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Abstract

Crystallites and microstructural evolutions of the three forsterite fibers derived from three different precursor sols were com-

pared. The formation of crystalline forsterite commenced at a temperature as low as 550 �C in all the fibers. Gel fiber prepared with
excess ethanol showed a lower homogeneity and densification; a second phase of magnesia was observed on heating. The water
content also affected the grain size and homogeneity of the fired fibers. On heating at 1100 �C, the three forsterite fibers were
microporous with grain sizes less than 0.1 mm; further heating at 1300 �C resulted in grain growth up to 0.3–0.5 mm and denser

microstructures, depending on the amount of water and ethanol. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Forsterite (Mg 2SiO 4) is an intermediate compound
in the MgO–SiO2 system, in addition to being an insu-
lator at high frequencies, it is also able to be used as a
refractory because of high melting temperature of about
1890 �C.1 The crystal structure of forsterite is orthor-
hombic with space group pbnm, which could be regarded
as consisting of SiO4 tetrahedral linked together byMgO6

octahedral.2,3 In general, fibers having high porosity are
useful as catalyst supports but for high mechanical prop-
erties (i.e. strength and modulus) it is necessary to attain
uniform and fine-grained microstructures.4

It is widely recognized that the sol-gel process can pro-
vide molecular-level mixing for a high degree of homo-
geneity, which leads to lowering of the crystallization
temperature and prevents phase segregation during the
thermal treatment.5,6 However, in multicomponent silicate
systems, the hydrolysis and condensation rates are differ-
ent between silicon and the other alkoxides. This may
result in chemical inhomogeneity of the gels, leading
to higher crystallization temperature and undesired

crystalline phases.6 Several approaches have been used
to overcome this limitation, including slow additions of
water,7 partial prehydrolysis of the silicon alkoxide,7

and synthesis of multi-cation alkoxides or chemical
modification with chelating ligands.6,8 Since the hydro-
lytic polycondensation rates of magnesium and silicon
alkoxides are substantially different, homogeneous
magnesium silicate gels would not readily be formed by
the hydrolysis of the alkoxide mixtures. Homogeneous
forsterite xerogels and powders have been prepared by
sol-gel process9,10 using partial prehydrolysis and slow
additions of water routes. In part 1 of this study,11

however, it has been shown that this problem can also
be solved by using proper amount of acetic acid, water,
and ethanol to control the hydrolytic condensation
reaction, consequently homogeneous, clear sols and
transparent gel fibers can be obtained.
A previous study11 has already shown that the content

of water and ethanol significantly affect the properties of
the sols and the dried gel fibers, e.g. spinnability, length,
morphology, and molecular structures, for a given com-
position condition with the optimum amount of acetic
acid. In the present study, the crystallites and the
microstructural evolutions of these gel fibers are inves-
tigated and qualitatively described, in order to approach
the effects of water and ethanol.
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2. Experimental procedure

Three batches of forsterite precursor gel fibers were
prepared from the three spinnable sols with different
water and ethanol content. TEOS (Si(OC2H5)4) and
magnesium methoxide (Mg(OCH3)2) were used as the
starting materials; the procedure for preparing the
spinnable sols and the gel fibers were described in detail
in the previous report.11 The optimum molar ratio of
acetic acid was 1.0 to TEOS for all the solutions inves-
tigated. Three gel fibers were derived from the solutions
with the molar ratio of water: ethanol: TEOS which
were 0.5:3:1 (labeled as fiber F1), 2:3:1 (labeled as fiber
F2), and 0.5:20:1 (labeled as fiber F3), respectively; the
relative sols and characteristics have been shown in the
previous report.11 The gel fibers were drawn from the
spinnable sols and followed drying at room tempera-
ture.
The crystallization process of fibrous gel was studied

by differential thermal analysis (DTA) and thermo-
gravimetry (TG; Seiko SSC 5000), powder X-ray dif-
fractometry (XRD; Rigaku D/MAX-III), and Fourier
transform-infrared spectrometry (FT–IR; Bomen
Michelson MB100). Thermal analysis was performed on
gel fibers that were broken into fragments, and the
measurement was conducted in flowing air at a heating
rate of 10 �C min�1. Infrared spectra of dried and
heated fibers were recorded in the 450–2000 cm�1 fre-
quency range with 2 cm�1 precisions using a constant
powder sample imbedded in 200 mg KBr pellet. For IR
and XRD samples, fibrous gels were dried at 60 �C in
air and then were heated at 200–1300 �C for 2 h at a
heating rate of 10 �C min�1 followed by grinding into
fine powders for the measurements. The microstructures
of the fired fibers were observed by scanning electron
microscopy (SEM; JSM-T330 Jeol and Hitachi-S 4500),
where the gel fibers were heated at 1100–1300 �C in air
using a rate of 3 �C min�1. Specific surface area was
performed on the fired fibers without crushing by a
Brunauer-Emmett-Teller (BET) measurement, using a
surface area analyzer (Micromeritics ASAP 2400). The
dielectric constant was measured at 1 MHz by a preci-
sion inductance–capacitance–resistance (LCR) meter
(HP 4284A) with silver electrodes attached to both ends
of a fiber; for comparison, disk samples were uniaxially
pressed from the relative gel-derived powders to obtain
dielectric properties. The tensile strength was measured
by an Instron-type testing machine on a single fiber
filament with a gauge length of 10 mm, using a techni-
que similar to that described by Kamiya and Yogo;12

the force required to fracture the fiber was measured
using a transducer load cell and the fiber diameter was
measured using optical or scanning electron micro-
scopy. Several fiber specimens of each composition were
measured for above properties to obtain an average
value.

3. Results and discussion

3.1. Crystallization of gel fibers

3.1.1. IR spectrum
The infrared spectrum of the processed gel fibers F1,

F2, and F3 heated at various temperatures for 2 h were
given in Figs. 1–3. The spectra of the dried gel fibers
have been characterized in the previous report.11 The
infrared spectra on heating these gel fibers indicated
that a further condensation might occur between the
silanol groups and the decomposition of acetate ligand
groups. Continued condensation with temperature was
evidence from the reduction in the relative intensity of
the bands around 910 and 860 cm�1 assigned to Si–OH
stretching13,14 along with a progressive decrease in the
intensity of the characteristic peaks of acetate ligands
around 1500 cm�1, as shown in Fig. 1. For fiber F1, the
band around 1637 cm�1, due to adsorbed water,13 and
the bands at 1688 and 1348 cm�1, assigned to residual
acetic acid or unidentate acetate,15,16 and the bands
around 660 and 625 cm�1, associated with the vibration
modes of OCO and COO,17 decreased in intensity with
increasing temperatures and eventually vanished at
400 �C, this probably reflected the loss of organic acid
and the decomposition of residual organics. The doub-
lets of acetate ligands also showed a progressive
decreased upon heating. A residue doublet was still

Fig. 1. Infrared spectra of the processed gel fiber F1 heated at various

temperatures for 2 h.
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visible between 1610 and 1465 cm�1 on heating at
400 �C, which might be correlated with the residue
bridging acetates,15,16 and no longer clear after heating
at 550 �C. Most of the peak related to the Si–O� bonds
also decreased in the intensity upon heating. The peaks
corresponding to Si–O–Si asymmetry stretching vibra-
tion at 1055 and 1025 cm�1, decreased in the intensity
and shifted those bands to lower wavenumbers with
increasing temperatures and gradually disappeared at
above 400 �C, a similar result was also observed in fibers
F2 and F3, as shown in Figs. 2 and 3. This effect should
be associated with the rearrangements of the Si–O–Mg
linkages in the fibrous gel structures.
Fig. 1 also revealed a progressive transformation the

gel structure toward the crystallization of forsterite and
suggested that the rearrangements of Si–O–Mg bonds
might occur. A weak shoulder around 550 cm�1, pre-
sumably assigned to the modes of MgO4 in the Si–O–
Mg linkages,11,18,19 shows an increase in the intensity up
to 400 �C. At the same time, the band due to SiO4

bending18 around 496 cm�1 also increased in intensity at
200 �C and substantially decreased at 400 �C; instead,
appearing a broad band with stronger absorption
around 568 cm�1 and a new peak around 470 cm�1

corresponding to MgO6 modes.2,3 This trend might be
associated with the rearrangements of Si–O–Mg lin-
kages and the coordination of Mg2+. Further heating at
550 �C, the band around 568 cm�1decreased in intensity

but the band around 470 cm�1 retained the same posi-
tion, and some of the characteristic peaks of crystalline
forsterite2,3 started to show at around 472, and 616
cm�1. On further heating at 600 �C, those peaks due to
crystalline forsterite became more obvious. Meanwhile,
the bands corresponding to C–H vibration modes
around 1385, 1422 and 1483 cm�1 were visible, which
were mainly due to the combustion of the organic
groups;13,20 the traces of these bands could still be detec-
ted at higher temperatures. Above 750 �C, the bands
related to the characteristic peaks of well-crystallized
forsterite appear at 1007, 986, 960, 873 and 838 cm�1

(SiO4 stretching), at 616, 527 and 507 cm�1 (SiO4 bend-
ing), and at 475 cm�1 for modes of octahedral MgO6;
band positions for forsterite agreed with the results of
previous investigations.2,3

Similar features were observed for gel fibers F1 and
F3, as given in Figs. 2 and 3. Upon heating at 750 �C,
the characteristic peaks of crystalline forsterite clearly
appeared, and the crystallinity of forsterite increased
with temperature. Fig. 2 displayed the characteristic
peaks of acetate ligands in fiber F2 and also decreased
in the intensity with heating and gradually disappeared
at 750 �C; instead, the bands related to the characteristic
peaks of well-crystallized forsterite2,3 appeared at 987,
961, 875 and 838 cm�1 (SiO4 stretching), at 616, 528 and
508 cm�1 (SiO4 bending), and at 477 cm�1 (MgO6

modes). After heating at 1000 �C, a shoulder at 662

Fig. 2. Infrared spectra of the processed gel fiber F2 heated at various

temperatures for 2 h.

Fig. 3. Infrared spectra of the processed gel fiber F3 heated at various

temperatures for 2 h.
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cm�1 was associated with the vibration modes of Mg–
O,21 which was not the characteristic peak of forsterite
and disappeared above 1100 �C, as presented in Fig. 2.
Similar results of the progressive transformation of the
gel structure toward the crystallization of forsterite were
observed in Fig. 3 for fiber F3. However, those bands
due to the combustion of the organic groups around
1385, 1422 and 1483 cm�1 were also clearly visible even
heated at 1000 �C for both fibers F2 and F3; this phe-
nomenon was more prominent in fiber F3 when heated
at 550–1000 �C, as shown in Fig. 3. This result indicated
that the decomposition and burn-off of the residue
organics proceeded throughout the heating process,
thus, a higher heating temperature or preheating treat-
ment was required in order to burn off the residual
organics.

3.1.2. XRD studies
X-ray diffraction studies revealed some important

information regarding phase evolution and chemical
homogeneity of the samples. Figs. 4–6 show the X-ray
diffraction patterns of the processed gel fibers that were
essentially amorphous after drying, and the formation
of forsterite crystallite commenced at a temperature as
low as 550 �C in all the samples; however, the transfor-
mation being practically complete at above 750 �C. For
specimen F1, the fibers remained amorphous after dry-
ing and heating at 400 �C; with a further heating at

Fig. 4. X-ray diffraction patterns of fibrous gel F1 fired at various

temperatures for 2 h.

Fig. 5. X-ray diffraction patterns of fibrous gel F2 fired at various

temperatures for 2 h.

Fig. 6. X-ray diffraction patterns of fibrous gel F3 fired at various

temperatures for 2 h.
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550 �C, it crystallized directly into a single phase of
forsterite22 without the formation of an intermediate
phase, as depicted in Fig. 4; it also displayed that the
crystallinity of forsterite increased with heat-treatment
temperatures up to 1000 �C, in which forsterite was the
dominated phase. This result was consistent with the
appearance of the characteristic peaks of crystallite for-
sterite in the IR spectrum, as was depicted in Fig. 1. In
contrast, specimen F2 also showed similar trends but a
trace of MgO (200) peak23 was detected for the fibers on
heating at 1000 �C, as shown in Fig. 5; this trace of
magnesia phase disappeared after further heating at
1100 �C, and only forsterite phase was observed. This
result was consistent with the observation of infrared
spectra, as the band at 662 cm�1 was presented in Fig. 2.
The result might reflect a better homogeneity and
reproducibility in the mixing scale of Mg–Si compo-
nents in gel fiber F1 compared to fiber F2. However, the
peak of magnesia phase was observed clearly at 550 �C
for specimen F3 as shown in Fig. 6, a trace persisting
even at heating above 1000 �C. This result revealed a
higher inhomogeneity in the mixing scale of Mg–Si
components in gel fibers F3. The processed gel fibers
showed the difference in the chemical homogeneity dur-
ing heating, which probably resulted from the different
solution concentrations in the precursor solutions. The
content of water and ethanol apparently played impor-
tant factors not only in controlling the length of drawn
fibers but also in the homogeneity of the crystalline
phase.
In the chemical solution route, molecular-level mixing

is important for lowering the crystallization temperature
and for preventing the phase segregation during heating
of the products.18 From the fact that, the appearances
of the three spinnable sols were homogeneous and clear
and the formation of glass-liked transparent gel fibers in
all the cases were investigated. It was reasonable to
expect that both magnesium and silicon ions were uni-
formly distributed in those fibrous gel structures. The
low crystallization temperature shown in Figs. 4–6
might be partly responsible for the three gel fibers with
the intimate mixing at the molecular level in their poly-
meric structures.
However, X-ray studies exhibited that there essen-

tially existed a different level of homogeneity and/or
ultrastructures in these gel fibers after heating. Namely,
this result suggested that the higher water and ethanol
content, especially the effect of the latter, would prob-
ably lead to the local nonuniform distribution of Mg
and Si in the Si–O–Mg linkages and metal acetate com-
plexes of the polymer backbones, and subsequently the
formation of MgO clusters to be crystallized on heating.
The reason was not understood clearly, but might be
interpreted as follows. For the case of dilute with etha-
nol (i.e. for fiber F3), since the amount of water in the
precursor solution was small, a transesterification reac-

tion between magnesium methoxide and ethanol thus
might be taken into account. In the sol-gel process,
transesterification could occur when alkoxides were
hydrolyzed in alcohol containing different alkyl
groups.24 It might be conjectured that if partial sub-
stitution of ethyl groups for methyl groups in magne-
sium methoxide were made, which would produce more
extent of partial hydrolyzed of magnesium alkoxide
derivatives compared to the solution with lower ethanol
(i.e. for fiber F1), because the reactivity or hydrolysis
rate of the ethoxide groups was lower than the methox-
ide groups.5 This result would promote the partial
hydrolyzed species undergoing self-condensation during
firing. This was reflected on the presence of a magnesia
phase after heating at 550 �C, as shown in Fig. 6. The
higher water seemed to also influence the reproducibility
of homogeneous forsterite, meaning that the occurrence
of local chemical inhomogeneity was possible when the
gel fibers were prepared such conditions. Certainly,
however, the drawbacks could be avoided, if less con-
tent of ethanol and water were used, and homogeneous
forsterite fibers with good reproducibility might result.

3.1.3. Thermal analysis
Fig. 7 gives a comparison of the TG and DTA curves

for the three gel fibers previously dried at room tem-

Fig. 7. TG and DTA curves for fibrous gels F1, F2 and F3 pre-dried

at room temperature.
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perature. Similar features of the curves could be seen in
those specimens. Four distinct steps of weight loss were
observed on all three of the TG curves, which were
around 30–180, 200–500, 510–620, and 770–820 �C,
respectively. One mainly endothermic peak and four
mainly exothermic peaks were also observed on all of
the DTA curves. For specimen F1, the mainly endo-
thermic peak was around 72 �C, and the exothermic
peaks were around 320, 450, 546 and 779 �C, respec-
tively; these peaks were also clearly observed at around
69, 402, 470, 538 and 781 �C for specimen F2, and were
around 65, 411, 480, 566 and 786 �C for specimen F3,
respectively.
For specimen F1, the first weight loss around 30–

180 �C was mainly due to the evaporation of water, free
acetic acid or residual organics corresponding to a
broad endothermic peak around 72 �C on the DTA
curve. The second around 200–500 �C involved about
13.8 wt.% weight loss and a small endothermic peak
around 250 �C, following by a broad exothermic peak
around 320 �C and a small one around 450 �C. Similar
behaviors were observed in specimens F2 and F3 but of
two prominent exothermic peaks around 402 and 470 �C
for the former, as well as 411 and 480 �C for the latter.
Fiber specimen F1 seemed to decompose at a lower
temperature than the others. This step might be due to
the liberation of hydroxyl groups, alcohol and acetate
groups, and their combustion. This is consistent with
the results of IR spectra, indicating that continued con-
densation with temperature could occur between silanol
groups and decomposition of acetate ligand groups. The
third step around 510–620 �C involved about 8.5 wt.%
significant weight loss and also accompanied a sharp
exothermic peak around 546 �C on the DTA curve of
specimen F1, similar trends were also observed in spe-
cimens F2 and F3 but with a higher weight loss.
According to the results of X-ray diffraction, the crys-
tallization of the forsterite phase began at 550 �C for the
three specimens; moreover, IR spectrum showed the
bands of acetate ligands decreased in intensity along
with the disappearance of the bands of silanol groups
and the stretching modes of Si–O–Si upon heating at
550 �C; in addition, infrared spectra also revealed that
the combustion and decomposition of residual organic
groups occur at 400–600 �C, as peaks appeared around
1385, 1422 and 1483cm�1. From these results, the third
step suggested that the combustion of residual organic
groups and the further condensation reaction could
induce the conversion of the amorphous gel fibers into
crystalline forsterite. The fourth step around 770–820 �C
involved a small weight loss of about 1.4–2.3 wt.% and
an exothermic peak around 779–786 �C on the DTA
curves of the three specimens; this step might be con-
sidered as the combustion and the removal of residual
C–H groups still proceeded during firing, as indicated in
the IR spectra. A gradual and slight weight loss was

continued up to 1200 �C in the three specimens. These
transparent gel fibers turned black at heating above
200 �C and then white after 1000 �C, may be also in
favor of above observation.
The thermal analysis did not show any evident differ-

ence between the three gel fibers. Namely, these gel
fibers could be regarded as essentially similar in their
thermal reactivity. However, the examination of X-ray
diffraction patterns suggested that there existed a dif-
ference in micro- or nanohomogeneity of these gel fibers
although the crystallinities were similar in all the cases
investigated. Gel fiber prepared with excess ethanol
implied the green structure had a lower homogeneity in
the mixing scale of Mg–Si components than the others.
The local chemical inhomogeneity was observed in fiber
F3 during heating, as confirmed by XRD study.

3.2. Microstructural evolution

Fig. 8 shows scanning electron micrographs of the
fibers after heating at 1100 �C. As shown, all the fired
fibers exhibited porous on the fracture surfaces and
presented a few cracks on the surfaces; in which the
fired fiber F2 exhibited a relative denser structures of
the surface compared to the others. Under higher mag-
nification, as illustrated in Fig. 9, the observed micro-
structures of these fired fibers clearly revealed that many
small pores retained in fibers F1 and F3, and the latter
contained larger pores, as given in Fig. 9a and c,
whereas a relatively denser microstructure of fiber F2
could be seen in Fig. 9b. Upon heating at 1100 �C, these
fired fibers also exhibited fine-grained structures. As
shown in Fig. 9d, fiber F1 presented nanocrystalline of
about 50–100 nm in size; the average grain size of the
fired fiber F1 was about 90 nm determined using the
linear intercept method.25 Both fibers F2 and F3 also
contained quite small grain sizes of about less than 0.1
mm, as given in Fig. 9b and c. The results revealed that
the obtained forsterite fibers were microporous with
nanocrystalline grain size on heating at 1100 �C. The
microporous structures of fired fibers might mainly
result from the removal of the volatile species, e.g. water
and organic groups, and/or the liberation of gas evolved
by combustion of organic groups.
Increasing the heating temperatures to 1300 �C, a

relatively denser microstructure with submicrometer
grains of the three fibers were illustrated in Fig. 10. The
three fibers showed evident differences in morphology of
firing at 1300 �C compared to those of firing at 1100 �C.
The surface and fracture surface of fiber F1, as shown in
Fig. 10a, were denser after heating at elevated tempera-
ture; moreover, a more uniform surface was observed in
contrast to fibers F2 and F3. Both fibers F2 and F3, as
shown in Fig. 10b and c, also had a dense cross-section,
but the surface of fiber F2 became somewhat rough and
presented some defects such as cracks and flaws in the
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Fig. 8. Scanning electron micrographs of processed gel fibers (a) F1, (b) F2 and (c) F3 heat-treated at 1100 �C for 2 h. Bars=10 mm.

Fig. 9. Higher magnification SEM micrographs of processed forsterite fibers (a) F1, (b) F2 and (c) F3 heated at 1100 �C for 2 h, showing the

microporous structures; (d) is a higher magnification of (a), indicating the fine-grained microstructure.
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cross section. For fiber F3, a nonuniform surface and
some bubbles on the cross-section were observed. The
observed defects in the fired fibers could be ascribed to
the combustion of the residual organics and the removal
of the volatile substances, as were described pre-
viously12,26,27 on the gel-derived fibers. Since the gel
fiber became stiff and denser on heating, expelling the
volatile substances out of the solidified gel fibers at
higher temperature might produced some defects such
as cracks, bubbling or nonunifority on the surface and
cross-section. The observation of cracks on the surface
and cross-section of fiber F2 upon heating at 1100–
1300 �C, which might be partly due to a more denser

green structure of the fiber. The green structure of fiber
F2 was considered to be denser, the difficulty in remov-
ing the volatiles would be increased during heating, and
thus the forced escape of the volatiles might leave some
cracks on the surface and cross section of the fired
fiber.12

In addition, grain growth evidently occurred upon
heating at 1300 �C. As shown in Figs. 10d and e, the
average grain sizes of fiber F1 and F2 were about 0.3
mm and about 40.5 mm, respectively. This result sug-
gested that the fiber derived from the higher water con-
dition that had larger grain size after firing at 1300 �C,
which was probably related to the green structures of

Fig. 10. Scanning electron micrographs of processed forsterite fibers (a) F1, (b) F2 and (c) F3 heated at 1300 �C for 2 h; (d), (e) and (f) are higher

magnification of (a), (b) and (c), respectively, showing the microstructures of these fired fibers.
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fiber F2 that were more branched and denser. In con-
trast, fiber F3 seemed to have the same average grain
size as fiber F1 but of a porous microstructures, as given
in Fig. 10f. The addition of excess ethanol into the pre-
cursor sol gave rise to shorter gel fibers; such fibers were
relatively porous after firing. The excessive porosity in
the fiber F3 probably resulted from the removal and
burnout of a larger amount of organic species in con-
trast to fibers F1 and F2, giving rise to larger voids or
pores. More weight loss was observed in gel fiber F3, as
was shown in the thermal analysis, which might be in
favor of the above assumption.
The decomposition and burn-off of the residual

organics proceeded throughout the heating process,
leading to densification or damage to the resultant for-
sterite fibers. The volatile components and the fibrous
gel structures apparently could impact the morphologies
of the fired fibers. It could be inferred that the volatile
components remaining in the three gel fibers and their
green structures were different because the gel fibers
were derived from different solution conditions. The
problem of making glass or ceramic fibers from the
fibrous gels has been investigated by many studies.12,26�29

Since fibrous gels contain large amounts of volatile
matter, removal of the organic residues prior to the gel-
to-ceramic conversion was important for obtaining uni-
form and dense structures. Many approaches have been
proposed to improve the fired fibers, including preheat-
ing the gel fibers,27 immediately heating the as-drawn
fibers,26 or reduced the heating rate26,29 etc. The present
study did not optimize the heating rate or pretreat the
gel fibers, however, it was found that the densification
of the fibers could be improved by heating at higher
temperature. The influences of water and ethanol on the
fiber prepared, which in turn influenced the morphology
of the fired fibers were observed. The gel fibers prepared
with higher water content (i.e. fiber F2) implied larger
grain size in the resultant forsterite fibers, as compared
to the fiber that derived from the low water condition
(i.e. fiber F1). With excess ethanol, the obtained for-
sterite fibers were more porous as in the case of fiber F3.
Accordingly, the content of water and ethanol exhibited

the influences on the grain size and microstructural
morphology of the forsterite fibers.
Some properties of the fired fibers are listed in Table 1.

After heating at 1100 �C, the specific surface areas of
forsterite fibers F1, F2 and F3 were about 22, 18 and 35
m2/g, respectively. The tensile strength was in the range
of 150–350 MPa for the fibers with diameters of about
20–50 mm. In contrast to fiber F1, it seemed that fiber
F2 had a higher tensile strength in average, while fiber
F3 had a lower strength; this might be largely due to
fiber F3 with more porous microstructures. The tensile
strength of the fired fibers was difficult to measure,
because the fibers were too fragile to be handled easily
without cracking. After heating at 1300 �C, the specific
surface areas of the forsterite fibers F1, F2, and F3
decreased to about 9.6, 7.8 and 21 m2/g, respectively.
This result was consistent with the microstructural
observation, meaning that the fiber structures became
denser after heating at 1300 �C. The dielectric constant
at room temperature of the fibers was in the range of
about 6.4–7.2, at 1 MHz. These values were comparable
to the respective bulk sample values of about 5.6–7.0.
This result revealed the low dielectric characteristics of
the three fibers. The values of the fiber strength in the
present study were lower than those of the silicate fibers
reported previously;12,29 this probably due mainly to the
existence of microporous of the forsterite fibers. In
addition, the fiber strength decreased with increasing the
diameters of the fibers investigated. The tensile strength
of fired fibers decreased with increasing diameter could
result from larger diameter retained more amount of
cracks or pores. However, BET measurement also sug-
gested the fibers obtained at 1100 �C that were micro-
porous and thus low strength could result. The fibers
described seem to be too weak to be of practical value
even for non-structural application. Studies are now
being carried out to improve the sinterability of these
gel fibers by varying the heating conditions.

4. Conclusions

The chemical composition in the precursor solution
greatly influenced the structures of the sols and the
fibrous gels,11 which in turn affected the homogeneity
and microstructural evolution of the gel fibers on heat-
ing. Gel fiber prepared with higher water condition had
larger grain size and a denser structure after heating at
1100–1300 �C, while gel fiber prepared with excess eth-
anol showed a more porous structure and a lower
homogeneity. Proper adjustment of the content of water
and ethanol was essential for preparing forsterite fiber
with chemical homogeneity and with good reproduci-
bility. On heating, homogeneous forsterite fiber with
submicron grain size and low dielectric characteristic
could be obtained.

Table 1

Specific surface area, dielectric constant and tensile strength of the

fired fibers after heating at 1100–1300 �C for 2 h

Samples Surface area

(m2/g)

Tensile strength

(MPa)

Dielectric

constant

(1)a (2)a (1) (2)

F1 22 (�0.2) 9.6 (�0.7) 180-320 6.8 (�0.7)

F2 18 (�0.3) 7.8 (�0.5) 170-350 7.2 (�0.6)

F3 35 (�0.8) 21 (�1) 150-290 6.4 (�0.7)

a (1) After heating at 1100 �C for 2 h, and (2) heating at 1300 �C for

2 h.
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In this study, an important practical advantage of the
use of acetic acid was that it enhanced the spinnability
and the formation of clear sols; this lead to not only the
gel fibers, but thin film and coating, as well, could also
be prepared. However, the burnout of the organic spe-
cies is still a problem to be solved. The formation of
some defects e.g. cracks and pores, might lower the fiber
strength. Further investigations are necessary to opti-
mize the drying and the firing schedules for minimizing
the pores or flaws formation.
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