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Partially polycondensed y -aminopropylsilanetriol (APSTOL) was used as the silica 
precursor to prepare magnesium orthosilicate in the form of crystalline forsterite. Aque- 
ous solutions of APSTOL and magnesium acetate were mixed and dried forming a 
water-soluble product that was converted into forsterite by heating to 1,OOO"C. The ther- 
mal evolution of the system was studied using TGA, FTIR, W - I / I S  spectrophotomety, 
and XRD techniques, especially for the acetate decompsition and transformation of 
CSi03 -tetrahedra into the orthosilicate anions, The combustion of organics and the 
crystallization of forsterite proceed at temperatures 350 and S70°C, respectiuely. At inter- 
mediate temperatures, the system contains amorphous silicates with oligomeric and 
polymeric anions, which gradually depolymerize as temperature increases. The resulting 
crystalline product contains less impurities bericlase and enstatitel than samples pre- 
pared using other wet-chemistry techniques. 

Introduction 
Ceramics of the forsterite (Mg2Si04) composition are 

widely applied in bulk, thin film, and powder forms, mainly 
because of the excellent electrical and thermal insulating 
properties. Apart from traditional high-temperature meth- 
ods, sol-gel techniques also were applied to prepare forsterite 
powders and films starting from tetraethoxysilane (TEOS) and 
magnesium alkoxides dissolved in ethanol (Saiki and Kanai, 
1985; Burlich et al., 1991). 

Recently, we proposed a new wet-chemistry method to 
prepare high-basicity silicates, including forsterite, based on 
the use of partially polycondensed y-aminopropylsilanetriol 
(APSTOL) as the silica precursor (Maliavski et al., 1997). 
APSTOL can be easily synthesized from y-aminopro- 
pyltriethoxysilane (APTEOS), and is highly soluble in water 
and stable in aqueous solutions practically at any pH value. 
That creates important advantages for this precursor in com- 
parison with another type of water-soluble silica precursor, 
aminosilicates (Maliavski and Guglielmi, 1988). These are 
stable only at pH 2 11 that usually complicates the synthesis 
of high-basicity silicates, as well as any silicates of Mg, Ca, Ti, 
Zr, Bi, Fe and other metals not forming either stable cation 
complexes or water-soluble or amphoteric hydroxides. 
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In the present study, we focused on the synthesis of poly- 
crystalline forsterite starting from aqueous solutions of Ap- 
STOL and various magnesium salts to choose the optimum 
precursor mixture and process parameters. Another purpose 
was to follow the thermal evolution of the system considering 
the three main processes: the formation of silicate structures 
from the precursor mixtures, the depolymerization of silicate 
anions, and the crystallization of forsterite. 

Experimental Studies 
Sample p r e p a d n  

APSTOL solution was prepared by mixing APTEOS (Al- 
drich, 98%) with water at the molar ratio H,O/APTEOS = 
8.0, and by stirring the mixture for 15-30 min to complete 
the hydrolysis process. The resulted clear solution with p = 

11.3 contained 18.9% of silica and was used as the silica ! re- 
cursor. The carbonization extent due to the reaction of NH, 
group with CO,, was evaluated by measuring the volume of 
CO, escaped after acidifying the solution, and the molar ra- 
tio HC03/NH, was found to be 0.015. 

To obtain the binary precursor, the aqueous solution (30 
wt. %) of a magnesium salt (acetate, nitrate or sulfate) was 
mixed with the APSTOL solution at a molar ratio MgO/SiO, 
= 2. Then, the corresponding acid (50 wt. % aqueous solu- 
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tion of CH,COOH, HNO, or H,SO,) was added to bring 
the solution pH to 4 to prevent the precipitation of Mg(OH),. 
If magnesium basic carbonate was used as the MgO precur- 
sor, the binary precursor was prepared in the form of a sus- 
pension of [Mg(OH)],CO, in the APSTOL solution. 

After drying the prepared solutions in air at 125°C for 24 
h, green gels were obtained. These gels were then grinded 
and finally dried in a desiccator for several days resulting in 
powdered dry gels soluble in water (excluding the magnesium 
basic carbonate case). As a reference, two samples were pre- 
pared according to the traditional sol-gel scheme, starting 
from TEOS and magnesium salts (acetate and nitrate) dis- 
solved in ethanol. Unlike the APSTOL-based solutions which 
gelled only after dehydration, the gelation of TEOS-based 
ones occurred after heating at 75°C for 5 h in closed contain- 
ers. Then, dry gels were prepared as described. 

The crystalline products were obtained by heating the dry 
gels up to 1,OOO"C at 5"C/min. In the case of the Mg(NO,), - 
APSTOL system, the heat treatment was performed only up 
to 400°C. There was a highly exothermic red-ox reaction which 
began between amino-groups and nitrate anions, and re- 
sulted in a polyphase crystalline product. 

Sample characterization 
Thermogravimetric analysis (TGA) and differential ther- 

mal analysis (DTA) were run to 1,ooo"C at a heating rate 
5"C/min using a Paulik-Paulik-Erdey apparatus (Q-1000) with 
a multiplate platinum holder. Powder X-ray diffraction 
(XRD) was performed by a JEOL diffractometer (JDX-1OPA) 
using Cu K (Y radiation. Phase concentrations were evaluated 
by calculating the main peaks areas using pure minerals as 
standards. Infrared spectra of thin films deposited on silicon 
wafers were measured at 400-4,000 cm-' by Fourier trans- 
form infrared (FTIR) spectroscopy using a Perkin Elmer 2000 
apparatus. 

The polymeric structure of silicate anions in the samples 
was studied quantitatively using continuous UV-VIS spec- 
trophotometry ( A  = 410 nm) of the reaction between molyb- 
dic acid and an acid solution of the sample (Iler, 1979; Mali- 
avski et al., 1994). The latter was prepared by adding one 
part of the milled sample to 200 parts of 0.15N HCI and stir- 
ring the mixture for 1 h at 5°C (Maliavski et al., 1985). 

Results and Discussion 
The interaction between APTEOS and water involves both 

hydrolysis and condensation steps and can be given by two 
reactions 

H,N(CH,),Si(OC,H,), +3H,O -+ H,N(CH,),Si(OHh 

+3C2H,0H (1) 

+ m H , O  (2) 

According to previous investigations, the solid APSTOL films 
dried at room temperature contain oligomer species together 
with a polymer network (Wang and Jones, 1993). After being 
dried at 200"C, the structure of APSTOL is probably close to 

a partially cross-linked linear polymer with a notable concen- 
tration of silanols (Maliavski et al., 1997). In solutions and 
green gels, the magnesium salts presumably do not react with 
the aminosiloxane oligomers and polymers or significantly af- 
fect connectivity of their structure. This explains the good 
solubility of gels in water. 

Thermogravimetry and diflerential thermal analysis 
Figure 1 shows TGA and DTA curves for the green gel 

prepared from APSTOL and magnesium acetate, in compari- 
son with those for the magnesium salt alone. 

(1) Thermal decomposition of the orthosilicate gel can be 
separated in three principal stages in the 100-250"C, 
370-600°C, and 870-930°C temperature ranges. 

(2) The first stage is due to the escape of hydrate and 
silanol water and is coherent with the DTA endotherm at 
140°C. The similar endotherms were observed also for mag- 
nesium acetate (Figure lb) (see Gardner and Messing, 1984) 
and APSTOL (Maliavski et al., 1997). 

(3) The second stage consists of two steps accompanied 
with DTA exotherms at 400°C and 570"C, and a broad inter- 
mediate zone with a regular mass loss. It is very intensive 
(the total mass loss is near 50%) and includes the oxidative 
decomposition of both precursors. The decomposition 
temperatures of pure magnesium acetate and APSTOL are 
380°C and 420"C, respectively, but in the present case, the 
corresponding stages cannot be separated. The exotherm at 
570°C probably indicates the oxidation of the residual organ- 
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Figure 1. TGA and DTA curves for the forsterite 

(APSTOL-magnesium acetate system) and 
magnesium acetate gels, B"C/min. 
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Table 1. Crystalline Phases of Samples Fired Up to 1,OOO"C at a Heating Rate S"C/min 

Precursors of 
SiO, and MgO 

TEOS + Mg(NO,), 
TEOS + Mg(OCOCH,), 

APSTOL + [Mg(OH)I,CO, 
APSTOL+ Mg(NO,), 

APSTOL + MgSO, 
APSTOL+ Mg(OCOCH,), 

Temperature PC) 
Decornp. Cryst. 

480 840 
500 890 
600 860 

(400) (400) 

780 880 
600 870 

Concentrations (vol. %) 

Enstatite Forsterite Periclase 
85 8 6 
85 5 8 
65 16 9 
40 3 < 1  

43 2 11 
93 < 1  < 1  

Other 
Phases 

- 
Tridimite, 

amorphous phases 
MgSO, - 

its and is generally characteristic for hybrid silica precursors 
(Murakami et al., 1989). 

(4) The third decomposition stage accompanied with a 
weak exotherm at 870°C is due to forsterite crystallization 
with simultaneous oxidation of the last carbon residues (the 
mass loss is 1.8%). The powder, which is dark brown when 
heated to 800"C, becomes grayish-white after this stage. 

Concerning the other prepared gels, the corresponding 
temperatures of final decomposition and crystallization are 
displayed in Table 1. The data obtained indicate that crystal- 
lization temperatures are almost independent of the pre- 
cursors used (except for the system APSTOL-magnesium 
nitrate where the highly exothermic redox reaction occurs 
at 400°C) and fall within a narrow temperature region 
850-890°C. On the contrary, temperatures of the end of the 
decomposition are generally higher for the APSTOL-based 
systems than for the TEOS-based ones, because of some de- 
lays in the formation af SO,  units as a result of the gradual 
oxidation of Si-C bonds. 

x-ray diflaction 
All the two-component samples after being heated to 

1,OOO"C (5"C/min) are well crystallized, and the main crys- 
talline phase is orthorhombic iorsterite (the principal peak at 
36.4" corresponds to d = 2.46 A). For example, Figure 2 shows 
XRD patterns obtained for two binary samples heated to 
1,000"C: APSTOL-Mg(OCOCH,), (together with the corre- 
sponding dry gel and xerogel) and TEOS-Mg(NO,),. Other 
binary samples show similar patterns, however, indicating the 
lower forsterite content and higher concentrations of impuri- 
ties. Two principal types of crystalline impurities are MgO 
(periclase, the main peak at 42.8") and MgSiO, (enstatite, the 
main peak at 31"). Other detected phases are SiO, (tridimite), 
MgSO,, and amorphous phases. The phase concentrations 
evaluated for binary samples are displayed in Table 1 (as per- 
centages in relation to pure phases). 

It is obvious that only three systems are suitable for the 
preparation of crystalline forsterite: APSTOL-magnesium 
acetate and both TEOS-based systems. The systems AP- 
STOL-MgSO, and APSTOL-Mg(NO,), are inefficient be- 
cause of the relatively high thermal stability of MgSO, and 
the explosive redox process at 400"C, respectively. One inter- 
esting feature is that for the system APSTOL-magnesium 
basic carbonate, rather high concentrations of forsterite are 
also obtained (65% of the maximum one) in spite of insolu- 
bility of [Mg(OH)],CO, and hence the heterogeneity of the 
system. 

However, as shown in Table 1, the best results are ob- 
tained for the system APSTOL-Mg(OCOCH,), that indi- 
cates a high chemical homogeneity of the corresponding gels. 
Such behavior can probably be linked to the well-known 
knowledge of hard crystallization of concentrated aqueous 
solutions of magnesium acetate caused by their high viscosity. 
From the diffractogram of the APSTOL-acetate dry gel (Fig- 
ure 2a), it can be seen that after heating to 150°C the gel is 
highly amorphous, without notable amounts of crystalline 
magnesium acetate. This could explain the low concentration 
of crystalline MgO in the binary system heated to 600°C that 
is above decomposition temperature (Figure 2b). Heated to 
l,OOO°C, this system gives pure forsterite with only a small 
amount of the periclase impurity. 

b 

Figure 2. XRD patterns of APSTOL + Mg(OCOCH,),: (a) 
dry gel; (b) sample heated to 600°C; (c) sam- 
ple heated to 1,OOO"C; TEOS + Mg(NO,),; (d) 
sample treated to 1,OOO"C. 
Crystalline phases: forsterite (squares); periclase (triangles 
pointing down); enstatite (triangles pointing up). 
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Gel-to-silicate transition 
The thermal evolution of the binary MgO-SiO, system af- 

ter the decomposition of the precursor was studied addition- 
ally using FTIR data for the most efficient system APSTOL- 
magnesium acetate. 

Figure 3 shows lTIR spectra (in the characteristic region 
400-2,000 cm-') of the corresponding dry gel films heated at 
5"C/min to five different temperatures. The most evident re- 
sults of the heat treatment are the following: 

(A) At 150°C, the sample presents the pair of bands at 
1,010 and 1,075 cm-' assigned to u Si-0 and characteristic 
for gels containing trifunctional silicon atoms (Innocenzi et 
al., 1994). By 400°C, it turns to a single broad peak centered 
at 1,025 cm-'' whose shape is rather typical for amorphous 
silicates. 

(B) At 4O0-75O0C, the position of the peak corresponding 
to the Si-0 stretching vibration, shifts towards lower 
wavenumbers from 1,025 to 925 cm-' that should indicate a 
general trend to the depolymerization of silicate network. 

(C) At 950"C, the spectrum is substantially modified: the 
diffuse peak of u Si-0 turns to a system of rather sharp peaks 
attributable to crystalline forsterite (Handke and Urban, 
19821, with the main peak at 880 cm-'. 

(D) Intensivities of the peaks attributed to acetate anion 
(at 1,600, 1,430, 1,360, 660 and 610 cm-'1 which are domi- 
nant at 15OoC, still remain rather high at 400°C. However, 
they drastically reduce above this temperature (except the re- 
gion 1,600-1,700 cm- ' where notable absorption remained, 

possibly due to adsorbed water and/or organics residuals 
containing C = C bonds). 

The obtained FTIR data indicate that at these heating 
conditions, the oxidative decomposition of magnesium ac- 
etate follows that of APSTOL with some delay. This non- 
coincidence should retard the formation of orthosilicate 
structures by creating amorphous magnesium-rich phases, for 
example, amorphous high-basicity silicates or amorphous 
magnesia, whereas the periclase content is low according to 
the XRD results. This suggestion is confirmed partially by 
the presence of a broad absorption band at abut 600 cm-' 
(also observed for acetate derived magnesia by Baraldi, 1982) 
in the spectra of the samples heated to 550°C and 750°C. 

Such a i  assumption is in good agreement with the results 
of UV-VIS monitoring that give more direct information on 
the polymerization state of the samples. In Figure 4, the con- 
tent of acid-soluble silica (that is, the percentage of SiO, 
which can be extracted with HCI and detected by the molyb- 
date method) and the average basicity of silicate anions are 
displayed with dependence on temperature. For the present 
case, the basicity ( x )  means the molar ratio MgO/SiO, in 
silicates and indicates the polymerization degree of the sili- 
cate anions. For example, x = 2 for the monomer (orthosili- 
cate), x = 1.5 for the dimer, x = 1.0 for the wollastonite-like 
linear polymer and x = 0 for pure silica. For the linear 
oligomers, the basicity is connected with the polymerization 
degree (n) according to the expression x = 1 + 1/n. 

The values of acid solubility of silica can reflect the AP- 
STOL-silicate transformation if we consider that trifunc- 
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Figure 3. Evolution of FTIR spectra of the forsterite dry 
gel (APSTOL-magnesium acetate system) 
heated at B"C/min. 
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Figure 4. Percentage of acid-soluble silica (circles) and 
the average basicity of silicate anions (trian- 
gles) vs. temperature for the APSTOL- 
Mg(OCOCH,), dry gel heated at S"C/min. 
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tional silicon (in groups R-SiO,) does not react with molyb- 
dic acid and, therefore, cannot be detected as acid-soluble 
silica. The corresponding curve in Figure 4 indicates that the 
decomposition of the APSTOL structure with trifunctional 
silicon is almost complete by 400°C with the formation of 
rather loose amorphous silicate structures highly soluble in 
HCI. This solubility decreases gradually in the temperature 
range 400-800°C because of the partial consolidation of these 
structures and diminishes abruptly with the crystallization of 
forsterite. On the other hand, the dependence x - T  shows 
that silicate structures formed at 400°C are on the average 
much more polymerized ( x  = 1.0) than orthosilicate. The av- 
erage basicity rises with further heating but arrives at the sto- 
ichiometric value x = 2 only with the forsterite crystallization. 

Thus, the probable general scheme of the formation of 
forsterite from the APSTOL-acetate precursor mixture, can 
be written as follows 

400 - 5 00°C Mg(OCOCH3), + APSTOL - Mg,SiOztx 

(amorphous, x I 1) +Mg,SiO,+.(amorphous, x 2 2) 
800-900°C - Mg SiO,(cryst .) 

or, neglecting the possibility of the existence of high-basicity 
( x  > 2) amorphous silicates 

400-500°C Mg(OCOCH,), + APSTOL - Mg,SiO, +. 

as well as ceramic coatings on various substrates. In the latter 
case, a much softer heat treatment procedure may be used to 
prepare carbon-free glassy films considering relatively easy 
oxidizability of residual carbon in thin films. As compared 
with TEOS-based precursor systems, the proposed precur- 
sors have such additional advantages as the absence of organ- 
ics solvents, the possibility of their storing in the form of wa- 
ter-soluble dry powders, and the absolute stability of their 
aqueous solutions. 
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