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ABSTRACT  

X-ray Absorption Near Edge Structure (XANES) spectroscopy at the Synchrotron Light Research Institute 
(Thailand) was used to investigate temperature related structural changes in basalt fibers. As a first step, 
XANES spectra of fiber samples cut from a basalt roving heated for 1 hour at 800 °C were recorded at the 
K absorption edges of three chemical elements and compared with the spectra of the untreated fibers. Silicon 
and calcium K-edge XANES spectra of the fibers were not affected by heating, whereas iron K-edge XANES 
spectra were significantly influenced by heating at 800 °C. The high iron content in basalt fibers has been 
attributed to their higher thermal stability compared to common natural or synthetic fibers. As a next step, 
iron K-edge XANES spectra of two types of fibers (basalt roving and uncoated chopped fibers) were recorded 
after heating at temperatures between 600 °C and 900 °C. In both cases, with increasing temperature the 
absorption edge shifts to higher energies, indicating progressing oxidation of the iron atoms in the fibers. 
These experiments demonstrate the potential of X-ray absorption spectroscopy as a powerful analytical tool 
to investigate structural changes in basalt fibers upon heating and to correlate them with changes in their 
mechanical properties. 
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INTRODUCTION 

Inorganic fiber materials are known for their high 
thermal stability even in presence of oxygen from air 
[1] [2]. To inorganic fibers, different types of fiber 
materials are counted, e.g. carbon fibers, glass fibers 
or ceramic fibers from oxidic or non-oxidic 
composition [3-6]. Glass fibers are built up by 
mixtures of amorphous inorganic oxides as silica and 
alumina [3]. There are also glass fibers with special 
properties available, as e.g. a special resistance 
against alkaline liquids [3] [4]. Such extraordinary 
properties are often directly connected to the special 
composition of these fibers. The mentioned alkaline 
resistance, for example, is related to the presence of 
zirconia as glass fiber component [4] [7]. In a certain 
way similar to glass fibers are basalt fibers. Basalt 
fibers consist of different inorganic oxides and are 
also X-ray amorphous. However, basalt fibers are 
produced from natural volcanic rocks, which are 
molten for fiber production by spinning [8-10]. The 
composition of basalt fibers is determined by the 
composition of the rocks originally used. Compared to 
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conventional glass fibers, basalt fibers contain a 
significant amount of iron oxide, giving them a typical 
brown coloration. Basalt fibers also contain titania in 
certain amounts [10-13]. Of course, there are also 
bulk-glass materials available which contain iron 
oxides or other iron compounds – with the aim to 
realize colored glass products, as e.g. used as bottles 
for beer or red wine [14-16]. However, for glass fibers 
such compositions containing iron oxides are quite 
unusual, especially for industrial products. Due to 
their origin, basalt fibers are sometimes offered as 
kind of a natural product from volcanic stones. 
Compared to common natural or synthetic fibers, they 
exhibit higher thermal and chemical stability and are 
also used in fiber composite reinforcements [10] [17] 
[18]. Their main component is silica, followed by 
titania, alumina, and iron oxide. A protective effect 
against heat radiation has been attributed to the iron 
oxide content [13] [19]. In general, the thermal 
stability of basalt fiber has been attributed to its high 
iron content [12] [20], and related to the iron redox 
state, specifically the iron oxides ratio, in the fiber [21] 
[22]. Changes in the structure and mechanical 
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properties of industrially used basalt fibers caused by 
heating and chemical treatment with acidic and 
alkaline solutions were investigated earlier [23]. It was 
reported that temperature had a significant influence 
on the fibers´ strength, which slightly decreased at 
~300 °C, and rapidly at ~480 °C, finally resulting in 
complete disintegration. It should be noted that the 
maximum temperature of usage of basalt fibers is 
often given in the temperature range between 700 °C 
to 900 °C depending on the type of material and 
reference [10]. However, even treatments of these 
fibers at lower temperatures can decrease their 
strength. In earlier investigations [23], scanning 
electron microscopy before and after different thermal 
treatments did not indicate changes in fiber 
morphology, whereas energy-dispersive spectro-
scopy (EDS) showed significant changes in surface 
composition (removal of carbon) even after moderate 
heating. These changes were related to the decrease 
in strength and partly attributed to decomposition of 
the sizing agents on the fiber surface, which were 
obviously burned away. These conclusions were in 
agreement with the results of thermogravimetric and 
calorimetric analyses, and similar effects leading to 
similar conclusions were observed after acidic and 
alkaline treatments. Besides these changes in 
surface properties at lower temperature it was 
expected that thermal treatment at higher 
temperature leads to a change in bulk structure by 
crystallization and further damage which could be 
controlled by doping with other elements (e.g. Zr) [19-
21] [23-25]. X-ray absorption spectroscopy (XAS) is 
an element specific and nondestructive 
characterization method giving access to detailed 
information about the atomic environment of selected 
chemical elements in the sample [26] [27]. X-ray 
Absorption Near Edge Structure (XANES) spectra 
provide information about the oxidation state and 
coordination geometry of the absorber atoms, while 
from Extended X-ray Absorption Fine Structure 
(EXAFS) data structural parameters like interatomic 
distances, types of neighboring atoms and 
coordination numbers can be extracted [28]. Both 
EXAFS and XANES spectroscopy are well 
established and widely used analytical tools, covering 
a broad bandwidth of applications in diverse fields of 
research such as nanomaterials, biological, 
environmental and agricultural research, cultural 
heritage, mineralogy, geochemistry, biomedical 
applications, chemical engineering, catalysis, battery 
research and sensors [29-35]. In contrast to other 
characterization techniques, XAS is not limited to 
crystalline materials but also applicable to amorphous 
solids, liquids and gases without elaborate sample 
preparation. Due to the penetration strength of X-
rays, XANES and EXAFS spectroscopy can be used 
for bulk analysis of solids and interfaces, and the 
measurements can be performed in situ, e.g. during 
heating or in reactive gas atmosphere. The objective 
of this study was to use XANES spectroscopy as 

characterization method complementary to 
commonly used (mostly surface sensitive) laboratory 
techniques to analyze structural changes in basalt 
fibers upon thermal treatment in order to gain further 
insights into the mechanisms leading to the fibers´ 
decreasing mechanical stability. The results obtained 
can serve as a basis for future in situ XAS studies 
(e.g. using heatable sample cells), and ultimately 
contribute to the development of modified basalt 
fibers with enhanced temperature stability. Since the 
basalt fibers were expected to be mostly X-ray 
amorphous, XAS was considered as the ideal 
analytical tool for these investigations. This study 
covered absorption edges of different chemical 
elements and therefore included XAS measurements 
in a broad photon energy range. Accordingly, a 
tunable and highly intense X-ray source covering a 
wide range of energies was required, which is only 
accessible at a synchrotron light source. 

EXPERIMENTAL SECTION 

Samples and sample preparation 

For a first series of XANES measurements, ca. 15 
mm long pieces of a basalt fiber were cut from a 
basalt roving supplied by Incotechnology GmbH 
(Pulheim, Germany, type A) and heated for 1 hour in 
a muffle furnace at 800 °C. Infrared and EDS spectra 
of this type have been reported earlier [36] [37]. X-ray 
absorption spectra of these samples were measured 
at the absorption edges of three different chemical 
elements (silicon, calcium and iron). The silicon and 
calcium K-edge XANES spectra of these samples 
were identical to those of the untreated fiber, whereas 
the iron K-edge spectra of heated and untreated 
fibers showed significant differences. Consequently, 
the iron K- absorption edge was selected for a more 
systematic XANES investigation: First, the fiber 
sample from the roving was heated also at 480 °C 
(based on [23]) for 1 hour, and measured at the iron 
K-edge. The absorption spectrum of this sample was 
identical with the spectrum of the untreated fibers. 
Therefore, as a next step, fibers were subjected to the 
temperature treatment shown in Fig. 1 in the furnace: 
A heating rate of 5 °C/min was applied, and four 
target temperatures defined (600 °C, 700 °C, 800 °C 
and 900 °C). Each time a target temperature was 
reached the temperature was kept constant for 1 
hour, and immediately afterwards a certain portion of 
the fibers (sample 1 – 4 in Fig. 1) was removed from 
the oven and prepared for iron K-edge XANES 
measurements. The remaining fibers in the furnace 
were heated to the next target temperature (plateau). 
This procedure was later also applied to prepare a 
different set of samples (type B) from uncoated 
chopped fibers (UCF) supplied by the company 
Deutsche Basalt Faser GmbH (Sangerhausen, 
Germany) for iron K-edge XANES spectroscopy. The 
use of these fibers as coating additives was reported  
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Figure 1. Temperature profile of temperature treatment applied to 
basalt fibers before iron K-edge XANES measurements. 

 

earlier [38]. They were not cut, since they were 
already received chopped in ca. 0.5 cm long pieces. 
As expected, heating led to a clearly visible colour 
change in the fibers (from gold towards dark brown), 
which also became increasingly brittle. 

For all XANES measurements, the fiber samples 
(either untreated or after heating) were on one side 
fixed with self-adhesive Kapton tape on a teflon 
sample holder, and on the opposite side (facing the 
beam) covered with polypropylene foil. 

XANES measurements 

XANES spectra of the basalt fibers were recorded at 
beamline BL8 [39-41] at the Synchrotron Light 
Research Institute (SLRI, Thailand, Siam Photon 
Source, 1.2 GeV electron storage ring) using bending 
magnet radiation. The chemical composition of basalt 
rock, glasses and fibers is well known from numerous 
publications [12] [17] [20] [42-46]: SiO2 clearly 
dominates (in terms of mass fraction between ca. 40 
and 60 wt.%), followed by Al2O3, iron oxides (FeO, 
Fe2O3), CaO, MgO, Na2O, TiO2 and K2O. The values 
for the mass fraction for the individual components 
vary from publication to publication by a few percent, 
probably to a great extent due to the different origins 
of the basalt samples investigated. For this XANES 
study, the three chemical elements with the highest 
reported mass fraction (in wt.%) and K absorption 
edges in the X-ray energy range between 1.8 keV and 
10 keV were chosen: Silicon, calcium and iron. 
XANES spectroscopy at energies below 1.8 keV is 
generally also possible at beamline BL8 (down to ca. 
1 keV, i.e. covering the absorption edges of 
aluminum, magnesium and sodium), however, such 
experiments are quite challenging (require rather 
uncommon monochromator crystals and thin foils as 
window and sample support materials) and will 
therefore be part of future studies. 

For this project, the double crystal monochromator at 
BL8 was equipped with either InSb(111) crystals (for 
spectroscopy at the silicon K-edge, 1839 eV) or 

Ge(220) crystals (calcium and iron K-edge at 4039 eV 
and 7112 eV, respectively). The scan parameters for 
the measurements at these absorption edges are 
shown in table 1. The beamsize at the sample 
position was 10 mm x 1 mm. During XANES 
measurements the incident and transmitted 
monochromatic X-ray intensities were measured with 
ionization chambers, and the intensities of the Kα X-
ray fluorescence lines of silicon, calcium and iron (at 
1.74 keV, 3.69 keV and 6.41 keV) were measured 
with a 13-element germanium detector (Canberra) or 
a 7-element silicon drift detector (SGX Sensortech) 
positioned perpendicular to the beam direction in the 
plane of the beam. Fiber samples were oriented at 
45° to the incident beam. During the measurements 
at the Si and Ca K absorption edge, the sample 
chamber was flushed with helium to minimize the 
attenuation of the fluorescence radiation by ambient 
air. All fiber samples were measured in fluorescence 
mode. For energy calibration of the monochromator, 
absorption spectra of silicon powder, calcium 
carbonate powder (CaCO3) and an iron foil were 
recorded in transmission mode. The first maximum of 
the first derivative of the Si powder spectrum was set 
to an energy of 1839 eV. For calibration at the calcium 
K-edge the first resonance (´white line´, absolute 
maximum) in the XANES spectrum of the CaCO3 
reference sample was set to an energy of 4049 eV. 

To calibrate the set-up for iron K-edge spectroscopy 
the first maximum of the first derivative of the Fe foil 
spectrum was set to an energy of 7112 eV. XANES 
spectra (absorption coefficient as function of the 
photon energy E, in arbitrary units) were extracted 
from the raw data by background subtraction and 
normalization (and averaging over several spectra in 
cases where more than one XANES spectrum of the 
same sample was measured) using the Athena 
program [47]. 

RESULTS AND DISCUSSION 

X-ray absorption near edge spectra at the 
K absorption edges of silicon, calcium 
and iron 

Fig. 2 (a) shows silicon K-edge XANES spectra of 
untreated basalt fibers cut from the roving (type A) 
along with the spectra of the same fiber type heated 
for 1 hour at 800 °C. These spectra do not indicate 
any influence of this thermal treatment on the 
absorption behavior of silicon in these fibers. For 
comparison, a silicon K-edge XANES spectrum of 
quartz powder, measured on self-adhesive Kapton 
tape in transmission mode, is shown in Fig. 2 (b). The 
spectra of the basalt fibers and the quartz reference 
both show a pronounced absorption maximum 

(„white line”) at 1847 eV (1s → 3p transition [48-50]) 

and a broader „shape resonance” at ca. 1864 eV. 

Between these two spectral features, three additional 
absorption maxima appear in the quartz spectrum,  
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Table 1. Scan parameters for XANES measurements at different absorption edges. 

Edge 
Energy range (step size) Integration 

time Pre-edge region Near edge region Post-edge region 

Si K 1789 - 1819 eV (3 eV) 1819 - 1909 eV (0.2 eV) 1909 - 1939 eV (3 eV) 1 s 

Ca K 3950 - 4020 eV (2 eV) 4020 - 4120 eV (0.2 eV) 4120 - 4200 eV (1 eV) 3 s 

Fe K 7000 - 7100 eV (2 eV) 7100 - 7160 eV (0.5 eV) 7160 - 7300 eV (1 eV) 3 s 

 

 
Figure 2. Silicon K-edge XANES spectra of: (a) basalt fibers cut from a roving (type A, ´roll´) and (b) CaO powder. 

 

 
Figure 3. Calcium K-edge XANES spectra of: (a) basalt fibers cut from a roving (type A) and (b) quartz powder. 

 

which are well known in the literature [48] and have 
been assigned by Li et al. [49] [50] to electronic 

transitions (1s → 3d/p) and multiple scattering 

processes. In the silicon K-edge absorption spectra of 
other stable crystalline modifications of SiO2 like 
coesite and cristobalite, weak but clearly pronounced 
characteristic local absorption maxima above the 
white line are visible as well [48] [51-53].   

In contrast, in the spectra of the basalt fibers (Fig. 
2(a)) such features are not observed. In general, in 
amorphous SiO2 they are suppressed in intensity and 
the absorption spectra are generally more diffuse due 
to the inherent disordered nature of such materials, 
featuring a broad range of Si-O-Si angles and Si-O 
and Si-Si distances compared to their crystalline 
counterparts [48] [54-57]. Accordingly, the spectra in 

Fig. 2(a) indicate an atomic environment of silicon 
very similar to amorphous SiO2, as expected: Such 
basalt fibers are produced by melting basalt rocks 
between ca. 1400 °C and 1700 °C [13] [58], followed 
by rapid cooling causing the basalt to solidify in a 
glass-like amorphous phase [59]. From Fig. 2(a) it is 
obvious that the thermal treatment does not cause 
any distinct spectral features to emerge in the energy 
range between 1847 eV and 1864 eV. Accordingly, 
these measurements do not indicate crystallization of 
SiO2 upon heating at 800 °C for one hour. 

Fig. 3(a) shows calcium K-edge XANES spectra of 
the same fiber type (roving, type A), untreated and 
after one hour of heating at 800 °C. In most 
publications providing tabulated values for the 
chemical composition of basalt, the calcium 
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containing component is listed as “CaO”. A spectrum 
of CaO powder, measured on self-adhesive Kapton 
tape in transmission mode, is therefore shown in Fig. 
3(b) for comparison. However, it clearly differs from 
the calcium K-edge spectra of the basalt fibers. 
Intensity, energy position and shape of the white line 
peak are roughly comparable (in both cases with a 
shoulder on the low energy side), but the basalt 
spectrum features a pronounced pre-edge resonance 
at ca. 4040 eV that does not appear in the CaO 
spectrum. On the other hand, above the white line two 
less intense peaks at 4059 eV and 4063 eV are 
observed in the CaO spectrum, but not in the 
absorption data of the fibers (assignment of 
absorption peaks in [48]). The spectra of the basalt 
fibers in Fig. 3(a) almost perfectly match several Ca 
k-edge XANES spectra of soda lime aluminosilicate 
glasses, which Cormier and Neuville compared with 
those of several Ca-bearing minerals [60]. The 
spectra of these crystalline references showed some 
additional features above the white line which were 
smoothed in the glass (except a weak local 
absorption maximum at ca. 4070 eV which occurs in 
most published Ca K-edge XANES spectra without 
physical interpretation). Occurrence and intensities of 
pre-edge features, which depend on the Ca site 
geometry (symmetry), varied from mineral to mineral. 
The comparatively high intensity of the pre-edge peak 
in the glasses was interpreted as an indication that 
the Ca environment is more distorted. The spectra of 
the basalt fibers in Fig. 3(a) also almost perfectly 
match the majority of XANES spectra of calcium 
aluminosilicate glasses [61], CO2-bearing silicate 
glasses [62] and amorphous calcium silicate hydrates 
[63]. Moreover, the spectra of the basalt fibers in Fig. 
3(a) resemble (although not as closely as the glasses 
mentioned above) the Ca K-edge XANES spectra of 
amorphous calcium carbonate which Brinza et al. [64] 
compared with spectra of the crystalline calcium 
carbonate phases calcite, aragonite and vaterite. In 
the post edge region (above the white line) these 
three crystalline references featured further 
absorption peaks and shoulders, whereas the 
amorphous calcium carbonate showed a smooth, 
relatively featureless decline from the white line to ca. 
4068 eV. Qualitatively similar comparisons of 
amorphous and crystalline CaCO3 polymorphs have 
been published by Kathyola et al. [65], Monico et al. 
[66] and Xto et al. [67], and also by Levi-Kalisman et 
al. [68] [69] and Lam et al. [70], who suggested an 
increase in structural disorder as a possible 
explanation for the observed decrease in the number 
of spectral features and their intensities in the post-
edge regions of spectra when moving from the 
crystalline to the amorphous materials. Therefore, like 
the Si K-edge spectra in Fig. 2(a), the Ca K-edge 
spectra of the basalt fiber in Fig. 3(a) can be regarded 
as characteristic of a predominantly amorphous 
environment of the Ca or Si absorber atoms, which is 

not measurably affected by heating for 1 hour at 800 
°C. 

Fig. 4(a) shows iron K-edge XANES spectra of the 
same fiber type (roving, type A), untreated and after 
heating for one hour at 480 °C and 800 °C. For 
comparison, transmission mode iron K-edge XANES 
spectra of reference compounds with iron in different 
oxidation states (powders spread on self-adhesive 
Kapton tape) are shown in Fig. 4(b). These reference 
spectra show that with increasing oxidation number of 
iron the rising edge of the white line in the absorption 
spectra is shifted to higher energies. The spectra in 
Fig. 4(a) indicate that moderate heating for one hour 
at 480 °C does not have a measurable impact on the 
iron speciation in the fibers, whereas heating at 800 
°C leads to significant changes in the spectra: The 
intensity of the white line increases, and its rising 
edge is shifted to higher energies by ca. 2 eV, 
indicating oxidation of the iron atoms. Similar results 
are reported for iron K-edge XANES studies on bulk 
glass samples containing iron oxide and bulk basalt 
samples [71] [72]. Referring to an earlier 
investigation, changes in the bulk structure of basalt 
fibers upon heating at higher temperature are 
interpreted as result of crystallization processes [19-
21] [23-25]. Based on the silicon and calcium 
absorption data shown in Fig. 2 and Fig. 3, there is no 
indication of crystallization of the fibers – at least not 
at the applied temperature (max. 800 °C) and the 
relatively short duration of heating. Earlier studies 
indicate that upon moderate heating predominantly 
the carbon containing sizing agent is pyrolyzed [23]. 

This effect on the sizing agent is probably not 
reflected in the spectra in Fig. 4(a), since XANES in 
the here applied fluorescence mode is not a surface 
sensitive technique, and the carbon absorption edge 
lies far below the operating range of the beamline. In 
the future such processes could be investigated using 
surface sensitive X-ray absorption spectroscopy, e.g. 
in electron yield mode, like in general the chemical 
bonds between the sizing and the basalt fiber. 

Unfortunately, a quantitative analysis of the basalt 
fiber Fe-K-XANES spectra by fitting them to a linear 
combination of reference spectra was not possible 
with the reference compounds measured so far (iron 
foil and iron oxide powders), even when FeO 
reference spectra from a data base were included as 
representatives of divalent iron (not shown). This is 
obviously due to the complexity of the basalt fiber with 
its amorphous and multicomponent nature. In the 
future, further candidates for suitable reference 
compounds, including minerals and amorphous 
materials, will be tested in order to properly identify 
the chemical speciation of iron in the untreated and 
heated fibers. In any case, it can be assumed that the 
iron atoms in the basalt fibers are already in an 
“oxidized state” before the thermal treatment, and 
heating leads to further oxidation, probably through a 
change in the ratio of trivalent iron and the total iron 
content. 
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Figure 4. Iron K-edge XANES spectra of: (a) basalt fibers cut from a roving (type A) and (b) reference compounds. 

 

Further investigation of temperature 
influence on iron atoms in the fibers 

Since heating at 800 °C did not affect the silicon and 
calcium K-edge XANES spectra measured so far, and 
heating at 480 °C did not influence the X-ray 
absorption of iron atoms in the basalt fibers, focusing 
on the iron K- absorption edge and setting the first 
target temperature of the furnace to 600 °C seemed 
a reasonable starting point for further experiments. Of 
course, these first measurements cannot reveal to 
which extent, besides the applied temperature, the 
duration of heating affects structural changes 
measurable through XANES (i.e. whether longer 
heating can have the same effect as increasing the 
temperature).  

Fig. 5 shows iron K-edge XANES spectra of the 
basalt fibers cut from the roving (type A) which were 
thermally treated according to the temperature profile 
in Fig. 1. Increasing temperature (and heating time in 
the furnace) causes an increase in white line intensity 
along with a shift of the rising edge of the white line 
towards higher energies in the spectra, indicating 
progressing (further) oxidation of the iron atoms. The 
most pronounced differences occur between the 
spectra of samples heated up to 600 °C and those 
heated up to 800 °C. It is not yet clear to which final 
state the fiber is oxidized at the end of the procedure 
and whether the oxidation is accompanied by 
crystallization (results shown in Fig. 2 and Fig. 3 
suggest that this does not occur up to at least 800 °C). 
Given the penetration strength of X-rays, one can 
assume that this oxidation occurs in the bulk material 
and not predominantly at the surface of the fibers. 

For comparison, a second type of basalt fiber 
(uncoated chopped fibers, type B) was subjected to 
the same thermal treatment (Fig. 1). The iron K-edge 
XANES spectra of these samples are shown in Fig. 
6. The changes in the spectra as a result of heating 
to different temperatures are similar to the observed 
changes in absorption behavior of the fiber samples 
from the roving: With increasing maximum heating 

temperature the rising edge of the white line in the 
spectra is shifted to higher energies while the white 
line intensity increases. Interestingly, in contrast to 
the fiber from the roving, in the spectra of the 
uncoated chopped fiber (Fig. 6) also the weak pre-
edge feature at 7114 eV seems to be affected by the 
thermal treatment (maximum of pre-edge peak 
shifted by ca. 0.7 eV when moving from maximum 
temperature 600 °C to maximum temperature 700 °C). 
Analysis of pre-edge peaks in iron K-edge XANES 

spectra, which are due to 1s→3d transitions, has 

been used to determine oxidation state (Fe2+ to Fe3+ 
ratio) and coordination of iron in different materials 
[48] [73-75]. Whether the pre-edge shift in Fig. 6 is 
really caused by structural changes or an artefact due 
to a shift in the monochromator´s energy calibration 
needs to be carefully investigated. 

In Fig. 7 iron K-edge XANES spectra of both fiber 
types A and B (roving and uncoated chopped fibers), 
subjected to the thermal treatment shown in Fig. 1, 
are directly compared (same data as in Fig. 5/6). In 
the ́ fresh´ state and after being heated at 600 °C both 
fibers show the same absorption behavior: The 
spectra in Fig. 7(a) and (b) are identical within the 
noise level of the measurements. These results 
indicate that the atomic environment of the iron atoms 
in both types of fibers is very similar in this 
temperature range. After heating at 700 °C and 800 
°C (spectra after heating at 900 °C not shown) the 
absorption behavior of the two fibers is different (Fig. 
7 (c-d)): In the spectra of the uncoated chopped fiber 
(type B) the white line is more intense and the rising 
edge of the white line at higher energies compared to 
type A. However, based on these first results one 
should not jump to the conclusion that in this 
temperature range the iron atoms in the uncoated 
chopped fibers are more susceptible to (further) 
oxidation compared to fiber samples cut from the 
roving. Such conclusions, especially when based on 
relatively small differences the spectra of both fiber 
types (Fig. 7(c) and (d)), would require that the 
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thermal treatment for both fibers was exactly 
identical. This  

 
Figure 5. Iron K-edge XANES spectra of basalt fibers from the 
roving (type A) heated at different temperatures according to the 
temperature profile in Fig. 1. 

 
Figure 6. Iron K-edge XANES spectra of uncoated chopped basalt 
fibers (type B) heated at different temperatures according to the 
temperature profile in Fig. 1. 

 

 
Figure 7. Iron K-edge XANES spectra: Comparison of two types of basalt fiber (type A: fiber samples cut from roving, type B: uncoated 
chopped fibers) heated to different maximum temperatures: (a) untreated, (b) 600 °C, (c) 700 °C, (d) 800 °C. 

condition is not strictly fulfilled: The uncoated 
chopped fibers were heated after the XANES spectra 
of the thermally treated samples from the roving were 
recorded. Therefore, when preparing samples for 
future experiments the different types of fiber to be 
compared should be heated together in the furnace 
for better comparability. Further parameters to be 
taken into account for a comparison are potential 
differences in the physical properties of the fibers 
(e.g. diameter, density), and in the chemical 
composition. 

SUMMARY AND OUTLOOK 

These XANES measurements show how X-ray 
absorption spectroscopy can be used to investigate 
structural changes in basalt fibers resulting from 
heating. As a first step, the K- absorption edges of 
silicon, calcium and iron were selected for recording 
XANES spectra of basalt fiber samples, which were 
cut from a roving and then heated for one hour at 
either 480 °C or 800 °C. The silicon and calcium K-
edge spectra indicate an amorphous structure in the 
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basalt fibers. Since these spectra were not influenced 
by heating, there is no sign of crystallization at 
temperatures up to 800 °C during this, relatively short, 
duration of the thermal treatment. In contrast, the iron 
K-edge spectra of heated fibers showed significant 
differences compared to the untreated fibers, 
indicating a progressing oxidation of the iron atoms 
somewhere above 480 °C. The results suggest that 
the atomic environment of at least one chemical 
element (iron) in the fibers changes upon heating 
above a specific temperature, while other chemical 
elements (here silicon and calcium) apparently 
remain unaffected by thermal treatment – at least 
when heated at 800 °C for one hour. As a next step, 
the furnace used for sample preparation was 
programmed to ramp up the temperature to four 
target values between 600 °C and 900 °C and keep it 
constant at these points for one hour before 
proceeding to the next target temperature. After each 
temperature plateau, portions of fiber samples were 
taken from the furnace for iron K-edge XANES 
measurements. This thermal treatment was also 
applied to uncoated chopped fibers. In general, iron 
K-edge XANES spectra of both types of fibers show 
an increase in white line intensity and a shift of the 
rising edge of the white line towards higher energies 
with increasing maximum temperature. This shift can 
be attributed to a progressing oxidation of the iron 
atoms, the majority of which was most likely already 
in an oxidized state before heating. The thermal 
treatment then obviously leads to an increase in the 
relative concentration of trivalent iron compared to 
iron species with lower oxidation numbers. Small 
differences between the iron K-edge XANES spectra 
of the two fiber types heated at a maximum 
temperature above 600 °C may potentially indicate a 
higher susceptibility of the uncoated chopped fibers 
to oxidation compared to the fiber samples cut from 
the roving. However, a verifiable statement in this 
direction requires further systematic investigations, 
making sure that the two types of fiber were exposed 
to an identical thermal treatment, and considering 
their physical properties and chemical composition. 

The results of this study demonstrate the high 
potential of XANES spectroscopy for the 
characterization of basalt fibers and their structural 
changes during heating, opening new perspectives in 
this field of research, especially when more 
systematic XANES studies are performed and 
extended to include further chemical elements in the 
fibers, or when set-ups for in situ X-ray absorption 
spectroscopy (with heatable sample cells) are used in 
order to correlate the spectroscopic data with 
temperature related changes in the mechanical 
properties of the fibers for a knowledge based 
development of modified basalt fibers with enhanced 
temperature stability (e.g. by surface treatment or 
doping with other chemical elements). However, the 
results of this first series of experiments leave some 
questions open for future studies under improved 

experimental conditions: The thermal treatment 
applied to the basalt fibers prior to the XANES 
measurements seemed to be the most practicable 
procedure for sample preparation at the beginning of 
the project. However, when following this protocol, a 
sample heated up to a specific maximum temperature 
was prior to reaching that specific target temperature 
already heated during ramping up from room 
temperature and in most cases (except the maximum 
600 °C samples) also exposed to one hour heating at 
each lower temperature plateau. For future 
experiments one should invest more time in sample 
preparation, prepare separate batches of fibers to be 
heated at only one specific constant temperature for 
a specific time and wait each time until the furnace 
has reached this target temperature before placing 
the batch in it. On the other hand, different types of 
fibers to be compared later based on their XANES 
data should be placed in the furnace together to make 
sure that they were subjected to identical heating 
conditions for better comparability. The initial 
structure of the fibers before the thermal treatment 
could not be identified based on the data recorded so 
far, since this requires XANES spectra of special 
reference compounds beyond the ´standard´ oxide 
powders commonly used for quantitative analysis. 
Suitable reference compounds to be acquired for 
such studies should be as similar as possible to the 
basalt fibers´ (amorphous) structure and 
chemical/mineral composition. The data recorded so 
far do not provide information about processes on the 
fibers´ surface, since ´standard´ fluorescence mode 
XANES spectroscopy is not a surface sensitive 
technique. Moreover, it is not yet clear to which extent 
the observed oxidation of iron species is 
accompanied by crystallization. This could be 
investigated by powder X-ray diffraction or Extended 
X-ray Absorption Fine Structure (EXAFS) 
spectroscopy. Crystallization should result in more 
pronounced EXAFS oscillations with stronger 
contributions of higher coordination shells compared 
to the amorphous phase. 
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