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B Introduction

Basalt fibre is made from a single materi-
al, crushed basalt, which is composed of
the following minerals: plagioclase, py-
roxene, and olivine. Essentially, no other
materials are added. The basalt is simply
washed and then sent to be melted down
[1, 2]. The manufacture of basalt fibre re-
quires the melting of quarried basalt rock
at about 1.400 °C (2.550 °F). The molten
rock is then extruded through small noz-
zles to produce continuous filaments of
basalt fibre. The fibres typically have
a filament diameter of between 9 and
13 um, which is far enough above the
respiratory limit of 5 um to make basalt
fibre a suitable replacement for asbestos
[3]. They possess high thermal resistance
[4, 5] as well as excellent corrosion and
chemical durability [6, 7]. They also
have a high elastic modulus, resulting in
excellent specific tenacity — three times
that of steel [8, 9]. They can be used as
a fireproof textile in the aerospace and
automotive industries and can also be
used as a composite to produce products
such as high pressure vessels (e.g. tanks
and gas cylinders), load bearing profiles,
windmill blades, and sports equipment.
They can also be used in concrete rein-
forcement (e.g. for bridges and build-
ings) [1, 2].

Although it is similar to glass fibre in
manufacturing techniques, the process-
ing of basalt fibre is more complicated
and difficult because of its high melting
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Abstract

The chemical composition, X-ray diffraction, thermal properties, flammability, mechanical
properties and morphology of basalt fibres are investigated in this paper. Chemical analysis
and energy dispersive X-ray fluorescence spectrometer experiments showed that basalt fibre
is a kind of aluminosillicate fibre which is mainly composed of oxides such as SiO,, Al,O;,
Fe,0; CaO, MgO, Na,O, K,0, P,Osand so on. X-ray diffraction indicated that the bulk
structure of the fibres is non-crystal with a short range order but no long range order. SEM
observation found that basalt fibre is circular in cross-section and smooth in the longitudinal
direction. Solubility experiments revealed the superior resistance of the fibre to acids, alkaline
and organic solvents. DGA demonstrated there are three weight loss stages in the process
of elevating temperature. They are, respectively, evaporation of moisture in the fibre at about
100 °C, decomposition of the residual carbonate minerals between 480 °C and 630 °C, and
decomposition of newly generated carbonates between 850~995 °C. On the heat flow curve,
there are also three endothermic peaks, where the first and second correspond to the last
two stages of weight loss and the third to the melting process of the fibre, whose onset is
from 1122.14 °C, reaching a peak value at 1194.96 °C, and ending at 1380 °C. The tensile
strength of basalt filaments and staple fibre was measured. Tensile and shear properties

of the fibre were also tested.
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point. There are only a few countries that
are able to manufacture continuous basalt
fibre at present [2]. Thus, as a kind of re-
cently produced fibre, basalt fibre has not
been thoroughly investigated in structure
and properties. In this study, the chem-
ical composition, structure and physical
and mechanical properties of basalt fibre
were measured in order to clearly explain
the fundamentals of the fibre and to pro-
vide the basis for further applications.

B Experimental

Twist-free basalt filaments were used,
produced by Dengdian Basalt Fibre Co.
Ltd of Henan, China. The area of pro-
duction of the basalt rock was Zhangqiu,
Shandong Province, China.

The morphology of the basalt fibre was
observed by JSM-6610 Scanning Elec-
tron Microscopy (JEOL Ltd., Japan).
The surface of the fibre was coated
with a thin conducting layer of carbon.
The scanning voltage was 15 kV.

The oxides comprising the basalt fibre
were quantitatively analysed by a Shi-
madzu Energy Dispersive X-ray Flu-
orescence Spectrometer — EDX-720
(Shimadzu Scientific Instruments Inc.,
Japan). The atmosphere was air and the
collimator 10 mm.

The structure of the fibre was character-
ised by Shimadzu X-ray Diffractometer
7000 (Shimadzu Scientific Instruments

Inc., Japan). An X-ray was emitted by
a copper target when it was bombarded
with fast electrons. The scanning range
was 0°~80° and the scanning speed
4°/min.

Thermal properties of the fibre were
analysed using a Mettler Toledo TGA/
DSC1 Differential Scanning Calorim-
eter (Mettler Toledo, Switzerland) and
Thermogravimetric Analyzer. The sam-
ple was heated from room temperature to
1300 °C in 130 minutes.

Tensile properties of the fibre were mea-
sured on an Instron 5582 (Instron Corpo-
ration, USA) for a test length of 500 mm.

Shear properties of the fibre were mea-
sured on a KES-FB1 Tensile/Shear Tester
(Kato Tech Co. Ltd., Japan). Continuous
filament bundles were arranged parallel to
each other at a density of 10 bundles per
centimetre. The samples were then pre-
conditioned and tested at 65% and 20 °C.

M Results and discussion

Scanning electron microscopy
observation

There was some study by optical mi-
croscopy. The difficulty was not so much
the limited resolution of the optical mi-
croscopy but the lack of depth of focus.
Consequently, it could not clearly show
the complex shape of a broken fibre end.
SEM has great depth of focus and can
give a clear three-dimensional image. It
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was found by SEM observation that Ba-
salt fibre is smooth in the longitudinal
direction, like a rod [10], as shown in
Figure 1.

Composition analysis

Basalt rock is chemically very complex,
with many different ingredients. Most of
the elements existing in the earth’s crust
can also be found in basalt rock. And its
chemical makeup varies with its place of
origin. The composition of basalt fibres is
directly dependent on that of the original
basalt rock [1, 11]. The main composi-
tions of the basalt rock and fibres were
tested by the chemical analysis method.
As a part of the elemental or oxide analy-
sis of the mineral, loss on ignition (LOI)
was also tested by strongly heating the
basalt mineral at a specified temperature,
allowing volatile substances to escape,
until its mass ceased to change. They are
listed in Table 1. For the rock, the loss on
ignition is roughly equivalent to the loss
in mass during smelting or refining in the
furnace. Similarly, the loss on ignition of
the fibre indicates the extent to which the
pyroprocessing was incomplete.

Then, the contents of the ingredients in
the original basalt rock and fibres were
determined by X-ray fluorescence spec-

trum analysis. They are listed in Table 2.
It was found that there are more than 20
oxides, such as Na,O, MgO, Al,O3, Si0O,,
P205, Kzo, CaO, TiOz, Cr203, MnO,
Fe,03,NiO, Cu0O, ZnO, Rb,0, SrO, ZrO,,
MoQOj;, BaO, WO; et al. The contents of
SiOZ, A1203, F3203, CaO, MgO, NaZO,
K,0 and P,0Os5 are in higher amounts, ac-
counting for 88.27% and 74.71% of the
original basalt rock and fibres, respective-
ly. While the contents of other oxides are
at a lower level. Thus, the main composi-
tion of the original basalt rock and fibres
are Si0,, Al,O3, Fe,0;, CaO & MgO,
which is similar to the results of chemical
analysis listed in Table 1.

Comparing the contents of the ingredi-
ents in the original basalt rock in Table 2,
it can be found that as the contents of
SiOQ, A1203, MgO, NaZO, KZO & P205 in
the fibres decrease, the contents of Fe, O3,
CaO & MoOs increase, while those of the
other ingredients basically remain un-
changed. The major reasons for the dif-
ference may due to a sampling error, be-
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Figure 1. Scanning electron microscopy
observation of basalt fibre.

cause the basalt rock may not have been
of the same batch as the original basalt
rock of the basalt fibres, as well as to sta-
tistical error in calculation and the differ-
ence in the loss on ignition between the
original basalt rock and basalt fibres. In
addition, such new ingredients as V,Os,
Cl & Rh were added to basalt fibres in
the process of spinning because of the
abrasion of the spinning jet, the corrosion
of machine parts at high temperature and
the addition of a surface agent.

Table 1. Content of oxides in the basalt mineral and fibres and loss on ignition, %.

Sample LOI Sio,
Basalt rock 1.70 54.34
Basalt fibre 0.68 50.10

Table 2. Results of X-ray fluorescence spectrum analysis for the basalt rock and fibres.

Molecular

formula State Spectral line

Na,O XRF1 Na KA1...
MgO XRF1 Mg KA1...
A0y XRF1 AIKAI-...
SiO, XRF1 Si KA1-...
P20s XRF1 P KA1-...
K0 XRF1 K KA1-...
Ca0 XRF1 CaKA1...
TiO, XRF1 Ti KA1-...
Cr;0s XRF1 CrKAI-...
MnO XRF1 Mn KA1...
Fe.0, XRF1 Fe KAT...
NiO XRF1 Ni KA1-...
Cuo XRF1 CuKA1...
ZnO XRF1 ZnKA1...
Rb,O XRF1 Rb KA1...
Sro XRF1 SrKA1-...
Zr0, XRF1 Zr KA1-...
MoO;, XRF1 Mo KAT...
BaO XRF1 Ba KA1-...
WO, XRF1 W KA1-...

Cl XRF1 CI KA1-...
V205 XRF1 V KAT-...

Rh XRF1 Rh KA1-...

Content

Computon ratio
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Basalt rock
Net intensity Calculated Statistiocal
content error, %
0.4088 34 6.01
6.020 5.37 1.42
27.26 14.9 0.628
135.9 47.46 0.280
4.110 1.05 1.66
45.36 2.418 0.487
102.7 5.831 0.323
15.63 0.838 0.839
0.5763 0.015 7.16
7.908 0.120 1.27
678.6 7.841 0.126
0.7010 0.005 8.37
1.749 0.0096 4.14
2.546 0.0110 3.30
4.088 0.0049 3.32
58.73 0.07091 0.478
21.21 0.0106 0.979
6.658 0.0071 2.79
0.8271 0.0996 4.50
1.128 0.017 6.36
89.43
1.12

Fe,0; Al,O; CaO MgO
9.52 13.67 6.80 5.31
6.77 14.00 2.07 5.06

Basalt fibres
Net intensity Calculate;d Statistiocal
content, % error, %
0.3943 3.1 6.01
3.843 3.31 1.81
21.06 11.1 0.715
116.2 38.96 0.303
3.636 0.867 1.77
40.14 2.119 0.518
106.6 6.110 0.317
15.27 0.851 0.849
0.9367 0.0207 4.87
8.553 0.139 1.22
736.4 9.147 0.121
1.070 0.0086 5.79
1.926 0.0118 3.87
3.030 0.0146 2.89
3.842 0.0050 3.56
61.53 0.08220 0.446
22.91 0.0115 0.936
161.2 0.2023 0.278
0.7798 0.107 4.68
8.157 0.157 1.39
1.450 0.104 3.35
1.056 0.036 10.3
0.1068 0.003 20.4
76.39
0.942
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Figure 2. X-ray diffraction spectroscopy of basalt fibre.

The basic properties of Basalt fibre de-
pend on its chemical composition and
processing of production [3, 12]. As
shown in Table 1 and 2, basalt fibres
are composed of such oxides as SiO,,
Al,O3, Ca0, FeO, MgO et al. The fibre
belongs to the aluminosillicate fibre type.
As a component which makes up rough-
ly half of the fibre, SiO, plays a role of
network former and contributes chem-
ical stability and excellent mechanical
properties [13]. Alumina can improve the
viscosity and chemical resistance of the
basalt melt. The high mass ratio of Al,O;
gives fibre durability, chemical and ther-
mal stability, as well as tensile properties.
Na,0, K,0, CaO, MgO et al cannot form
anetwork. These oxides exist in an amor-
phous state and take part in the structure
network in the form of modifiers or trans-
formers. Fe,O; has effects on the melt-

ing parameters and thermal conductivity
of basalt fibre [1]. It gives the fibre its
brown colour [3].

Chemical properties

The chemical stability and durability
of basalt fibres can be measured by the
acidity coefficient (M) and pH. M rep-
resents the mass ratio of the main acidic
oxides to the main basic oxides of which
basalt fibres are composed [1]. That is

My = (Wsio, + Wa,0,)/(Wcao + Waigo)
)]

where, W is the content of an oxide in the
fibres. pH is also related to the content
of the basic and acidic oxides as follows

pH =-6.2 WSiOZ -12.0 WA1203 +23.2 WCaO
+12.0Wgg0 + 144 Wi 0, +20.7 W0

2

Table 3. Solubility of basalt fibre in different solvents.

Solvent
10% ~ 98% Sulfuric acid
10% ~ 65% Hydrochloric acid
10% ~ 68% Nitric acid
30% ~ 80% Formic acid
10% ~ 40% Sodium hydroxide
75% Formic acid — zinc chloride
Glacial acetic acid
Phenol
Acetonitrile
Nitrobenzene
Hydrofluoric acid
Dimethyl sulfoxide
Dichloromethane
5% Ethyl acetate
Carbon tetrachloride
Xylene
Pyridine
65% Potassium thiocyanate
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Temperature, °C Solubility
100 insoluble
100 insoluble
100 insoluble
100 insoluble
100 insoluble
100 Insoluble
100 Insoluble
100 Insoluble
100 Insoluble
100 Insoluble
25 Soluble
100 Insoluble
100 Insoluble
100 Insoluble
100 Insoluble
100 Insoluble
100 Insoluble
100 Insoluble

Using the calculated contents of the con-
stituents in Table 2, the acidity coeffi-
cient My and pH of basalt fibre can be
obtained as 5.31 and 2.61, respectively.
The high acidic coefficient My and low
pH make basalt fibres have good dura-
bility and excellent chemical stability to
such solutions as salts, acids and, espe-
cially, alkalis [6, 7, 14].

The solubility of materials in a solution
changes with the type and concentration
of the solvent as well as with the temper-
ature. Fibres can be identified through
observing their solubility in different sol-
vents. The solubility of basalt fibre in dif-
ferent solvents is listed in Table 3. It can
be noted that the fibre does not dissolve
in such inorganic solvents as 98% sul-
furic acid, 65% hydrochloric acid, 68%
nitric acid, 80% formic acid, 40% sodi-
um hydroxide, and so on, below 100 °C.
It is not soluble in organic solvents such
as 75% formic acid — zinc chloride, gla-
cial acetic acid, phenol, acetonitrile,
nitrobenzene et al. at a temperature of
100°C. However, basalt fibre can be dis-
solved in hydrofluoric acid at 25 °C.

X-ray diffraction

The X-ray diffraction pattern of a crystal
is virtually a kind of sophisticated trans-
formation of its microstructure. There is
a correspondence between the structure
and diffraction pattern for every crystal.
Although a material may be composed
of a variety of substances mixed togeth-
er, the characteristic diffraction pattern
for every substance does not change.
The X-ray diffraction spectroscopy of
basalt fibre is shown in Figure 2.

It can be seen that there is no obvious dif-
fraction peak for basalt fibre in Figure 2.
There is only a characteristic weak peak
of typical glass state substances between
20°~30°. This indicates that basalt fibre
is amorphous and there is no crystal in it.
Taking the composition of the fibre into
account, the bulk structure of basalt fibre
resembles a chainlike skeleton mainly
composed of 4 corner-sharing tetrahe-
dral [SiO4]. Al,O5 comprises part of the
network structure in the form of [AlO4],
and the other oxides either fill the inter-
nal structure or are absorbed around the
network. Therefore, there is a short range
order but no long range order in the bulk
structure of the basalt fibre [1, 11].

Thermal analysis

A TGA/DSC1 Synchronous Thermal
Analyzer was able to measure the heat
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flow and weight variation of the sample
with the change of temperature or time.
The DGA/Heatflow curve of the basalt
fibre is shown in Figure 3.

It can be observed there are three stages
of weight loss on the DGA curve. Firstly,
the weight of the fibre decreases starting
from 30 °C and ending at 150 °C on the
DTG curve. Obviously, this is attributed
to evaporation of the moisture absorbed in
the fibre. The rate of weight loss for the de-
sorption process is -2.48%, which equals
the water content of the fibre in magni-
tude. The second is a sharp reduction of
22.18% in the weight of the fibre between
480 °C and 630 °C, which may be at-
tributed to the decomposition of residual
carbonate minerals in the fibre. The third
weight loss occurs at 850~995 °C, owing
to the decomposition of newly generated
carbonates [10]. The rate of weight loss
is 1.06%. That is to say, the total weight
loss of the fibre is only about 26% in the
process of being heated from room tem-
perature to a high temperature of 1300 °C.
It can clearly be seen that the thermal sta-
bility of the fibre is very good.

There are also three endothermic peaks
in the corresponding heatflow curve of
the fibre. The first takes place between
514.73 °C and 620 °C, with a peak val-
ue of 578.97°C and integral heat of
4757.67 mJ. This corresponds to the
second weight loss stage on the DGA
curve. The second endothermic peak on
the heatflow curve begins at 661.72 °C,
reaches its summit at 878.78 °C, and
has an integral heat of 108.09x10% mJ.
It corresponds to the third weight loss
stage on the DGA curve of the fibre.
With the rising of temperature, there is
a third endothermic peak which begins
from 1122.14 °C, reaches its peak value
at 1194.96 °C, ends at 1380 °C, and has
an integral heat of 176.62x10° mJ. At
this stage, there is almost no weight loss
in the process of elevating temperature.
Hence, it indicates that the structure of
the fibre is gradually destroyed and melts
continuously. The fibre melts completely
at 1380 °C.

Flammability

The flammability of fibres in the combus-
tion process can be determined through
observing the phenomenon occurring,
the order produced, and ash left when the
fibres approach the flame, are put in the
flame, and after it is removed therefrom .
Basalt fibre does not melt or shrink when
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Figure 3. DGA/Heatflow curve of the basalt fibre.
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Figure 4. Shear hysteresis loop of basalt fiber.

it approaches a flame. It will curl slightly
and redden like an iron wire when con-
tacts the flame. And white smoke is given
off when the fibre touches the fire. There
is also a little pungent odour when burn-
ing. The fibre will stop burning when it
leaves the flame. There are coke-like,
crushable remains.

Table 4. Tensile properties of basalt fibres.

5 10
Shear angle, °

Tensile properties

The tensile properties of twist-free ba-
salt filaments and staple fibres were
measured. A comparison of the tensile
properties of basalt filaments and staple
fibres for different diameters is listed in
Table 4. 1t can be seen that basalt fibres
with a smaller diameter have higher ten-

Parameter Unit Twist-free filament Staple fibre
Diameter mm 9 13 18 17 22
Linear density Tex 65 134 265 236 388
Moisture content % 0.1 0.1 0.1 0.1 0.1

MPa 2703 2231 2608 1710 2394
Breaking strength

N/tex 1.02 0.84 0.98 0.64 0.90
Elastic modulus GPa 110 90 80 75.4 76
Elongation at break % 4 3.6 3.6 2.5 3.0
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Table 5. Shearing characteristics of basalt fibre.

Shear +2HG -2HG
characteristics
Mean value 1.35 1.04 1.20

sile strength and elastic modulus because
there are fewer bulk structure defects in
fine fibres. For filaments and fibres with
a similar diameter, the tensile strength
and elastic modulus of basalt filaments
are higher than those of staple fibres.

Shear properties

The shear properties of unidirectional ba-
salt filaments were ascertained on a KES-
FBI1 Tensile/Shear Tester. The test was
performed underapretension of 10 cN/cm
and maximum shear angle of + 8°.
The hysteresis curve of the basalt fibre is
shown in Figure 4. The shear hysteresis
2HG (0.5°) and 2HGS (5°) as well as the
shearing rigidity of basalt fibre are listed
in Table 5.

Conclusions

1. Basalt fibre is of the aluminosillicate
fibre-type, mainly composed of ox-
ides such as SiO,, Al,03, Fe,03, CaO,
MgO, Na,O0, K,0, P,Osand so on.

2. X-ray diffraction indicates that the
bulk structure of the fibres is non-crys-
tal with a short range order but no
long range order.

3. The fibre has a superior resistance to
most acids, alkaline and organic sol-
vents. It is only soluble in hydrofluoric
acid in the extent of the experiment.

4. Thermal analysis shows that there
are stages including moisture evap-
oration and two decomposition pro-
cess. The total weight loss in the
temperature elevating process from
room temperature to 1300 °C is about
26%. The melting process begins at
1122.14 °C and ends at about 1380 °C.
The thermal stability of basalt fibre is
excellent.
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