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Изучено соосаждение аммиаком гидратированных форм оксидов алюминия и крем-

ния. Термограммы высушенного соосажденного продукта показали, что при низких темпе-

ратурах (до ~300 °C) имелся набор слабо выраженных пиков от дегидратации адсорбирован-

ной и гидратной воды. Затем наблюдалось плавное удаление воды до ~600 °С, соответство-

вавшее переходу гидроксид алюминия Al(OH)3 → моногидрат (бёмит) γ-AlOOH. Впослед-

ствии масса пробы оставалась постоянной, поэтому наблюдаемые экзотермические пики 

могли быть вызваны образованием шпинели (около 900 °C) и кристаллизацией муллита из 

шпинельной фазы (выше 1200 °C). После прокаливания при 900–1000 °C преобладала алюмо-

силикатная шпинельная фаза со структурой γ-Al2O3, хотя проявлялись слабые признаки кри-

сталлического муллита. Высокая дисперсность гидратированных частиц оксидов алюминия 

и кремния предопределяла их значительную реакционную способность. В результате мул-

лит появлялся при относительно низкой температуре. Острые пики, которые относились 

к однофазному орторомбическому муллиту, регистрировались, начиная с 1150–1200 °C; в то 

же время рефлексы шпинели практически исчезали. Наиболее интенсивные фазовые измене-

ния происходили в диапазоне 1100–1200 °C. Положения и интенсивность пиков хорошо со-

гласовывались со справочными данными для муллита. Определены параметры кристалличе-

ской решетки этой фазы. Средний размер кристаллитов находился в пределах от 6,3 нм при 

1100 °C до 7,4 нм при 1200 °C. Рассчитанное неизотермическим методом (по уравнению Ав-

рами) значение эффективной энергии активации кристаллизации муллита составило 

(740 ± 40) кДж/моль, что хорошо согласуется с энергией активации диффузии ионов Si4+ в 

слое муллита (от 730 до 780 кДж/моль по литературным данным). Можно предположить, 

что процесс лимитировался диффузией ионов Si4+. 

Ключевые слова: муллит, синтез соосаждением, гетерогенное соосаждение, кинетика кристал-

лизации, уравнение Аврами, энергия активации 
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The co-precipitation of hydrated forms of aluminum oxide and silica with the addition of 

ammonia has been studied.  Thermal curves of a dried co-precipitated product showed that at low 

temperature (up to ~300 °C) there was a set of clearly defined endothermic peaks which resulted 

from dehydration of adsorbed and hydrated water. Then, a gradual removal of water was observed 

up to ~ 600 °C, which corresponded to the transition aluminum hydroxide Al(OH)3 → monohydrate 
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(boehmite) γ-AlOOH. After it, the sample weight remained constant, and exothermic peaks were 

because of the spinel formation (about 900 °C) and the mullite crystallization from the spinel phase 

(above 1200 °C). After calcination at 900–1000 °C, the Al–Si spinel phase of γ-Al2O3 type was dom-

inated, though some slight signs of crystalline mullite were already appeared. The high dispersion 

of hydrated alumina and silica particles determined their considerable reactivity. It resulted in the 

mullite appearance at a rather low temperature. Sharp peaks which concerned to single orthorhom-

bic mullite were registered since 1150–1200 °C. At the same time, the spinel reflexes practically 

disappeared. The most intensive phase changes were in the range of 1100–1200 °C. The peak positions 

and intensity of calcined products agreed well with the reference data for mullite. Its lattice param-

eters were determined. The average crystallite size was ranged from 6.3 nm at 1100 °C to 7.4 nm at 

1200 °C. The effective activation energy was calculated by non-isothermal method (Avrami equa-

tion) as (740 ± 40) kJ/mol. This magnitude was in a well accordance with the activation energy 

values for the diffusion of the Si4+ ions in the mullite layer which were estimated to range from 730 

to 780 kJ/mol (literature data). So, one might assume that the limiting stage was just the diffusion 

of the Si4+ ions.  

Key words: mullite, co-precipitation synthesis, heterogeneous co-precipitation, crystallization kinetics, 

Avrami equation, activation energy 
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INTRODUCTION 

Mullite 3Al2O3∙2SiO2 is the only compound in 

the system Al2O3 – SiO2 which exists at atmospheric 

pressure. It has unique physical and chemical proper-

ties and technological possibilities such as high melt-

ing point, excellent high temperature mechanical prop-

erties, good chemical and thermal stability, high creep 

resistance, high corrosion resistance even in harsh en-

vironments, low thermal expansion associated with ex-

cellent thermal shock resistance, and low thermal and 

electrical conductivity, dielectric properties, etc. [1-9]. 

So, mullite is among the most studied binary oxides.  

Mullite is synthesized by means of different 

ways, namely: solid-phase reaction [10, 11], arc 

plasma melting [12], spark plasma sintering [13], mi-

crowave-assisted synthesis [14], mechanochemistry-

aided [15], spray pyrolysis [16], molten media [17], etc. 

During recent years, a considerable quantity of 

studies was devoted to the obtaining of precursors, 

simplifying the following mullite synthesis. Among 

them it should be noted works on nucleation and 

growth processing using various suspensions such as 

sol-gel systems [18, 19], coprecipitated dispersions 

[20, 21]. These methods allow to obtain fine precipi-

tates which can sinter at lower temperatures. At the 

same time, it is achieved a high homogeneity and a 

heightened purity ensuring improved and reproducible 

properties of ceramic materials at decreased tempera-

tures. Kinetics and mechanism of the mullite formation 

and crystallization are also under consideration [22-29]. 

The present study mainly concerns the behav-

ior of mullite precursor synthesized by coprecipitation 

with ammonia. There was also tried to value an activa-

tion energy for mullite crystallization from obtained di-

phasic suspension. 

MATERIALS AND EXPERIMENTS 

Sodium metasilicate pentahydrate Na2SiO3∙5H2O, 

analytical grade, had the common alkalinity in terms of 

Na2O 28-30; module SiO2/Na2O 0.9-1.0; iron in terms 

of Fe2O3 no more than 0.02%; insoluble in water im-

purities 0,01-0,06; water no more than 45. 

Aluminum nitrate nonahydrate Al(NO3)3·9H2O, 

analytically grade, in the form of 0.25 M solution in a 

distilled water and aqueous colloidal silica, derived 

from sodium metasilicate pentahydrate by an ion ex-

change method, were mixed together under stirring. 

The relative amounts of Al2O3 and SiO2 were chosen to 

be equal to the composition of mullite 3Al2O3∙2SiO2. 

The ammonium hydroxide solution (chemically pure, 

6 M) was added to a mixed solution under constant stir-

ring to pH 6.5-7. The precipitate was filtered, washed 

with distilled water, filtered again, and dried at 100-

105 °С to a powder which was ground in a mortar. 
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Dried precursors were heated (calcined) at a 

rate of 10 °C/min in air atmosphere up to required tem-

perature in a muffle oven SNOL 1300/1600. 

XRD-patterns were obtained using a diffrac-

tometer DRON-6 with a copper target (λ = 1.54 Å), a 

graphite diffracted beam monochromator, and a work-

ing voltage and current of 40 kV and 100 mA, respec-

tively. XRD peaks for 2θ 16.48, 26.31, 31.10, 33.31, 

35.39, 37.14, 39.38, 41.01, 42.73 corresponded to or-

thorhombic lattice planes of mullite (110), (210), 

(001), (220), (111), (130), (201), (121), (230), respec-

tively (BRUFF ID R141103.9). The quantitative XRD 

analysis was made analyzing mullite reflexes using 

calcium fluoride as an internal standard.  

Differential thermal analysis (DTA/DSC) and 

thermogravimetric analysis (TGA) were performed in 

a computer-controlled instrument (model TGA/ 

SDTA851e/LF/1600); crucible 700 mkL; air blow 

50 mL/min; temperature program up to 1400 °C at vari-

ous heating rates (1, 3, 5, 10, 15, 20, 30, and 50 °C/min). 

RESULTS AND DISCUSSION 

During ammonia addition there was the co-

precipitation of hydrated forms of alumina and silica. 

Even after drying the precipitate kept a considerable 

quantity of water. Figure 1 shows DSC and TG curves 

of a dried coprecipitated product. At low temperature 

(up to ~300 °C) there was a set of clearly defined en-

dothermic peaks which resulted from dehydration of 

adsorbed and hydrated water. Then a slow water re-

moval up to ~600 °С corresponded to alumina trihy-

drate Al(OH)3  monohydrate (boehmite) AlOOH 

transformation. After it, the sample weight remained 

constant, and exothermic peaks were because of the 

spinel formation (about 900 °C) and the mullite crys-

tallization from the spinel phase (above 1200 °C). 

 

 
Fig. 1. TG-DSC curves of a dried co-precipitated product 

Рис. 1. Кривые ТГ и ДСК для высушенного соосажденного 

продукта 

Fig. 2 shows the X-ray diffraction analysis 

(XRD) patterns of the mullite precursors calcined from 

800 to 1200 °C for 2 h. The results of the XRD indi-

cated that before 800 °С there were only amorphous 

phases. The wide amorphous band at 2θ = 20-22° may 

be related to amorphous silica. 

 

 
Fig. 2. XRD patterns of mullite precursors calcined at various 

temperatures. Marks o denote spinel phase of γ-Al2O3 type. The 

rest refers to mullite 

Рис. 2. Дифрактограммы прекурсоров муллита, прокаленных 

при различных температурах. Значки о означают шпинель-

ную фазу типа γ-Al2O3. Остальные пики относятся к муллиту 

 

After calcination at 900-1000 °C, the Al–Si 

spinel phase of γ-Al2O3 type was dominated, though 

some slight signs of crystalline mullite were already 

appeared. The high dispersion of hydrated alumina and 

silica particles determined their considerable reactiv-

ity. It resulted in the mullite appearance at a rather low 

temperature. Sharp peaks which concerned to single or-

thorhombic mullite were registered since 1150-1200 °C; at 

the same time, the spinel reflexes practically disap-

peared. The most intensive phase changes were in the 

range of 1100-1200 °C (Fig. 2, Table 1). The peak po-

sitions and intensity of calcined products agreed well 

with the reference data for mullite.  
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Table 1 

The phase changes in the co-precipitated mullite  

precursor composition 

Таблица 1. Фазовые изменения состава  

соосажденного прекурсора муллита 

Temperature, 

°С 

Phase content, % 

X-ray amor-

phous 

Spinel of γ-Al2O3 

type 
Mullite  

800 

900 

1000 

1100 

1200 

1300 

1400 

100 

45 

33 

14 

2 

0 

0 

0 

47 

56 

59 

3 

0 

0 

0 

8 

11 

28 

95 

99 

100 

 

X-ray amorphous phase can represent amor-

phous substances or crystals with very small dimen-

sions of coherent-scattering region and/or having a lot 

of defects. Its quantity mam was calculated by equation:  

mam = 100 – Σmcr,  (1) 

where Σmcr – total content of crystalline phases. 

The lattice parameters of this phase were de-

termined to be a = 0.7553 nm, b = 0.7668 nm, and  

с = 0.2881 nm, agreeing with the data of stoichiometric 

mullite (BRUFF ID R141103.9): a = 0.75520 nm,  

b = 0.76660 nm, and с = 0.28760 nm. 

The crystallite size D of powders was esti-

mated according to the Debay-Scherrer equation: 

D = 0.90λ/β cosθ,  (2) 

where λ – X-ray wavelength; β and θ – full-width-at-

half-maximum (FWHM) of an observed peak and dif-

fraction angle, respectively.  

The calculation of the average crystallite size 

was made using the strongest mullite reflexes. The re-

sults showed that D value was ranged from 6.3 nm at 

1100 °C to 7.4 nm at 1200 °C. 

In the paper [30] there was analyzed the mul-

lite formation kinetics from precursors obtained by 

means of sol-gel method. Reaction kinetics in diphasic 

and monophasic gels was compared. It was ascertained 

that the mullite formation in diphasic gels could be de-

scribed by the Avrami equation, which was character-

istic of the crystal growth mechanism controlled by the 

diffusion. This process started at ~1250 °C and had the 

activation energy about 103 kJ/mol. As under coprecip-

itation we obtained a microheterogeneous suspension, 

i.e. diphasic system, it attempted to get the activation 

energy Ea according to the Avrami equation: 

𝑙𝑛 (
𝑇𝑚𝑎𝑥

2

ℎ
) =

𝐸𝑎

𝑅𝑇𝑚𝑎𝑥
+ 𝑙𝑛

𝐸𝑎

𝑅𝐴
,  (3) 

where Tmax – temperature of the exothermic peak which 

related to the mullite formation on the DSC curve, h – heat-

ing rate, К/sec, R – universal gas constant (8.314 J/mol∙К); 

А – preexponential factor of the Arrhenius equation:  

k = A exp(-Ea/RT),  (4) 

where k – a reaction rate constant. 

According to the equation (4) the activation 

energy Ea can be determined by the slope ratio tgα of 

the 𝑙𝑛 (
𝑇𝑚𝑎𝑥

2

ℎ
) – 1

𝑇𝑚𝑎𝑥
 graph. Еа = R∙tgα. 

Examples of DSC curve fragments for some 

mullite forming suspensions synthesized at pH 6.5 are 

given in Fig. 3. 
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Fig. 3. DSC curve fragments for some mullite forming suspen-

sions synthesized at pH 6.5 at various heating rates of samples 

Рис. 3. Фрагменты кривых ДТА для МОС, синтезированных 

при рН 6,5, при различной скорости нагревания образцов 

 

The crystallization of amorphous substances is 

always accompanied by the heat release that is ex-

pressed as exothermal effect on the DTA/DSC curve. 

Under heating rate increase the DTA/DSC curve devi-

ation which was related to a phase transformation was 

shifted to the higher temperatures. Fragments which 

are shown on Fig. 3 differ by the heating rate during 

dependence registration. 

Experimental and calculated data are given in 

Table 2. 

 
Table 2 

Data for the activation energy determination by the 

Avrami equation 

Таблица 2. Данные для определения энергии 

активации по уравнению Аврами 

Tmax, °C T, K h, K/min 

1180 1453 1 

1203 1476 3 

1217 1490 5 

1223 1496 10 

1242 1515 15 

1252 1525 20 

1260 1533 30 

1274 1547 50 
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The Avrami plot of the mullite crystallization 

from coprecipitated mullite precursors is shown on 

Fig. 4.  
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Fig. 4. The Avrami plot of the mullite crystallization from co-pre-

cipitated mullite precursors at pH 6.5 

Рис. 4. Зависимость в координатах уравнения Аврами для 

процесса кристаллизации муллита из соосажденных прекур-

соров муллита 

 

The slope ratio tgα was equal to 89.0 ± 4.6. 

Therefore, the calculated value of the effective activa-

tion energy was (740 ± 40) kJ/mol. This magnitude was 

in a well accordance with the activation energy values 

for the diffusion of the Si4+ ions in the mullite layer 

which were estimated to range from 730 to 780 kJ/mol 

[22]. So, one might assume that the limiting stage was 

just the diffusion of the Si4+ ions.  

CONCLUSION 

A mullite precursor in the form of a microhet-

erogeneous suspension was synthesized by coprecipi-

tation with ammonia from an aluminum nitrate solu-

tion and colloidal silica. The obtained suspensions had 

a higher reactivity because of the considerable disper-

sion and an amorphous structure. The chemically pre-

cipitated mullite precursor transformed easily into 

mullite during a heat treatment. It was suggested the 

following sequence of the mullite formation from a co-

precipitated by ammonia precursor at pH 6.5: amor-

phous phase 
900 °𝐶

2 ℎ
 → Al-Si spinel of γ-Al2O3 type 

1100−1200 °𝐶 

2 ℎ
 → crystallized mullite. The final product 

was the stoichiometric orthorhombic mullite with pa-

rameters corresponding to reference data. The results 

obtained by means of the X-ray diffraction method and 

the thermal analysis are in accordance together.  

The effective activation energy of the mullite 

crystallization from a mullite forming suspension was 

calculated by the Avrami equation. Its value was (740 

± 40) kJ/mol that corresponded to the activation energy 

values for the diffusion of the Si4+ ions in the mullite 

layer ((730–780) kJ/mol) given in a literature.  
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