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ABSTRACT 

Knowledge of high-temperature calcium silicate materials is becoming increasingly interesting for 
industry in different ways. On the one hand, their application in the construction, cement, refractory, 
and ceramics industry is well established due to, in particular, their high melting point, thermal 
stability, fluxing characteristics, acicular shape, and bioactivity. However, these minerals also form as 
sinter deposits in industrial kilns and may cause serious and expensive problems during kiln operation. 
It follows that a detailed understanding of solid-state or solid-melt mineral reactions that form calcium 
silicate materials as well as the knowledge about their thermal stability are essential to optimize 
industrial processes, i.e., to fully exploit their technical advantages and to ensure synthesis under 
optimal conditions. 

 In this project, the high-temperature mineral reactions and transformations of calcium silicate 
materials in the CaO-SiO2(-SO3/Al2O3/P2O5) system and subsystems were studied in both single- and 
multi-phase experiments by in situ Raman spectroscopy. The green bodies of multi-phase experiments 
mainly consisted of calcium oxide (lime) and quartz, and sulfate/aluminate/phosphate components 
were systematically added or replaced. During firing the samples to temperatures between about 660 
and 1100 °C, the decomposition and formation processes of mineral phases were monitored and 
visualized at the micrometer-scale and in operando, i.e., while the reactions were running. For 
instance, the formation of mono- and dicalcium silicates was found to occur at different in situ 
temperatures via different reaction pathways. In addition, the polymorphs pseudowollastonite and 
α’L-Ca2SiO4 were identified. The latter transformed to β-Ca2SiO4 (larnite) during cooling and remained 
metastable at room temperature. 
 The formation and temperature stability of ternesite and silicocarnotite, i.e., the sulfate- and 
phosphate-containing end member of a solid solution series, were studied. Both mineral phases are 
formed by reactions involving dicalcium silicate. In particular, the grain boundary migration of ternesite 
by replacing a large quartz grain was observed. With increasing temperature (and time), α’L-Ca2SiO4 
formed new reaction rims around ternesite, producing a layered texture with quartz in the center, 
ternesite in the middle, and α’L-Ca2SiO4 in the outer layer. The heating study with a natural ternesite 
crystal revealed a phase transformation to α’L-Ca2SiO4 between 730 and 1120 ± 1 °C and confirms that 
both the ternesite and dicalcium silicate domains can co-exist in this temperature range. It generally 
depends on the course of the reaction whether ternesite or larnite is detected after quenching to room 
temperature. Furthermore, two reaction pathways were found to form silicocarnotite between about 
1050 and 1150 °C, i.e., at significantly lower in situ temperatures than previously proposed. In addition, 
a heating study with a natural silicocarnotite crystal was performed for the first time. This experiment 
revealed, for instance, that the position of the v1(PO4) band shifted from 951 ± 1 cm-1 to ~930 cm-1 at 
1200 ± 1 °C. Moreover, the transformation of hydroxylapatite to tricalcium phosphate was investigated 
and gave new insights into the complex process of the loss of surface hydroxyl groups bound to HAp 
nanocrystals. 

 The advantages of in situ hyperspectral Raman imaging compared to conventional 
experimental and analytical methods, where the sample has to be quenched to room temperature 
before being analyzed, are clearly demonstrated. This new analytical method is a powerful tool for 
studying sinter reactions with a high temperature, time, and spatial resolution and offers a wide range 
of possibilities to study ceramic systems for industrial applications. 
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ZUSAMMENFASSUNG 

Das Wissen über Hochtemperatur-Calciumsilikat-Materialien wird für die Industrie in verschiedener 
Hinsicht zunehmend von Bedeutung. Einerseits ist ihre Anwendung in der Bau-, Zement-, Feuerfest- 
und Keramikindustrie aufgrund ihres hohen Schmelzpunkts, ihrer thermischen Stabilität, ihrer 
Flussmitteleigenschaften, ihrer nadelförmigen Gestalt und ihrer Bioaktivität weit verbreitet. Allerdings 
bilden diese Minerale auch Sinterablagerungen in Industrieöfen und können beim Ofenbetrieb 
ernsthafte und teure Probleme verursachen. Daraus folgt, dass ein detailliertes Verständnis möglicher 
Festkörper- bzw. Schmelzmineralreaktionen sowie die Kenntnis der thermischen Stabilitätsbereiche 
von Kalziumsilikaten unerlässlich sind, um industrielle Prozesse zu optimieren, d. h. um ihre 
technischen Vorteile voll auszuschöpfen und die Synthese unter optimalen Bedingungen zu 
gewährleisten. 
 In diesem Projekt wurden die Hochtemperatur-Mineralreaktionen und -Umwandlungen von 
Kalziumsilikat-Materialien im CaO-SiO2(-SO3/Al2O3/P2O5)-System sowohl in Einphasen- als auch in 
Mehrphasenexperimenten mittels in situ Raman-Spektroskopie untersucht. Die Grünkörper der 
Mehrphasenexperimente bestanden hauptsächlich aus Calciumoxid (Branntkalk) und Quarz, und 
Sulfat/Aluminium/Phosphat-Komponenten wurden systematisch hinzugefügt oder ersetzt. Während 
des Aufheizens der Proben bei Temperaturen zwischen etwa 660 und 1100 °C wurden die Zersetzungs- 
und Bildungsprozesse der Mineralphasen in operando, d. h. während der laufenden Reaktionen, im 
Mikrometerbereich überwacht und visualisiert. So wurde beispielsweise festgestellt, dass die Bildung 
von Mono- und Dicalciumsilikaten bei unterschiedlichen Temperaturen in situ über verschiedene 
Reaktionswege erfolgen kann. Darüber hinaus wurden die Polymorphe Pseudowollastonit und α’L-
Ca2SiO4 identifiziert. Letzteres wandelte sich beim Abkühlen in β-Ca2SiO4 (Larnit) um und blieb bei 
Raumtemperatur metastabil. 
 Die Bildung und Temperaturstabilität von Ternesit und Silicocarnotit, d. h. dem sulfat- und 
phosphathaltigen Endglied einer Mischkristallreihe, wurden untersucht. Beide Mineralphasen werden 
durch Reaktionen mit Dicalciumsilikat gebildet. Insbesondere wurde die Korngrenzenwanderung von 
Ternesit durch das Ersetzen eines großen Quarzkorns beobachtet. Mit zunehmender Temperatur (und 
Zeit) bildete α’L-Ca2SiO4 neue Reaktionsränder um Ternesit, wodurch eine Schichtstruktur mit Quarz 
im Zentrum, Ternesit in der mittleren und α’L-Ca2SiO4 in der äußeren Schicht entstand. Die 
Erhitzungsstudie mit einem natürlichen Ternesit-Kristall ergab eine Phasenumwandlung zu α’L-Ca2SiO4 
zwischen 730 und 1120 ± 1 °C und bestätigte, dass sowohl die Ternesit- als auch die Dicalciumsilikat-
Domäne in diesem Temperaturbereich koexistieren können. Im Allgemeinen hängt es vom Fortschritt 
der Reaktion ab, ob nach dem Abschrecken auf Raumtemperatur Ternesit oder Larnit nachgewiesen 
wird. Des Weiteren wurden zwei Reaktionswege zur Bildung von Silicocarnotit zwischen 1050 und 1150 
°C gefunden, d. h. bei deutlich niedrigeren in situ Temperaturen als bisher angenommen. Außerdem 
wurde zum ersten Mal eine Erhitzungsstudie mit einem natürlichen Silicocarnotit-Kristall durchgeführt. 
Dabei zeigte sich zum Beispiel, dass sich die Position der v1(PO4) Bande bei 1200 ± 1 °C von 951 ± 1 cm-1 
auf ~930 cm-1 verschoben hat. Darüber hinaus wurde die Umwandlung von Hydroxylapatit in 
Tricalciumphosphat untersucht, was neue Einblicke in den komplexen Prozess des Verlusts der an HAp-
Nanokristallen gebundenen Hydroxylgruppen an der Oberfläche ermöglichte. 
 Die Vorteile der in situ hyperspektralen Raman-Bildgebung im Vergleich zu herkömmlichen 
experimentellen und analytischen Methoden, bei denen die Probe vor der Analyse auf 
Raumtemperatur abgekühlt werden muss, werden deutlich aufgezeigt. Diese neue Analysemethode 
ist ein leistungsfähiges Instrument zur Untersuchung von Sinterreaktionen mit hoher Temperatur-, 
Zeit- und Ortsauflösung und bietet eine breite Reihe von Möglichkeiten zur Untersuchung keramischer 
Systeme für industrielle Anwendungen.  
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GENERAL INTRODUCTION 
 
Calcium silicates such as CaSiO3, Ca2SiO4, Ca3SiO5, and Ca3Si2O7 form at high temperatures within the 
CaO-SiO2 system [1,2]. Therefore, the use of materials containing CaO and SiO2 in the operation of 
industrial furnaces, such as in quicklime and cement production or coal combustion, leads to sinter 
deposits consisting mainly of these calcium silicates, which cause problems during kiln operation [3–
6]. Furthermore, as part of the debate about coal combustion, significant attention is currently being 
paid to alternative fuels such as biomasses and sewage sludge. The residues from thermal combustion 
processes of these fuels primarily consist of calcium phosphates [7]. In general, the operating 
temperature and the chemical and mineralogical composition of fuels or the materials used mainly 
control the agglomeration mechanisms, which involve a complex interaction of phenomena that 
include aspects of hydrodynamics, chemical transformations, and particle interaction mechanisms [8]. 
However, once this complexity of influencing factors is understood and, in particular, the range of 
thermal stability of the deposited minerals is known, calcium silicates can serve as a temperature 
indicator that can help furnace operators to optimize combustion temperatures. 
 Furthermore, the industrial application of high-temperature (HT) minerals like calcium 
(alumina) silicates is essential and is becoming increasingly important. They have established their use 
as building materials like glass, cement, tile, and fireproof ceilings [9]. In particular, their high melting 
point and thermal stability make them of great importance for the ceramic industry. Calcium silicates 
are well-known phases in the cement industry [10–12]; especially, there has recently been a great 
interest in a sulfate-containing calcium silicate phase [13]. Other potential applications of calcium 
silicates are in biomedicine due to their excellent bioactivity and biocompatibility [14–16]. In this 
context, calcium phosphates play an important role in the use of bone substitutes [e.g., 17], whereby 
highly promising studies with silicon-substituted calcium phosphates have shown that silicon is an 
essential trace element for bone mineralization and can improve the bioactivity of calcium phosphate 
materials [18–23]. Obviously, both calcium (alumina) silicates and silica-/calcium phosphates have 
many positive properties for industrial applications. 

 In all cases, a detailed understanding of the thermodynamics and kinetics, and thus the 
mechanisms of high-temperature solid-state and melting reactions within the large field in the CaO-
SiO2(-SO3/Al2O3/P2O5) system and subsystems as well as of pure phases is essential in order (i) to fully 
exploit their technical advantages, (ii) to predict sinter reactions in industrial processes at a given 
temperature, and (iii) to find the optimal synthesis conditions. The mineral reactions of the sequential 
subsystems were investigated in situ and in operando, i.e., while they are running, using a modern 
confocal Raman spectrometer system with an integrated heating stage. This new analytical method, 
its application, and the evaluation of data are described in Chapter 1. The results of experiments with 
synthetically prepared samples have been published in or submitted to peer-reviewed international 
journals and are presented in Chapters 2 to 4. Chapter 5 contains a comprehensive chemical and 
mineralogical analysis and initial insights into a sintering study of a real combustion sample used as an 
alternative fuel. Chapter 6 is a summary discussion of the present results and the final Chapter 7 
provides a short conclusion and an outlook on the potential of confocal hyperspectral Raman imaging 
of HT mineral reactions.  
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1 The analytical method 

In this work, we combined the advantages of in situ high-temperature (HT) Raman spectroscopy with 
the possibility of 2-dimensional Raman imaging with a micrometer-scale resolution as a powerful tool 
for in situ investigations of solid-state and solid-melt sintering processes. The results highlight the 
power of confocal hyperspectral Raman imaging (CHRI) as an analytical tool that can deliver in situ 
information about the growth and breakdown of distinct phases, including the detection of metastable 
or intermediate phases, without the necessity to quench the sample to room temperature (RT). Raman 
images can be taken during heating and cooling with a high temperature, time, and spatial resolution, 
enabling the kinetics of individual reaction steps to be quantified. A single experiment, therefore, 
contains the information of a multitude of conventional sintering experiments, involving heating and 
quenching of different samples. In this work, a novel approach to in situ study the sintering processes 
of different calcium (alumina) silicates as well as of silica-/calcium sulfates/phosphates by CHRI is 
presented. In the following, the analytical method is described in detail based on the results described 
and discussed in the co-authored publication with the title “In situ hyperspectral Raman imaging: A 
new method to investigate sintering processes of ceramic material at high-temperature”, published in 
2019 in Applied Sciences [24]. 

1.1 Raman spectroscopy 

Raman spectroscopy is based on the interaction between electromagnetic radiation and the atoms of 
sample material. When a small part of the laser light is scattered by a molecule with an energy different 
from that of the incident photon, inelastic scattering occurs. The observed scattering intensities 
(Raman bands) at different frequencies depend on the symmetry of the molecular groups or crystal 
lattice, the bond strength, and the mass of the atoms involved. Thus, the vibrational spectrum provides 
information about the structure and composition of the material irradiated. Because of this 
dependence, each compound has its characteristic Raman spectrum ("fingerprint"). This makes it 
possible to clearly identify both crystalline and amorphous solids (but also gases and liquids) in most 
cases if reference spectra are available. Furthermore, Raman spectroscopy provides a range of 
crystallographic chemical and physical information, which can also be 2-dimensional visualized by 
scanning the sample surface. One of the major advantages of Raman spectroscopy is the ability to 
obtain spectral information non-destructively. Therefore, Raman studies can be an interesting 
alternative to other analytical methods for industrial applications. 

 All Raman data presented in this work were collected with two different Raman spectrometers 
(Horiba Scientific HR800/HR800 Evolution, Kyōto, Japan) both equipped with an electron-multiplier 
charge-coupled device (EM-CCD) detector, an Olympus BX41 microscope, and a Nd:YVO4 laser (λ = 
532.11 nm) and a Nd:YAG laser (λ = 532.09 nm), respectively. Both laser offer a maximum power of 
2 W, which is significantly lower at the sample surface [24]. To correct for any spectrometer shift during 
long-time measurements, the intense Ne line that occurs in the spectra at a Raman shift of 1707.36  or 
1707.06 cm-1 depending on the laser excitation, was continuously monitored by placing a Ne lamp 
alongside the beam path of the scattered light. A 50x long-working distance (LWD) objective with a 
numerical aperture (NA) of 0.5 and a working distance of 10.6 mm was used for all experiments. 
Because the width of a Raman band usually broadens with increasing temperature to values of up to 
several tenths of wavenumbers, the spectral resolution was not a major issue. Therefore, we used a 
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grating with 600 groves/mm, so the wavenumber ranges from about 100 to 1730 cm−1 could be 
measured in a single spectral window. With this grating, the spectral resolution was ~3.5 cm-1, as given 
by the width of the Ne line. The LabSpec 6.4.4.15 software was used to control the instrument, the 
heating, soaking, and cooling cycles, to refine the data, and to create hyperspectral Raman images. 

1.1.1 Experimental setup 
Figure 1 shows the experimental setup including the Raman spectrometer system, the microscope 
equipped with a Ne lamp, and a TS1500 (Linkam Scientific Instruments, Surrey, UK) heating stage with 
a connected water-cooling system. 

 

Figure 1: (a) The experimental setup that includes a Raman spectrometer system (here: Horiba Scientific HR800 Evolution, 
Kyōto, Japan) equipped with (b) an Olympus BX41 microscope, and (c) a TS1500 (Linkam Scientific Instruments, Surrey, UK) 
heating stage. 

For all experiments, cylindrical samples were placed in the heating chamber (Figure 2), which was 
mounted on an automated x-y-z stage below the microscope objective (Figure 1b). This allows the 
heating stage to be moved in all three directions with a reproducibility of ± 0.5 µm in x and y and ± 
0.25 µm in z-direction and thus to acquire hyperspectral Raman images at high temperatures. The 
temperature of the heating device can be varied between RT and 1500 °C with temperature stability 
of ± 1 °C and a maximal heating rate of 200 °C/min [25]. A platinum resistor sensor, accurate within 
± 0.01 °C, measures the temperature at the bottom of the cell. The ceramic sample holder has a 
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diameter of 7 mm and a height of 6 mm. A second ceramic ring with insulation wool in between 
surrounds the cup to reduce heat loss (Figure 2). A heating shield with a pinhole aperture of 1 mm 
diameter is mounted above the heating stage to moderate the black body radiation reaching the 
objective (Figure 1c). Due to the height and volume of the sample cylinder, a strong temperature 
gradient occurs within the furnace. This gradient was empirically determined following the approach 
described by Stange and colleagues [26], who used a natural diamond for temperature calibration 
exhibiting a first-order Raman mode near 1332 cm-1 (at RT) that shows a strong frequency shift with 
increasing temperature. This temperature-dependent frequency shift of this first-order band was 
measured with high precision as a function of temperature up to 800 °C at the bottom of the cell as 
well as at the top of a green body with a height of 3.1 mm. From these data, the temperature gradient 
could be determined [26], which was also used here to determine the actual temperature at the 
sample surface with an error of about ± 1 °C for a sample height of < 1 mm and an error of about ± 5 °C 
for a sample height of ~3 mm.  

 

1.2 Experimental series 

Three types of experiments were performed in this work that are listed in Table 1. The experiments 
differ from each other in that studies were performed on single phases (heating studies) as well as on 
multi-component systems. In the following the details of the experimental series are described. 

Table 1: Types of experiments. 

Experiment Type of Experiment T range [°C] 
E#1 heating study in situ RT–1400 (max) 
E#2 multi-component sintering exp. in situ RT, x–1200, RT * 
E#3 multi-component sintering exp. in situ/quench RT, x–1200, RT * 

* x ≙ first temperature step; detailed experimental conditions are described in Chapters 2–4. 

1.2.1 Mineral heating studies 
In general, mineral phases are identified by the characteristic wavenumber positions and relative 
intensities of their fundamental Raman bands. With increasing temperature, the Raman bands of a 
mineral phase usually shift to lower wavenumbers and their width (given as full width of half-
maximum) increases. The interpretation of in situ heating experiments based on high-temperature 
data becomes of great importance, in particular, due to the fact that reference Raman spectral 

Figure 2: Detailed view of the Linkam furnace 
with sample. The cylindrical sample pellet 
placed within the oven cup of a TS1500 heating 
stage. The outer ceramic ring with insulation
wool in between surrounds the cup to reduce 
heat loss. 
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databases, such as, e.g., the RRUFF database [27], only contain RT spectra that usually differ 
significantly from their high-temperature (HT) counterparts. Therefore, a comprehensive database of 
HT reference spectra is essential for the evaluation of high-temperature experiments and has been 
collected to be used as in-house input data for the data evaluation procedure. 

 The first series of experiments (E#1) contained heating studies with pure mineral phases that 
occur in calcium silicate and calcium phosphate materials (Table 2). These experiments were carried 
out to obtain high-temperature in-house reference spectra to (i) determine the relative phase 
proportions from a mixed Raman spectrum, (ii) identify individual high-temperature phases in such 
mixed spectra, and (iii) visualize mineral reactions at high temperature. The heating studies were 
performed with both single crystals and powder pellets that were placed at the bottom of the cell close 
to the thermocouple. The powdered minerals used for the heating studies were pressed with 10 kPa 
in a wolfram carbide press into cylinders with a diameter of 3 mm and a height of less than 1 mm to 
minimize the temperature deviation caused by the temperature gradient in the heating stage. For the 
heating studies with single crystals, the samples were also prepared to a cylinder (Ø: 3 mm, h: < 1 mm). 
Both single crystals and powder pellets show a flat surface. Although Raman spectroscopy is a non-
destructive analytical method, the flatness of the sample surface can be crucial, because light 
scattering at uneven surfaces may negatively affect the quality of the spectra. 

Table 2: Relevant minerals that were used for the heating studies E #1. 

Mineral Sample material Origin/Company 
Anhydrite Crystal/pellet Tirol, Austria 

Calcite Crystal/pellet Alfa Aesar 
CaO Pellet Merck, Darmstadt, Germany 

Gehlenite Pellet Tirol, Austria 
Gehlenite Crystal Fassa Valley, Italy 

Hydroxylapatite Pellet VWR, Darmstadt, Germany 
Larnite Crystal Mayen, Germany 
MgO Pellet Merck, Darmstadt, Germany 

Ternesite Crystal Mayen, Germany 
Pseudowollastonite Pellet Synth. from Wo (1250 °C) 

Silicocarnotite Crystal Har Parsa, Israel, YV-415 
Tri-Calciumphospate Pellet Synth. from HAp (1350 °C) 

Quartz Crystal/pellet Natural, unknown 
Wollastonite Crystal/pellet Baja California, Mexico 

Raman spectra of single crystals compared to those of powders reveal differences in the width and 
intensity of the fundamental Raman bands due to temperature and/or quantum confinement effects. 
In particular, both local heating due to the focused laser light and a decrease in particle size normally 
result in an increase in band broadening [24,28]. In addition, for anisotropic crystals, the intensity of a 
Raman band depends on the angle of incidence of the laser beam in relation to crystal lattice 
orientation, bond polarizabilities, and the state of polarization of the incident laser beam. Therefore, 
relative intensities of a mineral phase change with crystal orientation, whereas the band shape and 
position are independent of crystal orientation [24]. Figure 3 shows, using anhydrite (CaSO4) as an 
example, that the intensity of the fundamental Raman bands varies with the different orientations of 
the crystal plane oriented perpendicular to the incident laser beam. The Raman bands observed within 
the frequency range 100–300 cm-1 represent lattice modes due to Ca2+-SO4

2- vibrations. The bands 
between 400 and 500 cm-1 are attributed to the ѵ2 bending modes of the SO4 tetrahedra [29]. The band 
at 416 cm-1 is also assigned to ѵ2(SO4), but clearly appears only in measurements when the incident 
laser beam was oriented perpendicular to the (010) crystal plane. The group of bands between 600 
and 675 cm-1 and the bands located at frequencies higher than 1100 cm-1 are assigned to anti-
symmetric ѵ4 bending and ѵ3 stretching modes of the SO4 tetrahedra, respectively [29]. In the spectra 
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of anhydrite crystals, which were measured with a laser beam incident perpendicular to the (001) and 
(100) crystal planes, only two of three bands of the respective group can be clearly identified. A 
spectrum measured in random crystallographic orientation with respect to the laser polarization is also 
shown. All measured band positions are consistent in all spectra. The most intense symmetric ѵ1(SO4) 
stretching mode at 1016 cm-1 is non-polarized and is thus important for mineral identification. In the 
powder spectrum, all Raman modes can be seen due to the random orientation of the individual 
grains/crystals. 
 To account for such orientation effects in the identification and quantification procedure, 
reference spectra from minerals with relatively large orientation effects, like anhydrite or gehlenite, 
were recorded in a number of different orientations and implemented in the evaluation and 
quantification procedure. However, when sufficient material was available, reference spectra were 
preferentially recorded from pellets prepared from powdered samples with grain sizes between 5 and 
30 μm rather than from single crystals. 

 
Figure 3: Room temperature (RT) unpolarized Raman spectra of selected anhydrite crystals and powdered material under 
ambient conditions. The ѵ2, ѵ3, and ѵ4 bands of SO4 tetrahedra vary in intensity depending on the different crystalline planes 
oriented perpendicular to the incident laser beam. In the powder spectrum, all Raman bands that may occur are clearly 
identifiable. Note that the intensity of the main ѵ1(SO4) mode is about the same in all spectra. 

In general, pure phase Raman spectra were recorded in a frequency range between 100 and 1730 cm-1. 
For minerals such as lime (CaO) and hydroxylapatite, where OH or H2O bands were expected, a spectral 
range from 100 to 4000 cm-1 was investigated. The spectra were recorded every 10 °C from RT to a 
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maximum temperature of 1400 °C with a total acquisition time of 100 s and an output laser power of 
2 W. The long acquisition time was chosen to obtain high-resolution reference spectra, but also to 
visualize possible structural or chemical changes reflected in the width and frequency of a Raman band. 
The heating rate was 10 °C/min. After having recorded a spectrum at maximum temperature, the 
sample was cooled to RT with a cooling rate of 10 °C/min and the last spectrum was recorded. At each 
temperature step, depth profiles were acquired (auto-focus function) after an equilibration time of 
300 s to obtain an optimal signal-to-noise ratio and a measure of reaction- and temperature-related 
shrinking or expansion effects. One example for the temperature-related expansion effect is the 
decomposition reaction of calcite to CaO and CO2 between about 650 and 950 °C, which could be 
followed by spectral depth profiling (Figure 4) [24]. 

 
With increasing temperature, the spectra change due to band positions, intensities, and widths. As an 
example, Figure 5 shows the heating study of a natural gehlenite sample (Ca2Al2SiO7) performed in 
horizontal orientation with respect to (001) crystal plane orientation (cf. R060841.4 [27]). It is common 
practice to normalize Raman spectra to the maximum intensity to compare different spectra [30], but 
in doing so information about the intensity change of the ѵ1 mode with increasing temperature is lost. 
Thus, the stacked spectra are shown in a normalized and non-normalized representation. Within the 
frequency region between 100 and 400 cm-1, Raman bands of lattice modes of stiff AlO4

 tetrahedra 
and Ca2+ ions occur. The bands between 400 and 550 cm-1 as well as the band near 800 cm-1 can be 
assigned to vibrational modes of the AlO4 units. The most intense Raman bands are located in the 
frequency ranges 600 to 660 and 900 to 930 cm-1, which can be assigned to the symmetric stretching 
ѵ1 modes of bridging oxygen of the pyrosilicate anions (T: Al or Si) and the non-bridging oxygen of the 
pyrosilicate group (Si2O7

-6), respectively [31,32]. Obviously, the measurement parallel to crystal plane 
orientation (001) leads to the occurrence of two strong non-equivalent ѵ1(T–O) modes at 906 and 927 
cm-1 in the RT spectrum (blue spectra in Figures 5a and b). 
 Both the non-normalized and normalized representation show a change of the position and 
width of each Raman band with increasing temperature. In the normalized representation, the relative 
change in Raman shift of each band position with increasing temperature is highlighted. The observed 
bands become broader and slightly shift to lower frequencies when heated up to 1170 °C compared 
to the spectrum recorded at RT. The non-equivalent ѵ1(T–O) and ѵ1(T–O–T) modes merge at about 
600 °C (orange spectra) and 1100 °C (red spectra), respectively. Note, however, that the change in 
intensity of the maximum band is observable only in the non-normalized representation (Figure 5a). 
After the ѵ1(T–O–T) modes are merged at about 1100 °C, the band intensity decreases significantly. 

Figure 4: Dilatation of a pellet 
composed of calcite powder as a 
function of temperature. The dilatation 
was measured during the automated 
measurements by depth profiling. Note 
the dramatic shrinkage above 740 °C 
due to the decarbonation of calcite. The 
decarbonation is taking place between 
700 and 950 °C, which can be followed 
by the shrinkage of the sample. At 804 
°C, the calcite bands broaden and are 
shifted to lower wavenumbers (inset). 
Above 813 °C, calcite at the sample 
surface is fully decomposed to CaO 
(lime) that only shows a second-order 
Raman spectrum. Note that the Raman 
spectra were recorded at the sample 
surface [24]. 
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Figure 5: Stacked Raman spectra of a gehlenite sample recorded between 30 and 1170 ± 5 °C (approx. 10 °C-steps) presented 
(a) before and (b) after normalization to the maximum intensity (T≙ Al or Si). The double bands within the frequency ranges 
900 to 930 and 600 to 660 cm-1 merge at about 600 °C (orange spectra) and 1100 °C (red spectra), respectively. Note that only 
in the non-normalized representation the change of relative band intensities becomes obvious. 

It makes a difference whether the reference spectra are normalized to the maximum intensity before 
using them for data interpretation or not. The effect becomes apparent in the visualization of the 
hyperspectral Raman images, but plays a minor role in phase identification. The normalization of the 
spectra neglects the Raman scattering cross sections of the mineral phases and therefore phases with 
low cross sections (e.g., CaO) will be underrepresented in the image as shown in Figure 6a. In order to 
consider the Raman scattering cross sections of the individual mineral phases, all reference spectra are 
recorded at the same measurement setup (i.e., laser power, acquisition time, internal Ne lines, etc.) 
and are not normalized before using them for data analysis. 

 

Figure 6: Hyperspectral Raman 
images recorded at 927 °C using the 
classical least-squares (CLS) fitting 
method (cf. 1.3.2.1) and in-house 
reference spectra that are (a) 
normalized and (b) not normalized 
before loading. The reference spectra 
in (b) are recorded at the same 
measurement setup and thereby the 
Raman cross sections of the 
individual mineral phases are 
considered [24]. 
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1.2.1.1 Second-order Raman spectra 

Lime (CaO) and periclase (MgO) crystallize in rock-salt structure with inversion symmetry and thus yield 
no first-order Raman spectrum [33,34], but show second-order Raman features. Despite the fact that 
it is difficult to assign second-order spectra at high temperatures, house-intern reference spectra of 
CaO and MgO were successfully used for data processing. At RT, CaO can be identified by Raman 
features near 540, 670, 740, and 900 cm-1 [24] (spectrum not shown here). The heating study of MgO 
is presented in Figure 7. In the RT spectrum of MgO, Raman features are observed at about 740, 1040, 
and 1090 cm-1 [34]. The two weak, but distinct bands at 276 and 442 cm-1 can possibly be assigned to 
first-order scattering due to microcrystals [35]. They disappear above 300 °C, whereas a weak band 
appears at 497 cm-1 and the most intense band at 1090 cm-1 decreases. The significant spectral change 
is marked by a dashed line in Figure 7a. As the temperature increases up to 1000 °C, the band at 1090 
cm-1 continues to decrease, whereas the bands at 740 and 1040 cm-1 remain constant in intensity and 
position. In addition, the band at 497 cm-1 increases in intensity. Until 1000 °C, the HT spectra can be 
used to identify MgO within multi-phase sintering experiments. 

 
Figure 7: (a) Color-coded Raman intensity as a function of Raman shift and temperature (red and blue colors represent high 
and low intensities, respectively) and (b) second-order Raman spectra of pressed MgO powder recorded at RT, 300, and 
1000 °C.. 

1.2.2 Multi-component sintering experiments 
The second test series (E#2) involved multi-component sintering experiments with green bodies that 
were produced by compacting between about 20 and 50 mg of powdered precursor material into 
cylinders (Ø: 3 mm, h: 1.5–2.7 mm) at a pressure of 10 kPa, which resulted in a flat sample surface. All 
multi-component sintering experiments were performed under very similar conditions as the 
experiments with pure reference phases, except for the acquisition time per spectrum/pixel. After 
selecting a representative area of the sample surface, a hyperspectral Raman image was first recorded 
at RT. The sample was then fired with a heating rate of 10 °C/min to different high temperatures, 
where two in situ hyperspectral Raman images were subsequently recorded before heating the sample 
to the next temperature step. The detailed temperature profiles are described in the respective article 
or chapter of this thesis. After taking the last HT image at the chosen maximum sintering temperature 
of the experiment, the sample was cooled to RT with a cooling rate of 10 °C/min and a final image was 
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acquired. In the third experimental series (E#3) the images were recorded in situ at HT and after cooling 
down at RT for each temperature step to study the effect of quenching. The RT maps form the basis 
for the interpretation of conventional sintering experiments, wherein the sample has to be quenched 
before analysis at RT. 

1.3 Experimental conditions 

1.3.1 Lateral and axial resolution 
The spatial resolution is an essential factor for interpreting hyperspectral Raman images and is 
governed mainly by the diffraction of light and therefore depends on the laser wavelength (λ) as well 
as on the numerical aperture (NA) of the objective [24,36]. In a first approximation, the theoretical 
lateral (dl) and axial (da) resolution is linearly dependent on the wavelength of the incident laser and 
inversely proportional to the numerical aperture of the objective. It follows that a high spatial 
resolution can be achieved with lasers at shorter wavelengths and objectives with a large NA. 
 With the 50x long-working distance objective (NA = 0.5) used in this study, the diffraction-
limited theoretical lateral and axial resolution at the sample surface is 1.3 and 8.5 µm, as given by dl ≈ 
1.22 λ/NA and da ≈ 4λ/NA2, respectively, where λ is the excitation wavelength [37]. In practice, the real 
resolution is certainly worse than the theoretically calculated values, i.e., in the order of 2 µm lateral 
and 15 µm axial, due to (i) an imperfect optics, (ii) light scattering at the surface and interfaces of the 
sample, and (iii) light refraction at the top window of the heating stage [24,26]. The axial resolution 
can principally be improved by using a confocal aperture, reducing the volume from which the 
scattered light is collected by blocking radiation generated from the surrounding volume [38]. A 
convenient side effect is the reduction of the black body radiation, which is emitted by the sample at 
elevated temperatures by reducing the confocal aperture. A drawback of narrowing the confocal hole is 
that the overall intensity becomes lower. Both the black body radiation and the setting of the confocal 
hole affect the background of Raman spectra (cf. Section 1.3.1.1). 
 To interpret hyperspectral Raman images and especially to interpret the spectrum arising from 
a specific point in the map (for example grain boundaries), it is essential to know how much of the 
observed Raman signal originates within the focal volume and how the response tails off with depth 

[39]. Two factors are primarily important for the depth resolution, the volume of the laser focus, and 
how Raman photons generated within this volume are relayed back into the spectrometer via the 
confocal aperture [36]. The axial resolution obtainable in confocal microscopy can be calculated by the 
following equation [40]: 𝑑  =  2.2 𝑛𝜆2𝜋𝑁𝐴  (1) 

where n is the refractive index of the immersion medium. This equation is only valid with the optical 
focus at the surface of the sample. 
 Based on the theoretic consideration, Everall [36] showed that the true laser focus is always 
deeper within a transparent sample than the so-called nominal depth (Δ), i.e., the distance below the 
surface given by the z drive of the stage. The axial laser focus also broadens upon moving deeper into 
the sample. The depth resolution gets worse linearly with the nominal depth [38] and can be estimated 
from: 𝑑 = 𝛥 𝑁𝐴 (𝑛 − 1)(1 − 𝑁𝐴 ) + 𝑛 − 𝑛  (2) 
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Apart from the point of focus also the depth of focus increases with increasing nominal depth. In 
general, due to the limited spatial resolution it is impossible to obtain "pure" spectra at interfaces [37]. 

1.3.1.1 Spectral background 

Two fundamental background contributions often occur within a frequency range of 100 to 1750 cm-1 
that are related to sample fluorescence and black body radiation. The latter effect is electromagnetic 
radiation emitted by the furnace material and the sample at temperatures above ~800 °C [41]. 
Fluorescence can be caused by the presence of specific fluorescing cations (e.g., Cr3+, Fe2+, etc.) [41] 
that are incorporated into the crystal structure. Fortunately, fluorescence effects are more significant 
at lower temperatures [24]. Significant portions of the black body radiation are in the region of Raman-
active vibrations and therefore partly hide the Raman signals [42]. Figure 8a shows an increasing 
intensity of black body radiation at higher temperatures. Each spectrum was recorded at the beginning 
of each temperature step, while the acquisition parameters were identical, except that the laser did not 
excite the sample. 

 

Figure 8:  (a) The black body radiation as a function of temperature. (b) The Raman intensity of the A1 quartz band near 464 
cm−1 (lower inset diagram) and the intensity of the black body radiation at 1100 °C as a function of the confocal pinhole [24]. 

The black body radiation was reduced by (i) the addition of a radiation shield located between heating 
chamber and objective, (ii) working with a small heating system, and by (iii) decreasing the confocal 
pinhole, which however also decreases the Raman signal. To study the influence of the confocal hole 
on the depth resolution, Hauke and co-workers [24] recorded a series of hyperspectral Raman images 
at the same location with a different confocal pinhole (100 to 1300 µm). With decreasing pinhole 
aperture, the depth resolution increases at the expense of intensity. Small mineral grains are clearly 
distinguishable within the Raman images recorded with a confocal hole of up to 400 µm, whereas they 
appear to have "grown" together in images recorded with a larger confocal aperture. Furthermore, 
due to the overall lower intensity of the images recorded with a confocal hole smaller than 300 µm 
most of the grain boundaries are blurry. Another study shows that with increasing confocal pinhole, 
the intensity of the A1 band of quartz near 464 cm−1 at RT increases linearly in the range of 400 to 1300 
µm (Figure 8b). A pinhole larger than 1000 µm increases the intensity of the black body radiation to a 
lesser extent than the intensity of the quartz band, which leads to a better signal-to-noise ratio. 
Considering the intensity, closing the confocal pinhole is only a benefit if the spatial resolution of the 
measurement is of concern as it is for Raman imaging of multi-component sintering reactions. All 
measurements were thus performed with a confocal pinhole of 300 µm, which appears to be the best 
compromise between spatial resolution, overall image recording time, and signal-to-noise ratio [24]. 
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1.3.1.2 Focus 

It is important to note that the axial resolution at the surface also depends on the absorption 
properties of the material investigated. To study this dependence, a series of hyperspectral Raman 
images of a ceramic sample at different nominal depths (z drive) were recorded [24]. As expected, the 
intensity of the Raman bands of the individual phases decreases with increasing nominal depth. A 
Raman intensity loss of 20 to 40 % is observed within the first ten micrometers, whereas within the 
first 20 µm, which is a typical grain diameter, already about half of the intensity of the Raman bands is 
lost. At a depth of about 50 µm, Raman signals from any of the analyzed phases are hardly detectable 
anymore due to strong absorption of the incident and scattered light (Figure 9). 
 This is also reflected by the observation that the Raman images recorded at different nominal 
depths from the surface (z = 0 µm) to a depth of z = −15 µm are very similar [24]. As a matter of fact, 
the statistical variations of the average mineral fractions, obtained from all images, are in the same 
order of magnitude of those that were estimated from multiple images recorded from the same area 
(volume) with identical focus. It follows that slight variations of the focus among different images do 
not significantly affect the recorded mineral fractions and morphological details [24]. 

 
Figure 9: Normalized intensities of the main Raman band of the respective phase at six x-y positions as a function of nominal 
depth (z = 0; focus at the sample surface). The data was extracted from 50 hyperspectral Raman images of a fired ceramic 
that were acquired at RT at a focal depth between 0 and −50 µm (z-axis) with a step size of 1 µm (inset diagram) and a confocal 
hole of 300 µm [24]. 

The position of sample surface can change significantly due to reaction- and temperature-related 
shrinking or expansion effects during firing. Depth profiles were acquired manually and/or with the 
auto-focus procedure (depth profiling) before recording the first image at each temperature step to 
monitor such effects and to obtain an optimal signal-to-noise ratio. The "tilt at limits" mode acquires 
depth profiles of the image center and the four corners and determines the best focus regarding the 
Raman signal from which the focus at each position (pixel) in the image is interpolated. Thereby an 
inclined sample surface can be compensated [24]. Figure 10 shows the effects of expansion and 
shrinkage of green bodies, containing anhydrite, quartz, and calcite (AQC), due to increasing and 
decreasing temperature, respectively. In the in situ experiments AQC-1.1 and AQC-1.2 (Figure 10a), 
the green body was first fired to 927 or 659 ± 5 °C, respectively, with a heating rate of 10 °C/min. 
Subsequently, each sample was fired stepwise (~50 °C-steps) every four hours to 1104 ± 5 °C and then 
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cooled down to RT. In the in situ/quench experiment AQC-2, the green body was first fired to 927 ± 5 
°C and cooled down to RT before firing to the next temperature step (~50 °C-steps). Comparing the 
change in focus during the experimental series, it becomes clear that a longer heating period leads to 
a stronger expansion (Figure 10a). Furthermore, heating/quenching significantly affects the focus only 
at high temperatures (Figure 10b), indicating that mainly reversible processes have occurred in this 
example. 

 
Figure 10: The depth of focus (z) as a function of temperature for (a) the in situ studies AQC-1.1 and AQC-1.2 and (b) the in 
situ/quench experiment AQC-2. Note that the dwell time at each temperature step was about 4 h. 

1.3.2 Hyperspectral Raman imaging 

1.3.2.1 Map programming 

The quality of the Raman spectra and therefore also of the Raman images depends on a number of 
instrumental parameters (e.g., laser power, acquisition time, quality of the lenses, grating, sensitivity 
of the detector, the size of the confocal hole, the microscope objective) and sample characteristics 
(e.g., surface roughness, color, heterogeneity, the refractive index of the sample) [30]. In general, 
superior spectral quality can be obtained using a point-by-point mapping approach, as data sets can 
benefit from longer acquisition times. Hauke and colleagues [24] compared two maps recorded in the 
fast scanning mode (SWIFT© mode, 0.6 s per spectrum, recording time of 50 min) and in the point-by-
point mode with an acquisition time of 10 s per spectrum (recording time of 8 h 43 min), respectively 
[24]. They conclude that the large increase in acquisition time has only a minor influence on the quality 
of a hyperspectral Raman image. Thus, even poor-quality spectra usually provide sufficient detail for 
phase identification and a semi-quantitative estimate of the increase or decrease of a mineral fraction 
within the analyzed volume as a function of temperature and time is still reliable. Generally, analytical 
parameters (e.g., image size and EM-CCD settings) are always a compromise between (i) the required 
signal-to-noise ratio that depends on the spectral details to be imaged, (ii) the spatial resolution 
necessary to separate chemical, structural, and/or textural features, and (iii) the total imaging time that 
should be significantly faster than the progress of the reaction under investigation [24]. 
 Raman spectra were collected during continuous x-y stage movement with a speed of 1.6 µm/s 
(SWIFT© mode). During movement, Raman intensities were recorded for 0.5 s in the frequency range 
from 100 to 1730 cm−1. All acquired HT images comprised an area of 100 × 100 μm2 in size. For RT 
spectra, a larger area (140 x 140 μm2 or 160 x 160 μm2) was usually chosen so that the same area could 
be investigated at all temperature steps. The step size was 1 µm, yielding 10,000 pixels (spectra) per 
HT image. Despite the short acquisition time per spectrum, the total exposure time was still about two 



1 The analytical method 

14 
 

hours for a single image. Hence, an image is not always an accurate snapshot in time, which has to be 
considered when interpreting hyperspectral Raman images. 

1.3.2.2 Data reduction 

As a first step, undesirable spectral features have to be separated from the Raman bands. This 
preprocessing step has to be done with care, because it is easy to introduce but not necessary to detect 
artifacts in a Raman image [43]. All spectra were corrected for (i) the wavelength-depended 
instrumental sensitivity (white light correction), (ii) a possible spectrometer shift by using "internal" 
Ne light lines as frequency standard, (iii) cosmic spikes, and (iv) background contributions (cf. 1.3.1.1). 
First, the white-light spectrum measured by the manufacturer was used to correct every spectrum of 
an image for the wavelength-dependent instrumental response or sensitivity. Then, each spectrum 
was corrected for a possible spectrometer shift during long-time image acquisition using the position 
of the intense Ne line at 1707.36 or 1707.06 cm-1, respectively, depending on the excitation (λ). For 
this, a Gaussian function was fitted to this Ne spectral line and the line position was then used to 
correct for any frequency shift during long-time imaging. With such an internal standard, the 
propagated precision of the frequency of a Raman band, obtained by least-squares fitting, was usually 
between ± 0.05 and ± 0.10 cm−1 for RT spectra. The accuracy is thereby coupled to the precision of the 
Ne line wavelength determination at 585.24878 nm, which is better than ± 10-5 nm [44]. 
 As a next step, all spectra acquired in the SWIFT© mode, excluding the spectra taken at RT, 
were corrected for cosmic spikes by the spike correction function implemented in the LabSpec 
software. This procedure identifies all signals with a full width of half maximum (FWHM) smaller than 
six CCD pixels as cosmic signals, which are automatically removed. The analyzed spectral range was 
then reduced to the frequency range 100–1200 cm−1 to simplify the following band fitting procedures. 
This area covers the main rocking and bending (between 100 and 700 cm−1) and stretching vibrations 
(between 700 and 1200 cm−1) of all mineral phases of interest. For quantification and image 
visualization, the spectra had to be further corrected for background contributions. The black body 
spectrum that was recorded at the beginning of each temperature step was usually subtracted from 
every spectrum of the image before a 2nd order polynomial baseline function was fitted to the 
spectrum and subtracted to further correct the spectrum for fluorescence and any background noise. 

1.3.2.3 Quantification and image generation 

The classical least squares (CLS) fitting procedure was used to determine the phase proportion at each 
pixel of an image and was performed with the LabSpec software. This method is based on the 
assumption that a polyphase spectrum is a linear mixture of the spectra from the pure phases. Within 
the multidimensional spectral array, the CLS fitting procedure finds a linear combination of reference 
spectra from the pure phases, which best fits the raw spectrum at each position (pixel). The resulting 
image is created by false-coloring each pixel of the image relative to the fraction of each component 
in the spectrum. This means that in the unmixed color-coding algorithm used in this work, the pixel is 
displayed in the color of the phase that dominates in the Raman spectrum [26]. The brightness of the 
color represents the overall intensity of the spectrum (pixel). While a dark color reflects low intensity, 
a bright color signifies high intensity. Additionally, the analyzed hyperspectral Raman images are 
smoothed, which improves the visualization of grain boundaries as shown in the work of Hauke and 
colleagues [24]. Such a procedure is straightforward if pure reference spectra are available. Due to the 
small grain size of the mineral phases and the limits of the spatial resolution, most spectra of an image 
are composed of contributions from multiple phases. Therefore, the temperature-dependent in-house 
reference spectra were used as input reference spectra for the CLS fitting routine. 
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As already described (cf. 1.2.1), all reference spectra are recorded with the same analytical conditions 
(i.e., laser power, acquisition time, internal Ne lines, etc.) to consider the Raman scattering cross 
sections of the individual mineral phases. However, if the Raman cross sections of the analyzed phases 
are very different, the image will appear black except for small bright spots where phases (e.g., 
anatase) with a high Raman cross section are located. This is because the intensity of the Raman 
spectrum here is extremely high, unlike all other spectra where the dominant phases have lower 
Raman intensities. Therefore, the Raman CLS images were normalized to 100 % for each pixel.   
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2 In situ Raman imaging of high-temperature 
solid-state reactions in the CaSO4–SiO2 
system 

PREFACE 

The main focus of the first study was to analyze the decomposition processes and mineral reactions of 
anhydrite (CaSO4) and quartz (SiO2), and potentially newly formed calcium silicates during firing using 
confocal hyperspectral Raman imaging. The minerals of the CaSO4-SiO2 system are of particular 
interest due to the fact that they are typical components of brown coal ashes and sintering reactions 
between these phases at high temperatures may lead to adherent soiling and poorly removable 
sintering crusts inside the boiler of power stations [3–6]. On the other hand, if their formation and 
decomposition temperatures are known, they can act as indicators to estimate the real temperature 
conditions during the combustion of lignite. Furthermore, wollastonite (CaSiO3) is an important 
mineral in the ceramic and building industry, because of its high melting point, thermal stability, and 
high electrical resistivity [45]. Due to its acicular structure, wollastonite improves the mechanical 
properties of building components and is used as a filler in polymers. Other potential applications exist 
in the paint and varnish industry due to its white color [12]. Both wollastonite and dicalcium silicate 
(Ca2SiO4) are cement-relevant phases [10,11] and moreover, show excellent bioactivity for biomedical 
applications [14–16]. The present study includes sintering experiments with samples of anhydrite and 
quartz, demonstrating the possibilities of in situ Raman imaging to study high-temperature sintering 
reactions. Since gehlenite (Ca2Al2SiO7) is also a common mineral phase in lignite ash[3] and is used as 
a regular constituent of ceramic materials [46,47], one experiment was carried out with additional 
gehlenite. 

The following publication is reprinted from "Böhme N, Hauke K, Neuroth M, Geisler T. In situ Raman 
imaging of high-temperature solid-state reactions in the CaSO4–SiO2 system. Int J Coal Sci Technol 
2019, 6, 247–259" [48]. Copyright © Nadine Böhme 2019.  
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Abstract The deposition of mineral phases on the heat transfer surfaces of brown coal power plants may have a negative

effect on power plant boilers. The paragenesis of these deposits contains information about the actual temperature

prevailed during the combustion of lignite, if the temperature-dependences of distinct mineral transformations or reactions

are known. Here, we report results of a sintering study (to * 1100 �C) with samples containing anhydrite, quartz, and

gehlenite, which are typical components of Rhenish lignite ashes. Thermal decompositions and solid-state reactions were

analyzed (1) in situ and (2) both in situ and after quenching using confocal hyperspectral Raman imaging. This novel

application of confocal Raman spectroscopy provides temperature- and time-resolved, 2-dimensional information about

sintering processes with a micrometer-scale resolution. In the course of the sintering experiments with anhydrite and quartz

with a weight ratio of 2:1 both polymorphs wollastonite and pseudowollastonite were identified in situ at about 920 and

1000 �C, respectively. The formation of pseudowollastonite was thus observed about 120 �C below the phase transition

temperature, demonstrating that it can form metastably. In addition, a0L-Ca2SiO4 was identified at about 1100 �C. In

samples containing equal weight fractions of anhydrite and quartz that were quenched after firing for 9 h at about 1100 �C,

b-Ca2SiO4 (larnite) crystallized as rims around anhydrite grains and in direct contact to wollastonite. We furthermore

observed that, depending on the ratio between quartz and anhydrite, wollastonite replaced quartz grains between 920 and

1100 �C., i.e., the higher the quartz content, the lower the formation temperature of wollastonite.

Keywords Ash deposition � Calcium silicate � Calcium sulfate � High-temperature � Raman imaging

1 Introduction

During the combustion process of lignite in a brown coal

power plant, the deposition of mineral phases on the heat

transfer surfaces may have a negative effect on power plant

boilers. Such ash deposition, including fouling and slag-

ging, can reduce the heat conductibility and consequently

the efficiency of the power station. The temperature at

which sintering reactions take place strongly depends on

coal composition. Therefore, it is important to determine

the mineralogical composition of brown coal before firing

it. Furthermore, it is of great interest to understand the

mechanism of ash transformation of different coals

worldwide (Nankervis and Furlong 1980; Vuthaluru and

Zhang 2001; Kostakis 2011; Li et al. 2016, 2017). Cur-

rently, there exists a wide range of analytical techniques to

classify varieties of brown coals according to its combus-

tion behavior, such as X-ray fluorescence (XRF), scanning

electron microscopy (SEM), and X-ray diffraction (XRD).

These methods have also frequently been applied to study

mineral reactions associated with the burn up of brown

coals (e.g., Nankervis and Furlong 1980; Li et al.
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2016, 2017) as well as with natural lignite combustion

deposits (Kostakis 2011).

Anhydrite, quartz, and gehlenite are typical components

of Rhenish brown coal ashes. Sintering reactions between

these phases at high temperature may lead to adherent

soiling and poorly removable sintering crusts inside the

boiler of power stations. Anhydrite has, in combination

with sodium sulfate, adhesive properties and supports ash

deposition (Kostakis 2011; Li et al. 2016). Li et al.

(2016, 2017) have studied ash depositions formed on an

air-cooled probe and pointed out that early deposits consist

of fine Ca/S particles that connect coarser fragments and

initiate ash accumulation. On the other hand, CaO helps to

capture gaseous SO2/SO3 (Li et al. 2017). Anhydrite is the

main sulfur-containing mineral phase in the solid com-

bustion waste from 500 �C until its decomposition tem-

perature of about 1200 �C (e.g., Hofman and Mostowitsch

1909) and the main crystalline phase involved in the sulfur

retention in the combustion waste. A considerable pro-

portion of SO2/SO3 would not be emitted into the flue gas

at firing temperatures lower than the decomposition tem-

perature of anhydrite. However, the decomposition tem-

perature of anhydrite changes in the presence of other

minerals (Mihara et al. 2007). For example, quartz can

suppress fouling at low temperatures (Li et al. 2016), but

also leads to the formation of calcium silicates at high

temperatures when in contact to CaO-bearing minerals. It

was found as main component of fouling and slagging

deposits (Nankervis and Furlong 1980; Kostakis 2011).

Calcium silicates play a major role not only during power

plant operation. Wollastonite (CaSiO3) and dicalcium sil-

icates (Ca2SiO4) are important minerals for a number of

industrial applications. The main applications of wollas-

tonite are in the ceramic and building industry, because of

its high melting point, thermal stability, and fluxing char-

acteristics. Due to its acicular structure, wollastonite par-

ticularly improves the mechanical properties of building

components. Both wollastonite and dicalcium silicate are

also cement-relevant phases. For instance, dicalcium sili-

cate is an important ingredient of Portland cement clinker.

Other potential applications exist in biomedicine due to its

excellent bioactivity (e.g., Mohammadi et al. 2014).

Due to the importance of calcium silicate minerals,

numerous sintering experiments with CaO-bearing miner-

als and quartz have been performed to synthetize wollas-

tonite and dicalcium silicate (e.g., Remy et al. 1997;

Rashid et al. 2014). However, none of the experiments,

with two exceptions (Stange et al. 2018; Hauke et al.

2019), were carried out in situ as a function of temperature

and time. Modern confocal Raman spectrometer systems

with integrated heating stages allow the ‘visualization’ of

mineral reactions and textures even at high temperatures

with a spatial resolution of a few micrometers (Stange et al.

2018; Hauke et al. 2019). Therefore, it is an exceptional

method to in situ follow high-temperature phase transfor-

mations and reactions. The advantages of confocal Raman

spectroscopy compared to conventional experimental and

analytical methods, where the sample has to be quenched

to room temperature (RT) before being analyzed, has

clearly been demonstrated by Stange et al. (2018). These

authors were the first, who have investigated solid–solid

reactions in calcite-bearing kaolin during high-temperature

sintering by hyperspectral Raman imaging. One important

result of their study was that in an in situ experiment calcite

decomposition occurred at temperatures below 750 �C,

whereas in a quench experiment calcite was still

detectable at temperature above 1000 �C, because calcite

recrystallized during cooling. A detailed understanding of

thermodynamics and kinetics of high-temperature solid-

state and melting reactions and thus the mechanism of

mineral reactions and transformations is essential to predict

sinter reactions in brown coal blocks at a given

temperature.

In the present study, samples of anhydrite, gehlenite,

and quartz were fired to about 1100 �C and the reactions

were analyzed in situ by hyperspectral Raman imaging.

The aim was to visualize phase reactions between these

minerals and gain kinetic and thermodynamic information

about mineral growth and breakdown. In order to use

mineral phases as indicators to estimate temperature con-

ditions during the combustion of lignite, it is necessary to

understand their reaction behavior at high temperatures.

Taking into account all calcium phases that can potentially

form during firing, different weight and molar ratios of the

raw materials were used for the experiments. Of particular

interest was to investigate the formation of wollastonite

and dicalcium silicate as a function of the quartz content in

the anhydrite-quartz system. The prime questions were: (1)

does quartz affect the decomposition behavior of anhydrite,

(2) does sulfate promote the crystallization of calcium

silicates, (3) does temperature influence the formation of

different calcium phases, and (4) does quenching have an

effect on the sintering products. Additionally, we aim to

demonstrate the power of in situ Raman imaging of high-

temperature sintering reactions.

2 Materials and methods

2.1 Sample preparation

To study the influence of composition on the formation

temperature of the calcium silicates in the quartz-anhydrite

system, several sintering experiments with varying quartz-

anhydrite composition ratios were carried out (Table 1).

Additionally, gehlenite was added in one experiment to the
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anhydrite-quartz system to study the influence of (1) an

additional Ca source and (2) Al added to the system

(Table 1: exp. AQG-1). The sample mixtures were pre-

pared from natural crystals of anhydrite, quartz, and

gehlenite. These crystals were obtained from the Miner-

alogical Museum of the University of Bonn, Germany. The

anhydrite and gehlenite crystals stem from Tirol, Austria.

The origin of the quartz crystal is unknown. Light micro-

scopic images of anhydrite and quartz revealed no con-

tamination of other minerals. The gehlenite, however, was

partly overgrown by grossular, which was confirmed by a

XRD analysis. The minerals were ground in an agate

mortar to obtain different grain sizes between about 20 and

60 lm. Several green bodies were produced by compacting

50 mg of precursor material into cylinders (3 mm 9 3

mm) at a pressure of 10 kPa. Before firing, all samples

were checked for with the occurrence of initial calcium

silicates.

2.2 Raman spectroscopy

The Raman measurements were carried out using a Horiba

Scientific HR800 Raman spectrometer equipped with a

2 W Nd:YAG laser (k = 532.09 nm), an electron-multi-

plier CCD detector, and an Olympus BX41 microscope. A

50 9 long-working distance objective with a numerical

aperture (NA) of 0.5, a grating with 600 grooves/mm, and a

100 lm spectrometer entrance slit were used for the mea-

surements. The lateral and axial (depth) resolution of a

Raman measurements with the focus at the sample surface

is usually estimated from the theoretical diffraction limit

given by dl & 1.22k/NA and da & 4k/NA2, yielding 1.3

and 8.5 lm, respectively. However, these values should be

understood as the best resolution theoretically possible.

The real lateral and axial resolution may rather be in the

order of dl & 2 lm and da & 15 lm, respectively. It is

important to note that the axial resolution at the surface

also depends on the absorption properties of the material

investigated. A Raman intensity loss of 20% to 40% is

observed within the first ten micrometers, whereas within

the first 20 lm, which is a typical grain diameter, already

about half of the intensity of the Raman bands is lost

(Hauke et al. 2019). The spectral resolution was 3.5 cm-1,

as given by the line width of a Ne line at 1707.062 cm-1

that was recorded as ‘‘internal’’ frequency standard in all

spectra. For the sintering experiments, a LINKAM TS 1500

heating stage was mounted on an automated x–y–z stage.

Due to the height and the volume of the sample cylinder, a

strong temperature gradient occurs within the furnace. This

gradient was empirically determined by a procedure that is

described in detail in Stange et al. (2018). With this pro-

cedure, the corrected temperatures are accurate within ±

5 �C. In the following, the corrected temperatures are

given.

In general, in situ hyperspectral Raman images were

recorded from an area of 100 lm 9 100 lm with a 1 lm

step size (100 lm 9 100 lm = 10,000 pixel per image) in

x and y direction. The individual Raman spectra were

collected during continuous x–y stage movement with a

speed of 2 lm/s (SWIFT� mode). During movement,

Raman intensities were recorded for 0.5 s in the

wavenumber range from 100 to 1730 cm–1. The total

exposure time was about 2 h for a single image. Two types

of Raman experiments were performed to study the effect

of quenching the sample to room temperature (RT) before

Raman imaging. However, experiments AQ-1 and AQ-2.1

were the first experiments that were performed. These

experiments contain a few individual trials to figure out the

best experimental conditions for further experiments. The

experimental conditions of each experiment are

Table 1 Experimental conditions

Exp. Anh:Qtz(:Geh)

(wt%)

Type of

experiment

T range (�C) T steps

(�C)

T rate (�C/

min)

Acquisition time

(s)

Dwell time

(h)

AQ-1 1:1 in situ 815, 850–1200 50 10 %! 2 9 1 6.5

AQ-

2.1

2:1 in situ 500–800,

900–1200

100 10 %! 1 9 0.5 2 9 2 (4)a

AQ-

2.2

2:1 in situ/quench 900–1200 100 10 %! 1 9 0.5 2 9 2 (4)a

AQ-

3.1

4.5:1 in situ 950–1250 50 10 %! 1 9 0.5 2 9 2 (4)a

AQ-

3.2

4.5:1 in situ/quench 900–1200 100 10 %; 50 ! 1 9 0.5 2 9 2 (4)a

AQG-

1

1:1:1 in situ 450, 900 450 10 %! 1 9 0.5 3 9 2 (6)a

aDuring a dwell time of 4 or 6 (AQG-1) h, two respectively three (AQG-1) Raman images with a recording time of about 2 h were recorded
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summarized in Table 1 and the temperature history is

illustrated in Fig. 1. In general, at 815 �C lignite is reduced

to ash. The first experiment was therefore carried out by

firing the sample at 815 ± 5 �C for 2.5 h before a hyper-

spectral Raman image was recorded with a recording time

of about 6.5 h. Afterwards the sample was fired to

850 ± 5 �C and stepwise (50 �C) to 1200 ± 5 �C and

finally cooled down to RT. At each temperature step, a

Raman image was taken with 2 9 1 s acquisition time for

a single pixel of the image. The results of experiment AQ-1

demonstrated that such long single-point acquisition time

are not necessary to obtain a sufficient image quality in this

system. Therefore, the acquisition time was reduced to

0.5 s per point (pixel) for further experiments. To test

whether mineral transformations already take place in the

system below about 900 �C, a sample was fired between

500 ± 5 and 800 ± 5 �C in 100 �C-steps and then quen-

ched to RT. Since the images taken in this temperature

range revealed no significant mineral changes, further

Raman images were recorded above 900 �C only. In the

remaining course of experiment AQ-2.1 the sample was

fired again to 900 ± 5 �C and further to 1200 ± 5 �C in

100 �C-steps (Fig. 1). At each temperature step a hyper-

spectral Raman image was recorded. The continuous

cooling by 10 �C/min was interrupted at 900 ± 5 �C to

record a Raman image. The image revealed no additional

information to the images recorded at 1200 ± 5 �C or RT.

Thus, the following experiments were quenched directly to

RT before taking a hyperspectral Raman image.

As mentioned above, two types of experiments were

carried out. During the first type of experiments (in situ/

quench experiments), the green body was fired to high

temperatures with a heating rate of 10 �C/min. Immedi-

ately after reaching the respective temperature, two in situ

hyperspectral Raman images were taken in a row. Thus, the

second image was recorded after a dwell time of 2 h.

Afterwards the sample was quenched to RT with a cooling

rate of 10 �C/min before a RT Raman image was recorded.

Then, the sample was fired to the next temperature step

until the maximum temperature had been reached (Fig. 1).

The analysis of the quenched sample corresponds to a

conventional sinter experiment during which the sample

has to be quenched to RT before being analyzed. In the

second type of experiments, the samples were fired to high

temperature without quenching the sample. Two subse-

quent Raman images were taken at each temperature step

before the sample was further heated to the next tempera-

ture (Fig. 1). After reaching the final temperature, the

sample was cooled down to RT and a final Raman image

was recorded.

2.3 Data treatment and analysis

In general, mineral phases are identified by the character-

istic positions and relative intensities of their fundamental

Fig. 1 Temperature histories of the in situ and the in situ/quench experiments. (In the in situ/quench experiments the sample was fired to the

sintering temperatures and two hyperspectral Raman images were subsequently recorded. Afterwards the sample was quenched to RT before a

last Raman image was recorded. In the in situ experiments, the green bodies were progressively fired to higher temperatures and Raman images

were recorded in situ. Squares represent the start of each measurement.)
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Raman bands. With increasing temperature, the Raman

bands of mineral phases usually shift to lower wavenum-

bers and their linewidth (full width of half-maximum)

increases (e.g., Stange et al. 2018). Additionally, the black

body radiation of the sample increases with increasing

temperature and thereby progressively reduces the signal-

to-noise ratio. The identification of minerals at high tem-

peratures is complicated by the fact that reference Raman

spectral databases, such as, e.g., the RRUFF database

(Laetsch and Downs 2006), only contain RT spectra that

usually differ significantly from their high-temperature

(HT) counterparts. Therefore, we started to collect HT

Raman spectra of relevant pure mineral phases, including,

e.g., quartz, anhydrite, wollastonite, and pseudowollas-

tonite, in order to identify mineral phases in multi-com-

ponent systems but also for the quantitative phase

determination (see below).

The data reduction and creation of hyperspectral false

color Raman images was carried out using the LabSpec 6

program. The images show the 2-dimensional, micrometer-

scale distribution of mineral phases at a given temperature.

The dominant mineral phase in a given Raman spectrum

was determined by the classical least-squares (CLS) fitting

procedure. This mathematical procedure is based on the

assumption that a multiphase spectrum is a simple mixture

of spectra of each individual phase (Fig. 2). Mixed spectra

are unavoidable due to the limitation in the lateral and, in

particular, the depth resolution with respect to the grain

sizes. At each point within the multidimensional spectral

field, the CLS matching procedure finds a linear combi-

nation of reference spectra from the pure phases that best

describe the respective raw spectrum. Our own tempera-

ture-depend Raman spectra, recorded under the same

experimental conditions, were used as input spectra in the

CLS fitting procedure to obtain the relative phase

proportions, as described in more detail in Stange et al.

(2018) and Hauke et al. (2019). This procedure, at least

partly, takes into account differences in the Raman cross

sections (Hauke et al. 2019). Eventually, the image is

generated by coloring each pixel (point) relative to the

proportion of individual components in the spectrum. As an

example, Fig. 3 shows the HT Raman spectra of anhydrite,

quartz, and wollastonite collected at 1090 ± 5 �C, which

were used to analyze the image recorded at 1093 ± 5 �C.

The false-colored hyperspectral Raman images are pre-

sented in the unmixed mode that displays the phase with

the highest fractional intensity within a Raman spectrum

with a color assigned to that phase (Stange et al. 2018;

Hauke et al. 2019). The color shading of a pixel from bright

to dark further renders the total fraction of that phase, with

bright and dark coding reflecting higher and lower frac-

tions, respectively.

In Fig. 2, creation of a false-color image with the clas-

sical least-squares (CLS) fitting method using high-tem-

perature reference spectra of pure phases, collected under

the same experimental conditions. This mathematical

method is based on the assumption that a multiphase

spectrum is a simple mixture of the spectra of each indi-

vidual phase, here quartz and anhydrite. Quartz (red) is

identifiable by its most intense Raman band near 464 cm-1

and anhydrite (blue) by the intense m1(SO4) band near

1015 cm-1.

In Fig. 3, High-temperature (1090 ± 5�) reference

Raman spectra of wollastonite, anhydrite, and quartz which

were used to generate the hyperspectral Raman image

shown in the lower right corner (from exp. AQ-3.1). (Note

that each mineral phase can clearly be identified by its

characteristic Raman spectrum.)

Fig. 2 A false-color image
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3 Results

3.1 In situ experiment AQ-1 (Anh 1 Qz, wt% 1:1)

Normalized false-color hyperspectral Raman images (not

shown here) collected during experiment AQ-1 (Fig. 1a)

displays no reaction between anhydrite and quartz within

the imaged area up to a temperature of 1093 ± 5 �C.

Surprisingly, only after the sample had been cooled down

to RT after a total sintering time of 9 h at 1093 ± 5 �C,

wollastonite, pseudowollastonite, and the dicalcium silicate

larnite were identified as reaction products (Fig. 4). At RT,

wollastonite and its high-temperature polymorph pseu-

dowollastonite had formed rims around quartz grains,

whereas larnite is located in contact to anhydrite or pseu-

dowollastonite grains. It follows that the new phases must

Fig. 3 High-temperature (1090 ± 5 �) reference Raman spectra of wollastonite, anhydrite, and quartz

Fig. 4 Normalized false-color hyperspectral Raman images of the in situ experiment AQ-1
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have crystallized during cooling, since they could not be

identified in situ at high temperatures.

In Fig. 4, after 9 h sintering at 1093 ± 5 �C the sample

was quenched to RT. Wollastonite and pseudowollastonite

crystallized around quartz grains and larnite could be

identified as rims around anhydrite and near to pseu-

dowollastonite grains. The two reactions leading to a

monocalcium silicate rim around quartz and a dicalcium

silicate rim around anhydrite are also given.

3.2 In situ experiment AQ-2.1 and in situ/quench

experiment AQ-2.2 (Anh 1 Qz, wt% 2:1)

The solid-state reactions during experiments AQ-2.1 and

AQ-2.2 (higher anhydrite content as AQ-1) were investi-

gated by Raman spectroscopy at sintering-temperatures of

up to 1093 ± 5 �C. In exp. AQ-2.1 the 100 lm 9 100

lm-sized images were recorded at each temperature step

before the sample was fired to the next temperature step

(Fig. 1b). Unless otherwise described, there is no change in

mineral content at lower temperatures and increasing dwell

time. In experiment AQ-2.2 the sample was analyzed at

each temperature step and after quenching before firing to

the next temperature step (Fig. 1c). From Fig. 5 it is dis-

cernable that wollastonite started to crystallize at

919 ± 5 �C while the first image was recorded. With

increasing reaction time, more and more wollastonite

crystallized by mainly replacing anhydrite. After 2 h at

1093 ± 5 �C rims of wollastonite have formed along

anhydrite-quartz interfaces. Furthermore, at this tempera-

ture, a new phase with an intense Raman band near

843 cm-1 was identified in direct contact to wollastonite.

After quenching to RT, larnite could be identified at the

same location. Obviously, the high temperature modifica-

tion of dicalcium silicate a0L-Ca2SiO4 must have formed at

1093 ± 5 �C (Fig. 5). The hyperspectral Raman images of

the in situ/quench experiment (AQ-2.2) show that wollas-

tonite crystallized at 919 ± 5 �C at grain boundaries

between anhydrite and quartz (Fig. 5), as was already

observed in experiment AQ-2.1. Surprisingly, after the

second quenching cycle and firing to 1006 ± 5 �C

pseudowollastonite crystallized in direct contact to wol-

lastonite (Fig. 6), i.e., at a temperature that is about 120 �C

below the wollastonite-pseudowollastonite transition tem-

perature (Osborn and Schairer 1941). After stepwise heat-

ing/quenching of the sample to/from higher temperatures,

pseudowollastonite continued to grow at the expense of

anhydrite. Interestingly, during each cooling/quenching

step most though not all pseudowollastonite grains, that

were present at high temperatures, seem to be disappeared

or were transformed to wollastonite.

In Fig. 5, Normalized false-color hyperspectral Raman

images of the in situ experiment AQ-2.1, which were

recorded at different temperatures and dwell times. The

images display nucleation and isothermal growth of wol-

lastonite at 919 ± 5 �C and the formation of a0L-dicalcium

silicate at 1093 ± 5 �C. During the cooling process, the

a0L-phase transformed to the b-phase (larnite) and remained

metastable at RT. The noticeable changes in the texture

between 25 ± 1 and 919 ± 5 �C result from volume

changes due to mineral reactions or phase transitions,

shrinkage and densification processes during firing.

In Fig. 6, at 919 ± 5 �C, wollastonite crystallized

between a grain boundary of anhydrite and quartz. Pseu-

dowollastonite could be identified at first after firing the

sample to 1006 ± 5 �C and subsequent quenching. At a

temperature of 1093 ± 5 �C the pseudowollastonite grains

grew further and more and more wollastonite crystallized

along anhydrite and quartz interfaces. Both monocalcium

silicate polymorphs remained stable at RT.

3.3 In situ experiment AQ-3.1 and in situ/quench

experiment AQ-3.2 (Anh 1 Qz, wt% 4.5:1)

Normalized false-color hyperspectral Raman images

(100 lm 9 100 lm) were recorded during experiment

AQ-3.1 (in situ) and AQ-3.2 (in situ/quench). The anhy-

drite content of these samples is higher than that in AQ-2.1

and AQ-2.2. In experiment AQ-3.1, the sample was fired to

875 ± 5 �C with a heating rate of 10 �C min-1. After-

wards, the sample was fired stepwise (* 50 �C-steps) to

1137 ± 5 �C. Within the first image that was recorded at

Fig. 5 Normalized false-color hyperspectral Raman images of the in situ experiment AQ-2.1
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971 ± 5 �C, a new but still unidentified silicate phase with

the most intense Raman band near 750 cm-1 is located in

contact to a quartz grain (Fig. 7). This phase disappeared at

the expense of wollastonite during quenching to RT.

Wollastonite could not be detected in situ before having

fired the sample to 1006 ± 5 �C, which is nearly 100 �C

above the formation temperature that was determined from

the experiments with a lower anhydrite content (exp. AQ-

2.1/2). At 1137 ± 5 �C, pseudowollastonite could be

detected, which transformed to wollastonite during cooling

to RT. The results of the in situ/quench experiment (AQ-

3.2) confirm the observation that quartz is replaced by

wollastonite at high temperatures. The time-series images

(not shown here) revealed that wollastonite first formed

near to a quartz grain after 2 h sintering at 1006 ± 5 �C. In

the further course of the experiment at 1093 ± 5 �C,

wollastonite increasingly crystallized at the expense of

quartz (Fig. 3).

In Fig. 7, at 960 ± 5 �C, a new, not yet identified sili-

cate phase crystallized, which disappeared after quenching

the sample to RT. At 1006 ± 5 �C, wollastonite crystal-

lized near quartz grains and seems to mainly replace

anhydrite. At 1037 ± 5 �C, the high-temperature poly-

morph pseudowollastonite could be identified, which

transformed to wollastonite during cooling to RT.

3.4 In situ experiment AQG-1 (Qz 1 Anh 1 Ge,

wt%: 1:1:1)

To study the potential influence of Al on the sintering

reactions in the quartz-anhydrite system, we added natural

gehlenite grains to the precursor material. Gehlenite is also

a common mineral phase in lignite ashes. The natural

gehlenite grains were partly intergrown with grossular

crystals, which is another Al source. The pressed sample

was continuously fired from 25 ± 1 to 430 ± 5 �C and

Fig. 6 Normalized false-color hyperspectral Raman images of the in situ/quench experiment AQ-2.2
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after having subsequently recorded three 100 lm 9

100 lm-sized Raman images, the sample was fired further

to 830 ± 5 �C (Fig. 1f). The first image was taken

immediately after reaching the target temperature, whereas

the second and third images were recorded after a dwell

time of 2 and 4 h, respectively. The Raman images taken at

temperatures below 430 �C did not reveal any textural or

mineralogical changes. At 830 ± 5 �C and after a soaking

time of about 2 h, gehlenite and grossular were partially

replaced by wollastonite (Fig. 8). However, further sinter-

ing at this temperature did not cause a progress of the

replacement reaction, i.e., a kind of textural equilibrium

has been reached that, however, is not a chemical

equilibrium.

4 Discussion

4.1 The decomposition of anhydrite

In the binary system quartz-anhydrite, no solid-state reac-

tions or mineral transformations could be detected below

about 920 �C within dwell times of 4–6.5 h. The only

spectroscopically detectable transformation was the dis-

placive phase transition from low to high quartz at 573 �C.

Fig. 7 Normalized false-color hyperspectral Raman images of the in situ experiment AQ-3.1

Fig. 8 Normalized false-color hyperspectral Raman images of the in situ experiment AQG-1. (Note that at 830 ± 5 �C wollastonite partly

replaced gehlenite and grossular, the latter being an impurity in the natural gehlenite crystal used for the experiment.)
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The reason for this is most likely that the decomposition of

pure anhydrite to lime and sulfur oxide, represented by

CaSO4 �!
T � 1100�1400 �C

CaOþ SO3; ð1Þ

does not start at temperatures below about 1200 �C (e.g.,

Hofman and Mostowitsch 1909). Other authors postulated

that the b- to a-CaSO4 transformation occurs at this tem-

perature (Bensted and Varma 1971; Prieto-Taboada et al.

2014) and, based on DTA studies, suggested that the

decomposition of pure anhydrite does not occur below

1400 �C (Bensted and Varma 1971; Mihara et al. 2007).

However, in the present study the crystallization and the

growth of wollastonite could be detected in all experiments

at temperatures as low as about 920 �C. According to Gay

(1965), the decomposition of anhydrite below 1100 �C is

only possible within an open system. Other authors, in turn,

suggested that the presence of silicate compounds may

trigger the decomposition of anhydrite at lower tempera-

tures than pure anhydrite (Mihara et al. 2007). Our results

support this hypothesis. In experiments with a high pro-

portion of quartz, wollastonite could be identified at about

920 �C, whereas in experiments with lesser quartz wol-

lastonite first crystallized at about 1100 �C. Thus, the lower

the fraction of quartz in the system, the higher the tem-

perature at which wollastonite started to crystallize. It

follows that the quartz content affects the decomposition of

anhydrite and, in turn, the formation of calcium silicates as

discussed in the following.

4.2 The formation of calcium silicates

It is well-known that wollastonite can be synthesized at

about 1000 �C by a reaction between quartz and calcite,

whereby CO2 is released into the atmosphere and lime is

formed as an intermediate product (e.g., Tschegg et al.

2009). The decomposition of anhydrite also produces lime,

which is then available to react with quartz, forming a

reaction rim of wollastonite around quartz grains (AQ-1,

Fig. 4; AQ-2.1, Fig. 5) or replaced them (AQ-3.1, Fig. 7;

AQ-3.2). This reaction can be represented by:

CaOþ SiO2 �!
T � 1000 �C

CaSiO3 ð2Þ

At 1125 �C, wollastonite is expected to transform to

pseudowollastonite (Osborn and Schairer 1941). In exper-

iment AQ-3.1 the sample was heated to 1137 ± 5 �C and

pseudowollastonite bands could indeed be detected in the

Raman spectra within the imaged area (volume). However,

after quenching to RT, pseudowollastonite transformed to

wollastonite. On the other hand, after the second quenching

step and having fired the sample to 1006 ± 5 �C, pseu-

dowollastonite could already be identified in direct contact

to wollastonite (AQ-2.2, Fig. 6), i.e., significantly below its

stability temperature. This is at first surprising, but in

agreement with observations made by Stange et al. (2018).

These authors also observed the formation of pseudowol-

lastonite already 290 �C below the phase transition tem-

perature during sintering of a kaolin-based green body.

After quenching to RT, most pseudowollastonite grains

transformed to wollastonite, i.e., only a few small crystals

remained metastable at RT. This is in contrast to results

from experiment AQ-1. Here, both polymorphs were found

as rims around quartz grains after the sample was quenched

from 1093 ± 5 �C to RT (Fig. 4).

Within the ternary system anhydrite-quartz-gehlenite

(exp. AQG-1), wollastonite was already detected at tem-

peratures below 900 �C. The in situ Raman images recor-

ded at 830 ± 5 �C clearly revealed that gehlenite and

grossular were both partly replaced by wollastonite

(Fig. 8). It follows that wollastonite formed by a different

reaction pathway involving the decomposition of gehlenite,

possibly according to following reaction:

Ca2AlðAlSiÞO7 �!
T � 830 �C

CaSiO3 þ CaAl2O4 ð3Þ

Such reaction would produce a calcium spinel (CaAl2-
O4), which, however, has not been detected in our exper-

iments. Unfortunately, spinel is difficult to identify by

Raman spectroscopy (Shoval et al. 2011), particular at high

temperatures, and we can thus not fully rule out that a

calcium spinel formed during the reaction. Alternatively,

following decomposition reaction could be possible:

Ca2AlðAlSiÞO7 �!
T � 830 �C

CaSiO3 þ CaOþ Al2O3 ð4Þ

However, thermodynamic calculations using FactSage

7.2 revealed that the free enthalpy of this reaction at

830 �C is about 40 kJ larger than for reaction (3). Ther-

modynamically, this reaction is thus less favored. In any

case, whatever the details of the solid–solid replacement

reaction are, a direct formation of wollastonite by the

decomposition of gehlenite has so far only been described

by Tschegg et al. (2009) and recently observed in situ

during sintering of a kaolin-based green body (Stange et al.

2018).

At high quartz content and sintering temperatures of

1093 ± 5 �C, dicalcium silicate was detected (AQ-2.1,

Fig. 5). Like wollastonite, dicalcium silicate forms by a

reaction between quartz and lime (e.g., Mitsuda et al. 1985;

Singh 2006):

2CaOþ SiO2 �!
T � 930�1020 �C

Ca2SiO4 ð5Þ

In experiment AQ-2.1, the high-temperature phase a0L-

Ca2SiO4 could be identified. From the time- and tempera-

ture-resolved images (Fig. 5), it is apparent that the for-

mation of a0L-Ca2SiO4 is related to the reaction between

wollastonite and lime:
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CaSiO3 þ CaO �!
T � 1100 �C

Ca2SiO4 ð6Þ

At RT, calcio-olivine is the stable Ca2SiO4 polymorph

(Fix et al. 1969; Sokol et al. 2015). However, Ca2SiO4

formed at 1093 ± 5 �C could be identified as larnite after

cooling down to RT by its main fundamental Raman band

near 858 cm-1 (Remy et al. 1997; Reynard et al. 1997).

Although some authors (Fix et al. 1969; Sokol et al. 2015)

claimed that b-Ca2SiO4 only forms during the cooling

process of a0L-Ca2SiO4 and transforms to c-Ca2SiO4 (cal-

ico-olivine) during cooling to RT, obviously larnite

remained metastable after quenching the sample from

about 1100 �C to RT. The same conclusion can be drawn

from the RT data of AQ-1. The Raman images show that

larnite formed as reaction rim around anhydrite grains in

direct contact to wollastonite, suggesting that larnite

formed by reaction (6). On the other hand, rims of dical-

cium silicate appear to have reacted with the adjacent

quartz to wollastonite (Fig. 5). Stange et al. (2018) also

observed wollastonite rims around larnite grains in a

quench experiment with a calcite- and quartz-bearing

kaolin green body. They referred to a study of Ptácek and

co-workers (Ptáček et al. 2013), who suggested that

dicalcium silicate reacts with free SiO2 to wollastonite,

which then converts to pseudowollastonite at temperatures

above 1125 �C (Ptáček et al. 2013):

Ca2SiO4

þ SiO2 �!
T � 1025�1050 �C

2b-CaSiO3 �!
T � 1125 �C

2a-CaSiO3

ð7Þ

It follows that wollastonite cannot only form by a

reaction between quartz and lime, but could also be a

breakdown product of dicalcium silicate or of gehlenite if

Al is present in the system. Which of the reactions is

predominant in a given system seems to depend on the

local chemistry. The formation of dicalcium silicate at high

temperatures, for instance, is more strongly bound to

anhydrite as it provides the required CaO (Rashid et al.

2014).

4.3 Quenching effects

To study the influence of quenching on the mineral para-

genesis, two in situ/quench experiments with different

quartz-anhydrite ratio were performed (AQ-2.2 and AQ-

3.2). The in situ/quench experiment with an anhydrite-

quartz weight ratio of 2:1 (AQ-2.2) showed mineral reac-

tions other than the corresponding experiment without

interim quenching cycles (AQ-2.1). During the in situ

experiment (AQ-2.1) a0L-Ca2SiO4 crystallized at the

expense of wollastonite and transformed to larnite at RT.

However, the Raman images collected during the in situ/

quench experiment (AQ-2.2) do not reveal the formation of

dicalcium silicate phases, indicating that a long sintering

period is needed for the formation of dicalcium silicates to

supply more CaO by the decomposition of anhydrite. In

both experiments, the onset temperature for the first

appearance of wollastonite was about 920 �C. However, in

the in situ/quench experiment AQ-2.2 the crystallization of

pseudowollastonite could be detected within the imaged

area. Here, it was first observed after the second quenching

step and after having heated the sample to 1006 ± 5 �C.

Pseudowollastonite clearly grew further during the course

of the heating/quenching experiment (Fig. 6), but it could

not be identified during the in situ experiment AQ-2.1

(Fig. 5). It is possible that quenching triggers the formation

of pseudowollastonite that grew to grain sizes larger than

10 lm in the heating/quenching experiment. Quenching

seems to considerably affect the formation of pseudowol-

lastonite in samples with an anhydrite-quartz composition

of 2:1 (wt%), but had significantly less effects in the

experiments with a higher anhydrite-to-quartz ratio of 4.5:1

(AQ-3.1/2). Noticeable here is that more wollastonite

crystallized during the in situ run within the images area

(volume). However, due to the small analyzed volume

(100 lm 9 100 lm 9 * 15 lm) that cannot uncondi-

tionally be considered as being statistically representative

as it contains only a relative small number of particles, any

quantitative comparison of the phase composition obtained

from different experiments should be rated with care.

5 Conclusion

First high-temperature, in situ Raman experiments with

synthetic mixtures of natural anhydrite, quartz, and

gehlenite gave new insights into solid-state calcium silicate

mineral reactions:

(1) The thermal decomposition of anhydrite to CaO and

SO3 was found to be significantly influenced by the

quartz content of the sample. In those experiments,

where more quartz was available, anhydrite decom-

posed at lower temperatures than in experiments

with lesser quartz content.

(2) Wollastonite was formed by the reaction between

quartz and lime at 920 or 1000 �C depending on the

quartz content. In the gehlenite bearing system,

wollastonite was found to replace gehlenite at

temperatures of[ 830 �C. Pseudowollastonite was

identified already at 1006 ± 5 �C. At about 1100 �C

the crystallization of wollastonite to a0L-Ca2SiO4 was

observed. The formation of wollastonite by the

reaction of dicalcium silicate with quartz was

observed locally after cooling to RT. Accordingly,

In situ Raman imaging of high-temperature solid-state reactions in the CaSO4–SiO2 system 257

123



three wollastonite-forming reactions could be iden-

tified in this study. During the cooling process, a0L-

Ca2SiO4 crystallized to b-Ca2SiO4 (larnite) and

remained metastable at RT.

(3) Quenching and heating periods have a significant

effect on the final sintering products.

In general, most high-temperature analyses are studied

after quenching the sample to RT. However, valuable

information may be lost, since quenching may change the

mineralogy and new samples have to be used for each

temperature–time step, making it particularly difficult to

follow textural changes. Raman spectroscopy is currently

the only analytical method to visualize mineral reactions

in situ and two dimensions during heating or cooling with a

micrometer-scale resolution. This allows the visualization

of reactions among individual grains and along grain

boundaries. Thus, the mechanisms of solid-state reactions

can be investigated with high spatial and temporal resolu-

tion and with a high temperature accuracy (± 5 �C). Such

spatially resolved in situ studies are essential to refine

current thermodynamic and kinetics models that are used to

predict HT phase paragenesis or to reconstruct the tem-

perature–time histories of naturally or technically sintered

materials, e.g. in brown coal blocks. In this way, the

mineral paragenesis of sintering crusts in brown coal

blocks can be used as temperature indicator to unravel the

actual combustion temperature of lignite. With reference to

the available results, the use of quartz-rich coal leads to a

premature decomposition of anhydrite and the formation of

calcium silicates. It is apparent from our results that real-

istic modelling of HT sintering reactions has to consider

the full energy landscape of a system that also includes

metastable energy states.
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EPILOGUE and ADDITIONAL STUDIES 

The presented high-temperature, in situ and in situ/quench Raman experiments with synthetic 
mixtures of anhydrite and quartz provide new insights into solid-state calcium silicate mineral 
reactions. The most important result is that the quartz content was found to play a significant role in 
the formation of calcium silicates. The higher the quartz content, the lower the decomposition 
temperature of the anhydrite (~920 °C) at which the formation of wollastonite occurs simultaneously 
by the reaction between quartz and lime. The formation of pseudowollastonite was identified within 
an in situ/quench experiment already at ~1005 °C, i.e., about 120 °C below the wollastonite-
pseudowollastonite transition temperature [49], suggesting that quenching may trigger the formation 
of pseudowollastonite and, therefore, quenching and heating periods have a significant effect on the 
final sintered products. At ~1100 °C the crystallization of wollastonite to α’L-Ca2SiO4 was observed, 
which transformed to β-Ca2SiO4 (larnite) during cooling and remained metastable at RT. Additionally, 
two further wollastonite-forming reactions could be identified in this study. The formation of 
wollastonite by the reaction of dicalcium silicate with quartz was observed locally after cooling to RT. 
Moreover, one first experiment was carried out with additional gehlenite, where wollastonite was 
found to replace gehlenite at temperatures of < 830 °C. 

 As a supplement to the presented publication "In situ Raman imaging of high-temperature 
solid-state reactions in the CaSO4–SiO2 system" [48], a second experiment with an anhydrite-, quartz-, 
and gehlenite-bearing green body (wt.-% 1:1:1) was performed to study the solid-state reactions 
during heating (10 °C/min) between ~655 and ~1100 °C in ~50 °C-steps and after cooling (10 °C/min) 
to RT. Figure 11 shows the hyperspectral Raman images of the experiment AQG-2, which were 
recorded after a dwell time of two hours. Interestingly, in regions with a high quartz content, anhydrite 
began to partially decompose already at 655 ± 5 °C. SO3 and CaO were released, leaving CaO available 
for the formation of new mono- or dicalcium silicate by the reaction with quartz. In contrast to the 
experiments carried out with a quartz-anhydrite ratio 2:1 (wt.-%), a higher CaO content provided by 
the decomposition of anhydrite preferentially led to the formation of the high-temperature polymorph 
α’L-Ca2SiO4. Moreover, the high-temperature modification pseudowollastonite crystallized 
contemporaneously to wollastonite in contact with quartz and α’L-Ca2SiO4, which is in good agreement 
with previous observations [26]. Between 699 and 919 ± 5 °C, the fraction of dicalcium silicate near 
quartz continued to increase, especially in contact with the large quartz grain in the upper part of the 
imaged area, while CaO decreased, i.e., was replaced by α’L-Ca2SiO4. In the same temperature range, 
only some new wollastonite grains grew at interfaces between quartz and lime. It follows that the 
formation of calcium silicate strongly depends on the local chemistry. 
 At a higher temperature (~830 °C), pseudowollastonite was clearly identified near gehlenite. 
With increasing temperature and dwell time, more pseudowollastonite crystallized at the expense of 
gehlenite and quartz. This result agrees with observations made by Stange et al. [26], who identified 
pseudowollastonite in contact with gehlenite, wollastonite, and quartz during sintering of a kaolin-
based green body ~290 °C below the expected critical temperature for the wollastonite-
pseudowollastonite transition (~1125 °C [49]). Upon quenching to RT, the pseudowollastonite almost 
completely transformed to wollastonite in this experiment. 
 Between 919 and 963 ± 5 °C, more gehlenite becomes visible at the sample surface due to the 
disappearance of CaO. Obviously, however, enough CaO remained in the matrix, which facilitated the 
formation of new anhydrite during quenching to RT by the reaction with SO3 from the captured 
atmosphere. Alternatively, the CaO was supplied by the decomposition of gehlenite. At the same time, 
new wollastonite nuclei were formed in the gehlenite matrix. At 963 ± 5 °C, the transformation of 
α’L-Ca2SiO4 to wollastonite occurred by replacing the large quartz grain, which was previously only 
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observed after quenching (in situ exp. AQ-1) and described by the reaction between dicalcium silicate 
and free quartz [26,50]. Although the imaged area shifted during the measurement process, the 
continued transformation could be followed until the maximum sintering temperature (1093 ± 5 °C) 
was reached (images are not shown here). At RT, wollastonite was identified as predominant mineral 
phase in the gehlenite matrix, previously formed at high temperatures by all three formation reaction 
pathways reported in the presented publication [48]. 

Figure 11: Normalized false-color hyperspectral Raman images of the mineral distribution of a 100 x 100 µm2 surface area of 
a green body composed of gehlenite, anhydrite, and quartz at different sintering temperatures (in situ exp. AQG-2). The black 
arrows point to the location of the predominant mineral reactions that can be derived from the images. At 655 °C, anhydrite 
started to decompose and CaO was released. Depending on the local CaO supply, pseudo-/wollastonite or α’L-Ca2SiO4 was 
formed by the reaction between CaO and quartz. Note that two additional formation reactions of wollastonite were identified. 
At 963 °C, α’L-Ca2SiO4 transformed to wollastonite by the reaction with quartz, while at the same temperature step 
wollastonite was identified within the gehlenite matrix. During cooling, pseudowollastonite transformed to wollastonite but 
partially remained stable at RT.



3 In Situ Hyperspectral Raman Imaging of Ternesite Formation and Decomposition at High 
Temperatures 

32 
 

3 In Situ Hyperspectral Raman Imaging of 
Ternesite Formation and Decomposition at 
High Temperatures 

PREFACE and ADDITIONAL STUDIES 

Based on the previous analyses, in the second study, CaO (lime) was added to the CaSO4-SiO2 system. 
The aim was to detect differences in the reaction pathways of the previously observed calcium silicate 
reactions when free CaO is available at the beginning of the sintering experiments. In addition, the 
study of the formation of ternesite (Ca5(SiO4)2SO4) was the main focus of the second study. Like the 
calcium silicates described in the first study, ternesite also forms sinter deposits in industrial furnaces 
[51]. Figure 12 shows a sinter deposit found on a heat transfer surface in a coal power plant within the 
transition zone from the silicate slagging zone of the combustion chamber to the sulfate sintering zone 
of the bundle heating surfaces. 

    

Figure 12: (a) Front view and (b) top view of the same fragment which was deposited on a heat transfer surface of a brown 
coal power plant. The red arrows mark the analytical point of the Raman study (laser power: 0.4 W, acq. time: 50 s) presented 
in (c). The Raman spectrum identifies anhydrite and ternesite by the characteristic stretching and bending modes of the SO4 

and SiO4 tetrahedra, respectively. 
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The deposit (3 cm x 2 cm x 1.5 cm) consists of a brownish and a black layer. It appears that the brownish 
layer was formed first and the black material that was examined with Raman spectroscopy was 
deposited afterwards. The red arrows mark the location of the measurement. A quantitative XRD 
analysis of the powdered total material revealed a composition of about 26 vol.-% anhydrite, 25 vol.-% 
ternesite, 15 vol.-% amorphous fraction, and 30 vol.-% Fe/Mg compounds. The Raman spectroscopic 
analysis identified ternesite and anhydrite in the black material due to the characteristic stretching and 
bending modes of the SO4 and SiO4 tetrahedra, respectively (Figure 12c). In order to study the deposit 
in detail, a 30 x 100 µm2 surface area near the location of the single measurement was analyzed by 
hyperspectral Raman imaging. Figure 13 shows the distribution patterns of ternesite and anhydrite 

within the measured area, whereby a blue and red 
color symbolizes a low and high content, respectively. 
The corresponding false-color Raman image shows 
that the ternesite grains are surrounded by an 
anhydrite matrix, indicating that the formation of 
ternesite was accompanied by the onset of anhydrite 
decomposition. In this way, ternesite traps sulfur 
oxides that are released, for example, during the 
decomposition of anhydrite during the combustion 
process of lignite. 

Another environmental aspect is that 
ternesite plays a key role in a new innovative, low-
carbon clinker technology [13]. Due to its lower firing 
temperature, the CO2 emissions of the belite 
calciumsulfo-aluminate ternesite (BCT) clinker can be 
reduced compared to those of conventional clinker 
production. Thus, knowledge of the high-temperature 
properties of ternesite is important to industry in 
several ways. A detailed understanding of the 
thermodynamics and kinetics of HT solid-state and 
melting reactions within the CaO-SiO2-CaSO4 system as 
well as the HT processes of pure ternesite is essential 
to fully exploit the technical advantages of ternesite. 
Using in situ Raman spectroscopy, the thermal 
behavior of both the pure and the multi-phase system 
was investigated and presented in the following 
publication. 

The following publication is reprinted from "Böhme N, Hauke K, Neuroth M, Geisler T. In Situ 
Hyperspectral Raman Imaging of Ternesite Formation and Decomposition at High Temperatures. 
Minerals 2020, 10, 287" [52]. Copyright © Nadine Böhme 2020.  

(Editor’s choice article) 

Figure 13: Distribution pattern of (a) ternesite and (b) 
anhydrite within a 30 x 100 µm2 surface area of the 
deposit. Blue color symbolizes a low content and red 
color symbolizes a high content. (c)  The corresponding
normalized false-color hyperspectral Raman image. 
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Abstract: Knowledge of the high-temperature properties of ternesite (Ca5(SiO4)2SO4) is becoming
increasingly interesting for industry in different ways. On the one hand, the high-temperature product
has recently been observed to have cementitious properties. Therefore, its formation and hydration
characteristics have become an important field of research in the cement industry. On the other
hand, it forms as sinter deposits in industrial kilns, where it can create serious problems during kiln
operation. Here, we present two highlights of in situ Raman spectroscopic experiments that were
designed to study the high-temperature stability of ternesite. First, the spectra of a natural ternesite
crystal were recorded from 25 to 1230 ◦C, which revealed a phase transformation of ternesite to
the high-temperature polymorph of dicalcium silicate (α’L-Ca2SiO4), while the sulfur is degassed.
With a heating rate of 10 ◦C/h, the transformation started at about 730 ◦C and was completed at 1120 ◦C.
Using in situ hyperspectral Raman imaging with a micrometer-scale spatial resolution, we were
able to monitor the solid-state reactions and, in particular, the formation properties of ternesite in
the model system CaO-SiO2-CaSO4. In these multi-phase experiments, ternesite was found to be
stable between 930 to 1020–1100 ◦C. Both ternesite and α’L-Ca2SiO4 were found to co-exist at high
temperatures. Furthermore, the results of the experiments indicate that whether or not ternesite
or dicalcium silicate crystallizes during quenching to room temperature depends on the reaction
progress and possibly on the gas fugacity and composition in the furnace.

Keywords: ternesite; dicalcium silicate; calcium sulfate; high-temperature; in situ; Raman imaging

1. Introduction

Ternesite (Ca5(SiO4)2SO4) has only been described so far from three localities worldwide (Mayen,
Germany [1]; Negev Desert, Israel; and Judean Mts, Palestine [2]). It is isotypic to silicocarnotite
(Ca5(PO4)2SiO4) [2] and a number of other compounds, where Cd and Ge substituted Ca and Si,
respectively [1]. Thus, the ternesite structure is able to accommodate various chemical partners and
may be stable under a wide range of thermal conditions [3]. The high-temperature (HT) behavior of
ternesite has gained increasing interest in industry over the last few years. Ternesite has been identified
as deposits in cement rotary kilns [4,5] as well as on heat transfer surfaces in brown coal power plants
within the transition zone from the silicate slagging zone of the combustion chamber to the sulfate
sintering zone of the bundle heating surfaces [6]. Here, the formation temperatures seem to correspond
to those estimated for natural ternesite that occurs in metamorphosed volcanic rocks, with estimated
formation temperatures between 1000 to 1300 ◦C [1,7]. In natural and synthetic occurrences, ternesite
is commonly associated with dicalcium silicate (larnite or belite, respectively).

Minerals 2020, 10, 287; doi:10.3390/min10030287 www.mdpi.com/journal/minerals
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In recent work, a new innovative low-carbon-emission clinker technology has been described in
which ternesite plays a key role [3,8–12]. The so-called belite calciumsulfoaluminate ternesite (BCT)
technology combines the early age strength of calcium sulfoaluminate cements with the durability of
belite-bearing cements. In this system, ternesite bridges the reactivity gap between the rapid aluminate
reaction and the late strength development of belite. Due to its lower firing temperature, the CO2

emissions of the BCT clinker can be reduced compared to those of conventional clinker production.
Yet, another environmental aspect during the combustion of brown coal is that ternesite fixes sulfur
oxides during coal combustion process that is released, for instance, by the decomposition of anhydrite
(~1200 ◦C [13]), which occurs already at temperatures as low as about 920 ◦C if other mineral phases
are present [14,15].

It follows that a detailed understanding of the thermodynamics and kinetics of HT solid-state and
melting reactions within the CaO-SiO2-CaSO4 system is essential in order to fully exploit the technical
advantages of ternesite. In particular, ternesite can serve as a temperature indicator once its thermal
stability field is known, which can help kiln operators to optimize the combustion temperatures. In the
present study, samples of calcium oxide, quartz, and anhydrite were fired to about 1100 ◦C and the
reactions were monitored in situ by confocal hyperspectral Raman imaging, which allowed monitoring
of the HT solid–solid reactions at the micrometer scale without the need to quench the sample to
room temperature (RT) before analyzing it [15–17]. However, before performing the multiphase sinter
experiments, we studied the thermal behavior of a natural ternesite crystal between RT and 1230 ◦C
in 10 ◦C-steps by Raman spectroscopy. The results of this experiment are also used to provide HT
reference Raman spectra that are necessary for hyperspectral Raman image generation.

2. Materials and Methods

2.1. Characterization of the Starting Materials and Sample Preparation

To study the temperature behavior of ternesite by Raman spectroscopy, a natural blue crystal
aggregate from Mayen, Germany, was used. The sample was prepared to a cylinder with a diameter
of 3 mm and a height of <1 mm to minimize the temperature gradient between sample surface and
thermocouple. The chemical composition of the sample was determined by electron microprobe
on a polished section using a JEOL 8200 Superprobe (JEOL, Ltd., Tokyo, Japan) at the Institute of
Geosciences of the University of Bonn, Bonn, Germany. The acceleration voltage and beam current
were set to 15 keV and 15 nA, respectively. The Kα-lines of Ca, Si, and S were measured along with
the background at both sides of the peaks for 10 s. Wavelength- and energy-dispersive X-ray scans
revealed that the ternesite does not contain any other elements in significant amounts (>100 ppm).
The average composition of 88 individual spot analyses (Table 1) agrees very well with results from
previous work [1].

Table 1. Summary of 88 electron microprobe analyses of the ternesite sample used in this study
compared with results of Irran et al. [1].

Oxides Range [1] (wt.%) Average [1] (wt.%)
Range [This

Study] (wt.%)
Average [This
Study] (wt.%)

CaO 57.32–60.35 58.90 ± 0.83 57.69–59.21 58.50 ± 0.28
SiO2 23.05–27.23 25.22 ± 1.28 24.57–25.79 25.13 ± 0.28
SO3 13.80–18.04 16.34 ± 1.25 15.21–17.02 16.27 ± 0.34

The sinter experiments were carried out with small green bodies that were produced by compacting
40 mg of powdered precursor material into cylinders (3 mm × 2.7 mm) at a pressure of 10 kPa to
produce a flat surface. The cylinders were prepared from natural crystals of anhydrite (Tirol, Austria),
quartz (origin unknown), and CaO powder (©Merck, Darmstadt, Germany). Before firing, all cylinders
were checked for the occurrence of initial calcium silicates/sulfates and potential contaminations
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by ultra-fast Raman imaging (see Section 2.2) and XRD measurements using a Bruker D4 powder
diffractometer (Bruker, Madison, WI, USA) at the RWE Power AG, Niederaußem, Germany. Although
the CaO was stored in a furnace at 100 ◦C before usage, a few calcite grains could be detected, which,
however, decomposed to CaO during the experiments.

2.2. Experimental Details

To study the formation temperature of ternesite in the CaO-SiO2-CaSO4 system, an isochronal single
crystal heating and three sintering experiments were carried out to temperatures of up to 1104 ± 5 ◦C
(Table 2). A LINKAM TS 1500 heating stage (volume size ~20 mm2) was used for the experiments that
was mounted onto the automated x-y-z stage below the microscope objective of the Raman microscope.
Due to the height and the volume of the sample cylinder, a strong temperature gradient unavoidably
occurs within the furnace. This gradient was empirically determined by a procedure that is described in
detail by Stange and co-workers [17].

Table 2. Experimental conditions.

Exp. Anh:Qtz:CaO
(mol ratio)

Type of
Experiment

Trange Tsteps Trate Acquisition Recording

(◦C) (◦C) (◦C/min) Time (s) Time (h)

Ternesite in situ 30–1230 10 10րց 100 s −

AQC-1.1 1:2:4 in situ 927–1104 ~50 10րց 0.5 2 × 2 (4) *
AQC-1.2 1:2:4 in situ 659–1104 ~50 10րց 0.5 2 × 2 (4) *
AQC-2 1:2:4 in situ/quench 838–1104 ~50 10րց 0.5 2 × 2 (4) *

* During a dwell time of 4 h, two Raman images with a recording time of about 2 h were recorded.

Two types of experiments were performed in air atmosphere (Table 2). During the first type of
in situ experiments (AQC-1.1/2), the samples were fired to a high temperature with a heating rate of
10 ◦C/min. Immediately after reaching the respective temperature, two in situ hyperspectral Raman
images were taken in succession. Thus, the second image was recorded after a dwell time of two hours.
Then, the sample was fired and measured in 50 ◦C steps until the maximum temperature had been
reached. After recording the last image at the maximum temperature, the sample was cooled down
to RT with a cooling rate of 10 ◦C/min and a final Raman image was recorded at RT. In the second
type of in situ experiments (AQC-2), the effect of quenching was studied. After recording a Raman
image at the firing temperature, the sample was cooled to RT with a cooling rate of 10 ◦C/min. At RT,
a‘Raman image was then recorded, before firing the sample to the next temperature step. We note that
the images taken at RT form the basis for the interpretation of conventional sintering experiments,
in which the sample has to be quenched before it can be analyzed.

2.3. Raman Spectroscopy

All Raman measurements were carried out using a Horiba Scientific HR800 Raman spectrometer
(Horiba Scientific, Kyōto, Japan) at the Institute of Geosciences of the University of Bonn, Born, Germany.
The instrument is equipped with a 2W Nd:YAG laser (λ= 532.09 nm), an electron-multiplier charge-coupled
device (CCD) detector, and an Olympus BX41 microscope. A 50x long-working distance objective with
a numerical aperture (NA) of 0.5, a grating with 600 grooves/mm, and a 100-µm spectrometer entrance slit
were used for all measurements. The spectral resolution of all measurements was ~3.5 cm−1, as given by
the width of the intense Ne line at 1707.06 cm−1. To correct for any spectrometer shift during long-time
measurements, the intense Ne line was continuously monitored as “internal” frequency standard in all
spectra [14,17,18]. An edge-filter was used to remove the Rayleigh signal. Single crystal spectra were
acquired for 100 s. In situ hyperspectral Raman images were recorded from an area of 100 × 100 µm2 with
a 1-µm step size (100 × 100 µm2 = 10,000 pixel per image) in x and y direction. At each step, a Raman
spectrum was recorded for 0.5 s. Due to temperature- or reaction related shrinkage- or expansion effects,
the sampling area can strongly shift during cooling. Therefore, at HT, 100 × 100-µm2-sized images were
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taken, and, at RT, larger 140× 140-µm2-sized images were taken, so that the same area could be investigated
at all temperature steps. The focus was reset before each image was taken in order to compensate for these
effects using the autofocus function of the instrument. This procedure is based on the depth profiling of
the intensity of a spectral range and determines the focus through the highest signal-to-noise ratio.

The best achievable the lateral and axial (depth) resolution of the Raman measurements with
the focus at the sample surface is usually estimated from the theoretical diffraction limit given by
dl ≈ 1.22λ/NA and da ≈ 4λ/NA2, yielding 1.3 and 8.5 µm in our case, respectively. However, the real
lateral and axial resolution may rather be in the order of dl ≈ 2 µm and da ≈ 15 µm, respectively [16,17].
The confocal hole was set to 300 µm, which has to be empirically proven to provide the best compromise
between depth resolution and the signal-to-noise ratio for our instrument [16]. It is important to
note that the axial resolution at the surface also depends on the absorption properties of the material
investigated. In previous work, a Raman intensity loss of 20% to 40% was observed within the first ten
micrometers, whereas within the first 20 µm, which is a typical grain diameter, already about half of
the intensity of the Raman bands is lost [16].

2.3.1. High-Temperature Raman Spectroscopy of Ternesite

The natural ternesite sample was fired from 30 to 1230 ± 5 ◦C in 10 ◦C-steps. At each temperature
step, a spectrum was recorded from the same spot in the wavenumber range of 100–1730 cm−1 (Table 2).
For quantitative analysis, the Raman spectra were least-squares fitted using an appropriate number of
Gauss-Lorentz functions along with (i) a 5th order polynomial background function in the frequency
range from 100 to 1230 cm−1 for the ternesite RT spectrum and (ii) a cubic function in the frequency
range from 700 to 1200 cm−1 for spectra taken above RT. The wavenumber and temperature ranges
were chosen, because they comprise the main Raman bands of ternesite that are of interest here.
Again, the Ne emission band at 1707.06 cm−1 was fitted using a Gauss function to correct for any
spectrometer shift that, if not corrected, would induce a systematic error and thus the accuracy of the
results. The reported Raman frequencies are usually precise within ±0.2 to ±0.5 cm−1, but for weak
and broad bands, particularly those measured at high temperatures, we estimated a precision in the
order of ±1 to ±2 cm−1. Fitting was performed with the LabSpec 6.4.4.15 (Horiba Scientific, Kyōto,
Japan) program that comes with the instrument.

2.3.2. Hyperspectral Raman Imaging

The data reduction and generation of hyperspectral false-color Raman images is based on the classic
least-squares (CLS) fitting procedure, as described in detail elsewhere [15–17], and was performed with
the LabSpec software. In general, mineral phases are identified by the characteristic positions and relative
intensities of their fundamental Raman bands. With an increasing temperature, the Raman bands of
mineral phases usually shift to lower wavenumbers and their linewidth (full width of half-maximum)
increases [15]. Both are usually, though not always, a feature of every vibrational mode of a mineral phase.
Additionally, the black body radiation of the samples increases with an increasing temperature and
reduces the signal-to-noise ratio. The identification of minerals at high temperatures is further complicated
by the fact that reference Raman spectral databases, such as, e.g., the RRUFF database [18], only contain
RT spectra that usually differ significantly from their HT counterparts. Therefore, the HT Raman spectra
of relevant mineral phases, including quartz, anhydrite, larnite, and ternesite, were collected to build
an in-house data base for the identification of mineral phases in multi-component systems at high
temperatures and as reference spectra to be used as input data for the CLS fit. The semi-quantitative
mineral fractions of an imaged area were calculated by averaging the CLS fractions of all 10,000 spectra.
We note that the accuracy of the absolute mineral fractions is influenced by (i) crystal orientation, (ii) grain
size, (iii) the temperature dependence of band position and linewidth, and (iv) the relative Raman
scattering cross-sections of the mineral phases. Moreover, it has to be noted that we analyzed a relatively
small area at the surface that is not necessarily representative for the whole green body. However,
hyperspectral Raman imaging delivers in situ information about the formation and decomposition of
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distinct phases and their textural relationship without the necessity of quenching the sample to RT.
Moreover, Raman images can be taken during heating and cooling with a high-temperature, time, and
spatial resolution [16].

3. Results

3.1. Room Temperature (RT) Raman Spectrum

Ternesite crystallizes in the space group Pnma (D16
2h), i.e., no. 62 [1]. A group theoretical analysis

yields the following irreducible representation for optical modes in the ternesite structure:

Γoptic = 32Ag + 28Au + 28B1g + 31B1u + 32B2g + 27B2u + 28B3g + 31B3u (1)

From these, the Ag, B1g, B2g, und B3g modes are Raman active, i.e., 120 Raman bands are expected.
The two equivalent SiO4 and SO4 tetrahedra have C1 and Cs symmetry in the unit cell of the ternesite
structure, which has four formula units [1]. We therefore expect 20 internal bending and 16 internal
stretching bands, so that 48 lattice vibrations remain. Figure 1a shows the Raman spectrum of the
natural ternesite sample recorded at RT before firing from 100 to 1230 cm−1. In addition, we included
the fitted functions in the diagram as well as an RT Raman reference spectrum of ternesite from the
same location as our sample, which is published in the RRUFFTM mineral database [18]. We note
that both spectra match very well. The only obvious differences are different relative band intensities.
This, however, merely reflects a different crystal orientation with respect to the laser polarization,
particularly affecting highly polarized bands, such as the v3(SO4) band at 1182 cm−1. A least-squares fit
of 51 Raman bands and a 5th order polynomial background to the data in the frequency range of 100 to
1230 cm−1 yielded a satisfactory agreement between the measured and fitted sum spectrum (reduced
X2 = 0.065), leaving at least 69 Raman bands undetected (Figure 1). These may either be hidden as
part of broader bands due to limitations in the spectral resolution or too weak to be detected with the
chosen analytical parameters. All bands are numbered for ease of reference and their frequencies and
widths are listed in Table 3.

Within the frequency range 100–250 cm−1, 13 of the expected 48 lattice modes can be identified
(Figure 1b). These modes are assigned to rotational and translational lattice modes, which involve
the vibration of the Ca ions against the rigid, i.e., strongly covalently bound SiO4 and SO4 units and
which are therefore well-split in energy from the internal vibrations of the SiO4 and SO4 tetrahedra.
Their internal bending modes are located in the frequency range between 250 and 700 cm−1 (Figure 1c).
The group of bands in the 250–460 cm−1 range may be attributed to the v2 bending modes of the SO4

and SiO4 tetrahedra [19,20]. The bands near 428 (no. 21) and 442 cm−1 (no. 22) can be assigned to
the internal v2(SO4) vibration because they clearly disappear at temperatures of >730 ◦C when the
decomposition of ternesite starts (Figure 2). The band at 531 cm−1 (no. 27) and possibly the band at
510 cm−1 (no. 26) can be assigned to the anti-symmetric v4(SiO4) bending modes due to the fact that
bending modes of the SiO4 groups are expected near these frequencies [20]. The three bands between
600 and 660 cm−1 (no. 31–33) are certainly due to internal v4(SO4) bending vibrations, because this is
the typical frequency range of these vibrations in sulfate crystals [21] and they also clearly disappear at
temperatures of >730 ◦C (Figure 2). The bands at frequencies higher than 700 cm−1 are assigned to
the internal symmetric and anti-symmetric stretching vibrations of both tetrahedral units (Figure 1d).
The three bands are located at 878, 891, and 897 cm−1 (no. 39–41) and those at frequencies larger than
1100 cm−1 (no. 48–51) can be assigned to the v3 stretching modes of the SiO4 and SO4 tetrahedra,
respectively. The most intense Raman bands are located at 1006 cm−1 (no. 45 + 46) and the second
most intense band near 832 cm−1 (no. 37), which can be unequivocally assigned to the symmetric
v1(SO4) and v1(SiO4) modes, respectively (Figure 1c). Note that the v1(SO4) is slightly asymmetric
towards the lower frequency side which is reflected by the fact that we needed a second function,
centered at 1001 cm−1, to satisfactorily fit the band profile in this frequency range (Figure 1d).
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Figure 1. (a) Room-temperature (RT) Raman spectrum of the natural ternesite sample in the frequency
range between 100 and 1230 cm−1 in comparison with a ternesite reference RT spectrum from the
RRUFFTM spectral data base [18]. The fitted spectrum, the deconvoluted bands, and the simultaneously
fitted 5th order polynomial background are also shown but shifted from the measured spectrum along
the y axis for clarity. (b–d) Cutouts from the spectrum shown in (a) in the frequency ranges of (b) the
lattice vibrations between 100 and 250 cm−1, (c) the internal bending modes of SO4/SiO4 groups between
250 and 700 cm−1, and (d) the internal stretching modes between 700 and 1230 cm−1, respectively.
The bands are labelled with ascending numbers, which are used in Table 3 for easy assignment.

Table 3. Frequencies (Raman shift), widths, given as the full width at half maximum (FWHM), and the
relative intensities of 51 observed Raman bands of ternesite at room temperature and the proposed
mode assignment.

No.
Raman Shift FWHM Relative

Intensity *
Remarks

Herzberg
Numbering

Approximate Type of Mode
(cm−1) (cm−1)

1 95.4 11.1 vw

outside
measured

frequency range,
but used in the
fitting process

Lattice vibrations

2 106.6 5.0 vw
3 119.0 14.3 vw
4 122.3 4.9 w
5 133.1 6.6 vw
6 139.2 3.2 vw
7 155.5 8.2 s
8 170.5 5.8 vw
9 179.0 7.7 vw

10 184.4 21.9 vw
11 198.9 11.4 w
12 209.0 9.2 vw
13 229.0 12.0 s
14 244.5 11.1 vw
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Table 3. Cont.

No.
Raman Shift FWHM Relative

Intensity *
Remarks

Herzberg
Numbering

Approximate Type of Mode
(cm−1) (cm−1)

15 280.9 11.6 w

v2(SO4) or
v2(SiO4)

O–S–O or O–Si–O symmetric
bending

16 292.6 13.8 s
17 304.4 10.4 w
18 313.9 14.8 s
19 339.8 20.1 vw
20 378.1 17.1 w

21 428.2 11.4 s v2(SO4) O–S–O symmetric bending
22 442.1 8.0 w

23 451.5 20.1 w
v2(SO4) or
v2(SiO4)

O–S–O or O–Si–O symmetric
bending24 459.6 13.6 vw

25 485.8 14.7 s

26 509.7 11.9 w v4(SiO4)
O–Si–O anti-symmetric

bending27 531.4 8.2 w

28 543.6 15.1 vw
?29 568.5 15.6 vw

30 595.8 62.5 vw very broad

31 602.8 8.3 s
v4(SO4)

O–S–O anti-symmetric
bending32 628.7 8.0 w

33 658.8 8.8 s

34 728.4 62.2 vw very broad
?

35 752.7 29.1 vw
772 cm−1 in

RRUFF
spectrum

36 799.8 47.0 w

37 832.0 10.9 vs v1(SiO4) Si–O symmetric stretching
38 855.3 17.0 vw

39 877.8 13.3 s
v3(SiO4)

Si–O anti-symmetric
stretching40 891.0 7.2 w

41 896.9 10.8 w

42 940.1 17.5 w
?43 956.9 8.7 w

44 975.5 42.7 vw broad

45 1000.9 11.6 s hidden v1(SO4) S–O symmetric stretching
46 1006.0 7.7 vs

47 1043.9 25.0 w ?

48 1120.2 13.3 s

v3(SO4)
S–O anti-symmetric

stretching
49 1134.3 10.1 s
50 1144.0 10.0 w
51 1181.8 8.8 w

Based on intensity maximum: vs: very strong; s: strong, w: weak; vw: very weak.

3.2. High-Temperature (HT) Raman Spectra of Ternesite

In the following, we will focus our analysis on the temperature behavior of the most intense
v1 bands of the SiO4 and SO4 units. These Raman bands are of particular importance, as they act
as fingerprint bands for the identification of ternesite and can be used to quantitatively follow the
decomposition of ternesite to dicalcium silicate and sulfur at high temperatures by Raman spectroscopy.
When heated to temperatures below about 800 ◦C, all observable bands become broader and generally
shift to lower frequencies (Figure 2). By plotting the fitted frequencies of the v1 bands as a function of
temperature, it is evident that the v1(SO4) band exhibits a stronger shift with an increasing temperature,
δν/δT, than the v1(SiO4) band, reflecting a different temperature dependence of both modes (Figure 3a).
However, the most pronounced feature of the temperature dependence of the frequency of both modes
is that it is wavy over the entire temperature interval, whereby the amplitudes of the fluctuations
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significantly exceed the experimental errors (Figure 3a). However, at low temperatures, i.e., between
RT and 160 ◦C, the data can in both cases be very well described by a linear function (r2 > 0.9995).
At about 160 ◦C, however, both modes ceased to shift to lower frequencies until about 250 ◦C. At about
890 ◦C, the v1(SO4) frequency shows another local minimum before the frequencies shift to a higher
value until 930 ◦C. However, at this stage, the error in the v1(SO4) frequency strongly increases, which
is reflected by a high scatter, because the band becomes very weak. The temperature dependence of the
v1(SiO4) frequency is characterized by a local minimum close to 780 ◦C, from which the frequency rose
continuously with slight fluctuations until 1120 ◦C. At higher temperatures, the frequency decreases
again until the maximum sintering temperature is finally reached.
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Figure 2. (a) Stacked Raman spectra (20 ◦C-steps) of the ternesite recorded between 25 and 1230 ± 5 ◦C.
From 730± 5 ◦C, the ternesite transformed to α’L-Ca2SiO4 and sulfur (orange spectra). Above 1120 ± 5 ◦C,
only bands of α’L-Ca2SiO4 can be identified (red spectra). At 1230 ◦C, only 14 Raman modes can be
identified between 100 and 1230 cm−1 and their frequencies are indicated. Note that the spectra are
shown after background correction. The blue arrow points to a sudden intensity increase in the weak
band at 1044 cm−1 (no. 47) at 170 ◦C. (b) The color-coded Raman intensity as a function of the Raman
shift and temperature (red and blue colors represent high and low intensities, respectively). Dashed lines
mark the temperature range in which ternesite transformed to α’L-Ca2SiO4 in our experiment.
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Figure 3. (a) The frequency of the v1(SO4) and v1(SiO4) bands of ternesite as a function of temperature.
Stippled lines mark the onset and end of the ternesite-to-dicalcium silicate phase transition between
about 730 to 1120 ◦C, respectively. The published high-temperature (HT) Raman frequencies of
α’L-Ca2SiO4 [20] and own preliminary and unpublished HT data along with a quadratic fit (red curve)
are also shown. Blue lines represent linear least-squares fits to the data below 160 ◦C (n = 14). (b) The
temperature dependence of the integrated intensity ratios Av1(SO4)/Av1(SiO4) (blue circles, left axis) and
A1044/Av1(SiO4) (blue squares, right axis) between both v1 bands, normalized between 0 and 1, and
between the weak band near 1044 cm−1 and the v1(SO4) band, respectively. The blue and purple curve
represent least-squares fit of a sigmoidal Boltzmann function to the data between RT and 730 ◦C and
between 700 and 1230 ◦C, respectively. See text for more details.
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From Figure 2, it is further evident that the sulfate-related vibrational modes disappear between
about 750 and 1000 ◦C (orange spectra in Figure 2a), even the very strong v1(SO4) band (Figure 2b).
In this temperature interval, the overall number of observable Raman bands is largely reduced from
51 to 14 (red spectra in Figure 2a), reflecting a change in the crystal symmetry and, in particular, of the
chemistry (loss of sulfur). A group theoretical analysis based on an orthorhombic structure of the HT
polymorph of dicalcium silicate (α’L-Ca2SiO4) revealed 48 Raman active modes [20]. Note, however,
that due to the low intensity and large broadening of the bands at HT, the number and positions
of the bands were difficult to define. In any case, ternesite evidently decomposed to α’L-Ca2SiO4,
CaO, and SO3↑. The formation of α’L-Ca2SiO4 is evidenced by the observation that the frequency of
the v1(SiO4) band of ternesite merges at about 1120 ◦C with the HT frequencies observed for pure
α’L-Ca2SiO4. Our values for the v1(SO4) band of the α’L-Ca2SiO4 plot are at lower wave numbers at
a given temperature than two values from the literature [20] (Figure 3a). The literature data represent
the maximum of the overall v1(SO4) band profile that, however, is composed of at least two bands, i.e.,
the v1(SO4) and a v3(SO4) band, which both were considered in the fitting procedure.

The formation of lime could not be observed, because lime has no first-order Raman spectrum
and its weak second-order spectrum, used for the CLS fitting method (see Section 2.3.2), is strongly
overlaid by the much more intense Raman signals of ternesite and dicalcium silicate. In any case,
it is safe to state that, at 730 ◦C, the SO4 tetrahedra started to detach from the ternesite structure, and,
at 1120 ◦C, the transformation from ternesite to dicalcium silicate and sulfur is essentially completed,
as the v1(SO4) band could not be detected in the spectra anymore.

It is noteworthy that at a temperature of about 170 ◦C, the intensity of the weak SO4-related
stretching band near 1044 cm−1 (no. 47) begun to significantly increase (blue arrow in Figure 2a) until
about 260 ◦C from where it almost exponentially decreased until ternesite started to decompose at
730 ◦C (Figure 3b). In Figure 3b, we have also plotted the integrated intensity ratio between both v1

bands, Rv1 = Av1(SO4)/Av1(SiO4), normalized between 0 and 1, as a function of temperature. This plot
is intriguing because it is clearly characterized by two sigmoidal segments that each can be well
fitted (r2 > 0.991) with a sigmoidal Boltzmann function of the form Rv1 = R2 + (R1 − R2)/(1 + exp((T
− T1/2)/α)), where R1 and R2 are the equilibrium values of the ratio before and after the transition,
respectively, T1/2 is the inflection point of the curve, i.e., the temperature at which Rv1 has changed
by 50%, and α is a coefficient that describes the behavior of the slope of the process during the
transition. From the fit, we obtain the characteristic half-life temperatures at which 50% of the ternesite
is transformed into α’L-Ca2SiO4 of T1/2 = 360 ± 4 ◦C and 876 ± 2 ◦C for the first stage below 730 ◦C
and the second stage, respectively. The wavy temperature dependence of the v1 frequencies is in
agreement with the occurrence of major structural changes even at temperatures far below the actual
ternesite decomposition temperature, as such, a behavior cannot be explained by thermally induced
mode anharmonicity alone.

3.3. In Situ Experiments AQC-1.1 and AQC-1.2

In the experiment AQC-1.1, the green body was first fired to 927 ± 5 ◦C with a heating rate of
10 ◦C/min. Afterwards, the sample was fired stepwise (~50 ◦C-steps) to 1104± 5 ◦C. At 927± 5 ◦C, the HT
polymorph of dicalcium silicate, i.e., α’L-Ca2SiO4, already formed at interfaces between lime, anhydrite,
and quartz (Figure 4). However, from Figure 4 it is also evident that α’L-Ca2SiO4 did not only crystallize
at the interfaces between these three phases, but also as small grains within the CaO matrix. In this case,
SiO2 was likely supplied by small quartz particles below the image plane. At this temperature, ternesite
was also identified by its dominant Raman band at 983 cm−1. It initially replaced isolated α’L-Ca2SiO4

grains (Figure 4), but with increasing time also started to replace the large quartz grain in the upper
left of the imaged area. As the temperature increased, this large quartz grain was replaced more and
more by ternesite, whereby either reaction rims were formed around larger quartz grains or smaller
quartz grains were completely replaced pseudomorphically. In particular, the time series images at
971 ± 5 ◦C show the time-dependent replacement of this quartz grain by ternesite, in which only a quartz
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relic remained in the middle of the grain until the end of the experiment. Noticeably, at 1016 ± 5 ◦C,
dicalcium silicate (α’L-Ca2SiO4) formed new reaction rims around ternesite, producing a layered texture
with quartz in the center, ternesite in the middle, and α’L-Ca2SiO4 in the outer layer. At a temperature of
1060 ± 5 ◦C, the quartz-ternesite replacement proceeded, while new anhydrite had formed (Figures 4
and 5a). This indicates that there must have been a high sulfur fugacity in the furnace. At the maximum
firing temperature of 1104 ± 5 ◦C, the Raman images show a heterogeneous transformation of the large
grain of ternesite, still comprising a quartz relic in its center, into dicalcium silicate, which leads to a spotty
appearance (Figure 4). On cooling to RT, this α’L-Ca2SiO4 grain completely transformed to β-Ca2SiO4

(larnite), unambiguously identified by its main fundamental Raman band near 858 cm−1 [15,20,22], while
smaller dicalcium silicate grains recrystallized to ternesite.

−

−

α β

α

α

Figure 4. False-colored hyperspectral Raman images of the mineral distribution of a 100 × 100-µm2

surface area of a green body made of CaO, anhydrite, and quartz at different temperatures and two
dwell times (experiment AQC−1.1). The specified dwell time indicates the time that has elapsed after
reaching the reaction temperature. The black arrows hint to new formed mineral phases. Note that the
decomposition of ternesite started at 1016 ± 5 ◦C and continued to 1104 ± 5 ◦C (see arrows). During
the cooling process, the α’L-phase transformed to the β-phase (larnite) and also partially remained
metastable at RT (see arrows).

Before starting the AQC-1.2 experiment, a SiO2-CaCO3 sample was fired for five hours at 1200 ± 5 ◦C
to remove sulfur contamination from the furnace by the formation of ternesite during the experiment.
Hyperspectral Raman images collected during experiment AQC-1.2 between 659 and 882 ± 5 ◦C (not
shown here) did not reveal the formation of ternesite within the imaged area, but dicalcium silicate could
already be observed at 695 ± 5 ◦C. Its fraction within the imaged area (or better volume) increased steadily
with temperature and time over the entire temperature range of this experiment, while, simultaneously,
the fractions of CaO supplying minerals and quartz decreased (Figure 5b). Wollastonite was detected locally
in contact with a quartz grain from 1016 ± 5 ◦C.
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β

Figure 5. The evolution of the mineral fractions (DiC = dicalcium silicate, ternesite, quartz, anhydrite,
CaO, calcite, and Wo = wollastonite) within the imaged volume as a function of temperature and time.
(a) Experiment AQC-1.1, (b) experiment AQC-1.2 (light grey circles correspond to a failed measurement,
where the focus was lost), and (c) experiment AQC-2 (contents of anhydrite and quartz are not shown
here).

Within the imaged area, ternesite was first identified at 882 ± 5 ◦C (Figure 6) as a replacement
product of α’L-Ca2SiO4 that reacted with anhydrite, as observed in experiment AQC-1.1. During heating
to 1016 ± 5 ◦C, more dicalcium silicate crystals were transformed to ternesite and grew together, forming
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a larger aggregate that is outlined by a stippled white line in Figure 6. During further heating, this grain and
other smaller grains re-transformed to α’L-Ca2SiO4 and sulfur. The transition temperature for the reverse
reaction is between 1016 and 1060 ± 5 ◦C (Figure 5b). After heating to 1060 ± 5 ◦C, the recrystallization was
already well advanced compared to the reaction progress observed in experiment AQC-1.1 (cf. Figure 4).
Again, the recrystallization process produced a spotty intergrowth texture. At the maximum temperature of
1104 ± 5 ◦C, only some relics of ternesite remained inside the outlined area. Interestingly, during quenching
to RT, ternesite recrystallized at the edge of the large dicalcium silicate grains, now transformed to its
β-polymorph larnite, or within the newly formed anhydrite matrix, but not within the outlined area that
now is a large larnite aggregate.

 

α
γ

−

α

Figure 6. Normalized false-color Raman images of the ternesite fraction from the in situ experiment
AQC-1.2, each recorded at the beginning of each temperature step. At 882 ± 5 ◦C, ternesite could
already be identified (green arrow). With increasing temperature, more and more ternesite replaced
dicalcium silicate and after exceeding 1060 ± 5 ◦C recrystallized to dicalcium silicate.

3.4. In Situ/Quench Experiment AQC-2

The experiment AQC-2 was carried out using the same precursor materials as in experiments
AQC-1.1 and AQC-1.2. In Figure 7, we show the hyperspectral false-color Raman images that were
taken during firing at any high temperature and quenching step, as well as notes to the predominant
reactions that can be derived from each in situ image. During firing to the first temperature step of
838 ± 5 ◦C, calcite decomposed to CaO and CO2 but recrystallized during the following quenching steps.
This demonstrated that, in addition to a high sulfur fugacity, there also must have been a high CO2

fugacity in the furnace. However, in the course of the sintering experiment, less and less CaO was
formed at high temperatures and therefore less and less calcite could be identified at RT (Figure 5c).
At 838 ± 5 ◦C, dicalcium silicate (α’L-Ca2SiO4) was detected, which transformed to larnite during cooling.
Moreover, some isolated calcio-olivine (γ-Ca2SiO4) crystals were identified by their Raman band near
813 cm−1 [20], which were located near a large quartz grain (Figure 7).

From 927 ± 5 ◦C, ternesite could be identified in various spectra throughout the imaged area.
However, the nucleation and growth of ternesite inside dicalcium silicate grains became first visible
within the hyperspectral Raman images at 971 ± 5 ◦C. After stepwise heating/quenching of the green
body to/from higher temperatures, ternesite continuously grew at the expense of α’L-Ca2SiO4 until
1060 ± 5 ◦C (Figure 5c). Interestingly, during each quenching step, many ternesite grains that were
present at high temperatures appeared to be transformed into larnite. During heating to 1104 ± 5 ◦C
and quenching to RT, dicalcium silicate crystallized at the expense of ternesite, although some small
grains of ternesite remained at RT (Figure 8). From Figure 5c, it can be deduced that, in our experiments,
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ternesite was stable within an in situ temperature range between 927 and 1060 ± 5 ◦C. On the other
hand, if only the results of the quenched sample (ex situ) are considered, it could be concluded that the
upper stability limit for ternesite was 1104 ± 5 ◦C.

Figure 7. False-colored hyperspectral Raman images of the mineral distribution of a 100 × 100-µm2

surface area of a green body made of CaO, anhydrite, and quartz at different sintering temperatures
(in situ/quench experiment AQC-2) with information on the predominant reactions that can be derived
from the images. Note that a larger area was measured at RT. The white frame marks the corresponding
area at HT. The imaged area varies slightly due to the shrinkage and expansion of the sample. The black
arrows in the image taken at 838 ◦C and at RT (upper right) point to small crystals of larnite or its
high-temperature polymorph, respectively.
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Figure 8. Graphical summary of the main results of the sintering experiments.

4. Discussion

4.1. The Formation of Calcium Silicates

Within the ternary system CaSO4-SiO2-CaO, dicalcium silicate has previously been observed at
temperatures even below about 660 ◦C. It mainly forms by a reaction between quartz and lime [22–24]:

2CaO + SiO2
T < 670 ◦C
→ Ca2SiO4 (2)

The formation temperature is much lower than in other experiments, which were performed with
anhydrite as a CaO source only [15]. The addition of free CaO (lime) enables the dicalcium silicate
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formation at lower temperatures because calcium is directly available. However, in this study, the first
image was taken at about 660 ◦C (experiment AQC-1.2). The time- and temperature-series Raman
images reveal that α’L-Ca2SiO4 crystallized at the interface between quartz and lime or anhydrite and
was formed as a rim around large quartz grains in some cases (exp. AQC 1.1, Figure 4). Hauke and
co-workers [16] observed in a sintering experiment with quartz and lime that such rims of dicalcium
silicate represent a barrier between the reactants. The further crystallization of α’L-Ca2SiO4 thus had to
proceed by diffusion of Ca2+ ions through this barrier layer [16,25]. The observed nucleation of small
α’L-Ca2SiO4 grains within the CaO matrix can be explained by small quartz particles embedded in the
matrix, which are more reactive than the larger ones due to their larger surface area [16]. Such grain
size effects are also important with regard to technical applications. Depending on the homogeneity
or inhomogeneity of the starting materials, more or less precursor material is converted to the target
substance or leads to fouling in kilns [26,27]. At temperatures >700 ◦C, dicalcium silicate occurs as
α’L-Ca2SiO4, which reversibly transforms to β-Ca2SiO4 during quenching [20].

In experiment AQC 1.2, wollastonite could be identified at about 1020 ◦C near to a quartz grain.
On the one hand, it is well known that wollastonite can be formed by a reaction between quartz
and lime [28]. In sinter experiments with anhydrite and quartz, wollastonite already crystallized at
temperatures of about 920 ◦C [15]. The thermal decomposition of anhydrite to CaO and SO3 was found
to be significantly influenced by the quartz content of the sample. In those experiments, where more
quartz was available, anhydrite decomposed at lower temperatures than in experiments with lesser
quartz content. With an increasing temperature and reaction time, α’L-Ca2SiO4 could be identified in
the expense of wollastonite [15]. On the other hand, the hyperspectral Raman images of experiment
AQC-1.2 reveal that wollastonite could also be a breakdown product of dicalcium silicate and free
SiO2 [15,17,29]:

Ca2SiO4 + SiO2
T ∼ 1020−1050 ◦C

→ 2CaSiO3 (3)

The previous formation of dicalcium silicate is bound to a high CaO content [30] that is supplied
by the decomposition of anhydrite. Which of the reactions proceeds seems to strongly depend on the
local chemistry.

4.2. The Formation and Decomposition of Ternesite

In all experiments, ternesite could be identified at temperatures of about 930 ◦C. From the time-
and temperature-resolved images (Figures 4, 6 and 7), it is apparent that the formation of Ca5(SiO4)2SO4

is related to the reaction between dicalcium silicate and anhydrite:

2Ca2SiO4 + CaSO4
T ∼ 930 ◦C
→ Ca5(SiO4)2SO4 (4)

Gutt and Smith [7] were the first to produce ternesite by heating samples consisting of calcite,
quartz, and anhydrite. Other authors who synthesized ternesite, firstly produced dicalcium silicate
or belite, respectively [3,31]. These authors proposed that ternesite is formed in a two-step reaction
process with dicalcium silicate as an intermediate state, even if quartz, lime, and anhydrite are present.
The formation of ternesite by wollastonite as Si and Ca source is also possible, but requires a higher
activation energy [32]. Whereas α’L-Ca2SiO4 was observed to replace quartz grains, producing reaction
rims, ternesite started to nucleate in the interior of dicalcium silicate grains and from here it continued
to grow outwards. The CaSO4 required for the formation of ternesite likely originates from small
anhydrite grains that, although invisible in the image, were detected in the respective Raman spectra.

In previous work, the stability temperature of ternesite was estimated to be in the range between
1000 and 1300 ◦C [1,3,7,32]. The highest ternesite content was reached at temperatures between 1100
and 1200 ◦C due to the residence time at a high temperature [32]. Depending on whether the system
was open or closed, ternesite decomposed at 1150 or 1300 ◦C, respectively [3,7]. Note that within this
temperature regime, the decomposition of a single, isolated ternesite crystal was already completed
(Figures 2 and 3). The upper limit also depends on the gas fugacity. At a low oxygen partial pressure,
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like in kilns, the stabilization of ternesite at higher temperatures could be achieved by an increased SO2

partial pressure. In air, a low SO2 pressure is required at high temperatures [3]. Other experiments
show an improved thermal stability of ternesite with increased oxygen concentration [32]. However,
all samples were analyzed after they were quenched to RT. The Raman images collected during the
in situ/quench experiment (AQC-2), however, clearly reveal that important information can be lost if
samples are only analyzed after quenching to RT. For instance, the in situ Raman images show the
ternesite formation at 927 ± 5 ◦C, but at RT no ternesite could be identified (Figure 7). At the next
temperature step (971 ± 5 ◦C) and after quenching again ternesite was detected. After the last firing
step, ternesite was found separately located near to larnite. Obviously, ternesite also crystallized
during cooling to RT, because at about 1100 ◦C α’L-Ca2SiO4 was identified in situ at the same place.
During the in situ experiments, dicalcium silicate was observed already at a sintering temperature of
about 1000 ◦C, indicating that quenching stabilizes ternesite or a long sintering period is needed for
the breakdown of ternesite according to:

Ca5(SiO4)2SO4
T ∼ 1020 ◦C
→ 2Ca2SiO4 + CaO + SO2 + 1/2O2 (5)

4.3. The Ternesite–Dicalcium Silicate Co-Existence

Ternesite and the Ca2SiO4 polymorphs could be clearly identified in all experiments. It appears
that both ternesite and α’L-Ca2SiO4 can co-exist at HT over a broad temperature range and that
it depends on reaction progress and likely the sulfur fugacity in the furnace whether ternesite or
β-Ca2SiO4 crystallizes during cooling. The HT study of a single ternesite crystal reveals significant
spectral changes. The position, width, and intensity of the main Raman bands changed significantly
with increasing temperature (Figures 2 and 3). As expected, the most dramatic changes occurred
in the temperature regime between 730 and 1120 ◦C, where the ternesite structure broke down
(Equation (4)). Due to collapsed tetrahedra, the SiO4 groups move closer to the Ca2+ ions and the
bond spacing is shortened. The spotty appearance of partly transformed ternesite crystals observed in
the multi-component sintering experiments suggests that the transformation process started by the
formation of α’L-Ca2SiO4 nuclei within ternesite that grew further until the entire ternesite host is
replaced by dicalcium silicate. The observation of a clear sigmoidal change in the R

ν1 intensity ratio
as a function of temperature (Figure 3b) supports such a process, where the initial slow rate can be
attributed to the time required for forming a significant number of α’L-Ca2SiO4 nuclei. During the
intermediate period, the transformation is rapid, since the nuclei grow into particles and consume the
ternesite phase while α’L-Ca2SiO4 nuclei continue to form in the remaining ternesite phase. Once the
transformation comes near to completion, there is little untransformed ternesite for the nuclei to form
in and to grow so the formation of new α’L-Ca2SiO4 domains becomes slow. Furthermore, the already
existing α’L-Ca2SiO4 domains begin to touch each other, forming a boundary where growth may
stop or the reaction becomes diffusion-controlled. By performing a series of isothermal or isochronal
ternesite heating experiments with different heating rates, the activation energy of the process and the
nature of the transformation can potentially be determined [33], which is a challenge for the future.
The most intriguing observation from our single crystal heating study, however, is that significant
spectral changes were observed already at temperatures as low as 170 ◦C, which cannot be explained
by thermally induced anharmonicity and thus must reflect structural rearrangements that precede the
decomposition of ternesite to α’L-Ca2SiO4.

5. Summary and Conclusion

The main results and conclusions are summarized in a graphical summary in Figure 8. During
the firing of CaO-SiO2-CaSO4 green bodies, α’L-Ca2SiO4 was found to crystallize first and then to
transform to ternesite at about 930 ◦C. A longer dwell time led to an earlier formation of ternesite
(c.f. Figure 7, 882 ± 5 ◦C). In the multi-phase experiments, ternesite decomposed to dicalcium silicate,
lime, and sulfur oxide within the temperature range between 1020 and 1100 ◦C. During quenching to
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RT, α’L-Ca2SiO4 transformed to β-Ca2SiO4 (larnite) or recrystallized to ternesite, whereby it evidently
depends on the reaction progress whether ternesite or larnite was identified after quenching to RT.

In addition, a natural ternesite crystal was heated to 1230 ◦C in 10 ◦C-steps and analyzed by
HT Raman spectroscopy. This experiment already revealed structural changes in ternesite during
firing at temperatures as low as 170 ◦C and a phase transformation to α’L-Ca2SiO4 between 730 and
1120 ◦C. Within this temperature range, both the ternesite and dicalcium silicate domains co-exist.
These results basically confirm the upper stability limit of ternesite determined by the multi-phase
sintering experiments and remarkably demonstrate the power of in situ Raman imaging to study
high-temperature solid-state reactions in multi-component systems.
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EPILOGUE 

The second study reports the results of sintering experiments with green bodies that contained 
anhydrite, quartz, and lime. In these multi-phase experiments, the additional free CaO (lime) in contact 
with quartz resulted in preferential formation of dicalcium silicate rather than of wollastonite when 
compared to the first study where Ca was only provided by the decomposition of anhydrite. 

It was found that the formation of ternesite occurs at about 930 °C due to the reaction 
between α’L-Ca2SiO4 and anhydrite. A longer dwell time led to an earlier formation of ternesite, which 
transformed to dicalcium silicate, lime, and sulfur oxide within the temperature range between 1020 
and 1100 °C. Therefore, a small stability field of about 90–170 °C for ternesite was determined from 
the in situ multi-phase experiments. During quenching to RT, α’L-Ca2SiO4 transformed to β-Ca2SiO4 
(larnite) or recrystallized to ternesite, although it obviously depended on the reaction progress 
whether larnite or ternesite was observed at RT. Furthermore, the upper stability limit of ternesite 
determined by the sintering experiments was confirmed by a heating study of a natural ternesite 
crystal, which revealed a phase transformation to α’L-Ca2SiO4 between 730 and 1120 °C. Within this 
temperature range, both ternesite and dicalcium silicate domains co-exist. 
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4 High-temperature phase transformations 
of hydroxylapatite and the formation of 
silicocarnotite in the hydroxylapatite - 
quartz - lime system studied in situ and in 
operando by Raman spectroscopy 

PREFACE 

The third study focuses on the formation of silica-/calcium phosphates, thus the sulfate component 
was replaced by a phosphate-containing material compared to the previous studies. The minerals of 
the model system Ca10(PO4)6(OH)2-SiO2-CaO are of great technical interest as they play an important 
role in medical applications due to their excellent biocompatibility. Both hydroxylapatite 
(Ca10(PO4)6(OH)2, HAp) and β-tricalcium phosphate (β-Ca3(PO4)2, β-TCP) are well-known mineral phases 
for bone substitution [e.g., 17]. The detailed information on the properties, synthesis, and applications 
of calcium phosphate materials has been reviewed by Dorozhkin [53,54]. Recently, however, promising 
studies with silicon-substituted calcium phosphates yielding silicocarnotite (Ca5(PO4)2SiO4) have shown 
that silicon is an essential trace element for bone mineralization and can enhance the bioactivity of 
calcium phosphate materials [18–23]. Moreover, the studied minerals are also identified as sinter 
deposits in industrial kilns. In particular, HAp and silicocarnotite are found in sewage sludge ashes, 
which are of increasing interest due to the debate on the combustion of alternative fuels instead of 
coal. Silicocarnotite can also be identified in basic slags produced in metallurgical processes [55,56]. A 
detailed knowledge of the thermodynamics and kinetics of the HT reactions in the Ca10(PO4)6(OH)2-
SiO2-CaO system is thus of great importance for the various fields of the high-temperature industry. 
 In the present study, the individual thermal behavior of HAp and TCP between RT and 1300 °C 
in 10 °C-steps and a natural silicocarnotite crystal between RT and 1200 °C in 50 °C-steps was 
investigated by Raman spectroscopy. The results of these experiments were important to identify the 
different phosphate phases at high temperatures, i.e., the Raman spectra provide HT reference spectra 
that are needed for hyperspectral Raman imaging. Furthermore, samples containing HAp, quartz, and 
CaO were fired to about 1200 °C and the mineral reactions, in particular the formation of 
silicocarnotite, were studied by in situ hyperspectral Raman imaging. 
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Abstract: Silica-/calcium phosphate ceramics are of high interest in various aspects. On the one hand, 
they play an important role in medical applications due to their excellent biocompatibility. Therefore, 
detailed knowledge of the formation and stability properties of the high-temperature products 
ensures production under controlled conditions. On the other hand, they were identified as sinter 
deposits in industrial kilns, where it can indicate problems caused by too high combustion 
temperatures during the thermal combustion processes. Here, we report the results of two Raman 
heating studies to ~1300 °C in 10 °C-steps with nanocrystalline hydroxylapatite (HAp) and tricalcium 
phosphate (TCP), and a Raman heating study of natural silicocarnotite (to ~1200 °C, 50 °C-steps). The 
Raman experiments were complemented with thermal analyses. The Raman spectra of nanocrystalline 
HAp recorded at high temperatures revealed the stepwise loss of adsorbed water and surface-bound 
OH groups until ~570 °C. Significant loss of structural OH started at ~770 °C and was completed at ~850 
°C, when HAp transformed to β-TCP. Between ~1220 and ~1270 °C, β-TCP was found to transform to 
α-TCP. The room temperature Raman spectrum of silicocarnotite is characterized by an intense v1(PO4) 
band at 951 ± 1 cm-1 that shifts to ~930 cm-1 at ~1200 °C. Using hyperspectral Raman imaging with a 
micrometer-scale spatial resolution, we were able to monitor in operando and in situ the solid-state 
reactions in the model system Ca10(PO4)6(OH)2-SiO2-CaO, in particular, the formation of silicocarnotite. 
In these multi-phase experiments, silicocarnotite was identified at ~1150 °C. The results demonstrate 
that silicocarnotite can form from by a reaction between β-TCP and α’L-Ca2SiO4, but also between β-
TCP and CaSiO3 with additional formation of quartz.  

Keywords: calcium phosphate ceramics, silicocarnotite, hydroxlyapatite, tricalcium phosphate, high-
temperature, sintering reactions, in situ, Raman imaging 

1 Introduction 
Since the first experiment with implanted tricalcium phosphate (TCP) into animals was performed in 
1920 to test its ability as a bone substitute [1], numerous studies on calcium phosphate materials have 
been published. This reflects the fact that calcium phosphate phases play an important role in ceramics 
for biomedical application due to their excellent biocompatibility, bioactivity, and osteoconductive 
properties [e.g., 2–11]. Furthermore, silica-/calcium phosphates have been identified in sinter residues 
from thermal combustion processes. As part of the debate about coal combustion, significant attention 
is currently being paid to alternative fuels like biomasses and sewage sludge. Several studies 
demonstrate the presence of calcium phosphates in biomass ashes/deposits [12] from olive pit [13–
15], manure [16], agricultural and forest residues [17], and from bone material [18]. Recently, 
hydroxlyapatite (Ca10(PO4)6(OH)2, HAp) was found to be the most frequent mineral phase in sewage 
sludge ashes [19–21]. 

Meanwhile, HAp is the best-known calcium phosphate based bioceramic, because its chemical 
compound and crystalline structure are similar to the inorganic part of bone composition [6,22–24]. 
However, studies have indicated a better bioresorption of β-tricalcium phosphate (β-Ca3(PO4)2, β-TCP) 
due to its greater solubility than HAp in physiological environments [2,9]. Both, HAp and TCP based 
materials can be prepared by several methods (e.g., precipitation, sol-gel, hydrothermal, solid-state 
reaction [25], and surfactant template method [26,27]). The phase transformation of HAp to β-TCP 
was observed by the gradually release of OH– ions at about 1000 °C [28,29] or even above 1200 °C [30]. 
Other authors reported a transition temperature range between 700 and 900 °C [31]. At about 1125 °C, 
the metastable β-phase transforms to the first high-temperature α-phase of Ca3(PO4)2 [32,33] and at 
about 1450 °C to the α’-Ca3(PO4)2 polymorph [32–35]. The high-temperature (HT) phase equilibria of 
TCP minerals were first investigated in 1959 by Nurse and co-workers [32] within the subsystem 
Ca3(PO4)2-Ca2SiO4. Recently, highly promising studies with silicon-substituted calcium phosphates have 
shown that silicon is an essential trace element for bone mineralization and can improve the bioactivity 



57 
 

of calcium phosphate materials [36–41]. The wide range of CaO, SiO2, and P2O5 solid solutions varies 
with temperature and makes silicocarnotite (Ca5(PO4)2SiO4) [32,34,42–45] an excellent ceramic with 
great potential for medical applications [41,45–48], which creates interest in knowledge about its 
synthesis conditions [35,46,49,50]. 

Although silicocarnotite was found in basic slags rich in phosphorus centuries ago [51,52], the natural 
silicocarnotite, however, was first identified and described by Galuskin and co-authors in 2015 [53]. 
The minerals of the silicocarnotite-ternesite solid solution series occur in larnite and gehlenite rocks of 
the Hatrurim Complex (Israel/Palestine). Both in nature and laboratory, silicocarnotite is commonly 
associated with dicalcium silicate (larnite, Ca2SiO4, or C2S). The synthetic formation of silicocarnotite is 
described as cooling product of the so-called R phase, which is assumed to represent a solid solution 
between α’-Ca3(PO4)2 and α-Ca2SiO4. An upper stability limit of about 1450 °C has been found for 
silicocarnotite [33–35]. Obviously, the HT behavior of silica-/calcium phosphates has attracted 
increasing interest due to its potential for technical and medical applications. Moreover, HAp, TCP, and 
silicocarnotite can serve as temperature indicators once their thermal stability fields are known, which 
could help kiln operators to optimize the combustion temperatures. Furthermore, this knowledge is 
important to ensure that the phosphate bioceramics are synthesized under optimal conditions. It 
follows that a detailed knowledge of the thermodynamics and kinetics of the HT reactions in the 
system Ca10(PO4)6(OH)2-SiO2-CaO is essential in order to better understand the high-temperature 
behavior of silica-/calcium phosphates.  

In the present study, samples of calcium oxide, quartz, and HAp were fired to about 1200 °C and the 
reactions were monitored in situ by confocal hyperspectral Raman imaging. The Raman spectrometer 
system with integrated heating stage allows to visualize mineral reactions and textures even at high 
temperatures with a spatial resolution of a few micrometers and without the need to quench the 
sample to room temperature (RT) before analyzing it [54–57]. Therefore, solid-state reactions can be 
studied in operando, i.e., while they are running. However, before performing the multi-phase sinter 
experiments, we studied the individual thermal behavior of HAp and TCP between RT and 1350 °C in 
10 °C-steps and of a natural silicocarnotite crystal between RT and 1200 °C in 50 °C-steps, respectively, 
by Raman spectroscopy. The results of these experiments were, inter alia, essential to identify the 
different phosphate phases at high temperatures, i.e., the Raman measurements provide HT reference 
spectra that are needed for hyperspectral Raman imaging. 

2 Materials and methods 

2.1 Samples and sample preparation 

To study the temperature behavior of silicocarnotite by Raman spectroscopy, natural silicocarnotite 
grains of the holotype specimen YV-415 within a silicocarnotite-bearing gehlenite from Har Parsa, 
Negev, were used [53]. The sample contains 1.85 ± 0.15 wt.-% SO3 as major impurity [51]. The polished 
sample, provided by the Museum of Natural History in Bern, was prepared to a sample with a diameter 
of 5 mm and a height of < 1 mm to minimize the temperature gradient between sample surface and 
thermocouple. The isochronal heating experiments with nanocrystalline HAp and TCP (©VWR, 
Darmstadt, Germany) were carried out with a small green body that was produced by compacting 
powdered precursor material into a cylinder (3 mm x 1 mm) at a pressure of 10 kPa to produce a flat 
surface.  

The sinter experiments were carried out with cylindrical green bodies (3 mm x 1.5 mm) that were 
produced by compacting 20 mg of powdered precursor material. The samples were prepared from 
natural crystals of quartz (origin unknown), nanocrystalline HAp powder (©VWR, Darmstadt, 
Germany) and CaO powder (©Merck, Darmstadt, Germany). Before firing, the materials were checked 
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for the occurrence of potential contaminations by ultra-fast Raman imaging and XRD measurements 
using a Bruker D4 powder diffractometer (Bruker, Madison, USA) at the RWE Power AG, Niederaußem, 
Germany. The crystallite size of HAp was estimated to be about 25 nm based on the broadening of X-
ray diffraction peaks obtained with the TOPAS (Bruker) software using the Scherrer formula. 

Although the CaO was stored in a furnace at 100 °C before usage, a few calcite grains could be 
detected, which, however, decomposed to CaO during the experiments. Because β-TCP is not stable 
at RT, conventional powder consists of HAp. Also traces of monetite, Ca(PO3OH), were identified in the 
precursor material [58]. 

2.2  Experimental details 

To study (i) the formation temperature of silicocarnotite, (ii) the decomposition mechanism(s) of HAp 
to TCP and potential other products, and (iii) the phase transformation of β-TCP to α-TCP, heating 
experiments of pure materials and four sintering experiments in the Ca10(PO4)6(OH)2-SiO2-CaO system 
were carried out at temperatures of up to 1190 ± 5 °C (Table 1). The experiments were performed 
using a LINKAM TS 1500 heating stage (Linkam Scientific Instruments, Surrey, UK) that was mounted 
onto the automated x-y-z stage below the microscope objective of the Raman microscope. Due to the 
height and the volume of the sample cylinder, a strong temperature gradient unavoidably occurs 
within the furnace. This gradient was empirically determined by a procedure that is described in detail 
by Stange and co-workers [54].  

Two types of sinter experiments with two different mixtures of HAp, quartz, and lime were performed 
(Table 1). In the in situ experiments TQC-1 and TQC-2, the samples were fired to high temperature with 
a heating rate of 10 °C/min. Immediately, after reaching the respective temperature, two in situ Raman 
images were subsequently taken. Then, the sample was fired and measured in 50 °C-steps until the 
maximum temperature was reached. After recording the last image at the maximum temperature, the 
sample was cooled down to RT with a cooling rate of 10 °C/min and a last Raman image was recorded. 
In experiment TQC-3 the effect of quenching was studied. After recording a Raman image at the firing 
temperature, the sample was cooled to RT with a cooling rate of 10°C/min. At RT, a Raman image was 
recorded before firing the sample to the next temperature step. We note that the images acquired at 
RT form the basis for the interpretation of conventional sintering experiments, in which the sample 
has to be quenched at RT before analysis. 

Table 1: Experimental conditions.  

Exp. HAp:Qz:CaO 
[wt.-%] 

Type of 
experiment 

Trange Tstep

  
Trate Acquisition Recording  

[°C] [°C] [°C/min] time [s] time [h] 
Silicocarnotite Heating study 30–1200 50 10 ↗↘ 100  - 
Hydroxylapatite (HAp) Heating study 30–1350 10 10 ↗↘ 100  - 
Tricalcium phosphate (TCP) Heating study 30–1350 10 10 ↗↘ 100  - 
TQC-1 4:2:1 In situ 

situ/quench 
820–1190 50 10 ↗↘ 0.5 (SWIFT) 2 x 2 (4)* 

TQC-2 1:1:1 In situ 
situ/quench 

960–1190 50 10 ↗↘ 0.5 (SWIFT) 2 x 2 (4)* 
TQC-3 1:1:1 In situ/quench 960–1190 50 10 ↗↘ 0.5 (SWIFT) 2 x 2 (4)* 

*During a dwell time of 4 h, two Raman images with a recording time of about 2 h were recorded. 

2.3 Raman spectroscopy 

The Raman measurements were carried out using two different Raman spectrometers (Horiba 
Scientific HR800/HR800 Evolution, Kyōto, Japan) both equipped with an electron-multiplier charge-
coupled device (CCD) detector, an Olympus BX41 microscope, and a 2W Nd:YVO4 (λ = 532.11 nm) and 
a Nd:YAG (λ = 532.09 nm) laser, respectively. A 50x long-working distance objective with a numerical 
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aperture (NA) of 0.5, a grating with 600 grooves/mm, and a 100 µm spectrometer entrance slit was 
used for all measurements. With this setting, the spectral resolution of all measurements was 3.5 cm-

1, as given by the width of a Ne line at 1707.36 cm-1 and 1707.06 cm-1, respectively. To correct for any 
spectrometer shift during long-time measurements, the intense Ne line was continuously monitored 
as ‘‘internal’’ frequency standard in all spectra [54,59,60]. The linearity of the spectrometer was 
regularly calibrated using the Rayleigh line and the fundamental band of a silicon standard at 570.7 
cm-1. During the heating studies, single crystal spectra were acquired for 100 s at each temperature 
step. For the sinter experiments, in situ hyperspectral Raman images were recorded from an area of 
100 x 100 µm2 with a 1 µm step size (100 x 100 µm2 = 10,000 pixel per image) in x and y direction. At 
each step, a Raman spectrum was recorded for 0.5 s. Due to temperature- and reaction-related 
shrinkage or expansion effects, the sampling area can strongly shift during cooling and heating. 
Therefore, at HT 100 x 100 μm2-sized and at RT, 160 x 160 μm2-sized images were taken so that the 
same area could be analyzed at all temperature steps. The focus was reset before each image was 
taken in order to compensate for these effects using the autofocus function of the instrument that is 
based on a high precision piezo translator and feedback signal to automatically track and optimize the 
laser focus on the sample to achieve the optimal Raman signal-to-noise ratio. The best achievable 
lateral and axial (depth) resolution of the Raman measurements with the focus at the sample surface 
is usually estimated from the theoretical diffraction limit given by dl ≈ 1.22λ/NA and da ≈ 4λ/NA2, 
yielding 1.3 and 8.5 µm in our case, respectively. However, the real lateral and axial resolution may 
rather be in the order of dl ≈ 2 µm and da ≈ 15 µm, respectively [54,57]. It is important to note that the 
axial resolution at the surface also depends on the absorption properties of the material investigated. 
Generally, for the phases of interest, about 50 % of the Raman intensity is lost within the first 10 to 20 
µm [57]. 

2.3.1 Hyperspectral Raman imaging 

The data reduction and generation of hyperspectral false-color Raman images is based on the classic 
least-squares (CLS) fitting procedure [54,55,57]. In general, mineral phases are identified by the 
characteristic positions and relative intensities of their fundamental Raman bands. With an increasing 
temperature, the Raman bands of mineral phases usually shift individually to lower wavenumbers and 
their linewidth (full width of half-maximum) increases. Additionally, the black body radiation of the 
samples increases during firing and reduces the signal-to-noise ratio. The identification of minerals at 
high temperatures is further complicated by the fact that reference Raman spectral databases, such 
as, e.g., the RRUFF database [60], only contain RT spectra that usually differ significantly from their 
high-temperature (HT) counterparts. Therefore, the HT Raman spectra of relevant mineral phases 
were collected to build an in-house data base for the identification of mineral phases in multi-
component systems at high temperatures and as reference spectra to be used as input data for the 
CLS analysis. The semi-quantitative mineral fractions of an imaged area were calculated by averaging 
the CLS fractions of all 10,000 spectra.  

We note that the accuracy of the absolute mineral fractions is influenced by (i) crystal orientation, (ii) 
grain size, (iii) the temperature dependence of band position and linewidth, and (iv) the relative Raman 
scattering cross-sections of the mineral phases. Moreover, it has to be noted that we analyzed a 
relatively small area at the surface that is not necessarily representative for the entire green body. 
However, hyperspectral Raman imaging delivers 2-dimensional in situ information about the formation 
and decomposition of distinct phases and their textural relationship without the necessity of 
quenching the sample to RT. Moreover, Raman images can be taken during heating and cooling with a 
high-temperature, time, and spatial resolution. Note that all images created by our working group are 
shown in consistent colors. 
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2.3.2 Heating experiments 

The green body of compacted HAp powder was fired from 30 to 1350 ± 5 °C in 10 °C-steps. At each 
temperature step, a spectrum was recorded from the same spot in the wavenumber range of 100–
4000 cm-1. A slight shift due to specimen expansion is possible, but not relevant since the material is 
homogeneous. After cooling down to RT, the same sample was fired from 30 to 1350 ± 5 °C in 10 °C-
steps in order to record HT Raman spectra of TCP between 100 and 1730 cm-1. The natural 
silicocarnotite sample was fired from 30 to 100 ± 5 °C and further until 1200 ± 5 °C in 50 °C-steps. Due 
to very small size of the silicocarnotite grains (< 5 µm) within the gehlenite matrix, an automated 
measurement at the same spot was not reliably possible and the analysis was performed manually at 
different spots.  

For quantitative analysis, the RT Raman spectra of silicocarnotite, HAp, and TCP were least-squares 
fitted using an appropriate number of Gauss-Lorentz functions along with a cubic background function 
in the frequency range from 100 to 1200 cm-1. Spectra of HAp and TCP taken above 30 °C were fitted 
between 850 and 1200 cm-1 and additionally between 3400 and 4000 cm-1 in the case of HAp. A 5th 
order polynomial background function in the wavenumber range from 700 to 1200 cm-1 was used to 
correct the spectra of silicocarnotite taken above 30 °C. Before any fitting, the spectra were corrected 
for any spectrometer shift during long-time measurements using the Ne emission line at 1707.36 cm-1 

and 1707.06 cm-1, respectively, that was fitted using a Gauss function. The reported Raman frequencies 
are usually precise within ± 0.02 to ± 0.2 cm-1, but for weak and broad bands, particular those measured 
at high-temperatures, we estimated a precision in the order of ± 0.3 to ± 1.2 cm-1 from multiple 
measurements. Spectrum fitting was performed using the LabSpec 6.4.4.15 (Horiba Scientific, Kyōto, 
Japan) software. 

2.4 Thermogravimetric and differential thermal analysis (TG/DTA) 

Two thermogravimetric and differential thermal analysis (TG/DTA) were carried out using a NETZSCH 
STA-449F3 system coupled with a 403 Aëolos Quadro quadrupole mass spectrometer (NETZSCH, Selb, 
Germany) at the RWE Power AG, Niederaußem, Germany. The measurements of the HAp sample were 
performed at a constant heating/cooling rate of 10 °C/min using an open corundum crucible in air. The 
scanning temperature range was from RT to 1350 °C (HAp) and to 1500 °C (β-TCP). The temperature 
measurement is typically accurate within ± 1 °C at low temperatures and accurate with ± 5 °C at high 
temperatures (> 1000 °C). Both measurements were performed one after the other. The TG curve 
during the first firing experiment shows the loss of OH– ions, while the DTA results determine the 
formation and phase transformation temperatures, here in particular the HAp to β-TCP, β-TCP to α-
TCP, and α-TCP to α’-TCP transitions. 

3 Results 

3.1 Room temperature (RT) Raman spectrum of silicocarnotite 

Silicocarnotite (Ca5(PO4)2SiO4) and ternesite (Ca₅(SiO₄)₂SO4) represent the phosphate- and sulfate-
containing end member of a solid solution series. Both minerals are isotypic and crystallize in the space 
group Pnma (D16

2h), i.e., no. 62 [42]. A group theoretical analysis yields the following irreducible 
representation for optical modes in the silicocarnotite structure: 

 Γoptic = 35Ag + 31Au + 31B1g + 34B1u + 35B2g + 30B2u + 31B3g + 34B3u          (1) 

From these, the Ag, B1g, B2g, and B3g modes are Raman active, i.e., 132 (8d: 108, 4c: 24) Raman bands 
are expected. There exist two types of PO4 and SiO4 tetrahedra on the mirror plane (MO4) and those 
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in general positions (GO4). Both tetrahedra types are connected with Ca2+ ions, which are coordinated 
by three oxygen atoms in the case of MO4 and by four oxygen atoms in the case of GO4 [42,53].  

Figure 1 shows a Raman spectrum of the natural silicocarnotite sample recorded at RT. A least-squares 
fit of 49 Raman bands and a 3rd order polynomial background to the data in the frequency range of 
100 to 1200 cm-1 yielded a good agreement between the measured and fitted sum spectrum (reduced 
X2 = 0.2). 83 Raman bands remain undetected may be caused by hidden bands as part of broader bands 
due to limitations in the spectral resolution or too weak to be detected with the chosen analytical 
parameters. 

 
Figure 1: Room-temperature (RT) Raman spectrum of the natural silicocarnotite sample in the frequency range between 100 
and 1200 cm−1. The fitted spectrum, the deconvoluted bands, and the simultaneously fitted 3rd order polynomial background 
are also shown. The bands are assigned to the lattice vibrations and the internal bending and stretching modes of the PO4 and 
SiO4 tetrahedra. 

Between 100 and 280 cm-1, 12 of 21 lattice modes of Ca2+ rotational and translational modes can be 
identified. The group of bands between 300 and 500 cm-1 can be attributed to the ѵ2(PO4) and ѵ2(SiO4) 
bending modes [53,56,61–63]. The weak bands located at 498, 528, and 534 cm-1 may be assigned to 
the anti-symmetric ѵ4(SiO4) bending modes, as the ѵ4(SiO4) modes in the ternesite structure vibrate 
with similar frequencies [56]. The bands at frequencies higher than 800 cm-1 can be assigned to the 
internal symmetric and anti-symmetric stretching vibrations of both tetrahedral units. The bands at 
876 and 899 cm-1 and those at frequencies larger than 1025 cm-1 correspond to the v3 stretching modes 
of the SiO4 and PO4 tetrahedra, respectively [56,61,63–65]. The most intense Raman band is located at 
952 cm-1 and the second most intense band near 845 cm-1, which can be unequivocally assigned to the 
symmetric v1(PO4) and v1(SiO4) modes, respectively. As the sample is of natural origin and of the 
ternesite-silicocarnotite solid solution series, the v1(SO4) mode can be additionally identified at 
1005 cm-1 [53,56]. Note that the v1(PO4) band is slightly asymmetric towards the higher frequency side. 
This is reflected by the fact that a second function, centered at 961 cm-1, is needed to satisfactorily fit 
the band profile in this frequency range. In addition, it should be mentioned that the v1(PO4) band was 
identified within a frequency range from 950 to 952 cm-1 measured at different localities on the 
analyzed grain, yielding an average v1(PO4) frequency of 951 ± 1 cm-1. 
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3.2 High-Temperature (HT) Raman spectra of silicocarnotite 

Here, we present the first in situ, high-temperature (HT) Raman spectra from natural silicocarnotite 
crystals. In the following, we will focus on the analysis of the temperature behavior of the most intense 
v1 bands of the SiO4 and PO4 units. These Raman bands are of great interest, as they can be used as 
fingerprint bands for the identification of silicocarnotite at RT, but also at high temperatures. Figure 
2a presents a stacked plot of 21 Raman spectra, which were recorded between 30 and 1200 ± 1 °C in 
approximately 50 °C-steps. 

 
Figure 2: (a) Stacked Raman spectra (approx. 50 °C-steps) of the silicocarnotite sample recorded between 30 and 1200 ± 1 °C. 
(b) High-temperature (HT) frequencies of the ѵ1(PO4) and ѵ1(SiO4) bands each along with a quadratic fit (red curves, r2 > 0.98). 

During firing, all observable bands, including the v1(SiO4) and v1(PO4) bands, become broader and 
generally shift to lower frequencies. The FWHM values for both ѵ1 modes increase with increasing 
temperature and are listed in Table A1 in the Appendix. All identified bands remain detectable during 
the entire heating process, with the exception of the v1(SO4) band that disappears between 1000 and 
1050 °C. The ratio between the intensity of the v1(PO4) band and the intensity of the v1(SO4) band is 
10:1 at RT and tends to zero at about 1050 °C (see Table A1). By plotting the fitted band positions of 
ѵ1(PO4) and v1(SiO4) as a function of temperature, a different temperature dependence of the two 
modes becomes evident, as the ѵ1(PO4) mode shows a slightly larger frequency shift with increasing 
temperature than the v1(SiO4) band (Figure 2b). From 30 to 1200 ± 1 °C, the ѵ1(PO4) and v1(SiO4) bands 
shifted about 20 wavenumbers in respect to an experimental error of ± 0.02 and ± 0.3 cm-1 at RT and 
at 1200 °C, respectively, for the ѵ1(PO4) band and an experimental error of ± 0.3 and ± 1.2 cm-1 at RT 
and at 1200 °C, respectively, for the ѵ1(SiO4) mode. Interestingly, the ratio of the ѵ1 band intensities 
did not significantly change with increasing temperature (Aѵ1(PO4)/Aѵ1(SiO4) ≈ 4.8), reflecting a particular 
temperature stability of silicocarnotite. 
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3.3 HT Raman spectroscopy of hydroxylapatite (HAp) and tricalcium phosphate (TCP) 

The thermal decomposition of HAp can principally be followed by the release of structural hydroxyl 
groups that vibrate with a characteristic frequency of 3572 cm-1 at RT [61,64]. However, at RT, this 
band is hardly detectable in the Raman spectrum of the pressed nanocrystalline HAp tablet prepared 
for the heating study, as it is overlain by an intense and broad OH bands between 3520 and 4000 cm-1 
(Figure 3a). We note here that these bands were not observed in spectra from the loose HAp powder. 
The ѵ(OH)HAp

 band is first observable at temperature above 600 °C (Figure 3b).  At RT, another broad 
intense OH band occurs near 3850 cm-1 that has two shoulders near 3800 cm-1 and 3890 cm-1. Two 
further OH bands are detectable near 3960 cm-1 and 3980 cm-1. All seven identifiable bands are labelled 
1 to 7 from low to high frequency in Figure 3. The temperature behavior of the intensity of the different 
OH bands is shown in Figure 3c. The high frequency bands nos. 6 and 7 are the first OH bands that 
completely disappear during heating already at 120 °C. At about 200 °C, the OH band no. 5 disappears. 
The integrated intensity of OH bands nos. 2 and 4 gradually decrease between 100 and 400 °C and at 
450 °C these bands also disappear. The OH band no. 3 can be detected until 570 °C. At about the same 
temperature, the characteristic ѵ(OH)HAp

 band can be clearly identified near 3555 cm-1 (Figure 3b). 
From Figures 3b and 3c, it is further evident that the integrated intensity of ѵ(OH)HAp is almost constant 
in the temperature range between 600 and 750 °C, but rapidly decreases at about 770 °C. At 810 ± 1 °C, 
the ѵ(OH)HAp band cannot be detected in the spectra anymore.  

 
Figure 3: Stacked Raman spectra (10 °C-steps) of the hydroxylapatite (HAp) sample recorded between (a) 30 and 600 °C and 
(b) 600 and 900 °C with identified ѵ(OH)HAp band and OH bands generated by surface-bound water. The black stars mark spikes 
caused by the long measuring time at high temperatures. (c) The temperature dependence of the integrated intensities of the 
identified OH bands. The ѵ(OH)HAp band disappears at about 810 °C. 

In the following, an analysis on the temperature behavior of the Raman bands of the PO4 groups within 
the HAp and the TCP structures is presented. The most intense Raman band reflects the fully symmetric 
stretching motions of the PO4 units of HAp. The other internal PO4 modes are much weaker, but can 
also be used to quantitatively follow the decomposition of HAp to β-TCP and other calcium phosphates 
by Raman spectroscopy. The internal stretching and bending modes of the PO4 tetrahedra can be 
identified within the frequency range between 300 to 1200 cm-1 (Figure 4). The groups of bands with 
the intense bands between 430 and 590 cm-1 at RT can be assigned to the internal ѵ2(PO4) and ѵ4(PO4) 
bending vibrations, respectively. The most intense band is due to the symmetric stretching mode 
ѵ1(PO4) and is located at 961 cm-1 at RT. The bands between 1000 and 1100 cm-1 can be assigned to 
the anti-symmetric stretching modes of PO4 tetrahedra [61,64,66,67]. 
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Figure 4. (a) Stacked Raman spectra (10 °C-steps) of nanocrystalline HAp recorded between 30 and 1350 ± 1 °C. Spectral 
changes during firing are highlighted by different colors and marked by black arrows marking the same spectral changes as 
the arrows in b and c. (b, c) The color-coded Raman intensity as a function of the Raman shift and temperature (red and blue 
colors represent high and low intensities, respectively). (b) Within the frequency range 300–1200 cm-1, all PO4 Raman modes 
can be identified. The most intense band ѵ1(PO4) is located at 961 cm-1 at RT. The yellow arrows point to a dramatic shift of ѵ2 
and ѵ4(PO4) bands between 770 and 850 °C. At about 400 °C, two new bands (350 cm-1, 720 cm-1) occur (pink arrows). (c) 
Zoomed part of the spectrum showing the bending vibrations between 700 and 1000 °C. At about 770 °C, a new band at 545 
cm-1 occurs (pink arrow). See text for more details. 

Plotting the fitted frequencies of the ѵ1(PO4) band as a function of temperature, a stepwise structural 
alteration of nanocrystalline HAp becomes evident from three local minima or short-term shifts to 
higher frequencies, indicating a slight shortening of the P–O bonds (Figure 5). The first local minimum 
at 200 °C maybe marks the loss of adsorbed water bound to the nanocrystalline HAp crystallites. When 
the temperature reaches 380 °C, the ѵ1(PO4) frequency shows a second minimum that correlates 
roughly with a marked intensity decrease of OH band (3) (Figure 3) and may  be related to the loss of 
surface-bound hydroxyl groups [23,68]. Note that nanocrystallites are dominated by relaxed surface 
bonds, which has an impact on the vibrational properties, as, for instant, on the average P–O bond 
length and thus on the average frequency of the P–O vibrations. Between about 400 and 770 °C, the 
ѵ1(PO4) band shifts to lower frequencies with a third local minimum at about 570 °C that possibly 
represents another stage of loss of OH modes at the surface (Figure 5). Additionally, the ѵ1(PO4) and 
the ѵ2(PO4) bands narrow and, notably, the intensity of the ѵ1(PO4) band decrease within this 
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temperature interval, while the polarizability, i.e., the Raman intensity of the ѵ3(PO4) band increases 
(Figure 4b). The overall number of observable Raman bands increases, reflecting a change in the crystal 
symmetry and the loss of hydroxyl groups. At about 400 °C, a new band is observed at about 720 cm-1 

(HT) and another second weak band appears near 350 cm-1 that we assign to the pyrophosphate β-
Ca2P2O7 (Ca/P < 1.5) [69–72].  

At 770 °C, a very weak new band is observed at 545 cm-1 (HT) which increases in intensity at about 
850 °C, indicating the formation of β-TCP [67]. A group theoretical analysis based on a rhombohedral 
structure (R3c) of the β-polymorph of TCP reveals 136 Raman active modes [73] which compares with 
62 Raman active modes predicted for HAp (P63/m) [74,75]. Thus, more bands are expected with 
increasing temperature. However, due to the low intensity and large broadening of the bands at HT, 
the number and positions of the bands are difficult to determine. In general, also the identification of 
other calcium phosphates such as β-Ca2P2O7, is very difficult as long as HT reference spectra are 
missing.  

 
Figure 5: The frequencies of the ѵ1(PO4) bands of nanocrystalline HAp (pink) and tricalcium phosphate (TCP) (blue) as a function 
of temperature. Stippled lines mark the HAp to β-TCP and the β-TCP to α-TCP phase transformation, respectively. 

Between 770 and 850 °C, the positions of the bending modes change significantly (Figure 4c). At about 
810 °C, the ѵ2(PO4) and ѵ4(PO4) frequencies shift abruptly to lower and higher wavenumbers, 
respectively, while the PO4 stretching mode frequency shift to a higher value. The inflection point of 
ѵ1(PO4) frequencies in the 700–900 °C range was determined at 808 °C. In addition, the intensity of the 
ѵ2(PO4) band increases with temperature increase and the intensities of the anti-symmetric modes 
decrease. Obviously, HAp decomposed to β-TCP, H2O, and as an intermediate product to β-Ca2P2O7. 

The formation of β-TCP is further evidenced by the observation that the frequency of the ѵ1(PO4) band 
of HAp merges at about 850 °C with the HT ѵ1(PO4) frequencies observed for β-TCP (Figure 7). Figure 6 
shows all Raman spectra of β-TCP in the frequency range of 200–1200 cm-1 recorded between 30 and 
1260 ± 1 °C. At RT, there are two distinct bands at 948 and 969 cm-1 and one shoulder at about 961 cm-1, 
respectively, corresponding to ѵ1(PO4) vibrations of β-TCP [65,67,72,76], resulting from three 
nonequivalent PO4 units in the unit cell [73]. Interestingly, the weak band at 918 cm-1, that is also 
assigned to a ѵ1(PO4) mode, does not shift significantly (± 2 cm-1) until 1350 °C. The weak band located 
at 1089 cm-1 within the RT spectrum of β-TCP (Figure 6) was not observed during the heating study of 
HAp. However, it can be clearly attributed to the ѵ3(PO4) modes of β-TCP [67]. 

When β-TCP is fired from RT to temperatures below about 770 °C, all observable bands become 
broader and generally shift to lower frequencies. The evolution of the frequency of the most intense 
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ѵ1(PO4) band as a function of temperature can be approximately described by a linear function until 
770 °C (r2 > 0.99). Here, the ѵ1 band shifts visibly to lower values and remains constant between about 
800 und 830 °C (Figure 5). From Figure 6, it is evident that the two intense ѵ1(PO4) bands of β-TCP 
merge at about 850 °C indicating a degeneration of ѵ1(PO4) modes. Furthermore, both 850 °C spectra 
of HAp and β-TCP as starting material show almost the same positions of PO4 modes and in each case 
the symmetric bending vibrations result in a stronger polarizability, i.e., higher Raman intensity, than 
the respective anti-symmetric bending vibrations (Figure 7c). Above about 850 °C, both ѵ1(PO4) bands 
exhibit the same shift (δѵ/δT = -0.02) with increasing temperature (Figure 5). At about 1220 °C, the 
ѵ1(PO4) bands show a local minimum before the frequencies shift to a higher value of 945 cm-1 until 
1260 °C (Figures 5 and 6). In this temperature range, the β-polymorph of TCP reconstructively 
transformed to the α-TCP polymorph. At higher temperatures, both modes cease to shift to higher 
frequencies until the maximum sintering temperature is finally reached. 

 

Figure 6: Stacked Raman spectra (10 °C-steps) from the β-TCP sample recorded between 30 and 1260 ± 1 °C. The characteristic 
ѵ1(PO4) modes are located at 948 and 969 cm-1, respectively. Above 850 ± 1 °C, the two ѵ1(PO4) bands merge into a single band 
(yellow spectra). Between 1220 and 1260 ± 1 °C, β-TCP transformed to α-TCP (red spectra) in our experiment. 
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Figure 7: Room-temperature (RT) Raman spectra of (a) HAp and (b) TCP with identified vibrational modes of the PO4 groups.(c) 
Comparison of Raman spectra of HAp and TCP recorded at 850 ± 1 °C. 

3.4 Results of the thermal analyses of HAp and TCP 

Figure 8a shows the thermogravimetric measurement of the nanocrystalline HAp powder up to 
1350 °C. In Table 2, we link the thermal analyses results with those from high-temperature Raman 
spectroscopy. The TG curve from HAp reveals a first mass loss step in the temperature range between 
about 100 and 200 °C (green curve) that can be explained by the loss of adsorbed water, reflected by 
the disappearance of Raman bands (6) and (7). A second mass loss is observed between 200 and 
380 °C. Above about 380 °C, the weight decreases rapidly until 480 °C and results in the largest mass 
loss of ~3.1 wt.-% (mass loss step 3), possibly due to the loss of further surface-bound water. After this 
temperature, the mass decreases slowly (mass loss steps 4 to 6) with another step near 750 °C (mass 
loss step 5). Beyond 1050 °C, the sample weight remains stable at ~93.7 % of the original weight. Figure 
8a additionally shows a quadrupole mass spectrometric measurement of the molecular mass 18, 
corresponding to molecular water, as a function of temperature (orange curve). These data show two 
broad and less intense peaks at about 115 and 770 ± 1 °C and one intense peak near 450 ± 1 °C, which 
correlate well with the events observed in the TG curve.  

The DTA curves of HAp and β-TPC are shown in Figure 8b. Between RT and about 460 °C the DTA 
heating curve of HAp is characterized by a broad and intense endothermic signal that can be assigned 
to the loss of adsorbed water and surface OH groups, also observed by Raman spectroscopy. Between 
700 and 800 °C, small endothermic signals possibly can be attributed to the stepwise loss of structural 
OH– ions as HAp transforms to β-TCP. The endothermic peak observed at 1300 (onset: 1277) ± 5 °C can 
be assigned to the β- to α-TCP transition, whereas the exothermic peak at 1080 ± 5 °C observed during 
cooling is associated with its reverse reaction. Both the endothermic and the exothermic peak, 
resulting from the β-   α-TCP transition, have a similar peak area (~1535 versus ~1640 µVs, 
respectively). A second experiment was performed until 1500 °C, but revealed no further mass loss 
(data not shown here). The DTA curve of β-TCP shows two endothermic peaks at 1300 ± 5 °C (onset at 
1287) and at 1480 (onset at 1454) ± 5 °C. The first peak reflects the β- to α-TCP polymorphic phase 
transformation and the second relates to the α- to α’-TCP transition. During cooling, an exothermic 
peak at 1450 (onset at 1444) ± 5 °C is observed, reflecting the reverse α’- to α-TCP transformation. The 
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two small exothermic signals at 1270 and 1080 ± 5 °C can be attributed to the transformation of the 
α-phase to β-TCP. 

 
Figure 8: (a) Thermogravimetric (TG) and quadrupole mass (QM) measurements of mass 18 (H2O) of nanocrystalline HAp 
powder. The strong weight loss (-3.1 %) at about 450 ± 1 °C corresponds to the loss of surface-bound water. (b) Differential 
thermal analysis (DTA) of HAp (solid lines) and β-TCP powder (dashed lines), respectively. 

Table 2: Summary of in situ Raman spectroscopic and TG/QM/DTA results of pure HAp and β-TCP and interpretation of the 
observed features. 

T [°C] 
Raman HT study  

TG/QM (m:18) DTA Interpretation 100 - 1200 cm-1 3000 - 4000 cm-1 

115-120 δν1(PO4)HAp/δT: 
1. step 

OH bands (6) and (7) 
were not detected 
anymore 

First mass loss 
/ peak at 115 °C  Loss of adsorbed 

molecular water 

200  OH band (5) was not 
detected anymore - - 

 
Loss of surface-bound 
hydroxyl groups 
 
→ at 450 °C: 
Formation of 
pyrophosphates 
possibly as surface 
layers around 
nanocrystallites 

380 δѵ1(PO4)HAp/δT: 
2. step - - - 

450 
New bands 
appeared near 350 
and 770 cm-1 

OH bands (2) and (4) 
were not detected 
anymore  

3.1 % mass loss 
/ peak at 450 °C 

Endothermic 
peak at 460 °C 

570 δѵ1(PO4)HAp/δT: 
3. step 

OH band (3) was not 
detected anymore  - - 

770 

Shift of ν1(PO4) to 
higher frequency 

New band appeared 
near 545 cm-1 

The intensity of the OH 
band (1) begun to 
dramatically decrease 

Mass loss  
/ peak at 770 °C 

Endothermic 
signals 

Dramatic increase of 
HAp decomposition 

810 Inflection point of 
the polynomial fit 

The OH band (1) was 
not detected anymore 

- Formation of β-TCP  
850 

Bands near 350 and 
770 cm-1 were not 
detected anymore 

 

1260- Sudden shift of 
ν1(PO4) to higher 
frequency 

- - 
Endothermic 
peak 
onset at 1280 

β-TCP to α-TCP 
transformation during 
heating, T depends on 
the heating rate 

1280 

1080 - - - 
Sharp 
exothermic 
peak 

α-TCP to β-TCP 
transformation during 
cooling, T depends on 
the cooling rate 

~1450 - - - 
Exo-/endo-
thermic peak 

α -TCP to α’-TCP and 
α’-TCP to α -TCP 
transformation onsets at 1450 
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3.5 Multi-phase in situ experiments (TQC-1 and TQC-2) 

In the first experiment TQC-1, the green body containing HAp, quartz, and CaO in a weight ratio 4:2:1 
was fired to 820 ± 5 °C with a heating rate of 10 °C/min and then stepwise (~50 °C-steps) to 1190 ± 
5 °C. Figure 9a shows extracts of four false-colored hyperspectral Raman images taken at different 
temperatures and dwell times. It is clearly discernible that nanocrystalline HAp transforms unevenly 
(c.f., Chapter 3.3). At 820 ± 5 °C, the nanocrystalline HAp grains transformed to β-TCP only in the upper 
part of the imaged area. The temperature-dependent change of bending mode positions described 
above marks this transformation. In Figure 9b, two spectra of the image taken at 820 ± 5 °C after a 
dwell time of two hours are shown in a frequency range from 300 to 750 cm-1. The spectrum 1 identifies 
HAp, however, it does not differ significantly from spectra recorded at lower temperatures, e.g., 700 ± 
1 °C. The spectrum 2 can be compared to those taken at 820 ± 1 °C during the heating study of HAp 
and β-TCP, respectively. The bands at about 350 and 720 cm-1 (HT) can be assigned to pyrophosphates 
[69–72] formed by the decomposition of HAp. Within the imaged area, pyrophosphate is only visible 
at 820 ± 5 °C immediately after the temperature is reached. Upon further heating, the pyrophosphate 
concentration decreased as shown by single-phase images in Figure 9c. After two hours at 870 ± 5 °C, 
the bands identifying pyrophosphate are no longer detectable in the spectra. Whereas, more and more 
β-TCP can be identified. It is possible that additional β-TCP was formed by the reaction between 
pyrophosphate and small lime particles located below the image plane.  

At 910 ± 5 °C, the spectra of HAp and β-TCP become increasingly similar and the colors in the Raman 
image appear blurred. Between 910 and 1190 ± 5 °C HAp completely transformed to β-TCP, but no 
other phases newly crystallized within the imaged area. However, after cooling down to RT, 
wollastonite was found outside the investigated area, formed by a reaction between lime and quartz. 

 
Figure 9: (a) Cutouts of false-colored hyperspectral Raman images of experiment TQC-1. Within the yellow boxes two spectra 
were taken, which are shown in (b) and compared to a HAp spectrum recorded at 700 ± 1 °C and a β-TCP spectrum recorded 
at 820 ± 1 °C, respectively. Note that the imaged areas represent many of nanocrystals and the crystallization seam is due to 
the transformation of HAp to β-TCP. (c) Single-phase Raman images of pyrophosphate identified at the first heating step at 
820 ± 5 °C and formed by the decomposition of HAp. With increasing dwell time and temperature, the concentration of 
pyrophosphate decreased. 

A proportional weight ratio of the phases of the green body was chosen for the in situ experiment 
TQC-2. False-color hyperspectral Raman images of an area 100 x 100 µm2 were recorded in situ during 
stepwise high-temperature sintering (~50 °C-steps) to 1190 ± 5 °C (Figure 10). Two images were taken 
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in succession at each temperature. However, only representative images are shown here. At 960 ± 
5 °C, all calcite was already decomposed to CaO and CO2, as expected [57]. As in experiment TQC-1, 
the nanocrystalline HAp partially transformed to β-TCP and possibly to pyrophosphate, indicated by 
newly identified but very weak bands at about 350 and 720 cm-1 [69–72]. Moreover, the HT polymorph 
of dicalcium silicate (α’L-Ca2SiO4) crystallized at interfaces between quartz and lime and as small grains 
within the HAp matrix. α’L-Ca2SiO4 likely formed by the reaction with small SiO2/CaO particles located 
below the focal image plane. Between 960 and 1050 ± 5 °C, more and more α’L-Ca2SiO4 replaced larger 
quartz grains (marked in Figure 10). Furthermore, more β-TCP has formed from HAp. After the 
temperature was increased to 1100 ± 5 °C, the α’L-Ca2SiO4 grains grew together and quartz was 
observed only as relics in the center of some grains. The time series images at 1150 ± 5 °C show the 
time-dependent formation of silicocarnotite, which could be identified after a dwell time of two hours 
in various spectra throughout the image area by its characteristic fundamental Raman bands near 930 
and 828 cm−1 (spectrum 1 in Figures 10 and 11). These small silicocarnotite grains are located near 
dicalcium silicate grains within the HAp/β-TCP matrix. After firing to the maximum temperature of 
1190 ± 5 °C, more silicocarnotite grains could be identified and HAp completely transformed to β-TCP 
within the recorded area.  

Surprisingly, however, after cooling to RT, HAp could still be identified in the left half of the RT image 
in Figure 10. However, β-TCP is the main phosphate phase, identified by its intense double band near 
948 and 969 cm-1 [65,67,72,76], while α’L-Ca2SiO4 within the imaged area completely transformed to 
β-Ca2SiO4 (larnite) [55,56,62,77] during cooling. In particular, silicocarnotite could be identified in 
contact with dicalcium silicate at the same location within the β-TCP matrix where it was also detected 
at HT (spectrum 2 in Figures 10 and 11). Furthermore, silicocarnotite formed a distinct reaction rim 
around a large quartz grain that was preserved in the lower right of the imaged area. Notably, at RT, 
also wollastonite could be identified, usually in contact to silicocarnotite and larger quartz grains. 
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Figure 10: False-colored hyperspectral Raman images of the mineral distribution of a 100 x 100 µm2 surface area of a green 
body containing HAp, CaO, and quartz at different temperatures and two dwell times (experiment TQC-2). The yellow arrows 
mark the new formed mineral phases dicalcium silicate (DC), and silicocarnotite (SC). Note that the formation of silicocarnotite 
started at 1150 ± 5 °C. During the cooling process, the α’L-phase of dicalcium silicate transformed to the β-phase (larnite). 
Within the yellow boxes two average spectra were extracted (Figure 11). 
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Figure 11: Average spectrum of (a) small silicocarnotite grains within the HAp matrix at 1150 ± 5 °C and of (b) a larger 
silicocarnotite grain within the β-TCP matrix at RT after cooling down from 1190 ± 5 °C. 

3.6 In Situ/quench experiment TQC-3 

The experiment TQC-3 was performed using the same precursor materials as in experiments TQC-1 
and TQC-2 and the same weight ratio chosen for experiment TQC-2 to study the effect of quenching 
on phase assemblage. After recording a 100 x 100 µm2-sized Raman image at the firing temperature, 
the sample was cooled to RT with a cooling rate of 10°C/min. At RT, a 160 x 160 µm2-sized Raman 
image was recorded before firing the sample to the next temperature step. Due to the shrinkage and 
expansion of the sample the imaged area varies slightly. Unfortunately, not all mineral reactions 
observed at RT could also be identified at HT. 

Figure 12 shows a direct comparison of the false-color hyperspectral Raman images recorded during 
the high-temperature firing and the quenching steps. During firing to the first temperature step of 960 
± 5 °C, calcite was already decomposed to lime but partially recrystallized during the following 
quenching step due to a high CO2 fugacity in the furnace [56]. During the next firing steps, however, 
no more CaO was available anymore and therefore no calcite could form during quenching to RT. At 
960 ± 5 °C, dicalcium silicate (α’L-Ca2SiO4) was first detected, but transformed to larnite during cooling. 
Moreover, it is evident that during the first heating step HAp only partially decomposed to β-TCP and 
possibly other pyrophosphates, the formation of which is suggested by the observation of a weak 
Raman band near 720 cm-1 indicative for pyrophosphates [69–72]. In the course of the sintering 
experiment, the decomposition of HAp advanced and more and more α’L-Ca2SiO4/larnite grew in the 
expense of quartz. 

After heating to 1050 ± 5 °C and cooling down to RT, silicocarnotite and wollastonite were detected in 
contact with a large quartz grain located in the lower left of the image. About 8 vol.-% silicocarnotite 
can be clearly identified within the 5 x 5 µm2 area marked by a yellow box in Figure 12. During the next 
firing/quenching step (1100 ± 5 °C) wollastonite grew at the expense of quartz, but on further 
firing/quenching (1150 ± 5 °C) the wollastonite content decreased while the silicocarnotite content 
increased as rim around the quartz grain. Interestingly, the quartz concentration seems to have 
remained stable and the wollastonite increased again during the last quenching from 1190 ± 5 °C. 
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From 1100 ± 5 °C, small silicocarnotite nuclei, surrounded by HAp/β-TCP matrix, could also be identified 
in various HT spectra throughout the imaged area. However, it has to be noted that due to the 
similarity of the spectra of silicocarnotite and β-TCP at HT, it is difficult to distinguish between these 
phases, in particular, if one of them occurs in low concentrations. Nevertheless, the large difference 
between the HT and RT silicocarnotite concentrations within the imaged area indicates that the main 
growth of silicocarnotite grains inside the HAp/β-TCP matrix near to larnite grains must have occurred 
during cooling down to RT. During firing to the next temperature steps at 1150 and 1190 ± 5 °C and 
quenching to RT, respectively, the formation of β-TCP from nanocrystalline HAp was advanced, which 
should have been already completed considering the heating study with HAp. At 1190 ± 5 °C, 
silicocarnotite grains became visible at HT und grew further during cooling to RT. At RT, many 
silicocarnotite grains were identified as rims around larger quartz grains and within the β-TCP matrix 
in direct contact with larnite (Figure 12). In both experiments TQC-2 and TQC-3, the upper stability 
limit of silicocarnotite was not reached. 

 
Figure 12: False-colored hyperspectral Raman images of the mineral distribution of a 100 x 100 µm2 surface area of a green 
body containing HAp, lime, and quartz at different temperatures and after cooled to room temperature (experiment TQC-3). 
Note that a larger area was measured at RT. The white frame marks the corresponding area at HT. The imaged area varies 
slightly due to the shrinkage and expansion of the sample. The yellow arrows hint to the newly formed mineral phases 
dicalcium silicate (DC), wollastonite (Wo), and silicocarnotite (SC) within the HAp matrix which transformed to β-TCP during 
the experimental process. Dicalcium silicate crystallized in contact to lime in the expense of quartz. The high-temperature 
polymorph α´L-Ca2SiO4 crystallized to larnite during cooling to room temperature (RT) and recrystallized during firing. The 
formation of silicocarnotite started after cooling from 1050 ± 5 °C (8 vol.-% within the 5 x 5 µm2 large yellow box) in contact 
to larnite and wollastonite, respectively. The crystallization of silicocarnotite within the HAp/β-TCP matrix started after cooling 
from 1100 ± 5 °C. 
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4 Discussion 

4.1 The stability of HAp and the formation of β-TCP 

HAp crystallizes in two different space groups: monoclinic (P21/b, C2h, no. 14) and hexagonal (P63/m, 
C6h, no. 176 or P63, C6, no. 173, respectively). Although the monoclinic form is thought to be 
thermodynamically more stable, it appears that a hexagonal phase is the most common one 
[61,64,74,78–81]. The hexagonal form allows atomic substitutions (e.g., Na+, Mg2+, Si2+, K+, Zn2+, Sr2+, 
Ba2+, Cl–, F–, CO3

2- [23]), balanced by disordered hydroxyl groups as also observed in bones [e.g., 22–
24]. However, the structural definition of HAp is still intensively discussed with regard to the hexagonal 
space groups P63/m and P63 as well as to biological and theoretical considerations [23,61,64,82–84]. A 
group theoretical analysis for the C6h factor group yields only 62 Raman active modes for space group 
P63/m (14Ag + 142E2g + 101E1g + 141E2g + 102E1g) [74,75,85], where the OH stretching mode is not 
involved [61]. In the P63 symmetry, there is  only one hydroxyl group per Ca2+ ion triangle to circumvent 
the non-physical doubling of each hydroxyl group by the mirror plane [83]. In contrast to the C6h factor 
group, 110 Raman bands (22A + 22E1 + 22E2) are expected for the C6 factor group [83–86]. 

Using crystal structure data published by Ikoma and co-authors [87], a group theoretical analysis for 
the monoclinic phase reveals that 126 (63Ag + 63Bg) among 249 expected optical modes are Raman 
active [85]. However, the crystal symmetries P21/b, P63/m, and P63 are very similar and the number of 
expected bands differs due to the order of OH– ions, which changes during heating. We note in this 
context that the band near 630 cm-1, which has been assigned to the liberation of OH– ions within the 
P63 symmetry [61,66,84], was not observed in our Raman spectra. 

In general, the temperature-dependent decomposition of HAp may operate via three possible 
reactions, whereby TCP and other calcium phosphates are formed and H2O is released into the 
atmosphere: 

   Ca10(PO4)6(OH)2  → 2Ca3(PO4)2 + Ca2P2O7 + 2CaO + H2O       (2a) 

   Ca10(PO4)6(OH)2  → 2Ca3(PO4)2 + Ca4P2O9 + H2O        (2b) 

   Ca10(PO4)6(OH)2  → 3Ca3(PO4)2 + CaO + H2O        (2c) 

In the case of equations 2a and 2c, lime is also formed as an intermediate product that has only a weak 
second order Raman spectrum and is thus difficult to detect [57]. The HT Raman study of pure, 
nanocrystalline HAp reveals significant spectral changes due to the alteration of P–O bonds within the 
PO4 units. By using the empirical correlation between Raman wavenumbers of PO4 tetrahedra and their 
P–O bond lengths in crystalline phosphates [88], we obtain a shortest bond length of 152.3 pm for the 
highest frequency (1076 cm-1) and a longest bond length of 155.6 pm for the lowest frequency (961 
cm-1) of HAp. P–O bond lengths of 151.9 and 156.0 pm were calculated for β-TCP indicating a 
shortening of the P–O bond of the assigned ѵ3(PO4) band and an expansion of the P–O bond of the 
assigned ѵ1(PO4) mode during the transformation of HAp to β-TCP. Some authors claim a dehydration 
of HAp by a gradual release of its OH– ions at temperatures over 1000 °C [28–30]. However, our 
observations suggest a complete loss of structural OH groups between a relative narrow temperature 
interval between 770 and 850 °C (Table 2). Loss of hydroxyl groups bound to the surface of the HAp 
nanocrystals, however, occurs in distinct overlapping stages below about 600 °C. The first step is the 
loss of adsorbed water below 200 °C [23,68], which can be followed by (i) the first mass loss in the TG 
curve and the first peak in the QM (m: 18) curve (Figure 8), (ii) the decrease of OH bands in the 
frequency range 3500–4000 cm-1, in particular the disappearance of the OH bands (5-7) (Figure 3a and 
3c), and (iii) the abrupt shift to higher frequencies of the main band position of HAp during firing (Figure 
5), i.e., the average P–O bonds shortened.  
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Previous studies have indicated that another type of water in addition to adsorbed surface molecular 
water, surface, and structural OH groups occurs within the HAp structure, which has been defined as 
lattice water [68,89], structural intra-crystalline water [90], structurally incorporated water [91], or 
dissociated water [92]. All terms refer to inner-surface-bound water that fills the empty space in the 
crystal lattice channels of HAp. The fact that the OH bands (2-7) are found only in the pressed tablet 
but not in the powder suggests a surface-bound origin, possibly favored by the nanocrystallinity of the 
sample material. Thus, the OH bands (2-4) are assigned to surface-bound OH groups, which can be 
removed by heating to above 200 °C [90]. Indeed, these OH bands disappear in the temperature range 
400–600 °C. Moreover the TG data agree well with studies on carbonated HAp, except for an additional 
weight loss for CO2 [89–91]. In agreement with Pasteris and colleagues, we obtained about 3 % mass 
loss due to the loss of structurally incorporated water [91].  

The loss of surface-bound molecular water and hydroxyl groups can cause a contraction of the HAp 
unit cell in the a-axis dimensions [68] and possibly a reversal of the ordered hydroxyl groups [80,93] 
which could be responsible for the observed spectral changes in the frequency range 300–1200 cm-1 
between 380 and 770 °C. The position and intensity of all stretching and bending modes changed 
significantly (Figure 4). At 480 °C, a monoclinic to hexagonal phase transition is predicted [23,93–96], 
which could explain the spectral changes above 380 °C and the anomalies in our DTA at about 450 °C 
(Figure 8), respectively. However, the most dramatic changes happened between 770 and 850 °C 
(Figure 4), where the HAp structure broke down leading to the formation of β-TCP (Equations 2a-c). 
The peak at about 770 °C in the QM (m = 18) curve indicates a release of H2O during the decomposition 
of HAp. At nearly the same temperature, the ѵ(OH)HAp band disappears (Figure 3c), suggesting the 
formation of oxyapatite (Ca10(PO4)6O) [28]. In fact, new Raman bands at about 350 and 720 cm-1 (HT) 
can be assigned to pyrophosphates (Ca/P < 1.5) [69,70,97], which were produced during the 
transformation from HAp to β-TCP by changing the Ca/P ratio from 1.667 to 1.5 [71,72]. This is in good 
agreement with observations made by Coelho and co-workers [31]. These authors also observed a 
band in the 700–750 cm-1 frequency range in Raman spectra of HAp samples heated at 700 and 900 °C 
and measured ex situ. They assigned the new bands, that were observed after sintering HAp at 700 °C, 
to other calcium phosphates and suggested that the formation of β-TCP occurs between 700 and 900 
°C [31]. The latter basically agrees with our observations (Figure 5 and Figure 7b) as the new band at 
545 cm-1 (HT) can clearly attributed to anti-symmetric bending modes of the PO4 units of β-TCP [67]. 
Our data, however, allows us to more accurately define the transformation temperature for pure HAp 
to β-TCP, which occurs between 800 and 810 °C (determined inflection point: 808 °C), while the bulk 
decomposition starts at about 770 °C with the loss of structural OH, which is accompanied by the 
formation of pyrophosphates, likely at the surface of the nanocrystallites. 

However, within the ternary system Ca10(PO4)6(OH)2-SiO2-CaO, the breakdown of nanocrystalline HAp 
and formation of β-TCP proceeded at significant higher temperatures. Although it is very difficult to 
distinguish HAp and β-TCP in situ at high temperatures due to spectral similarities, the changes of 
bending modes (Figure 4b) can be used for unambiguous identification of β-TCP. In experiment TQC-
1, the temperature-series Raman images reveal that the decomposition of HAp started at 820 ± 5 °C 
and pyrophosphates were likely formed (Figure 9). In contrast, in experiment TQC-2, where much more 
quartz and lime were present, β-TCP crystallized at 1050 ± 5 °C (Figure 10). Thus, quartz and/or lime 
appear to affect the rate and likely the activation energy for early thermal decomposition of HAp to β-
TCP. Raman images acquired during the in situ/quench experiment (TQC-2, Figure 12) show that, 
although β-TCP could clearly be identified in situ between 960 and 1100 ± 5 °C, HAp formed during 
quenching. It is known that α-TCP can be hydrolyzed to Ca-deficient HAp at temperatures as low the 
human body temperature [98]. The hydrolysis of β-TCP with water from the furnace environment could 
possibly have led to the formation of Ca-deficient HAp. However, no evidence, for example a weak 
band at 872 cm-1 or a broadening of the ѵ1 band [98], was found. In general, the observation that β-
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TCP was first identified at RT after cooling down from 1150 ± 5 °C indicates that a long sintering period 
is needed to decompose HAp at lower temperatures so to obtain β-TCP at RT. 

4.2 The β- to α-TCP and the α- to α’-TCP transformation 

The β- to α-TCP polymorphic phase transformation has previously been observed between 1125 and 
1130 °C [32–34]. However, Serena and co-authors [35] observed that the presence of MgO stabilize 
the β-TCP phase, leading to a phase transition at a significantly higher temperature of 1230 °C. 
However, impurities (> 0.02 wt.-%) could be excluded and yet both the DTA and HT Raman studies of  
HAp/β-TCP sample reveal a β-TCP to α-TCP transformation at temperatures above 1220 °C. The α-
phase crystallizes in the monoclinic space group P21/a (C2h, no. 14) with 24 formula units (312 atoms) 
per unit cell [99], reflecting the complexity of the high-temperature polymorph. A group theoretical 
analysis for the C2h factor group yields 468 Raman active modes (234Ag + 234Bg) based on published 
crystal structure data [99]. However, due to the low intensity and large broadening of the bands at HT, 
the number and positions of the bands were difficult to determine. However, the significant shift of 
ѵ1(PO4) to higher frequencies between 1220 and 1260 ± 1 °C clearly suggests a phase transition within 
this temperature range, which is further confirmed by the endothermic DTA peaks with onsets slight 
above 1270 °C during heating. During cooling the reverse reaction α  β-TCP was observed at lower 
temperatures than on heating. The hysteresis effect during cooling defined by the exothermic peak at 
1080 °C indicates a 1st order phase transition, which, however, depends on the heating and cooling 
rates, respectively. For the physico-chemical conditions of our experiments (heating/quenching rate, 
holding time, composition etc.), we can assume an upper stability temperature of 1220 ± 1 °C with a 
transition zone to about 1270 ± 5 °C for β-TCP, which then remained metastable during cooling to RT. 
In our experiments, the RT Raman spectra clearly identify the β-polymorph of TCP. We can further 
state that the new band at 1089 cm-1 for the fired HAp/β-TCP matches well with the shortest P–O bond 
length calculated for β-TCP. 

The onset of the α  α’-TCP transformation was observed at 1454 ± 5 °C and is consistent with other 
studies [32–35]. During cooling the reverse reaction α’  α-TCP was observed at nearly the same 
temperature as on heating (onset: 1444 ± 5 °C). 

4.3 The formation of silicocarnotite 

Within the ternary system HAp-SiO2-CaO, dicalcium silicate (α’L-Ca2SiO4) already formed at 
temperatures below 960 °C by a reaction between quartz and lime (Figures 10 and 12). During 
quenching, the α’L-phase reversibly transforms to the β-phase (larnite), as reported in detail in our 
previous study [56]. The identification of silicocarnotite is based on the published data on the ѵ1(PO4) 
and ѵ1(SiO4) frequencies, varying between 950 and 964 cm-1 and 845 and 854 cm-1, respectively (see 
Table 3). 

Table 3: Published data on ѵ1(PO4) and ѵ1(SiO4) frequencies of silicocarnotite at room temperature. 

Reference [45] [35] [47] [53] [48] This study 

ѵ1(PO4)  [cm-1] 954 964 959-963 957 953 950-952 
ѵ1(SiO4) [cm-1] 847 854 854 850 848-850 845 

It is well-known that silicocarnotite can be synthesized by a solid-state reaction between dicalcium 
silicate and tricalcium phosphate as described by following equation: 

   Ca3(PO4)2 + Ca2SiO4  Ca5(PO4)2SiO4           (3) 
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It has been proposed that a so-called R solid solution phase is formed as reaction product of the high-
temperature polymorphs α’-Ca3(PO4)2 and α-Ca2SiO4 at temperatures above 1450 ± 20 °C [32–35]. 
During cooling down to RT, the R phase was found to transform to silicocarnotite at about 1370 °C [33] 
or 1310 °C [35] by DTA of stoichiometric mixtures.  

The material used for the Raman heating study is the same as investigated by Galuskin and co-authors 
[53]. Compared to our data, the number of identified bands varies and there are some differences in 
band assignments. For example, the authors assigned a band at 584 cm-1 to anti-symmetric bending 
modes of both the SiO4 and PO4 units, although they occur in different frequency ranges, i.e., 520–570 
and 570–620 cm-1, respectively [56,61–64]. On the other hand, we can confirm that the band at 
633 cm-1 can be assigned to a ѵ4(PO4) mode. The bands at frequencies above 1010 cm-1 can be 
unambiguously assigned to ѵ3(PO4) vibrations, whereas anti-symmetric stretching modes of the SiO4 
tetrahedra occur at much lower frequencies (~880 cm-1) [56]. 

The ѵ1(PO4) frequency of silicocarnotite recorded at RT after quenching the multi-component 
experiments is in good agreement with the ѵ1(PO4) position of 951 ± 1 cm-1 observed from the natural 
silicocarnotite sample. Using the HT reference spectra, we were able to identify silicocarnotite even at 
high temperatures. The time- and temperature-series Raman images of the in situ experiment TQC-2 
and the in situ/quench experiment TQC-3 reveal that silicocarnotite was first identified as small grains 
located close to large α’L-Ca2SiO4 grains within the HAp/β-TCP matrix. After cooling to RT, 
silicocarnotite crystallized further as rims around dicalcium silicate grains. Grains of wollastonite 
appear to have reacted with the adjacent β-TCP to silicocarnotite. With reference to previous results, 
we note that wollastonite cannot only form by a reaction between quartz and lime [e.g., 93], but could 
also be a breakdown product of dicalcium silicate at temperatures higher than 1020 °C [54–56,101]. 
Here, we propose that silicocarnotite can form by the reaction between tricalcium phosphate and 
wollastonite which yields additional silica: 

   Ca3(PO4)2 + 2CaSiO3     
 ~  °⎯⎯⎯⎯⎯⎯     Ca5(PO4)2SiO4 + SiO2         (3) 

In fact, silicocarnotite and wollastonite usually occurred together in contact with large quartz grains 
(Figures 10 and 12). While the wollastonite concentration decreased the silicocarnotite content 
increased. It is possible that newly formed silica reacted with dicalcium silicate and new wollastonite 
was formed, which is confirmed by the observation that the quartz concentration remained stable 
(Figure 12). 

In experiment TQC-2, silicocarnotite was first identified at 1150 ± 5 °C after a dwell time of two hours. 
This observation suggests that a long sintering time can activate the formation of silicocarnotite by the 
supply of more β-TCP by the decomposition of HAp or that the diffusion of Ca3(PO4)2 into Ca2SiO4 

appears to be very slow [35].  Quenching, in turn, seems to trigger the nucleation and growth of 
silicocarnotite. In experiment TQC-3, silicocarnotite was first identified at RT after cooling from 1050 ± 
5 °C, i.e., about 250 °C below the expected R phase-to-silicocarnotite phase transition. Nurse and co-
authors postulated that increasing the dicalcium silicate content in the starting mixture promotes the 
crystallization of silicocarnotite, which is accompanied by another unknown silicate phase (A phase), 
at lower temperatures than observed for stoichiometric mixtures [32]. However, no A phase could be 
identified in our experiments. Moreover, our in situ and in operando experiments show that the 
formation of silicocarnotite is not only possible above 1450 °C by the reaction between the high-
temperature polymorphs α’-Ca3(PO4)2 and α-Ca2SiO4, but also at significant lower temperatures 
(approx. 1050–1150 °C) through either a reaction between the high-temperature polymorphs 
β-Ca3(PO4)2 and α’L-Ca2SiO4 or from the reaction between β-Ca3(PO4)2 and CaSiO3 with additional 
formation of quartz. 
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5 Conclusion 
The in situ Raman heating experiments with pure nanocrystalline HAp and β-TCP and the TG/DTA 
measurements gave new insights into the breakdown process of nanocrystalline HAp and the 
formation of tricalcium phosphate polymorphs, which are summarized in Table 2. The main 
observations are: 

o The loss of surface hydroxyl groups bound to HAp nanocrystals is a stepwise process which 
is completed at about 570 °C. To study the behavior of structural OH during heating future 
studies should use larger HAp crystals.  

o Between 770 and 850 ± 1 °C and 1220 to 1270 ± 5 °C, the reconstructive HAp  β-TCP and β-
TCP  α-TCP transformations, respectively, were observed.  

o At a heating rate of 10 °C/min, the onset temperature of the likewise reconstructive α  
α’-TCP transformation was observed at about 1450 °C. 

o With the same quenching rate, β-TCP remained metastable down to RT. 

In addition, HT Raman spectra of a natural silicocarnotite sample were recorded for the first time up 
to 1200 °C in 50 °C-steps and a heating rate of 10 °C per minute. This experiment revealed, for instance, 
that the position of the v1(PO4) band shifted from 951 ± 1 cm-1 to approx. 930 cm-1 at 1200 ± 1 °C. The 
HT Raman spectra were also used to identify silicocarnotite in experiments in the ternary system 
Ca10(PO4)6(OH)2-SiO2-CaO, which gave additional information about solid-state silica-/calcium 
phosphate reactions: 

o HAp decomposed at higher temperatures (960–1050 ± 5 °C), indicating that quartz and/or 
lime stabilize HAp during firing. 

o The in situ formation of silicocarnotite was observed after a dwell time of two hours in direct 
contact to α’L-Ca2SiO4 grains located within the initially nanocrystalline HAp/β-TCP matrix. 

o During quenching, silicocarnotite was first identified at RT after cooling from 1050 ± 5 °C, i.e., 
about 250 °C below the previously observed R phase-to-silicocarnotite phase transition zone. 

o Silicocarnotite crystallized in the temperature range between 1050 and 1150 °C, either from 
the reaction between β-Ca3(PO4)2 and α’L-Ca2SiO4 or from the reaction between β-Ca3(PO4)2 
and CaSiO3, which additionally involve the formation of quartz. 

In conclusion, we would like to state that hyperspectral in situ Raman imaging is a unique tool to study 
high-temperature solid-state reactions in multi-component systems in situ and in operando, i.e., while 
the solid-state reactions are running. In return, the work shows how important the availability of HT 
reference Raman spectra is in order to be able to correctly identify mineral phases in multi-phase 
systems in situ and at high temperatures.  
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Appendix 
Table A1: Observed (Raman shift), widths, given as a full width at half maximum (FWHM) and intensity ratios between the 
ѵ1(PO4) and the ѵ1(SiO4) modes of the silicocarnotite sample. The normalized intensity ratio of the ѵ1(PO4) band to the ѵ1(SO4) 
band is also given. 

Temperature 
[°C] 

ѵ1(PO4) 
[cm-1] 

FWHM ѵ1(PO4) 
[cm-1] 

ѵ1(SiO4) 
[cm-1] 

FWHM ѵ1(SiO4) 
[cm-1] 

Intensity ratio Intensity ratio (norm.) 
ѵ1(PO4)/ ѵ1(SiO4) 
 

ѵ1(PO4)/ ѵ1(SO4) 
 

30 950.3 12.1 843.4 19.1 5.1 9.7 
100 949.4 12.8 843.2 17.3 5.4 9.6 

150 948.6 14.0 842.2 20.7 5.0 9.0 
250 947.9 14.9 841.1 19.8 5.6 7.7 

300 946.8 16.2 840.2 20.9 5.2 8.2 
350 945.9 16.6 838.7 21.2 5.3 7.3 

400 945.2 17.3 838.2 19.1 5.6 6.5 
450 944.7 18.8 837.7 23.1 5.5 7.3 

500 944.0 20.6 837.1 27.1 4.8 7.6 
550 943.0 20.9 837.0 28.6 4.4 5.4 

600 942.0 21.8 835.3 27.2 4.7 6.7 
650 940.6 22.2 835.0 28.3 4.5 6.2 

700 939.4 21.1 834.8 26.9 4.5 6.1 
750 938.5 22.2 834.5 27.3 4.6 5.5 

800 937.9 23.4 833.4 31.5 4.3 5.7 
850 936.8 24.3 832.6 31.2 4.1 6.5 

900 936.3 24.6 831.9 31.7 4.4 7.5 
950 935.6 26.3 830.9 29.1 4.4 6.8 

1000 934.5 26.0 830.6 34.6 4.2 5.9 
1050 934.2 28.8 829.6 31.0 4.5 3.9 

1150 930.9 29.6 826.9 38.4 4.6 0 
1200 929.8 30.9 824.5 45.6 3.4 0 

 δѵ/δT δFWHM/δT δѵ/δT δFWHM/δT Ø  

 -0.0127 0.0156 -0.0104 0.0186 4.8  
 ± 0.001 ± 0.0005 ± 0.0016 ± 0.0017   

 r2 > 0.99 r2 > 0.98 r2 > 0.98 r2 > 0.85   
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EPILOGUE 

Compared to the first and the second study, which were carried out to examine the anhydrite-quartz 
and anhydrite-quartz-lime system, respectively, the third study replaced the sulfate component with 
a phosphate phase. The HAp-quartz-lime system was investigated and gave new insights into the 
formation of silicocarnotite (Ca5(PO4)2SiO4) at high temperatures. Silicocarnotite crystallized in the 
temperature range between 1050 and 1150 °C, either from the reaction between β-TCP and α’L-Ca2SiO4 
or between β-TCP and wollastonite with the additional formation of quartz. Furthermore, quartz 
and/or lime were found to stabilize HAp during firing within the multi-phase experiments. 

 The heating studies of nanocrystalline HAp and β-TCP revealed that the loss of surface water 
bound to the HAp nanocrystals is a stepwise process until 770 °C. Between 770 and 850 °C, structural 
OH was lost during HAp transformed to β-TCP. In addition, the β-TCP–to–α-TCP and the α–to–α’-TCP 
transformation temperatures could be determined. In both single- and multi-phase experiments, β-
TCP remained metastable at RT. 

 Further Raman studies with larger HAp crystals are planned for the future to obtain more 
information on the behavior of structural hydroxyl groups and possible differences compared to the 
nanocrystalline material during heating.   
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5 Investigations of calcium silicates and 
calcium phosphates in a waste wood ash – 
an alternative fuel 

5.1 Introduction 

Fuels derived from biomass and waste are attractive and sustainable sources of energy. In the context 
of the debate on coal combustion, these alternative fuels gain increasing attention [7,58–60]. 
From an economic point of view, the possibility of co-firing biomass/waste with coal in power plants 
is an interesting option as it widens the range of acceptable fuels, especially coals, avoids seasonal 
difficulties, and allows the use of existing infrastructure. An important environmental aspect is that 
the combustion of these residues can reduce the volume of waste, allowing energy recovery [60]. 
Furthermore, the use of biomass/waste is considered carbon neutral, as the CO2 released during its 
use is an integral part of the carbon cycle [e.g., 7]. Waste wood ash is the residue produced when wood 
waste is incinerated for energy. Recent investigations have shown that waste wood ash can be used as 
a cement substitute in the building industry [61–63]. However, the quality and composition of wood 
ash can vary depending on the combustion temperature, combustion technology, and type of wood 
used [61,64], as well as the addition of coal or other fuels [65]. During the combustion process, sinter 
reactions of containing minerals can lead to deposit formation inside the furnace. Therefore, a detailed 
analysis of the properties of wood ash before its technical use is of utmost importance. 

 In the present study, a waste wood ash was investigated using various analytical means. The 
aim was to analyze the chemical and mineralogical composition in detail. Furthermore, initial heating 
experiments were carried out with samples of waste wood ash to evaluate the application potential of 
HT Raman imaging on real waste wood ashes, i.e., to study whether it is possible to also visualize 
inorganic phase reactions at high temperatures by hyperspectral Raman imaging. 

5.2 Material and methods 

The waste wood ash used in this study was produced from waste wood by combustion in a furnace at 
about 550 °C. The chemical analysis of the main elements in the waste wood ash was carried out with 
a Bruker S8 Tiger X-ray fluorescence spectrometer (XRF, Bruker AXS, Madison, WI, USA) at the 
Mineralogical Laboratory of the RWE Power AG, Niederaußem, Germany. The spectrometer is 
equipped with a rhodium tube and a scintillation counter tube as detector. The measurements were 
carried out under vacuum with a collimator mask (34 mm) and a sample rotation of 30 revolutions per 
minute. The installed crystals used for analysis, the respective generator settings, and the associated 
analyzable elements are listed in Table 3. The measurements were carried out on melting tablets (1050 
°C). The evaluation of the recorded spectra was automatically carried out with the SPECTRAplus 
software (Bruker AXS). 
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Table 3: Crystals used in the XRF measurement with the respective generator settings and the elements to be measured. 

Crystal Generator settings Elements 
PET 30 kV, 135 mA Al, Si 

LiF200 50 kV, 81 mA Ba, Ca, K, Ti 
XS-Ge-C 30 kV, 135 mA Cl, P, S 
LiF220 60 kV, 67 mA Fe 
XS-55 30 kV, 135 mA Mg, Na 
LiF200 60 kV, 67 mA Mn, Sr, Zn 

The mineralogical analysis of the waste wood ash was conducted with a Bruker D5000 X-ray powder 
diffractometer (XRD, Bruker AXS, Madison, WI, USA) with a theta-theta-goniometer geometry, Cu-Kα 
radiation, and a graphite monochromator. The X-ray tube operated at 40 kV and 40 mA. The XRD scans 
were performed between 4 and 70 °2θ, with a step size of 0.02°/s and an acquisition time of 40 s per 
step. The software systems DIFFRAC.EVA and DIFFRAC.TOPAS by Bruker AXS were used for qualitative 
identification and quantitative analysis of crystalline components, respectively. In addition, the XRD 
results were verified and complemented by Raman measurements. Furthermore, two sintering 
experiments were performed with the same starting material using a Horiba Scientific HR800 Evolution 
Raman spectrometer (Horiba Scientific, Kyōto, Japan) equipped with an electron-multiplier charge-
coupled device (EM-CCD) detector, an Olympus BX41 microscope, and a Nd:YVO4 laser (λ = 532.11 nm). 
A LINKAM TS1500 heating stage was mounted onto the automated x-y-z stage below the microscope 
objective of the Raman microscope as shown and described in detail in Chapter 1. Both instruments 
are located at the Institute of Geoscience of the University of Bonn, Germany.   

 For Raman measurements, ~20 mg of the sample material was pressed with 10 kPa into 
cylinders with a diameter of 3 mm and a height of about 1.5 mm to produce a flat sample surface for 
high-quality Raman images as described in Chapter 1.2.1. Several representative areas (160 x 160 µm2) 
of the sample surface were selected to record hyperspectral Raman images at RT. Afterwards the 
samples were fired to the first temperature step with a heating rate of 10 °C/min. Then, two Raman 
images were taken in succession (total acq. time: ~4 h) before the sample was further heated to the 
next temperature (~50 °C-steps). After recording the last image at the maximum temperature, the 
sample was cooled down to RT (10 °C/min) and a final Raman image (200 x 200 µm2) was recorded. 
The individual Raman spectra were collected during continuous x-y stage movement with a scanning 
speed of 1.6 µm/s (SWIFT© mode) in the wavenumber range from 100 to 1730 cm-1. For the evaluation 
of Raman images, all Raman spectra were corrected for any possible spectrometer shift that can occur 
during long-time image acquisition using the position of the intense Ne line at 1707.06 cm-1. The data 
reduction and creation of hyperspectral false-color Raman images were carried out using the LabSpec 
software. The images show the 2-dimensional, micrometer-scale distribution of mineral phases 
identified within the area. The dominant mineral phase in a given Raman spectrum was determined 
by the classical least-squares (CLS) fitting procedure as described in Chapter 1.3.2. 

5.3 Results and discussion 

5.3.1 Chemical and mineralogical composition of waste wood ash 
In contrast to the experiments of previous studies, the present investigations were not carried out on 
synthetically produced samples. Therefore, the composition of the material was not known and the 
focus was on identifying the minerals in the waste wood ash and, generally, to evaluate the application 
potential of HT Raman imaging on real waste wood ashes. First, the contents of inorganic elements  
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were measured by XRF (Figure 14). Ca is the predominant element (~43 wt.-% CaO) in the present 
waste wood ash. It also contains about 13 wt.-% K2O and other critical elements such as Si and P in 
major concentrations. Al, Na, Mg, Fe, Mn, Ti, Zn, Ba, Sr, S, and Cl were detected in trace concentrations. 
The measured inorganic chemical composition agrees well with results of other chemical investigations 
of waste wood ashes [60,61,64]. Wood ash usually contains high amounts of heavy metals due to the 
longer rotation time of wood, which increases accumulation and may explain the lower pH value of 
forest soils [60]. However, the higher the incineration temperature, the lower the content of light 
metals (K, Na, Zn, etc.) [64], i.e., more volatile elements are released into the atmosphere. The 
combustion temperature significantly affects the chemical and the mineralogical composition of waste 
wood ashes. At a combustion temperature below 500 °C, calcite (CaCO3) predominates in waste wood 
ash, whereas at higher incineration temperatures in the order of 1000 °C, oxide compounds such as 
quicklime (CaO) are found in waste wood ashes [61] due to the decomposition of calcite. The generally 
high calcium content of wood ash is due to its high content naturally occurring in wood. Furthermore, 
Si is commonly found in significant amounts in waste wood ashes [60,61]. However, the present 
chemical analysis revealed only a moderate silica concentration, but a high K content. Both the Ca and 
Si content as well as other components depend on the type of wood [61]. 

 
Figure 14: Chemical analysis of the waste wood ash produced from incinerating waste wood in a furnace at ~550 °C. The main 
oxides are CaO, K2O, SiO2, and P2O5.  

Ash behavior and deposition tendencies during the combustion process are normally predicted 
through the use of empirical indices. These indices can give indications of possible contamination or 
sintering reactions during firing. One simple index is the base-to-acid ratio Rb/a (Equation 3), where the 
data for each compound refers to its weight concentration in the ash [60]. 

𝑅 /  =  𝑤𝑡. −% (𝐹𝑒 𝑂 + 𝐶𝑎𝑂 + 𝑀𝑔𝑂 +  𝐾 𝑂 +  𝑁𝑎 𝑂)𝑤𝑡. −% (𝑆𝑖𝑂 + 𝐴𝑙 𝑂 + 𝑇𝑖𝑂 + 𝑃 𝑂 ) = 4.91 (3) 
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In general, P2O5 is not considered in this equation. Nevertheless, it is commonly a major component of 
biogenic fuels such as waste wood ash. The chemical composition of the present wood ash yields a Rb/a 

value of 4.91, indicating a medium deposition tendency. However, the base-to-acid ratio only considers 
aluminosilicate networks. Also, the possibility of the occurrence of sulfidic or sulfatic melts is neglected 
[66]. Other empirical indices are the iron-calcium and silica-aluminum ratio, which were found to be 
0.01 and 7.75, respectively, for the present wood ash. These values are outside the critical range (0.31-
3.00), which is associated with a low deposition tendency [60]. 
 However, more mineralogical details are essential to predict fouling and sintering reactions of 
waste wood ash. The mineralogical characterization was performed by both XRD and Raman 
spectroscopic studies. In general, XRD data provide information about the total content of mineral 
phases contained in the investigated sample material, but not about the localities or, in particular, 
about the grain boundary reactions during or after sintering. In addition, the detection limit of XRD 
analysis is in the order of 0.1 to 5.0 vol.-%, i.e., phases that occur in minor amounts cannot be detected. 
However, both qualitative and quantitative analysis is possible, which also helps to identify mineral 
phases in Raman studies. The diffractogram with identified mineral phases is shown in Figure 15. The 
main mineral phases in the present waste wood ash are calcite (CaCO3) with 61.5 vol.-% and apatite 
(Ca5(PO4)3(OH, F, Cl) with 15.3 vol.-%. In addition, 7.4 vol.-% arcanite (K2SO4), 5.6 vol.-% albite 
(NaAlSi3O8), 3.8 vol.-% microcline (KAlSi3O8), and 3.2 vol.-% periclase (MgO) and quartz (SiO2) were 
detected. Notably, the peaks that identify hydroxylapatite (HAp) match very well with XRD data of Sr-
substituted HAp. Natural apatite has the chemical composition Ca5(PO4)3(OH, F, Cl), but also the Ca 
atoms can be substituted by a number of cations including Na+, Mg2+, K+, Mn2+, Fe2+, Zn2+, Sr2+, Ba2+ [67–
69]. The apatite diffraction peaks from the wood ash are shifted to lower °2θ values with respect to 
the peaks of pure, end member HAp, indicating an increase in the lattice constants, i.e., the 
incorporation of other elements into the apatite structure. 

 
Figure 15: : X-ray diffraction pattern of the waste wood ash with identified mineral phases based on the ICDD PDF 2-2016 
database [70]. The inset shows diffraction peaks that identify Sr-substituted hydroxyapatite (HAp). Compared to diffraction 
peak positions of pure HAp, the corresponding diffraction peaks of Sr-HAp are shifted to lower 2θ angles. 

Three false-colored Raman images taken from different localities on the sample surface are shown in 
Figure 16. The Raman spectroscopic measurements confirm that calcite and apatite are the main 
mineral phases in the present waste wood ash. The most intense Raman band of apatite was identified  
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in a frequency range from 938 to 962 cm-1 measured at different localities on the sample surface 
(Figure 17a). Compared to the v1(PO4) mode obtained from pure hydroxylapatite at 961 cm-1, the main 
band shifted to lower wavenumbers, indicating longer P-O bond length, which could reflect the 
substitution of Ca by other elements in the apatite crystal structure [67,71]. Chlorapatite can be 
identified by the v1(PO4) being located at 959 cm-1 [71], whereas in Sr- and Ba-substituted 
hydroxylapatite this band is shifted to 948 and 935 cm-1, respectively [67]. Referring to the chemical 
analysis, the incorporation of the identified elements (Cl, Sr, Ba, etc.) into the apatite crystal structure 
is possible. 

 
Figure 16: False-colored Raman images of the mineral distribution of three 160 x 160 µm2-sized surface areas of a sample 
body made of waste wood ash taken at RT. 

 
Figure 17: (a) RT Raman spectra of apatite recorded at three different localities on a wood ash sample surface compared to a 
representative spectrum of pure, but nanocrystalline hydroxylapatite (HAp) [57]. Note the significant differences in the 
frequency of the v1(PO4) band of the apatite of the wood ash sample, which varies between 938 and 962 cm-1. (b) 
Representative RT Raman spectra of arcanite and two currently unidentified phases. 
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Due to the limit of detection of XRD analyses, the TiO2 identified by XRF could not be detected by XRD. 
In contrast, Raman images confirm the presence of TiO2 within the waste wood ash. More precisely, 
anatase could be identified in all three imaged areas at RT (Figure 16). Arcanite (K2SO4) was identified 
by its most intense Raman band at 983 cm-1, which is assigned to the ѵ1 stretching mode of the SO4 
tetrahedra [72,73]. The two medium intense bands at 453 and 620 cm-1 are assigned to the ѵ2(SO4) and 
ѵ4(SO4) bending modes, respectively. The weak bands at 1104 and 1145 cm-1 are attributed to the ѵ3 
stretching modes of the SO4 tetrahedra. Possibly, a third ѵ3(SO4) mode appeared near 1090 cm-1 as 
claimed in other studies [72,73], but was overlain by the main band of calcite (Figure 17b). 
 Two unknown mineral phases were found as small grains within the waste wood ash. The first 
unknown phase is characterized by a broad band at 838 cm-1. Unfortunately, only mixed Raman 
spectra, possibly including apatite signals (938 cm-1), could be recorded (Figure 17b). The second 
unknown phase with two intense bands at 445 and 807 cm-1 was identified within a 160 x 160 µm2 
area (Figure 16c). A representative spectrum of this phase is shown in Figure 17b. Possibly, both 
unknown phases are dicalcium silicates, which certainly occur in wood ash [65] and show relative broad 
and intense ѵ1(SiO4) bands between 800 and 860 cm-1 [74,75]. On the one hand, the Raman band at 
807 cm-1 may indicate γ-Ca2SiO4 [74,75], which could have formed by the reaction between quartz and 
calcite during the firing process. On the other hand, the band at 445 cm-1 cannot be attributed to 
dicalcium silicate. However, the incorporation of Mg2+, Fe2+, Sr2+, Ba2+ cations into the dicalcium silicate 
structure is possible [74,76], which may result in additional Raman bands. 

 Two heating experiments with cylindrical sample bodies of waste wood ash were conducted. 
For the first experiment, an area with calcite and arcanite was selected. During firing to 820 °C, calcite 
decomposed to CaO and CO2, but recrystallized during the following quenching step. Arcanite remained 
stable during firing and was also identified at RT (Figure 18a). Thus, the Raman images at high 
temperatures (not shown here) reveal no phase reactions between arcanite and calcite. For the second 
experiment, an area with calcite and apatite as main phases was therefore selected. The sample was 
first fired to 870 °C and after the image acquisition time of four hours, it was heated up to the second 
temperature step of 960 °C. After taking the last image, the sample was cooled down to RT. The HT 
images at both temperature steps show no phase reactions, except the calcite decomposition (not 
shown here). During cooling calcite recrystallized and was again identified at RT, as were apatite, 
arcanite, and the unknown phase at 838 cm-1 (Figure 18b). 

 
 
 
 
 

Figure 18: False-colored Raman images 
of samples of waste wood ash after 
firing (a) 4 hours at 820 °C and (b) 4 
hours at 870 °C and 4 hours at 960 °C, 
respectively, recorded at RT. Both 
images were acquired with an 
acquisition time of 0.5 s per spectrum. 
The step size was 2 pixels for the first 
image and 4 pixels for the second 
image. 
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5.4 Conclusion 

The major aims were to gain detailed information on the chemical and mineralogical composition of 
waste wood ash produced during the combustion of waste wood in a kiln at about 550 °C and to 
explore the potential of in situ and in operando Raman imaging of mineral reactions in natural wood 
ash. Both XRD and Raman measurements were performed, which allowed the identification of the 
main mineral phases, which are calcite, apatite, and arcanite. This mineralogical paragenesis is well-
reflected by the chemical composition of the ash. Accessory phases are alkali feldspars, periclase, and 
quartz. Also anatase and minor amounts of dicalcium silicate phases were detected. The chemical 
analysis also revealed trace elements (e.g., Cl, Sr, and Ba) which are most likely located in the apatite 
phase. The XRD pattern identifies Sr-substituted HAp as the main apatite phase in the waste wood ash. 
In addition, the Raman data show that Ca is also substituted by Ba, reflected by a distinctly lower 
v1(PO4) frequency. 
 The results of the heating experiments demonstrate that firing of waste wood ash containing 
calcite, apatite, and arcanite to 960 °C does not lead to considerable sinter/melting reactions between 
these phases. However, it must be considered that predictions of ash behavior and deposition 
tendencies during the combustion process based on composition or empirical indices of fuel ashes are 
always sample-specific and cannot always be generalized. 
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6 Summary discussion 

6.1 Advantages and limits of high-temperature, in situ Raman 
spectroscopy and imaging 

6.1.1 High-temperature Raman spectroscopy 
High-temperature in situ Raman spectroscopy enables to identify mineral phases during firing and 
cooling processes, in particular (i) crystalline and amorphous phases, (ii) various polymorphs, and (iii) 
metastable phases are detectable. The identification of minerals at high temperatures is more 
complicated due to the fact that all available reference Raman spectral databases solely contain RT 
spectra that usually differ significantly from their HT counterparts. Therefore, heating studies on pure 
mineral phases, covering all the minerals that are potentially present in the multi-phase experiments, 
were performed to acquire high-temperature Raman spectra (cf. Section 1.2.1). In addition, these 
studies using point measurements provided valuable results on (i) structural changes, e.g., loss of 
sulfur/OH-groups, (ii) thermal stability limits, and (iii) phase transformation processes during firing. For 
instance, the heating studies of the sulfate- and phosphate-containing end members of a solid solution 
series ternesite [52] and silicocarnotite, and the heating studies with hydroxylapatite (HAp) and 
tricalciumphosphate (TCP) [57] are presented in Chapters 3 and 4, respectively.  

 The temperature dependence of integrated intensity ratios of Raman bands delivers 
information about thermal stability limits of a single phase. For instance, the ratio between the ѵ1(PO4) 
and v1(SiO4) band intensities (A) was found to not significantly change with increasing temperature up 
to ~1200 °C, reflecting a high temperature stability of silicocarnotite. In contrast, the integrated 
intensity ratio between both ѵ1 bands, Aѵ1(SO4)/Av1(SiO4), of ternesite as a function of temperature 
revealed a significant change at about 730 °C, when the transformation from ternesite to dicalcium 
silicate begins. 

6.1.2 High-temperature Raman imaging: In operando study of solid-state 
mineral reactions  

Confocal hyperspectral Raman imaging at high temperatures allows the study of solid-state or solid-
melt reactions in operando and in situ, i.e., while the reactions are in progress and without the need 
to quench the sample before analysis. In addition, spatially resolved information on phase composition 
and textures at micrometer-scale can be obtained at high temperatures. The generation of kinetic 
information on various reaction processes leading to the formation of new mineral phases and the 
quantification of grain growth and decay in situ and at high-temperature are also possible [24]. Note 
that all this information is limited to the extract (~100–200 µm x ~100–200 µm x ~15 µm) that is 
examined, i.e., no bulk information representative of the whole volume of the green body is given. 
Despite the short acquisition time per spectrum (0.5 s), the total exposure time for a single HT image 
was still about two hours. Therefore, an image is not always an accurate snapshot, since processes are 
still running during image generation. In addition, information about some minerals with low Raman 
cross sections may be hidden because the phase with the highest partial intensity within a Raman 
spectrum is displayed with a color assigned to that phase. However, when taking all these facts into 
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account while interpreting the hyperspectral Raman images, in situ Raman imaging is a unique tool to 
study high-temperature solid-state reactions in multi-component systems. 

6.2 Mineral reactions during firing and cooling 

The major aim of this project was to apply in situ HT Raman spectroscopy to study the thermodynamics 
and kinetics of solid-state and melt-crystal interactions of calcium (alumina) silicates and silica-
/calcium sulfates/phosphates. Their formation and decomposition reaction mechanisms were studied 
in multi-phase Raman experiments at high-temperature. All starting mixtures contained quartz and 
CaO supplying minerals, but varied in composition and phase proportions to investigate possible 
influences on textural and phase evolution. 
 Understanding the kinetics of sintering reactions helps to systematically control manufacturing 
processes, but also to understand metamorphic rock formation processes in nature. Even if a mineral 
transformation is thermodynamically favored, it is not guaranteed that the transformation will occur 
at any measurable rate. The rate of reaction is highly dependent on the mechanisms involved in the 
reaction process and can change with time and temperature. In general, solid-state reactions involve 
diffusion-based processes, such as grain boundary diffusion of elements, their adsorption at interfaces, 
migration through the product layer, and nucleation and growth of a new phase from the solid without 
the formation of a melt phase. Melting is considered as a grain boundary controlled dissolution 
process, which is controlled by the diffusion of elements through the continuously increasing melt 
phase and it is mainly associated with fluxes such as alkalis [77]. However, all mineral crystallizations 
observed in the present multi-phase experiments are solid-state reactions and no evidence for a partial 
melt has been found. 
 Diffusivities depend on several factors, including temperature, pressure, composition, physical 
state and structure of the phase, and sometimes oxygen fugacity [78]. The chemical mass transfer and 
the localized reactions proceed simultaneously producing reaction fronts between the educts. Both 
processes may be rate-limiting, and the coupling between the two processes determines the overall 
reaction kinetics [79]. So far there are two approaches to identify the rate-limiting component and to 
identify the direction of the migration front: (i) experiments with isotopically doped reactants [80,81] 
that is conceivable with 18O-labeled reactants and (ii) the rim growth approach that was followed by in 
situ Raman imaging in the present project. 

6.2.1 The formation of calcium silicates in the systems CaSO4-SiO2, CaSO4-
SiO2-Ca2Al(AlSi)O7, and CaSO4-SiO2-CaO 

The first multi-phase experiments were performed with anhydrite and quartz (AQ-experiments, 
Chapter 2), which were then added with gehlenite (AQG-experiments, Chapter 2) and calcium oxide 
(AQC-experiments, Chapter 3), respectively. In these multi-phase experiments, three different 
wollastonite-forming reactions could be identified at different temperatures and from different 
precursor materials. It is well-known that wollastonite can be synthesized at about 1000 °C by a 
reaction between quartz and calcite, whereby CO2 is released into the atmosphere and lime (CaO) is 
formed as an intermediate product [e.g., 68]. The decomposition of anhydrite also produces lime, 
which is then available to react with quartz to form wollastonite, according to the following reactions: 

 CaSO4 
 ~    °⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  CaO + SO3       (a)    

    CaO + SiO2     CaSiO3      (b) 
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Thus, in all two-phase experiments with anhydrite and quartz, wollastonite was the first calcium 
silicate, which crystallized along anhydrite-quartz interfaces involving diffusion-based chemical mass 
transfer of Ca/Si ions. From the Raman images of the AQ-experiments, it appears that wollastonite 
layers grew simultaneously in both interfacial directions, inwardly replacing quartz and outwardly 
replacing anhydrite, i.e., the inward diffusion of CaO and the outward diffusion of SiO2. Here, the 
formation of wollastonite depends on the thermal decomposition of anhydrite, which is further 
influenced by the quartz content. In performed experiments, where more quartz was available, 
anhydrite decomposed at lower temperatures (~920) than in experiments with lesser quartz content 
(~1000 °C) [48]. In the AQ-experiments, the transformation of wollastonite to its high-temperature 
polymorph pseudowollastonite was observed at about 1000 °C, which is 125 °C below the known 
wollastonite stability temperature [49]. It is noteworthy that in one experiment with an even higher 
quartz content, anhydrite decomposed already at about 660 °C, and both wollastonite and 
pseudowollastonite crystallized contemporaneously (AQG-2, Epilog Chapter 2). The formation of both 
polymorphs at the same temperature has already been observed in in situ Raman experiments 
performed by Stange and co-workers [26]. These authors suggested that the local conditions must 
have been different, perhaps due to different crystallographic structures or orientations of the 
reactants, which favored the formation of either a single-chain inosilicate (Wo) or a cyclosilicate (PWo) 
[26]. 

 In experiment AQ-2.1, the high-temperature phase α’L-Ca2SiO4 could be identified at about 
1100 °C related to the solid-state reaction between wollastonite and lime: 

 CaSiO3 + CaO    
 ~  °⎯⎯⎯⎯⎯⎯    Ca2SiO4       (c) 

During quenching, α’L-Ca2SiO4 transformed to β-Ca2SiO4 (larnite) and remained metastable at RT [48]. 
The RT data of experiment AQ-1 revealed that after a total sintering time of 9 h at 1093 ± 5 °C, larnite 
was identified as rims around anhydrite and near to pseudowollastonite crystallized around quartz 
grains [48]. It is possible that initially quartz and lime (from decomposition of anhydrite) formed rims 
around anhydrite grains. Then more CaO reacted with wollastonite to form dicalcium silicate (Equation 
c). Alternatively, the formation of wollastonite could have occurred while dicalcium silicate formed in 
regions with high anhydrite content, i.e., more CaO was available. However, it can be concluded that 
the formation of dicalcium silicate is more bound to CaO supplying minerals, in this case anhydrite. 

 The formation of wollastonite by a reaction of dicalcium silicate with free SiO2 (Equation d) was 
observed in various in situ experiments (AQC-1.2, AQG-2) at different temperatures depending on the 
local chemistry [48,52]. 

 Ca2SiO4 + SiO2      2CaSiO3        (d) 

The Raman images of experiment AQC-1.2, for instance, show the growth of wollastonite at the 
expense of a quartz grain in a dicalcium silicate matrix as time and temperature increased (1020–
1100 °C). When quenched to RT, α’L-Ca2SiO4 completely transformed to larnite and only a quartz relic 
remained in the center of the wollastonite grain.  

 In both AQG-experiments, gehlenite appeared to be replaced by wollastonite (cf. [48], Epilogue 
Chapter 2) at about 830 °C, which was also observed by Stange and colleagues [26]. It follows that 
additional gehlenite in the CaO-SiO2 system enhances the formation of wollastonite because, first, it 
may be a breakdown product of gehlenite and, second, released CaO is available to react with free SiO2 
to form additional wollastonite. 

 In contrast to that, in all multi-phase experiments performed with lime and quartz as precursor 
materials, α’L-Ca2SiO4 was the first newly formed mineral phase during firing indicating dicalcium 
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silicate is thermodynamically favored compared to wollastonite. The addition of free CaO allows the 
formation of dicalcium silicate at lower temperatures, since calcium oxide is directly available: 

 2CaO + SiO2      Ca2SiO4        (e) 

Already at the first heating step at about 660 °C, small grains of dicalcium silicate could be identified 
within the CaO matrix (AQC-1.2) [52]. In this case, the required SiO2 was derived from small invisible 
quartz particles, which are more reactive than the larger particles due to their larger surface area [24]. 
In addition, α’L-Ca2SiO4 crystallized at the interface between quartz and lime/anhydrite by growing 
around large quartz grains (e.g., AQC-1.1). Such reaction rims separated the reactants by forming a 
barrier between lime/anhydrite and quartz. The further crystallization of α’L-Ca2SiO4 thus had to take 
place by diffusion of Ca2+ ions through this barrier layer. With increasing time and temperature, the 
fraction of dicalcium silicate increased at the expense of SiO2 and CaO supplying minerals [24,82]. The 
same reaction was followed during isothermal sintering at about 850° C for 24 hours performed by 
Hauke and co-workers [24]. A linear increase of α’L-Ca2SiO4 over time was observed. Accordingly, the 
fraction of the educts CaO and quartz also decreased linearly. The average grain size of the newly 
formed α’L-Ca2SiO4 grains also increased linearly with time. A pseudo-zero order behavior of mineral 
growth was observed in the system, which is most likely due to a CaO excess [24]. 

6.2.2 The formation of ternesite and silicocarnotite 
Ternesite and silicocarnotite represent the sulfate- and phosphate-containing end member of a solid 
solution series. Experiments with anhydrite, quartz, and CaO as precursor materials (AQC-experiments, 
Chapter 3), were mainly performed to observe the formation and decomposition of ternesite [52]. As 
mentioned, the first newly crystallized mineral phase during firing was dicalcium silicate, which is able 
to react with anhydrite to form ternesite. At about 930 °C, ternesite started to nucleate in the interior 
of dicalcium silicate grains and from this point on it continued to grow outwards. However, ternesite 
not only displaced individual α’L-Ca2SiO4 grains within the CaO matrix in contact with anhydrite grains, 
but also began to crystallize with increasing time at the expense of a large quartz grain (AQC-1.1). It 
appears that the reaction must have proceeded very fast, as dicalcium silicate was not detected as an 
intermediate phase after two hours at ~930 °C to ~970 °C. With increasing temperature, this large 
quartz grain was more and more replaced by ternesite, while the grain boundary migrated inwards 
due to the solid-state reaction between the reactants. In addition, smaller quartz grains were 
pseudomorphically replaced completely. Noticeably, at about 1020 °C, α’L-Ca2SiO4 formed new 
reaction rims around ternesite, producing a layered texture with quartz in the center, ternesite in the 
middle, and α’L-Ca2SiO4 in the outer layer. Between 1016 and 1060 ± 5 °C, the content of the three 
phases seems to have been stable. The single-phase heating study of natural ternesite confirms that 
both ternesite and dicalcium silicate domains co-exist at high temperatures up to about 1120 °C. In 
fact, at 1104 ± 5 °C, large ternesite grains decomposed and were almost completely replaced by 
dicalcium silicate, which later transformed to larnite on cooling to RT. Some smaller dicalcium silicate 
grains recrystallized to ternesite. However, whether ternesite or larnite was observed after quenching 
to RT depends on the course of the reaction. 

 Experiments with HAp, quartz, and CaO as precursor materials (TQC-experiments, Chapter 4), 
were performed to observe the formation of silicocarnotite [57]. Previously, silicocarnotite was 
thought to be formed by a reaction between high-temperature polymorphs of dicalcium silicate and 
TCP during cooling down from temperatures above 1450 ± 20 °C [83,84]. However, in the multi-phase 
experiments silicocarnotite was identified as small grains located close to large α’L-Ca2SiO4 grains 
within the HAp/β-TCP matrix at 1150 ± 5 °C after a dwell time of two hours. After cooling to RT, 
silicocarnotite crystallized further as rims around dicalcium silicate grains. The in operando 
observations demonstrate that silicocarnotite can furthermore form by a reaction between 
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wollastonite and β-TCP with the additional formation of quartz at rather low temperatures (~1050 °C). 
Both the formation of silicocarnotite involving dicalcium silicate and wollastonite appear to be 
controlled by grain boundary diffusion of TCP components. 
 The single-phase experiment with nanocrystalline HAp revealed that between 770 and 850 ± 
1 °C and 1220 to 1270 ± 5 °C, the reconstructive HAp to β-TCP and β-TCP to α-TCP transformations 
occurred, respectively. The complex process of the loss of surface hydroxyl groups bound to HAp 
nanocrystals up to about 570 °C is described in detail in Chapter 4. In the TCP-experiments, HAp 
decomposed at higher temperatures (960–1050 ± 5 °C). Obviously, the reaction kinetics of the HAp 
decomposition can change due to the addition of other minerals, i.e., quartz and/or lime were found 
to stabilize HAp during firing [57]. 

6.2.3 Temperature stability fields of mineral phases 
The diversity of reaction pathways to form calcium silicates makes the mineral phases stable within a 
wide range of temperature. Figure 19 gives an overview of observed temperature stability fields of 
calcium silicates and other minerals that occurred in the CaO-SiO2(-SO3/Al2O3/P2O5) system and 
subsystems studied in this project. 

 
Figure 19: Temperature stability fields of minerals that occurred during the in situ Raman experiments. Quartz was stable 
within the entire temperature range, but reacted with other minerals, e.g., lime to form calcium silicates. The areas striped 
diagonally to the right mark the decomposition zones of anhydrite, ternesite, HAp, and β-TCP. Question marks were used to 
hint to one experiment (AQG-2), where anhydrite decomposed already at 660 °C and wollastonite/pseudowollastonite 
crystallized. The first decomposition zone of HAp is the transformation to β-TCP, and the second zone was determined from 
the multi-phase TQC-experiments. Both anhydrite and HAp were affected by the quartz content in the system. Note that most 
experiments were monitored up to ~1100 °C, which is indicated by the dashed line. Silicocarnotite was observed up to 1150 ± 
5 °C, in this case the maximum sintering temperature, but the upper stability limit of silicocarnotite was not reached. After 
recording the last image at the maximum temperature, each sample was cooled down to RT and a last Raman image was 
recorded. During cooling, α’L-Ca2SiO4 transformed to β-Ca2SiO4 (larnite). After firing HAp to 1350 ± 5 °C and cooling down to 
RT, β-TCP remained metastable. 
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6.3 To what extent are observations from the synthetic system 
transferable to real systems? 

6.3.1 Combustion and cement industry 
The use of materials containing CaO and SiO2 in the operation of industrial furnaces, such as in 
quicklime and cement production or coal combustion, leads to sinter deposits consisting mainly of 
calcium silicates, which cause problems during kiln operation [3–6]. Moreover, silica-/calcium 
phosphates are involved when biomass and/or sewage sludge is fired. However, deposited minerals 
can serve as a temperature indicator once their thermal stability field is known, which can help kiln 
operators to optimize the combustion temperatures. In addition, calcium silicates are well-known 
phases in the cement industry [10–12]. Interest in their high-temperature properties, particularly those 
of the sulfate-containing product ternesite, has increased recently. The so-called belite calciumsulfo-
aluminate ternesite (BCT) technology combines the early age strength of calcium sulfoaluminate 
cements with the durability of belite-bearing cements. In this system, ternesite bridges the reactivity 
gap between the rapid aluminate reaction and the late strength development of belite. Due to its lower 
firing temperature, the CO2 emissions of the BCT clinker can be reduced compared to those of 
conventional clinker production. 

 The here presented in situ Raman experiments at high temperatures gave detailed information 
about solid-state reactions within the large field of the CaO-SiO2(-SO3/Al2O3/P2O5) system and 
subsystems as well as of pure phases, which can help to extend their technical advantages and predict 
sintering reactions in industrial processes at a given temperature. 

 Coal, biomass, as well as cements are very complex materials and the experiments with 
synthetic samples show only parts of chemical and mineralogical reactions that may occur at high 
temperatures, which can be further influenced by several factors of the firing process, such as (i) 
combustion rate, (ii) duration of firing, (iii) gas fugacity and composition in the furnace, and maybe (iv) 
furnace size; and factors of the materials used, such as (v) chemical and mineralogical composition, (vi) 
particle size distribution, (vii) surface properties, and (viii) natural origin. For instance, Ward [85] 
summarized the results of several works concerning to the mineral matter of coal and refers to the link 
between the minerals in coal and the concentration of particular trace elements. Associations include 
As, Cd, Se, Tl, Hg, Pb, Sb, and Zn with sulfide minerals, Rb, Ti, Cr, Zr, Hf, and a number of other elements 
with aluminosilicate components, and Sr and Ba with carbonates or aluminophosphate minerals. In 
addition, several trace elements, including Ge, Ga, Cl, and B, appear not to be bound to minerals in 
some coals and in such cases may occur as part of the organic matter [85]. Furthermore, trace elements 
incorporated into the apatite structure were found in biomasses, especially in the ash of waste wood 
(Chapter 5). These alternative fuels are also used as a cement additive, where, for example, insoluble 
salts significantly retard cement hydration and highly soluble salts can act as accelerators, affecting 
mechanical properties in both cases [86]. It is also possible that trace elements influence the 
mineralogical interactions of phases at high temperatures, or that the properties of minerals change 
as elements are incorporated into the crystal structure. Therefore, multi-phase sintering experiments 
with both natural/original materials and synthetic samples with systematically added elements are 
required to estimate the potential extent of their influence. 

 First studies have already been performed on natural coal samples fired at 815 °C before 
analysis. For instance, one experiment with a coal ash added with quartz sand is shown in Figure 20. 
The XRD results revealed anhydrite, quartz, and periclase as the main phases (Figure 20a). However, 
only quartz could be identified by Raman spectroscopy and studies of the mineral matter of the coal 
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yielded no results due to interfering factors caused mainly by severe fluorescence effects, which are 
more significant at lower temperatures (cf. Section 1.3.1.1). When firing to 838 ± 5 °C, wollastonite 
was formed according to a reaction between quartz and lime supplied by the decomposition of 
anhydrite (Figure 20b). Moreover, a large akermanite (Ca2MgSi2O7) grain was identified near quartz, 
crystallized by a reaction between lime, quartz, and magnesium oxide. The Raman spectra assigned to 
the matrix around the wollastonite and quartz grains do not show clearly discernible bands, resulting 
in a mixed and blurred appearance of the matrix color in the image. During cooling down to RT, 
pseudowollastonite was formed within the wollastonite matrix (Figure 20c). Merwinite (Ca3Mg(SiO4)2) 
crystallized in contact to akermanite, apparently due to an increased oxygen concentration, possibly 
from the decomposition of anhydrite, which was not identified at RT. Furthermore, an unknown phase 
with the main Raman band at 862 cm-1 could be identified near quartz. The white areas in the Raman 
images are interference zones that could be due to fluorescent cations. On the other hand, it is also 
possible that residues of organic substances have caused interference during the measurement.   

 
Figure 20: (a) A natural coal sample fired at 815 °C before analysis and added with quartz sand was analyzed by XRD at 25 °C. 
(b, c) Hyperspectral Raman images (200 µm x 200 µm) at about 838 °C and after quenching to RT. The total recording time 
for one image was about 4 h. Obviously, anhydrite decomposed during firing, and the released lime reacted with quartz to 
form wollastonite. 

In general, mineral reactions identified in the Raman experiments with synthetic samples, e.g., 
crystallization of wollastonite by a reaction between anhydrite and quartz (Equations a and b in Section 
6.2.1), could also be observed in real samples. At a high quartz content, anhydrite decomposed already 
at about 838 °C and CaO was available to form wollastonite, which partially transformed to pseudo-
wollastonite during quenching. However, interfering factors generally complicated the evaluation of 
the Raman analysis. In addition, natural/real samples usually consist of many different minerals. The 
more mineral phases the material to be analyzed contains, the more reactions can occur that influence 
each other. In the future, HT reference spectra from other relevant phases have to be collected. 

 Nevertheless, in situ experiments at given conditions such as (i) sample composition and 
properties, (ii) temperature rate and range, (iii) heating and quenching rate (iv) dwell and recording 
time, and (v) gas fugacity can help to predict sintering reactions within the defined system and to be 
able to better model the thermodynamics and kinetics of these reactions. 

6.3.2 Ceramic industry 
The application of the results of the present experiments within the CaO-SiO2(-SO3/Al2O3/P2O5) system 
and subsystems to industrial processes depends on the complexity or purity of the system. Well-
defined systems can be found in the production of glass or ceramic products, especially for medical 
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applications. Here, the insights into the high-temperature solid-state reactions gained by hyperspectral 
Raman imaging can help to extend the technical advantages of the identified minerals and ensure their 
synthesis under optimal conditions. For instance, the formation of silicocarnotite was studied in the 
model system Ca10(PO4)6(OH)2-SiO2-CaO [57]. Recently, highly promising studies with silicon-
substituted calcium phosphates have shown that silicon is an essential trace element for bone 
mineralization and can improve the bioactivity of calcium phosphate materials [18–23]. The wide range 
of CaO, SiO2, and P2O5 solid solutions varies with temperature and makes silicocarnotite (Ca5(PO4)2SiO4) 
[87–92] an excellent ceramic with great potential for medical applications [23,92–95]. The results of 
the in situ Raman experiments demonstrate that silicocarnotite can form from a reaction between 
β-TCP and α’L-Ca2SiO4, but also by a reaction of β-TCP and CaSiO3 with the additional formation of 
quartz in the temperature range between 1050 and 1150 °C [57], i.e., well below 1340 ± 30 °C, the 
proposed temperature at which the so-called R solid solution phase transforms to silicocarnotite when 
cooling from 1450 °C to RT [83,84]. This information offers new possibilities for the synthesis of ceramic 
products at lower temperatures, i.e., to reduce energy costs. 
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7 Conclusion and outlook 

The Raman spectrometer system with integrated heating stage used in this project allows the 
visualization of mineral reactions and textures even at high temperatures with a spatial resolution of 
a few micrometers and without the need to quench the sample to room temperature before analyzing 
it. Therefore, solid-state reactions can be studied in operando, i.e., while they are running. In general, 
the present experiments focused on thermal stability fields of calcium silicates and silica-/calcium 
sulfates/phosphates and their solid-state mineral reactions in both single- and multi-phase systems, 
which varied in composition and phase proportion to investigate their possible influence on textural 
and phase evolution. These minerals are of great interest due to their use in industry. Moreover, they 
have been identified as sinter deposits in industrial kilns, which may affect the kiln operation. However, 
they can serve as reliable temperature indicators or their formation during kiln operation can be 
avoided if their thermodynamic and kinetic parameters are known. The present results remarkably 
demonstrate the power and diverse possibilities of in situ high-temperature Raman spectroscopy. The 
most noticeable findings of this study were that 

(1) the decomposition of anhydrite is significantly influenced by the quartz content, i.e., in 
performed experiments, where more quartz was available, anhydrite decomposed at 
lower temperatures than in experiments with lesser quartz content, 

(2) three different reaction pathways were identified to form wollastonite in a wide range of 
temperature, 

(3) wollastonite and pseudowollastonite can crystallize simultaneously, 

(4) when calcium oxide is directly available, it reacts with quartz and preferably dicalcium 
silicate is formed, 

(5) during cooling, α’L-Ca2SiO4 transforms to β-Ca2SiO4 (larnite) and remains metastable at RT, 

(6) while ternesite transforms to α’L-Ca2SiO4 during firing, both the ternesite and dicalcium 
silicate domains co-exist at high temperatures, and it depends on the reaction progress 
whether ternesite or larnite is identified after quenching to RT, 

(7) the loss of surface hydroxyl groups bound to HAp nanocrystals is a stepwise process, 

(8) quartz and/or lime stabilize HAp during firing, 

(9) two reaction pathways are found to form silicocarnotite at temperatures more than 300 °C 
lower than previously proposed, and 

(10) in general, quenching and heating periods have a significant effect on the final sintering 
products. 

Isothermal in situ experiments in the CaO-SiO2 system added with sulfate and phosphate components 
are necessary to investigate in more detail the kinetics of the formation of calcium silicates and silica-
/calcium sulfates/phosphates and grain growth during firing. Detailed knowledge about the kinetic 
parameters of the mineral reactions at high temperatures can help to monitor and control important 
technical properties including densification and grain growth during sintering of the studied materials. 
Such information is of great importance for their synthesis, but also of great use for the combustion 
and refractory industries, thus would complement the present results. 
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 In situ high-temperature Raman imaging is currently the only analytical tool to visualize 
mineral reactions in multi-component systems during firing at high temperatures and/or cooling with 
a high time and spatial resolution. This powerful method can give new insights into solid-state and 
solid-melt mineral reactions, and therefore also potentially offers the industry a wide range of 
possibilities to fully exploit and expand the technical application of refractory materials.
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