
INTRODUCTION

Continuous basalt fibres (CBF) - a novel class of
man made mineral fibres - possess good thermal and
electric insulating properties. CBF (in form of filaments
or fabrics) are suitable materials for flame retarding and
other thermally loaded applications (e.g., fire blocking
interliners in public transportation seatings and fire
resistant panels [1] or high-temperature heat-insulating
materials [2]). Some aspects of CBF utilization as rein-
forcement in composites were investigated for various
types of matrix: concrete [3] or polymer (epoxy [4],
polypropylene [5-7] or phenol-formaldehyde resin [8],
[9]). Fibre-matrix interface properties were studied in
various basalt fibre-polymer matrix systems in, e.g., [4]
or [5]. Good thermal stability of CBF allows even uti-
lizing their reinforcing function in fibrous composites
manufactured by means of an additional heat treatment
(e.g., pyrolysis of a suitable polymer matrix yielding a
ceramic matrix composite [10]). 

It is therefore desirable to investigate thermome-
chanical properties of CBF at elevated temperature
because they can play a significant role in forming the
microstructure and the resulting mechanical properties
of composites. Quantitative knowledge of the tow
shrinkage is important also for mastering the manufac-
turing technology of fibre-reinforced composites with a
pyrolyzed matrix [10] because the length contraction

can cause deformation of the moulded bodies. Tensile
properties of basalt fibres at temperatures to 300°C
were measured and discussed in [11]. 

In the present study, basic properties and tensile
behaviour at elevated temperatures (modulus up to
500-600°C, elongation even higher) of two commercial-
ly available basalt fibre types are examined and their
properties are compared to those of conventional glass
fibres. X-ray diffraction was used to identify structural
changes of the fibres after heat treatment to 650°C and
750°C. Prototypes of basalt fibres prepared in the MDI
Technologies laboratory using microwave melting and
drawing the fibre through ceramic bushings [12] are
also included in the study. 

EXPERIMENTAL

Materials

Four types of basalt fibre and two types of glass
fibre listed in Table 1 were investigated. Chemical com-
position of the fibres B1, B2, G1, and G2 is given in
Table 2 where also product sheet data are included if
available. The content of SiO2 was determined by gravi-
metric analysis, that of TiO2, Fe2O3 and P2O5 by
UV-visible spectrometry (Unicam UV500), FeO and
Al2O3 content by volumetric analysis, and content of
MnO, MgO, Na2O, and K2O by atomic absorption spec-
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The investigated commercially available continuous basalt fibres fall short of selected glass fibres in their elastic and plastic
response to tensile load at elevated temperatures. The onset temperature of unlimited elongation equals approximately
580 and 640, or 840 and 700°C for the basalt or glass fibres, respectively. The best (R-glass) fibre retains its modulus up to
450°C and loses but 8 % of its room-temperature value at 600°C, while the basalt fibres reveal significant losses of modulus
(10-13 %) even at 450°C. Behaviour of the basalt fibres may be affected by onset of crystallization, which was detected by
X-ray diffraction after heat treatment to 750°C. 



trometry using the Varian AA2240 apparatus. For the
glass G2 the unidentified residue of 8.0 % was attrib-
uted to B2O3, which could not be detected by the avail-
able methods (reported content of B2O3 is 5 ÷ 8 % [15]). 
The chemical composition of prototype basalt fibres B3
and B4, obtained using electron microanalyser Cam-
Scan S4-Link ISIS 300 EXD, is given in Table 3. 

In order to guarantee a standard tensile load during
tensile measurements, actual cross-sections of the fibre
tows were determined from microscopic observation of
the metallographically polished specimens with fila-
ments mounted perpendicularly to the polished surface.
The microscope Nikon Optiphot-100 equipped with an
Image Analysis system Lucia was used for measure-
ment of filament diameters (the assumption of circular-
ity of filament cross-sections was well fulfilled). First,
an average filament cross-section was determined by
measuring (at high magnification) diameters of 220 ran-
domly chosen filaments from 3 tow specimens of each
of the fibres B1, B2, G1, and G2. Then, the average
number of filaments in each tow specimen was found by
counting at low magnification. The total tow cross-sec-
tion was estimated by multiplying the both average val-
ues (Table 4). Due to a specific nature of the filament
bundles B3 and B4 the distribution of their filament
diameters was not pursued in this study.

The broadest distribution of filament diameters was
established with the fibre B1 while the fibre B2 revealed
a significantly narrower one (Figure 1). The fibre G1
(R-glass) possesses an extremely narrow distribution of
filament diameters (Figure 2). 

Apparatus

Tensile behaviour of fibre tows at elevated temper-
atures was measured at gauge length 25 mm using a uni-
versal testing machine INSPEKT 50 kN (made by He-
gewald-Peschke, Germany) equipped with a high-tem-
perature extensometer PMA-12/V7-1 (Figure 3) with
resolution 1 µm (made by Maytec, Germany). Figure 4
presents the scheme of the tensile measurement. A spe-
cial attention had to be paid to the tow "conditioning"
prior to tensile loading, i.e., smoothing particular fila-
ments so that as many of them as possible would get
under tension during the tow loading. The procedure
was especially crucial before measuring the modulus. 
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Table 1.  List of the investigated fibres.

Grade Producer Type of product
B1 Bazaltex [13] CBF
B2 Kamennyj Vek [14] CBF
G1 RC 10 S. Gobain Vetrotex [15] R-glass
G2 RO 99 S. Gobain Vetrotex [15] E-glass
B3 MDI [12] basalt filament
B4 MDI [12] basalt filament

Table 3.  Chemical composition of the investigated develop-
mental fibres B3 and B4.

B3 B4
(%)

SiO2 46.47 51.55
TiO2 1.38 2.67
Al2O3 13.54 12.95
Σ FeO 12.83 9.21
MnO 0.20 0.28
MgO 14.19 4.62
CaO 8.77 10.68
Na2O 2.13 5.40
K2O 0.38 1.99
P2O5 0.10 0.65

Table 2.  Chemical composition of the investigated commercially available fibres. 

B1 B1 B2 G1 G1 G2 G2
measured reported [13] measured measured reported [15] measured reported [15]

(%) (%) (%) (%) (%) (%) (%)

SiO2 50.5 57.5 53.6 57.2 58 ÷ 60 53.5 53 ÷ 57
TiO2 2.8 1.1 1.1 0.2 N/A 0.3 N/A
Al2O3 13.4 16.9 17.4 23.6 23 ÷ 25 13.6 12 ÷ 15
Fe2O3 5.4 9.5 4.7 0.3 N/A 0.2 0.5
FeO 8.4 N/A 4.4 0.4 N/A 0.2 N/A
MnO 0.2 N/A 0.1 0 N/A 0 N/A
MgO 4 3.7 4.1 5.8 14 ÷ 17 1.2 22 ÷ 26
CaO 8.9 7.8 8.5 8.8 14 ÷ 17 21.4 22 ÷ 26
Na2O 2.9 2.5 2.6 0.4 N/A 0.5 < 1
K2O 1.6 0.8 1.6 0.85 N/A 0.5 < 1
P2O5 0.3 N/A 0.2 0.2 N/A 0.1 N/A



The X-ray diffraction (XRD) was used to detect
structural changes, which may occur during thermal
treatment of the investigated fibres. The measurements
were carried out at the Institute of Geochemistry, Mine-
ralogy and Mineral resources, Faculty of Science,
Charles University, Prague. The fibres were studied by
the powder diffraction method on the X`Pert Pro (PAN-
alytical) diffractograph by CuKα radiation, with X`Cel-
erator position sensitive detector. The samples were
powdered in ethylalcohol and mounted onto silicon dif-
fraction-free sample holder. The data were obtained in
the continuous scanning mode between 20-100° (2θ)
angles with step 0.05° and counting time 250 s. The
obtained data were analysed using the HighScore soft-
ware.

RESULTS AND DISCUSSION

Tensile behaviour

Behaviour of the tows loaded by a tensile stress
10 MPa and heated at a rate 15 K/min is plotted in
Figures 5 and 6. All fibres start to shrink slightly above
400°C, which is probably due to some plastic recovery
originating in the manufacture process of the glassy
material. On the other hand, the onset temperature of
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Table 4.  Cross-sections of filaments and tows.

Average filament Average number Total tow
cross-section of filaments cross-section

(µm2) in a tow (mm2)

B1 131.3 ± 61.5 1095 ± 8 0.143
B2 129.6 ± 29.3 974 ± 5 0.126
G1 89.9 ± 16.6 3980 ± 17 0.358
G2 145.5 ± 35.8 770 ± 3 0.111
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Figure 1.  Distribution of filament diameters for fibres B1 and
B2.
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Figure 2.  Distribution of filament diameters for fibres G1 and
G2.

Figure 3.  View of alumina rods transducing the tow elongation
to the extensometer through a slot in insulation of the furnace
(now open).

Figure 4.  Scheme of the tensile measurement at elevated tem-
perature.

load

furnace tested fibre (roving)
measuring rods

high-temperature
extensometer

Frame testing unit



unlimited elongation (creep) differs for particular fibres.
It equals approximately 580, 640, 840, and 700°C for
the fibres B1, B2, G1, and G2, respectively. For proto-
type fibres B3 and B4 the onset of creep takes place at
approximately 550 and 590°C. 

The investigated CBF do not equal standard glass
fibres in their endurance under tensile load at elevated
temperatures. It may be caused by a higher content of
alkali oxides in the used purely natural raw material
(see Tables 2 and 3). 

Tensile modulus of the tows B1, B2, G1, and G2
was measured under low load at temperatures up to 500
or 600°C. Repeated mountings of the tows yielded
slightly different values of modulus, ranging 70-80 GPa.
Their temperature dependences, however, were very
similar. For the sake of clarity, values of modulus ET at
temperature T were normalized to the room-temperature
value ERT and their ratio was plotted in the graph (Fi-
gure 7). Uncertainty of the plotted mean values is less
than ± 0.02.

The G1 fibres retain their modulus completely up
to 450°C and lose but 8 % of its RT value at 600°C. The
fibres G2 and B2 are mutually similar: they lose 3-4 %
of the RT modulus at 400°C and 8-10 % at 450°C. At
500°C the B2 seems to slightly outperform the G2 (loss
12% for B2 compared to 17% for G2). The fibre B1
exhibits a drop of 13 % already at 450°C. The overall
pattern of the E (T) dependence corresponds to the
established in Figure 5 superiority of the fibre G1 over
the G2, B2 and B1 fibres in tensile properties at elevat-
ed temperatures.

Structural investigation

In order to reach a certain insight into the obtained
results some structural characteristics of the fibres were
acquired by XRD. 

Amorphous glasses have a structure arranged in the
so-called short range order, which applies to the closest
adjacent atoms (e.g., in –Si–O–Si– chains) and no pe-
riodicity occurs over longer distances. This arrangement
is expressed by a pair distribution function (PDF) and it
is also present in silicate glasses and disordered materi-
als [16]. In the XRD pattern the short range order is dis-
played as a broad (several degrees wide) flat maximum
or increased background. These broad maxima were
detected in both pristine (unheated) and thermally treat-
ed fibres to 650°C and 750°C (heating rate 50 K/h, hold
1 h). The main broad maximum in the B2, G1 and G2
fibres lies at a 1.44-1.45 A distance while the adjacent,
less intensive diffuse maximum occurs at 1.25 A
(Figure 8). The position of broad diffuse diffraction
maxima is marked by arrows (samples B2, G1, G2). No
changes in the position of these diffuse maxima were

observed after thermal treatment to 650 and 750°C. On
the other hand, no significant broad maximum was
observed in the XRD pattern of the B1 fibre.

The basalt fibres B1 and B2 heat treated to 750°C
revealed in their XRD patterns sharp diffraction maxima,
which thus manifested presence of crystalline phases.
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Figure 5.  Elongation of the fibre tows B and G under constant
tensile load at increasing temperature.
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Figure 6.  Elongation of the fibre tows B3 and B4 under con-
stant tensile load at increasing temperature.
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Figure 7.  Temperature dependence of the normalized tensile
modulus of the fibres B1, B2, G1 and G2.
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These phases in the B1 fibre were identified as clinopy-
roxene and spinel (Figure 8a). In the B2 fibre only a
spinel phase was identified (Figure 8b). In Figures 8a
and 8b the position of diffraction maxima of the crys-
talline phases of clinopyroxene (cpx) and spinel (sp) in
the B1 and B2 samples heated to 750°C is displayed.

In comparison with the PDF2 (Release 2003) ICDD
database of the International Centre for Diffraction
Data, clinopyroxene has an affinity to the diopside-
hedenbergite-augite group. The phase with the spinel
structure will be close to magnetite-magnesioferrite
members. These results agree well with the observation
[17] of similar synthetic materials. These authors found
both mineral phases (magnetite and pyroxene) in iron-
rich glasses during their crystallization process. In both
G1 and G2 samples no crystalline phases were observed
after thermal treatment.

The amount of crystalline phases in the studied
basalt fibres is very low, certainly below 5 wt.%, but
probably below 1 wt.%. The major portion of the mate-
rial remains disordered. 

Optical micro photographs of the composite with
the B1 fibre and polymer-derived matrix heat treated to
650°C and 750°C are in Figures 9a and 9b. Due to
matrix shrinkage during the thermal treatment the shape
of (originally circular) fibre cross-sections is plastically
distorted. A distinct difference between the fibre appea-
rances is seen: after the treatment to 750°C the fibre
cross-sections are finely granular while they are com-
pletely plain at 650°C. 

An attempt was also made to monitor the inhomo-
geneity of the B1 fibre heat treated to 750°C also by
scanning electron microscopy using the detection of
backscattered electrons (BE). The latter may be used to
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Figure 8.  X-ray diffraction patterns of the pristine and heat-treated to 650 and 750°C basalt (a) and b)) and glass (c) and d)) fibres.
Note: cpx  - clinopyroxene, sp - spinel. 

a) b)

c) d)

0

250

500

750

1000

2θ (°)

R
el

at
iv

e 
in

te
ns

ity

20 40 60 10080

cp
x

cp
x

cp
x+

sp

cp
x+

sp

cp
x+

sp

sp

sp sp

sp

650°C

750°C

unheated

B1

0

250

500

750

1000

2θ (°)

R
el

at
iv

e 
in

te
ns

ity

20 40 60 10080

1.
44

 A
 b

ro
ad

sp

sp sp sp

650°C

750°C

unheated

B2

sp
1.

25
 A

 b
ro

ad

0

250

500

750

1000

2θ (°)

R
el

at
iv

e 
in

te
ns

ity

20 40 60 10080

1.
45

 A
 b

ro
ad

650°C

750°C

unheated

G1

1.
25

 A
 b

ro
ad

0

250

500

750

1000

2θ (°)

R
el

at
iv

e 
in

te
ns

ity

20 40 60 10080

1.
45

 A
 b

ro
ad

650°C

750°C

unheated

G2

1.
25

 A
 b

ro
ad



detect contrast between areas with different chemical
compositions (because of their greater energy, the BE
can escape from much deeper regions of the sample
than can secondary electrons). The BE image of the pol-
ished cross-section of the composite from Figure 9b is
shown in Figure 10. 

A distinct inhomogeneity (in a sub-micron size
region) is visible, which probably stems from density
fluctuations. These can be due to variations in either
chemical composition or porosity. It may suggest more
than an accidental coincidence with the fact that the B1
basalt fibre treated to 750°C reveals the most developed
crystallinity among all the investigated fibres. 

CONCLUSIONS

The investigated continuous basalt fibres resemble
by shape and properties standard glass fibres. They are
therefore suitable for reinforcing of composites with
polymer matrix. In combination with a thermally stable
matrix (see, e.g., [10]) they can serve up to 550-600°C
in dependence on the fibre type. However, a significant
loss of tensile modulus above 400 C must be taken into
consideration. The onset temperature of deterioration of
mechanical properties may be related to the detected
crystallization, which does not occur with glass fibres
up to 750°C. Though CBF lag behind glass fibres in
thermal resistance their lower price makes them well
competitive, not to mention their better alkali resist-
ance. Moreover, the thermal resistance of CBF could be
improved by suitable additives to the molten raw mate-
rial, which is the route pursued currently by MDI Tech-
nologies [12].
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SROVNÁNÍ MECHANICKÝCH VLASTNOSTÍ
A STRUKTURNÍ ZMÌNY NEKONEÈNÝCH
ÈEDIÈOVÝCH A SKLENÌNÝCH VLÁKEN

PØI ZVÝŠENÝCH TEPLOTÁCH

MARTIN ÈERNÝ, PETR GLOGAR, VIKTOR GOLIÁŠ*,
JAKUB HRUŠKA*, PETR JAKEŠ**,

ZBYNÌK SUCHARDA, IVANA VÁVROVÁ*
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Studovaná komerènì dostupná nekoneèná èedièová vlák-
na nedosahují vlastností vybraných sklenìných vláken s
hlediska elastické a plastické odezvy na tahové namáhání pøi
zvýšených teplotách. Neomezené prodloužení nastává u èedi-
èových vláken pøibližnì pøi 580 a 640°C, zatímco u vláken
sklenìných až pøi 840 a 700°C. Nejlepší sklenìné vlákno
(R-sklo) zachovává velikost tahového modulu pružnosti až do
450°C a pøi 600°C ztrácí jen 8% své nízkoteplotní hodnoty,
zatímco èedièová vlákna vykazují podstatný pokles modulu
(o 10-13%) již pøi 450°C. Chování èedièových vláken mùže být
ovlivnìno nástupem krystalizace, jež byla zjištìna rentgenovou
difrakcí po tepelném zpracování na 750°C.
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