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a b s t r a c t

We report two routes for the electrospinning of magnesium silicate ceramic fibers (MSCFs) using differ-
ent precursor solutions involving different magnesium sources and synthesis procedures. The thermal
decomposition processes and microstructure of the MSCFs were comparatively studied. X-ray diffraction
results confirmed the crystalline MgSiO3 phase in the heat-treated fibers. Magnesium sol contained pre-
cursor supplied long and straight MSCFs with homogeneous microstructure. Magnesium chloride con-
tained precursor produced coiled or spring-like MSCFs with core–shell structure. The formation
mechanism of the unique structure of C2-1000 was briefly analyzed. In addition, true density and specific
surface area of MSCFs, and thermal conductivity of fiber tablets were measured. The reported methods
can be extended as a general approach to prepare other silicate ceramic fibers.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

Oxide ceramic fibers (OCFs) are materials of light weight and
thermal stability, which are widely used for high-temperature fil-
tration and insulation [1]. The most widely used refractory ceramic
fibers (RCFs) are SiO2, Al2O3 and SiO2�Al2O3 fibers [2]. Sometimes
oxides such as ZrO2, Cr2O3 are added to achieve specific properties
[3]. Benefit from the reinforcement of OCFs, the ceramic matrix
composites (CMCs) obtain excellent heat resistance, creep resis-
tance and thermal shock resistance, and are applied in aerospace
engineering, biomedical and electronic devices [4].

Alkaline earth silicate fibers are newly-developing RCFs which
have low potential threat to health due to their good biological sol-
ubility [5]. Compared with traditional melt-spinning, centrifugal
spinning and solution blowing spinning method [6,7], electrospin-
ning technique combined with sol–gel method can controllably
produce ultrafine fibers with diverse structure and small diameter
dispersion coefficient. Magnesium silicate ceramic fibers (MSCFs)
are harmless to human body, have small bulk density and low ther-
mal conductivity, and can be used as substitute for carcinogenic
aluminum silicate ceramic fibers. However, the fabrication of
MSCFs by electrospinning remains a challenge due to the technical
difficulty in spinning sol synthesis.

In this work, two strategies toward the electrospinning fabrica-
tion of MSCFs are developed by virtue of two types of precursor
solution. One strategy is using citric acid as the ligand to synthesize
the magnesium sol before adding silica sol, the other is adding
strong acid type inorganic magnesium salt to the silica sol. MSCFs
obtained by the two routes were characterized and compared to
understand their different features.

2. Methodology

2.1. Synthesis of spinning solution

Silica sol was prepared by adding 20 g H3PO4 solution (n(H3PO4-
�H2O):n(H2O):n(EtOH) = 0.01:6:2) into 20.83 g Si(OC2H5)4 (TEOS)
dropwise with stirring for 3 h. 6 wt% PVA (polyvinyl alcohol,
MW = 88,000) solution was prepared with 30 wt% EtOH. The syn-
thesis method was described as a Si:Mg ratio of 2:1.

Route A: Magnesium sol was prepared by dissolving MgO into
50 wt% citric acid solution as n(MgO:C6H8O7�H2O) = 1:3. Then,
8 g silica sol was added dropwise into 8.8 g magnesium sol with
stirring for 30 min; 12.4 g 6 wt% PVA solution was subsequently
added dropwise and stirring for 2 h.

Route B: Firstly, 2.54 g MgCl2�6H2O was dissolved into 20 g sil-
ica sol to obtain Si-Mg sol. Secondly, 20 g 6 wt% PVA solution was
added dropwise to Si-Mg sol and stirring for 2 h.

2.2. Electrospinning and heat-treatment

The electrospinning process was performed at ambient temper-
ature of 20–35 �C and humidity of 30–50%. Spinning process
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parameters: 15 kV voltage, receiving distance of 20 cm, and feeding
rate of 1.0 mL�h�1. Fibers obtained by route A and B were labeled as
M8 and C2, respectively. The as-spun fibers were then heat-treated
in a muffle furnace, firstly heated to 400 �C for 1 h by 2 �C/min, and
then 5 �C/min to target temperature.

2.3. Characterizations

Simultaneous thermogravimetry and differential scanning
calorimetry (TG/DSC, NETZSCH STA 449F5, Germany) measure-
ments were performed at a heating rate of 10 �C/min in air. X-
ray diffractions (XRD, D8 Advance, Bruker, Germany) were oper-
ated with Cu-Ka radiation. Scanning electron microscope (SEM,
S-4800, Hitachi, Japan) was conducted with an acceleration voltage
of 5 kV. The diameter data were obtained by a software named
Nano Measurer. Transmission electron microscopy (TEM) and ele-
ment mapping (JEOLJEM-2100F, Japan) were operated at 200 kV.
N2 adsorption–desorption isotherms (JW-BK112, JWGB Sci&Tech,
China) were measured at 77 K. True density of fibers was measured
by a full-automatic true density tester (JW-M100, JWGB Sci&Tech,
China). Fiber tablets (4 � 4 � 1 mm) were prepared for thermal
conductivity test using laser flash method (NETZSCH LFA457, Ger-
many). Concretely, fibers were grinded with 5% PVA solution
gently and 0.3 g mixture was infused in a mold with a uniaxial
press of 8 MPa, and finally calcined at 800 �C to remove off the
PVA. The porosity of the tablets was measured by the Archimedes
method.

3. Results and discussions

The TG curve of M8 (Fig. 1(a)) contained two weight loss stages.
The first stage below 260.5 �C was attributed to the elimination of
moistures and the preliminary oxidation of precursors [8]. The sec-
ond stage (260.5–682.6 �C) comprised a large exothermic peak at
497.5 �C in DSC curve, which was ascribed to the pyrolysis of
PVA main chain, citrate and carbonate intermediates [9,10]. At
higher temperature region, negligible weight loss was caused
Fig. 1. TG-DSC curves of M8 (a) and C2 (b) recorded in air; XRD patterns of M8 (c) and
mainly by the evaporated water molecules coming from the self-
condensation reaction of silanol groups [11]. The small exothermic
peak at 884.9 �C in the DSC curve was associated with the crystal-
lization of magnesium silicate. The weight loss of C2 was divided
into three stages (Fig. 1(b)). The first stage was the removal of
trapped solvent and crystalline water. The other two stages were
the removal of trapped solvents, the dehydration of silane groups,
and the decomposition of the PVA side chains [10,11]. In the DSC
curve, endothermic peaks at 133.8 �C and 169.8 �C were due to
the loss of crystalline water from MgCl2�6H2O [12]. Another
endothermic peak at 463.1 �C was the form of MgO. The wide
exothermic peak at 889.2 �C belonged to the pyrolysis of silane
groups and the crystallization of MgSiO3. The total weight loss of
M8 (75.78%) was larger than that of C2 (58.03%), which was due
to the large amount of citrate in M8.

The broad peak around 2h = 20-30�in XRD patterns of fibers
treated at different temperatures indicated the existence of amor-
phous SiO2. M8 was amorphous after heat-treated at 800 �C, while
it began to form crystalline MgSiO3 at 850 �C (Fig. 1(c). As for C2,
periclase MgO (PDF#45-0946) crystallized after heat-treated at
700 �C, MgSiO3 crystallized also at 850 �C, while MgO still existed
after heat-treated at 1000 �C (Fig. 1(e)). MgSiO3 in both M8-1000
and C2-1000 (heat-treated at 1000 �C) consisted of clinoenstatite
(PDF#35-0610) and orthorhombic perovskite (PDF#19–0768).

The MSCFs fabricated by A and B routes showed dissimilar
geometries. M8-1000 was straight fiber with cylindrical shape,
large aspect ratio (Fig. 2(a, b)) and an averaged diameter of
1.16 lm (Fig. 2(i)). The surface of M8-1000 was not very smooth
and the entire fiber was the accumulation of fine particles (Fig. 2
(c, d)). Seen from TEM image (Fig. 2(j)) and element mapping
(Fig. 2(m)), both the structure and composition of M8 were homo-
geneous, indicating the good hybridization of Si and Mg in precur-
sor sol. However, the C2-1000 fibers were curved, intertwined with
each other, and some coiled fibers were in spring-like shape (Fig. 2
(e, f)). The unique morphology of C2-1000 might be caused by the
violent whipping process of the jet due to the high solution con-
ductivity of 10.78 m S/cm (Table 1). C2-1000 showed regular cylin-
C2 (e) after heat-treated for 2 h at different temperatures; standard PDF cards (d).



Fig. 2. SEM images of M8-1000 (a-d) and C2-1000 (e-h); diameter distribution of M8-1000 (i) and C2-1000 (k); TEM images of M8-1000 (k) and C2-1000 (l); element
mapping of M8-1000 (m1-4) and C2-1000 (n1-4).

Table 1
Related parameters of fibers and fiber tablets.

Sample form M8 C2

Spinning sol Conductivity (m S/cm) 1.72 10.78
pH value 2.63 2.24
Surface Intensity (mN m) 32.90 29.86
Viscosity (mPa s) 156.6 225.8

Fiber* True density (g/cm3) 3.9281 4.2527
SBET (m2/g) 8.535 7.879
Averaged diameter (lm) 1.157 0.622

Tablet* Apparent density (g/cm3) 0.188 0.142
Porosity (%) 15.59 39.33
Thermal conductivity (W/(m�K), 25 �C) 0.137 0.134

*Measured from fibers heat-treated at 1000 �C for 2 h or tablets made by them.

Fig. 3. Nitrogen adsorption desorption isotherm (a) and thermal c
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drical shape and smooth surface (Fig. 2(g)) with an averaged diam-
eter of 0.62 lm (Fig. 2(k)). The cross-sectional SEM image and typ-
ical TEM image (Fig. 2(h, l)) revealed that C2-1000 was core–shell
structured with internal granular structure and dense surface
layer. The marked box in Fig. 2(n1-n4) showed that Mg content
was obviously lower at the edge, while the distribution of Si was
uniform. The core–shell structure of C2-1000 could be attributed
to the higher migration rate of Si than Mg toward outer surface
during heat-treatment process [13]. Besides, the coiled fiber C2-
1000 with special spring-like morphology had potential applica-
tions in composite materials, sensor device and tissue engineering
[14–16], which might be an attractive issue in further research.
onductivity (b) of tablets pressed by M8-1000 and C2-1000.
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As shown in Table 1, the true density of C2-1000 (4.2527 g/cm3)
was higher than M8-1000 (3.9281 g/cm3), which was in accor-
dance with a lower specific surface area (SBET) of 7.879 m2/g than
that of 8.535 m2/g for M8-1000. In Fig. 3(a), M8-1000 showed a
type-IV isotherm with H3 type hysteresis loop, suggesting the
slit-shaped pores formed. The thermal conductivity at room tem-
perature (Table 1) of fiber tablets M8-1000 (TM8-1000) and C2-
1000 (TC2-1000) were 0.137 and 0.134 W/(m�K), respectively. Fig. 3
(b) showed that the thermal conductivity of TM8-1000 and TC2-1000
increased from 0.200 to 0.603 W/(m�K) at higher temperatures of
400–800 �C. The porosity of TM8-1000 was lower than TC2-1000, which
was reasonable for a higher thermal conductivity of TM8-1000.
4. Conclusion

Two strategies have been developed for the fabrication of
MSCFs by electrospinning and heat-treatment. Fibers prepared
with magnesium source of MgCl2�6H2O showed a lower crystalliza-
tion temperature than those prepared with citrate due to MgO
crystallized firstly. Crystalline MgSiO3 was formed in both fibers
after heat-treatment at 850 �C. M8-1000 was straight long fiber
with homogeneous polycrystalline structure. C2-1000 was coiled
or spiral fiber with dense surface and polycrystalline interior. Pre-
cursor type and thermal decomposition process had substantial
impact on the geometry and microstructure of the ceramic fibers.
M8-1000 possessed lower true density and higher SBET than C2-
1000. The thermal conductivities of fiber tablets were 0.200–0.60
3 W/(m�K) at 400–800 �C. The MSCFs produced in this work have
considerable potential in thermal insulation and related
applications.
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