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Fig. 6 EDS spectrum of samples S3 (a) and S5 (b).

process. At the same time, free Si substrate was
exposed to molten salts system and the oxidation
reaction would follow. By repeating this
oxidation-dissolution cycle, the active Si has been
etched completely and the inert mullite whiskers has
been grown continuously. This repeated oxidation-
dissolution mechanism is different from the commonly
accepted mechanism of mullite whiskers formation
[13], raw material Si powders could be oxidized by
SO; which originated from the decomposition of
Alx(SO4);. Thus, mullite nuclei form in the mixture
molten salts and mullite whiskers could grow
continuously depending on oxidation-dissolution cycle.

Alz(SO4)3 — ’Y-A1203+3 SO, (1)
Si+280; — Si0,+2S0, )
3"{—A1203+28i02_> 3A12032SIOZ (mullite) (3)

From thermodynamic point of view, one reaction
could be estimated qualitatively according to the
change free energy (AG) of this reaction. Thus, we
calculated the effect of temperature on free energy
change of reactions (1), (2) and (3), which are shown
in Fig. 8. The data of G are obtained from Reference
[17]. As far as chemical equilibrium is concerned, the
smaller the value of AG, the larger the equilibrium
constant k is, and the more the products are when
equilibrium state is attained. Therefore, the reaction (1)
can not process in the lower temperature range (AG>
0), the reaction would start extremely vigorous when
the temperature was reaching at 1023 K (AG<0). It is
found that the free energy change of reactions (2) and
(3) are negative in the whole temperature range, which
indicated that reactions are spontaneous. From the
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Fig. 7 Schematic illustration of growth process of mullite whiskers.
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Fig. 8 Change of free energy AG for reactions (1),
(2) and (3) depending on temperature.

temperature range of 0-1400 K, mullite whiskers form
and grow controlled by reaction (1). This implies that
mullite phase may spontaneously form once the
temperature of the molten salts reaches the
decomposition temperature of aluminum sulfate.

The mixture molten salts contact with solid-state Si
powders, which is converted in a short period under
these conditions especially when they are liquid mixed

in a molecular level, which will shorten the diffusion
paths, so that the reaction kinetics need not be
considerated. This principle is applied in our investiga-
tions and the results are discussed in this paper.

4 Conclusions

Mullite whiskers were prepared from Si powders using
molten Aly(SO4)3-Na SO, salts method. XRD, FT-IR,
SEM and EDS studies showed that Al-rich mullite
pellets and clusters of tiny mullite crystals were
formed in the final product. In addition, the content of
Al-rich mullite pellets increases with the R of raw
mixture salts increasing. A new oxidation-dissolution
mechanism was proposed to explain mullite whiskers
growth. Thermodynamic calculation indicated that
mullite phase may be spontaneously formed as the
temperature reached the decomposition temperature of
aluminum sulfate (1023 K).

Acknowledgement

This work was supported by the Fundamental Research



Journal of Advanced Ceramics 2012, 1(4): 283-289

289

Funds for the Central Universities (CHD2009JC143) and
the Open Fund of State Key Laboratory for Mechanical
Behavior of Materials (201011004).

References

[1] Zhang YB, Ding YP, Gao JQ, et al. Mullite fibres
prepared by sol-gel method using polyvinyl butyral.
J Eur Ceram Soc 2009, 29: 1101-1107.

[2] Bagchi B, Das S, Bhattacharya A, et al
Nanocrystalline mullite synthesis at a low
temperature: Effect of copper ions. J Am Ceram Soc
2009, 92: 748-751.

[3] Kong LB, Zhang TS, Ma J, et al. Mullitization
behavior and microstructural development of
B,05-A1,0;-Si0, mixtures activated by high-energy
ball milling. Solid Sate Sci 2009, 11: 1333-1342.

[4] Zhang TS, Kong LB, Du ZH, et al. In situ
interlocking structure in gel-derived mullite matrix
induced by mechanoactivated commercial mullite
powders. Scripta Mater 2010, 63: 1132-1135.

[5] Zhang TS, Kong LB, Du ZH, et al. Tailoring the
microstructure of mechanoactivated AlL,O; and SiO,
mixtures with TiO, addition. J Alloys Compd 2010,
506: 777-783.

[6] Roy B, Fuierer PA. Molten salt synthesis of
Bi-4(V0.85C00.15)(2)O11-delta (BICOVOX)
ceramic powders. J Am Ceram Soc 2009, 92:
520-523.

[7]1 Li JF, Lin H, Li JB, et al. Effects of different
potassium salts on the formation of mullite as the
only crystal phase in kaolinite. J Eur Ceram Soc
2009, 29: 2929-2936.

[8] Park YM, Yang TY, Yoon SY, et al. Mullite whiskers
derived from coal fly ash. Mater Sci Eng A 2007,
454-455: 518-522.

[9] Zhang PY, Liu JC, Du HY, et al. Molten salt
synthesis of mullite whiskers from various alumina
precursors. J Alloys Compd 2010, 491: 447-451.

[10] Ouatib RE, Guillemet S, Durand B, ef al. Reactivity
of aluminum sulfate and silica in molten alkali-metal
sulfates in order to prepare mullite. J Eur Ceram Soc
2005, 25: 73-80.

[11]Kong LB, Gan YB, Ma J, et al. Mullite phase
fromation and reaction sequences with the presence
of pentoxides. J Alloys Compd 2003, 351: 264-272.

[12] Kim BM, Cho YK, Yoon SY, et al. Mullite whiskers
derived from kaokin. Ceram Int 2009, 35: 579-583.

[13] Zhang PY, Liu JC, Du HY, et al. Influence of silica
sources on morphology of mullite whiskers in
Na,SO;, flux. J Alloys Compd 2009, 484: 580-584.

[14]Levin EM, Mcmurdie HF. Phase diagrams for
ceramists 1975 supplement. A4m Ceram Soc OH,
Westerville, 1975: 1318-1318.

[15]Liu K, Feng Q, Yang YX, et al. Preparation and
characterization of amorphous silica nanowires from
natural chrysotile. J Non-Cryst Solids 2007, 353:
1534-1539.

[16] Lavat AE, Grasselli MC, Tasca JE. Phase changes of
ceramic whiteware slip-casting bodies studied by
XRD and FTIR. Ceram Int 2007, 33: 1111-1117.

[17]Barin 1. Thermochemical Data of Pure Substances.
Weinheim: VCH Verlagsgesellschaft, 1989.



