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Abstract

The use of basalt fibers as a reinforcement in various composites requires the application of elevated temperatures
during synthesis and processing conditions depending on the technique utilized. In this study, the tensile strength of
basalt fibers at room temperature and also after exposure to 300, 350,400, 450 and 500 °C in a furnace for durations of 5,
10, 15 and 20 min was investigated. The results indicate that the residual strength of basalt fibers drastically decreases
after 20 min exposure at 300 and 400 °C and is only about 57 % and 35 % of that of fibers at room temperature,
respectively. At 450 and 500 °C, this drastic decrease occurs after only 5 min. These results indicate the optimum
conditions for processing parameters for basalt fibers and the composites based on them.
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I. Introduction

Several studies have shown that fiber-reinforced com-
posites are more efficient than other types of composites.
The most common continuous fibers used for metal matri-
ces are boron, graphite (carbon), alumina, and silicon car-
bide. These ceramic fibers are used in a variety of industri-
al and commercial applications. Although these fibers of-
fer superior properties such as high-temperature stability,
low thermal conductivity, low heat storage, their produc-
tion cost is high. On the other hand, basalt fiber has been
used as an inexpensive reinforcing composite material for
the construction industry (e.g. asphalt, concrete) and also
for making polymer matrix composites 1>2.

The manufacture of basalt fibers on industrial scale dates
back to 1972, mainly for military and aerospace applica-
tions. It was only after 1995 that they began to be widely
used in non-military applications 3.

The raw material for production of basalt fibers is basalt
rock, a hard volcanic stone rich in Mg and Fe silicates
found in both amorphous and crystalline states. Basalt
rock is the most abundant volcanic stone in the earth‘s
crust, covering areas of thousands of square kilometers
and usually seen in black, dark brown and green colors 4.

The chemical composition of basalt includes: 42-60 %
$i0,, 13-18% ALOs, 8-15% Fe,O3, 3-9% MgO,
6-12% Ca0,2-6 % Na,O,1-3 % TiO,, 0.5-2 % K,O
and a small amount of Mn,O3. This wide-ranging chemi-
cal composition is mainly due to different environmental
conditions during the formation of the rocks in nature >=7.
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Basalt fibers are manufactured by means of crushing and
melting of basalt rock at 1500 °C. This melt is then trans-
ferred onto a rotating disk, which contains several tiny
holes (bushings) and then drawn through the bushings by
means of air blowing. The produced fibers are subsequent-
ly covered with a polymer sizing that improves the cor-
rosive and wear resistance of the fibers 8-10. According
to the literature, the sizing content for basalt and E-glass
fibers is about 0.1 to 0.2 wt% 11.

Compared to E-glass, basalt fibers exhibit superior me-
chanical properties, higher chemical stability and better
thermal/electrical insulation, which makes these fibers
an attractive reinforcement for polymer matrix compos-
ites. These fibers are also used for reinforcement of con-
crete structures, asphalt and a number of plastics 1215,
In more recent studies, attempts have been made to use
basalt fibers as reinforcement for metal matrix compos-
ites 16-20,

The thermal properties of basalt products have been the
subject of several investigations 21,22, In this study, the
effects of temperature exposure and also the duration of
heating on the tensile properties of basalt fibers have been
investigated. This is particularly significant to select the
manufacturing method for basalt-reinforced composites
and/or the subsequent thermal treatment of composites
based on them. The thermal stability of basalt fibers placed
in a furnace and exposed to different temperatures was
evaluated. The factors considered for exposure were time
and temperature.
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II. Experimental Method
(1) Basalt fibers

In this study continuous basalt roving from Ukraine was
used as the raw material. The average diameter of a single
fiber measured by CamScan MV2300 Scanning Electron
Microscope (SEM) was approximately 10 mm (Fig. 1). The
density of fibers quantified based on the Archimedes prin-
cipleusing an electronic balance withanaccuracy of 0.1 mg
was 2.816 g/cm3. Hence, the number of fibers in the bun-
dle was calculated to be about 1124.

20 pm

Fig. 1: A roving of basalt fibers (a) and scanning electron microscope
(SEM) image of the monofilaments (b, c).

(2) Tensile strength

Tensile strength testing was done on single fibers in ac-
cordance with the modified ISO 11566 standard 23. The
effect of temperature exposure on the tensile behavior of
basalt fibers was studied by heating fibers in a furnace at
different temperatures (300, 400, 450 and 500 °C) for pre-
determined times (5, 10, 15 and 20 min) and subsequent-
ly cooling in room temperature. The tensile strength of
basalt fibers was measured and the percentage of residual
strength was calculated in relation to the initial room tem-
perature strength of the bundles.

The test apparatus consisted of an Instron 5565 tensile
tester equipped witha2.5 Nload celland a crosshead speed
of 2 mm/min. The gauge length was kept at 25 mm.

II1. Results

(1) Tensile strength at room temperature

In order to find the range of processing parameters for
basalt fibers, it is essential to measure the residual strength
of basalt fibers at elevated temperatures, calculated in rela-
tion to their room temperature strength.

The tensile strength of basalt monofilament and fiber
bundles at room temperature was measured ten times and
then averaged to about 1846 and 322 MPa, respectively.
This significant difference is mainly due to the accumula-
tion of defects on the bundles as compared to a monofil-
ament. As estimated, each bundle consists of about 1124
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monofilaments and therefore the number of defects in a
certain length of a bundle compared to that of a single fil-
ament increases drastically. After rupture of a defective
monofilament, the load is applied on fewer fibers, which
results in more stress concentration and rupture of the re-
maining fibers.

(2) Tensile strength after thermal treatment

The purpose of this section is to study the potential ap-
plicability of basalt fibers as the reinforcement of com-
posites at elevated temperatures for production or post-
production stages (e.g. heat treatment, curing, thermal
bonding), in order to make a decision on the range of pro-
cessing parameters. The average strength of basalt bun-
dles after exposure to different temperatures for different
times and their residual strength are presented in Tables 1
and 2.

Table 1: Tensile strength (MPa) of basalt bundles for vari-
ous temperatures and holding times.

Holding Time (min)
T (°C)
5 10 15 20
300 255 250 248 189
400 193 177 171 113
450 76 72 61 49
500 73 67 57 36

Table 2: Residual strength (%) of basalt bundles for vari-
ous temperatures and holding times.

Holding Time (min)
T (°C)
5 10 15 20
300 79 78 77 58
400 60 55 53 35
450 24 22 19 15
500 23 21 18 11

The variation of residual strength with holding time for
different temperatures is also shown in Fig.2. As can be
seen, about 20 % of the strength of fibers is lost during
the first 5 min of holding at 300 °C. The increased holding
time up to 15 min does not appear to have any significant
effect on the strength, but this value decreases drastically
within 15 to 20 min of exposure and only 58 % of the room
temperature strength has remained.

The same trend is observed for fibers exposed to 400 °C
with areduced strength during the whole period of time as
compared with 300 °C. As can be seen from Table 2, only
24 % of the initial room temperature strength of the basalt
fibers remains after 5 min exposure to 450 °C and decreases
gradually to 15 % after 20 min. The increased temperature
up to 500 °C imposed a slight decrease in the fiber strength
for the whole period of exposure time.
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Fig. 2: The residual strength of fibers vs. holding time at different
temperatures.

The results reveal that further increase of the exposure
time (e.g. up to 20 min) even atincreased temperatures (e.g.
500 °C) did not show any significant effect on the residu-
al strength of the fibers. These results indicate that when
these fibers are used as reinforcements, the maximum per-
mitted temperatures and exposure times during process-
ing or service are 300—400 °C and 15 min, respectively.

(3) Degradation mechanism of basalt fibers

Based on the literature, the main factor determining the
heat temperature stability of basalt fibers is their crys-
tallization behavior, which depends on chemical compo-
sition and heat treatment conditions 24. The degradation
mechanism of basalt fibers at elevated temperature may be
explained based on the Weibull model 25, and due to none-
homogeneities, which behave as defects along the fiber
volume. Basalt fibers are initially in amorphous state, but
can gradually crystallize in localized areas at elevated tem-
peratures. These transformed crystallites are more brittle
and result in lower strength values 22, 24, 26,

The elevation of temperature increases the number of de-
fects exponentially, leading to a drastic decrease in tensile
strength. The fracture of fibers takes place as a result of
a distortion between amorphous and localized crystalline
areas, which may be present in the fiber structure 27.

Militky ez al. also studied the effect of thermal treatment
on the tensile failure of basalt and glass fibers 22, based on
a statistical model proposed by Wagner 25. They reported
that treatment of basalt fibers only above 300 °C led to a
significant drop in strength and structural changes, which
is in agreement with the results of this study.

The microscopic studies of the work 22 and the ones ob-
tained in this study confirm more localized fracture zones
on the fibers treated at higher temperatures, as compared
to the ones at ambient temperatures. Fig. 3 shows the SEM
fracture plane of an untreated basalt fiber in this study as
compared to that obtained in work 22. Fig.4 shows the
SEM images of fracture surfaces of basalt bundles after ex-
posure at 400 °C for 10 min with different magnifications.
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As can be seen, fracture has occurred in different planes,
suggesting that defects have formed at various levels.

A secondary phenomenon, reported in the literature, af-
fecting the mechanical properties of basalt fibers is the siz-
ing burn-off at elevated temperatures, and therefore ex-
posure of bare fibers to the atmospheric environment at
elevated temperatures, which could cause corrosion and
formation of local defects contributing to failure of fibers.
Manylov et al. 27 reported that heat treatment of basalt
fibers in air leads to iron oxidation and the bulk growth
of particles, which act as nucleation sites for pyroxene.

Fig. 3: SEM micrographs of fractured planes of a basalt monofil-
aments: a) obtained in this study, b) from work 22 (magnification
10000 times).

Fig. 4: SEM micrographs of fractured basalt bundles after thermal
treatment at 400 °C for 10 min with different magnifications.

The temperature-induced mechanism of strength degra-
dation at relatively low temperatures is a phenomenon
reported by others, as well. Militky et al. 22 reported
crystallization of basalt fibers at temperatures above
700 °C, which is in accordance with data given by Makho-
va 28 earlier, while Karamanov ez al. 29 report temperatures
>600 °C for crystallization of these fibers. As the data in
the literature is not straightforward and not in accordance
with each other, additional experimental studies (e.g. TEM
microscopy) on heat-treated fibers seem to be mandatory
for a detailed interpretation of the fracture mechanisms of
these fibers, which was not possible in the time framework
of this study.

IV. Conclusions and Future Work

The basalt fibers used in this study had the density
of 2.816 g/cm3 and an average diameter of 10 um. The
strength of a single filament was about 1846 MPa and
that of a bundle was around 322 MPa. The strength of
these fibers deteriorates gradually with time when subject
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to relatively high temperatures. This effect, which is at-
tributed to an amorphous-to-crystalline transformation,
is accelerated after 15 min exposure at 300 or 400 °C and
1s maximized at 450 °C. Based on the results, the max-
imum permitted temperatures and exposure times dur-
ing processing and service conditions of basalt fibers are
300-400 °C and 15 min, respectively.

Other researchers have also reported the temperature-in-
duced mechanism of strength degradation of basalt fibers
at relatively low temperatures. Based on the literature, it
appears that degradation of basalt fibers is mainly due to
distortion between amorphous and localized crystalline
areas and also the sizing burn-off, which exposes the intact
fibers to the atmospheric environment and possible corro-
sion and oxidation of iron on the fibers.

Since the data interpretation of the literature in regards to
crystallization of basalt fibers is not straightforward, ad-
ditional experimental studies on heat-treated basalt fibers
are mandatory, which was not possible in the case of this
study. TEM microscopy of the fracture surface of the
fibers seems to be ideal for the study of early crystal-
lization phenomenon. Alternatively, XRD, DTA or DSC
studies may give more indications with regard to the for-
mation of newly crystalline locals at different tempera-
tures.
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