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ABSTRACT

Superfine glass fibers have high-temperature resistance, but they are rarely used and investigated at
high temperature. In this article, the morphology, diameter and mesoporous are investigated by treat-
ing the superfine glass fiber felt during 400-650°C. The result shows that the surface of heated fiber
is smoother than original one; the diameter increases at 400°C, then decreases with the increasing
temperature, finally decreases by 14% at 600 °C; the mean mesoporous size increases with the increas-
ing temperature, except at 500°C, it increases 5.13 times at 600°C. During heat treatment, the sizing
agents gradually melt, decompose, and finally accumulate in very tinier areas on the surface of fiber;
however, inside the fiber, the residual stress is released, the carbonate decomposes and melts. The
released residual stress contributes to the increase of diameter, while thermal decomposition and ther-
mal contraction cause the diameter to decrease and the mesoporous size to increase. The fiber stays
in a metastable state, and has weight gain phenomenon when heated during 400-550°C, while in a
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stable state at 600 °C, finally are destroyed at 650°C.

1. Introduction

Glass fiber is an inorganic nonmetallic material with good
chemical stability, good thermal insulation, strong heat
resistance and high mechanical strength. Normally, it is
used as reinforcement in compound materials to improve
the stiffness, strength and other properties (Bal et al., 2015;
Sever et al., 2008). Most of researches focused on the influ-
ence of glass fiber on the comprehensive properties of com-
pound materials (H. Chen et al., 2018; Elbadry et al., 2017;
Raju et al., 2013), and the interfacial strength of the glass
fiber-reinforced composites (Minty et al., 2018). The proper-
ties of glass fibers itself have also been investigated (Gao
et al., 2007).

Some researchers paid attention to the performance of
glass fiber reinforced composites at different temperatures.
For example, the bonded strengths of glass fiber reinforced
materials were investigated under a range of different temper-
atures (0 —250°C) (Abbasi & Hogg, 2005; Katz & Berman,
2000); the residual behavior of E-CR glass fiber reinforced
polymer bars were researched under high-temperature treat-
ment, ranging between 100 and 700°C(Spagnuolo et al,
2018.); the influence of diffusion temperature on the water
uptake and subsequent degradation behavior of multi-walled
carbon nanotube embedded in glass fiber/epoxy composites
was elucidated under the temperatures of 25°C and 90°C,

respectively (Prusty et al, 2018). For glass fiber itself, the
strength degradation of the bundles of E-glass fiber and
Advantex glass fibers were investigated under high tempera-
tures up to 650°C(Feih et al., 2009); the tensile mechanical
behavior of AR-glass filament yarn was researched under the
temperatures of 100-700°C (Younes et al., 2014); the thermal
stability, thermo-mechanical and mechanical properties of
glass fiber rovings were improved at the temperature of
20-400°C by polysilazane based thermal resistant coating
treatment(Shayed et al.,, 2010.). Those researches focused on
the mechanical properties of glass fiber at high temperature,
as well as the method of improving its thermal mechanical
properties, however ignored the performance of glass fiber
itself at high temperature. Hence, it is important to reveal the
change of interior structure and heat-treated mechanism of
glass fiber itself under high temperature.

There are many kinds of glass fibers, which in general,
can be classified by the compositions of glass raw materials,
monofilament diameter, fiber appearance, production meth-
ods and fiber properties. Normally, the diameter of glass
fiber less than 10 um is defined as superfine glass fiber. By
compared with normal glass fiber, the superfine glass fiber
owns smaller diameter, lighter mass, better flexibility and
lower cost of preparation. Most of them are used in normal
temperature environment (Z. F. Chen et al, 2016; Wang
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Figure 1. The surface optical images of original and heated superfine glass fiber felt.

et al., 2012), and some of them are used to absorb sound
(Guangzhen et al, 2018), slight fog and insulate heat (S.
Chen et al,, 2018.). In recent years, normal glass fiber fabrics
have been used on the steam piping as heat insulating
material (Dai, 2017), but the superfine glass fibers are rarely
used under high temperature. Up till now less research
investigated the application of the superfine glass fiber
under high temperature. Therefore, it is important to
explore the external and internal characteristics of heated
superfine glass fiber and develop its application at high
temperature.

The purpose of the study is to investigate the influence of
heat treatment on morphology, diameter and mesoporous of
superfine glass fibers, as well as the corresponding mecha-
nisms. The superfine glass fiber felt was heat-treated under a
range of different temperatures of 400 — 650 °C. The charac-
teristics of the fiber morphology was investigated by SEM;
the fiber diameter was studied by an inverted biologic micro-
scope; the mesoporous and specific surface area were meas-
ured by following the method of Brunauer-Emmett-Teller
(BET) with a Quantachrome QuadraSorb S1. In order to fur-
ther explore the heat treatment mechanism, the internal char-
acteristics and topographies of the fibers were analyzed by
XRF, FTIR, XRD, TG and AFM. This research provides new
insights into the external and internal characters of superfine
glass fiber under high temperatures.

2. Experimental procedure and characterization

The superfine glass fiber has the following major chemical
composition (%): 47 SiO,, 26 Carbonate, 12 Na,O, 7 CaO, 2
AL O3, 2 MgO and others. The mean diameter of fiber was
2.27pm. The aggregate of superfine glass fibers studied

herein was a superfine glass fiber felt. In the production
process, fibers and the felt were formed almost at the same
time. The degree of fiber damage could be deduced by the
change in the appearance of the felt at high temperatures.
In this paper, the superfine glass fiber felt was heat treated
under 400°C, 450°C, 500°C, 550°C, and 600°C, 650°C,
respectively, in air, using a Z5X1400 Mulffle furnace (Cinite
(Beijing) Technology Corp., Ltd). The heating temperature
was started from room temperature to an ending tempera-
ture with a heating rate of 5°C/min, and then was main-
tained there for 30min. No obvious difference in
appearances of those heated felts were observed by naked
eyes after heat treatments under 400 — 600 °C, as shown in
Figure 1. However, the superfine glass fibers piled together
after the treatment under 650°C; and the fibers and felt
were damaged and destroyed finally. Therefore, the fiber
and felt treated under 400°C, 450°C, 500°C, 550°C and
600 °C are discussed in the paper.

The diameter of fiber was measured using an inverted
biologic microscope NIB-100, and was repeated 30 times to
get a mean value. The morphology of the superfine glass
fiber felt was observed with a scanning electron microscope
(SEM, JSM-6390A, JEOL Ltd, Tokyo, Japan). The atomic
force microscope (AFM, Bruker dimension, Germany) was
used to examine the topography of fiber. The Fourier trans-
form infrared (FTIR) spectrograms was tested by using a
Spectrum Two FTIR spectrometer, Perkin Elmer (USA) in
the range of 650-4000cm ™" with a resolution of 4cm'. The
X-ray fluorescence spectrometer (XRF) was tested by ZSX
PrimusIl, Rigaku (Japan). X-Ray diffraction (XRD) was per-
formed on the original and heat-treated fibers using a wide-
angle XRD instrument (Bruker D8 Advance, Germany)
operated between 20 =10°-70°. Thermogravimetric analysis
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Figure 2. SEM morphologies of original and heated superfine glass fibers.

(TGA) of the fibers was performed in air and N, respect-
ively at a heating rate of 10°C/min using PerkinElmer
STA8000 (American). The measurements of Brunauer-
Emmett-Teller (BET) surface area, mesoporous size of
superfine glass fiber were carried out using a Quantachrome
QuadraSorb S1 with N, absorption, under a bath tempera-
ture of 77 K.

3. Results and discussion
3.1. Morphology of fibers

The surface morphology of the original fiber was coarse and
in an uniformly distributed resinous matters, as shown in
Figure 2a; while the surfaces of the heated fibers became
smoother with the increasing temperature in Figure 2b-f;
The uniformly distributed matters became spot-like substan-
ces spreading on the surface of the heated fibers. Normally,
the resinous matter was sizing agents used in manufacturing
the felt, and the spot-like substances were the residual sizing
agents. At 600°C, the residual sizing agent almost all
decomposed, making the most area of fiber surface smooth-
est; At this temperature, some heated fibers were cracked, as
shown in Figure 2f.

In order to further investigate the morphological changes
of the superfine glass fibers during the heat treatments, the
topographies of fibers were tested by AFM, as shown in
Figure 3. AFM images demonstrate that the surface of the
fibers was coarse at 400°C, 450°C, 500°C, 550°C, but
became smoother except with the granular protuberances at
600 °C. The image Rq of the heated fiber increased with the
temperature, increasing from 400°C to 450°C, then
decreased from 500°C to 550 °C. The Rq of the fiber heated
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at 550 °C showed the lowest value of 1.96 nm; however, the
Rq value of the fiber heated at 600°C was the highest at
22.9nm. Figure 3f demonstrated that most surface area of
the 600°C heated fiber was the smoothest and flat with a
very smaller area of protruding spots, causing the image Rq
was the highest than others. It can be deduced that the siz-
ing agents on the surface of the heated fibers molten and
piled together at 400 and 450°C, partly decomposed at
500 °C and 550°C. Finally, the residual sizing agents accu-
mulated in very tiny areas on the surface of the heated fiber
at 600°C. The corresponding process of the morphological
changes of the fibers is shown in Figure 4.

3.2. Diameter of fibers

The mean diameter of the heated fibers increased by 7%
when the temperature was heated to 400 °C, then decreased
significantly with the increasing temperature, as shown in
Figure 5. The diameter came down to the original size at
450°C and 500°C and then further decreased by 6% and
14% under 550 °C and 600 °C, respectively. The value of CV
decreased with the heating temperature, except fluctuating
at 500°C. The change of fiber diameter was mainly caused
by the change of internal structure, which will be analyzed
in Part 4 ‘4. Changes of structural characteristics of super-
fine glass fibers’.

3.3. Mesoporous and specific surface area of fibers

The mean mesoporous size of the original superfine glass
fiber was 1.78 nm, then increased with the increasing tem-
perature, except fluctuating at 500°C. The pore sizes of all
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Figure 3. AFM and corresponding image Rq of original and heated superfine glass fibers.

heated fibers were higher than that of the original one, as
shown in Figure 6. Corresponding to the mean mesoporous
size, the MBET surface area of the original superfine glass
fiber was 12.56 m>/g, then decreased with increasing tem-
perature, except fluctuated around 500 °C. Also the MBET
surface areas of all heated fibers were lower than that of
the original one. The results reveal that the mean mesopo-
rous size increased significantly, and the MBET surface

area decreased obviously. The MBET surface area
decreased by 87.76% and the mean mesoporous size
increased 5.13 times at 600°C compared to that of ori-
ginal one.

Figure 7shows the relationship of the pore surface area
and the numbers of mesoporous and mesoporous sizes of
3-50nm in the original and heated fibers. At the same mes-
oporous size, the higher pore surface area corresponded
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Figure 4. The heat treatments on surface characteristics of fibers.
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Figure 5. The mean diameter of original and heated superfine glass fibers.

with the more mesoporous. The number of pores in the
heated fiber at 400 °C was the highest, then decreased with
increasing temperature. The heated fibers showed the
increased mesopores after heating under 400 — 550 °C, but
the numbers was reduced at 600°C than that of the ori-
ginal one.

4. Changes of structural characteristics of superfine
glass fibers

In order to further explore the changes of fiber diameter,
mesoporous and specific surface area of fibers, the internal
structural characteristics of superfine glass fibers were tested
and analyzed. Firstly, the FTIR spectra of the original and
heated fibers were compared and shown in Figure 8. The
vibrational band at 1726cm™' was due to deformation
vibrations of adsorbed water molecules (Hoang et al., 2010;
Tenorio et al., 2018). The bands nearby 833.88, 974.56, and

The residual sizing agent

accumulates in a very smaller area

14 14
—&— MBET surface area

- 12F —=— Mean mesoporous size 112
g 10| 1107
= | 3
u gl 18 5
s 8
3 L 7
S 4t 14 5
5 L m
= 2 12 2

0 - |. 1 1 1 1 1

original 400 450 500 550 600

Temperature (C)

Figure 6. MBET surface areas and mean mesoporous sizes of original and
heated superfine glass fibers.

1451.3 cm, were ascribed to the asymmetric and symmetric
Si-O stretching vibration and Si-O-Si bending vibrations
respectively (Hao & Yu, 2009a; Salunkhe et al., 2018). The
strong and sharp bands were silicon oxide SiO, confirming
the chemical structure of the fibers. The spectra of the ori-
ginal fiber exhibited the strong and sharp bands at
974.56cm ™", with transmittance 88%, while decreased to
75% after the fiber being treated at 600°C. It meant that
more SiO, were transferred at 600°C, and the content of
SiO, was increased.

At 600°C, the absorption bands of the fibers shifted
from the original 974.56, 1451.3, 1726.7, 3400cm ' to
954.94, 1253.5, 1649.1, and 3372.32cm ™, respectively. These
shifts in band positions might be attributed to the changes
of conformation geometry of fibers (Saikia et al., 2006.),
indicating that the conformation geometry changed obvi-
ously at 600 °C.
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Figure 7. Pore surface area distribution of original and heated superfine glass fibers.
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Figure 8. FTIR of original and heated superfine glass fibers.

The mass percentage of carbonate (CO;>) decreased sig-
nificantly during the heat treatments, as shown in Figure 9a.
A 88% decrease was found for the fibers heated at 600 °C;
however, the mass percentage of SiO, increased obviously,
and increased about 24% at 600, which was confirmed by
FTIR. In general, silicate compounds were extremely stable
below 600 °C, while some carbonate compounds were more
vulnerable to decompose.

The mass percentages of many metal oxides changed
obviously during the heat treatments. The mass percentages
of Na,O, CaO, ALO;, MgO, K,O, Fe,O; increased, ZnO
and BaO fluctuated obviously, TiO, and SrO kept stabile, as
shown in Figure 9. During the heat treatments, some diva-
lent cations (such as Mg”) diffused from the interior to the
surface where they could react with environmental oxygen
and formed corresponding metal oxides (MgO) (Fiore et al.,
2015). It can be deduced that the some carbonates broke
down into metal oxide and CO, during the heat treatments.
Normally some carbonates broke down below 600°C such
as MgCO; and ZnCOj;; some broke down above 600°C
such as BaCO; and SrCOs; and some partly decomposed
near by 600°C, such as CaCOj;; and some could melt,
including K,CO; and Na,CO;. As Figure 7 showed, the
heated fibers had more mesopores formed during heating

under 400 — 550 °C, but less was formed at 600 °C than the
original one. Therefore, it could be speculated that most car-
bonates thermally decomposed under 400 — 550 °C, making
the number of mesopores increased; then the thermal melt-
ing of the fibers intensified above 550 °C, causing the num-
ber of mesopores decreased at 600 °C.

The thermal decomposition of the fibers was investigated by
thermo-gravimetric analysis (TGA), as presented in Figure 10.
For the original fiber, the weight lose nearby 100°C was
ascribed to the vaporization of surface water (Hao & Yu,
2009b), consistent with the results of FTIR. The weight loss of
the original fiber was very fast and significant in the stage
100-550°C, but unchanged above ~ 600°C. The fibers heated
under 400 °C, 450 °C, 500°C, and 550 °C had a similar trend of
TG curves with an obvious weight gain phenomenon. The TG
curve of the fiber heated at 400°C showed the residual weight
of the fiber increased firstly, decreased in the stage of
200 — 400°C, then increased during 400 — 800°C. TG curves of
all heated fibers under 450 °C and 500 °C presented the increase
in the residual weights. And the weights of the fibers rose with
the heating temperature. The fiber treated under 500°C pre-
sented the highest increase in the TG curve, corresponding with
the highest residual weight. But the residual weight of the fiber
heated under 550°C initially dropped and then increased. The
TG curve of fiber heated under 600°C fluctuated slightly and
the residual weight was 99% of the original weight.

With the observation of morphological changes of the
fibers heated under the same temperatures ranges, the
weight changes might be related to the changes of chemical
compositions as demonstrated in Figure 9. When carbonates
were decomposed in the heated fibers, the metal oxides
stayed in the heated fibers and some metal ions, such as Mg
ions, might diffuse out to surfaces of the heated fiber from
inside in reduced status (Mg). The diffusion process was
incomplete under temperature range of 400-550°C but
might be complete under 600 °C. When the metal ions (Mg)
was further heated with the existence of oxygen, it may
form metal oxide (MgO) gaining weight. Then we removed
the environmental oxygen, which means that the TGA was
tested in N,, without O,, as shown in Figure 11. Obviously,
there was no obviously weight gain phenomenon.
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Figure 11. TG curves of original and heated superfine glass fibers under N,.

On the other hand, a proposed additive theory (Z. F.
Chen, 2016) showed the properties of glass varied with the
mass fraction. The general properties were determined by
the sum of the single properties of oxides contained in the
glass. For example, the volume of glass increased with the
increasing content of K,O. As XRF analysis showed the content
of melt oxide changed obviously after heat treatment. Hence,
the additive property of heated fiber was influenced, which

THE JOURNAL OF THE TEXTILE INSTITUTE . 7
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Figure 12. X-ray diffraction spectra of original and heated superfine
glass fibers.

Table 1. Crystallinity of original and heated superfine glass fibers.

Original ~ 400°C  450°C 500°C  550°C 600°C
Crystallinity / % 19.97 10.41 7.93 14.57 18.96 21.38
Difference / % - —4787 —-6029 2704 506 +7.06

finally caused the weight gain phenomenon. Based on the
above analysis, it could be deduced that most carbonates were
decomposed into metal oxides and CO, during heat treatment.

There were no significant difference between the XRD
spectra of the original and heated fibers, as shown in Figure
12. The diffraction peak nearby 208 =30° was a characteristic
peak of amorphous SiO, (Qiu et al.,, 2018). Table 1 showed
the crystallinity of heated fiber significantly decreased from
400°C to 450°C, then increased with increasing heating
temperature. The crystallinity of the fiber heated at 600°C
was 21.38%, increased by 7.06% versus the original one.
Those results indicate that the more crystals may be formed
from heated fiber at 600 °C.

The FTIR stated the absorption bands shifted, and the
conformation geometry of molecule changed after high-
temperature treatment. The carbonate broken down, then
the CO, produced and moved. Those caused the superfine
glass fiber was in a metastable state for a long time and
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contained excess internal energy. Under the heat action of
the test process, it was possible to convert to low energy. It
meant that the crystallization was possible. And these
finally resulted in the change of mesoporous distribution
and external fiber diameter during heat treatment.
Additionally, the superfine glass fiber was produced by
drawing and cooling. Therefore there was a large amount of
residual stress in the glass fiber (Ye & Chen, 2017). During
heat treatment, an ‘annealing effect’ was formed. The
residual stress was gradually released, which made the fiber
shrunken or contracted. Finally, the length of the fibers
decreased, and the diameter increased. In this paper, not
only the surface residual stress but also the decomposition
and melting of carbonate were found affecting the diameter
of the heated fibers. At 400°C, the residual stress released
in main, which caused the diameter of heated fiber
increased; while above 450°C, the carbonate decomposed
and melted, which became the main factor causing the
diameter decreased with increasing temperature. The struc-
tural change process of the fibers is presented in Figure 13.

5. Conclusions

In this article, the effect of heat treatment on the properties
of superfine glass fiber are discussed by treating the super-
fine glass fiber felt under varied high temperatures of
400°C, 450°C, 500°C, 550°C, 600°C, 650°C, respectively.

The fibers treated below 600°C were studied since 650°C
destroyed the felt. During the heat treatments, sizing agents
on the surface of the fibers gradually melt and decompose
with the increasing temperature. The residual sizing agents
gradually accumulate on surfaces of the fibers forming
smaller spot. The fibers heated under 550 °C possessed the
lowest image Rq 1.96 nm; however, under 600°C, the fibers
showed the highest image Rq of 22.9 nm, with most surface
area, the smoothest among others.

During heat treatments, the carbonate break down to
metal oxide and CO,, some crystals formed, and the mol-
ecule geometry conformation changed, making the heated
fibers stay in a metastable state at the temperature of
400°C, 450°C, 500°C, 550°C and in a more stable state at
600°C. The obviously weight gain phenomenon occurs in
the heated fiber at 400°C, 450°C, 500°C and 550°C, a
reflection of such structural change. The residual stress
released in fibers, the decomposition and melting of carbon-
ate eventually increased the diameter of heated fiber at
400°C and then decreased with the increasing temperature.
The mesoporous size of the heated fibers increased, and the
specific surface area decreased significantly. The number of
mesopores increased heating under 400°C obviously, then
decreased with increasing temperature.

Comparing the fibers heated under 600°C with the ori-
ginal one, the former has mass percentage of carbonates
decreased by 88% and SiO, increased by 24%, crystallinity



increased by 7.06% in the structures. Meanwhile, the diam-
eter of the fiber heated under 600°C decreased by 14%;
the mean mesoporous size increased 5.13 times, while the
number of mesopores decreased; the specific surface area
decreases by 87.76%.
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