels sintered at 1,100 and 1,400 �C
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(0.05 M) it became 209.49 and 149.06 X cm, sintered at

1,100 and 1,400 �C respectively. Thus, due to incorpora-

tion of tungsten in mullite, its electrical resistivity has been

reduced to almost half of its primary value; accordingly the

thermal conductivity of the composite sintered at above

mentioned temperatures will reflect considerably com-

mendable values.

3.5 FESEM analysis

The microstructure of the mullite particle of highest

(0.05 M) concentration of the doped transition metals was

investigated by FESEM for 1,100 and 1,400 �C. 0.05 M

tungsten doped mullite fired at 1,100 �C (Fig. 9a) shows

complete different behavior from the doped mullite fired at

1,400 �C (Fig. 9b). The micrograph in Fig. 9a shows

almost spherical morphology of mullite with amorphous

aggregates and open spaces, whereas Fig. 9b shows uni-

form microstructure, which is composed of large aniso-

tropic grains or whiskers. Distinct mullite particles of

average size of 3 lm were seen embedded in the matrix of

Fig. 9b.

It can be concluded from the observations that, doped

sample fired at 1,100 �C was insufficient to produce mullite

whiskers, as there were few amorphous phases, which is

evident from the XRD analysis.

4 Conclusion

Tungsten doped mullite composites have been synthesized

by sol–gel technique and their phase evolution and elec-

trical properties have been investigated. Concentration of

the ions and temperature are the two primary factors found

to affect the formation of mullite. With increase in con-

centration of doping ion up to a certain value, extent of

mullite formation has been found to increase, and then it

began to decrease, as it gives rise to other oxides. The

observations of the present research work indicate that the

electrical properties can be enhanced by doping tungsten

ion. The dielectric constant of doped mullite has been

found to be high and it decrease with increase in frequency.

The highest dielectric constant is about 124.02 at 20 Hz for

tungsten-mullite composite sintered at 1,400 �C for

0.05 M. A.C. conductivity increases with frequency and

depending on the concentration of mobile ions present in

the composites. Also the resistivity of the doped ceramics

began to decrease with the increase in frequency and the

incorporation of the transition metal ions, the dopants,

alone could reduce the electrical resistivity of mullite.

From all the above mentioned analysis, it can be con-

cluded that, the doped mullite may be used for the fabri-

cation of ceramic capacitors in the pico range. Also, this

composite can withstand very high temperatures of about

1,400 �C. The dielectric strength and its resistivity also suit

the doped ceramic as the insulating material of the spark

plug.
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