
Citation: Ermini, I.M.; Cosson, L.;

Fayon, F.; De Arrieta, I.G.; Rozenbaum,

O.; Vespa, P.; De Sousa Meneses, D.

Development and Application of a

Rapid Scan Technique for Emissivity

Measurements of Cooled-Down

Molten Materials. Eng. Proc. 2023, 51,

8. https://doi.org/10.3390/

engproc2023051008

Academic Editors: Gianluca

Cadelano, Giovanni Ferrarini

and Davide Moroni

Published: 26 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Proceeding Paper

Development and Application of a Rapid Scan Technique for
Emissivity Measurements of Cooled-Down Molten Materials †

Ilse Maria Ermini 1,2,*, Lionel Cosson 1, Franck Fayon 1, Iñigo González De Arrieta 1,3, Olivier Rozenbaum 1,
Pierrick Vespa 4 and Domingos De Sousa Meneses 1

1 CNRS, CEMHTI UPR3079, Université D’Orléans, F-45071 Orléans, France; franck.fayon@cnrs-orleans.fr (F.F.)
2 Laboratoire Commun Canopee, CNRS/Université de Lorraine/Saint-Gobain, F-54500 Saint-Gobain, France
3 Physics Department, University of the Basque Country (UPV/EHU), E-48940 Leioa, Spain
4 LSFC, UMR 3080 CNRS/Saint-Gobain CREE, Saint-Gobain Research Provence, 550 Avenue Alphonse Jauffret,

F-84300 Cavaillon, France
* Correspondence: ilse.ermini@cnrs-orleans.fr
† Presented at the 17th International Workshop on Advanced Infrared Technology and Applications, Venice,

Italy, 10–13 September 2023.

Abstract: The real-time observation of molten materials and their cooling to solid state is of impor-
tance for many industrial processes. In this work, we describe additional possibilities obtained by the
implementation of a Rapid Scan technique on an FT-IR emissometer designed to allow the observa-
tion of materials under extreme temperature conditions. The possibility of following liquid-to-solid
state phase transition mechanisms through time-resolved emissivity will be illustrated. This new
methodology presents interesting possibilities for the study of structural transformations through
the real-time monitoring of the dielectric function and true sample temperature of the experimental
emissivity spectra acquired every 50 ms under free cooling conditions.
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1. Introduction

The observation of fast-occurring phenomena is of utter importance and interest for
high-temperature processes. Transient or metastable phase formation can occur during
cooling from the molten state, which is a big concern for large-scale industrial production [1].
In order to allow exploration of the liquid region and the mechanisms driving phase change
or formation, an out-of-equilibrium study is mandatory.

Various techniques have implemented new methods for in situ probing of the struc-
tural modifications occurring during cooling from liquid states [2–4]. In this paper, we
describe the potentialities of the implementation of a Rapid Scan feature on an FT-IR
emissometer built to perform measurements of oxides at extreme temperatures.

The originality and versatility of the described setup will be shown through example
measurements performed consecutively at different cooling rates. Materials with the
SrAl2Si2O8 composition have been chosen to illustrate the possibility of controlling the
cooling rate, as it has a high impact on the final structure created in the solid form, and to
determine the cooling speed range in which the same polymorph is found. Indeed, this
compound has already been reported for its ability to form different crystalline phases
or even glass depending on the cooling rate [5]. Thus, a more precise characterization by
monitoring the impact of this parameter on the final structure is of great interest.

2. Materials and Methods

A circular pellet was used as a sample for this study. Its production was realized in
the laboratory using the method illustrated in [5] to obtain a glass, which was then crushed
and compressed with a hydraulic press operating at 8 tons.
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The experimental setup as well as the method of data acquisition and analysis has
already been described in detail [6], so only a brief description will be provided. Data
are acquired through heat flux measurements coming from the sample and a blackbody
furnace. Infrared emittance spectra are computed from that data, after proper background
correction, and the real-time temperature of the sample is obtained through the use of the
Christiansen point method [7]. Then, spectra are converted from emittance to reflectance.
The advantages of this technique are as follows:

• Laser heating allows the control of the starting temperature and the cooling rate;
• Chemical contamination is avoided as the liquid sample is self-contained;
• The probed volume is very limited such that the temperature gradient is minimal.

The data acquisition procedure is either free cooling by the complete shutdown of the
heating laser after reaching the molten state, or the progressive lowering of the laser power
to produce slower cooling rates.

3. Results

The reflectance spectra obtained from the free cooling of SrAl2Si2O8 are illustrated in
Figure 1a. Figure 1b presents a scheme of the experimental setup used.

Figure 1. (a) Normal spectral emittance of SrAl2Si2O8 recorded during free cooling from molten state
(2500 K). (b) Scheme of the experimental setup. A CO2 laser is used for heating. The turntable allows
the acquisition of thermal fluxes from the blackbody, the background and the sample.

The free cooling curve obtained is illustrated in Figure 2a, together with other slower
curves, corresponding to additional iterations of the method with the same starting con-
ditions. For those experiments, we used a constant decrease in laser power measured in
laser knob steps per minute (60 BPM = 1 step/s). Under these conditions, the maximum
cooling speed obtained in free cooling conditions was 835 K/s and almost 87 K/s at 30 BPM
(slowest cooling rate sampled).

Figure 2a shows that the process of crystallization takes place independent of the
cooling speed at a temperature near 1857 K (blue dashed line), observed as a recoalescence
plateau in the free cooling case. As expected, one can see that the undercooling region heav-
ily depends on the cooling speed. It is also observed that the plateau temperature increases
as the cooling rate decreases. This could be related to the formation of metastable phases
during solidification at faster cooling speeds, as previously reported for polypropylene [8].

The goal of this infrared technique was to analyze the vibrational modes of the material
as a function of its temperature and cooling rate. Information on these modes was obtained
from fitting the reflectance data to a phenomenological model of the dielectric function,
related to the optical response with Fresnel’s equations [6]. In particular, it was interesting
to perform this data fitting at the same temperature in different cooling conditions. As an
example, two spectra measured at 1000 K in free cooling and 30 BPM speed conditions
have been selected and fitted.
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Figure 2a also illustrates the position of the spectra in the cooling curves (black dashed
line). They clearly belong to the solid state. Figure 2b presents the two reflectance spectra,
obtained by merging mid- and far-infrared spectra. Figure 2c,d show the imaginary dielectric
functions obtained from fitting the free cooling spectrum and the 30 BPM one, respectively.

Figure 2. (a) Cooling curves corresponding to different experiments performed on the same sample.
The crystallization temperature of 1857 K is represented by a blue line. The temperature of the extracted
spectra (black line); (b) Reflectivity spectrum extracted from free cooling conditions and 30 BPM;
(c) Imaginary dielectric function obtained from the fitting of the free cooling spectrum at 1000 K;
(d) Imaginary dielectric function obtained from the fitting of the 30 BPM cooling spectrum at 1000 K.

Despite their overall similarity, the spectra present some clear changes in their imagi-
nary dielectric functions. These changes and the structural information they provide will
be discussed in the next section.

4. Discussion

The fitted dielectric functions show differences at the same temperatures, indicating that
the cooling speed has an impact on the final structure of the solid. However, XRD analysis of
the samples at all cooling rates reveal that they all crystallized in the monoclinic form. Thus,
differences in the vibrational response are related to subtle variations in the intermediate range
ordering in the structure. Indeed, it is well known that the Al/Si ordering in the tetrahedral
site of aluminosilicate network depends on thermal history [9,10].

The spectra were fitted with a dielectric function model and with 16 Gaussian compo-
nents Gx; additional details can be found in [6,11]. A full assignment of the components
will not be discussed here, as the focus of this preliminary work is on the importance of
the structural changes, mainly observed in G10, G12 and G14. These bands are indeed
assigned, respectively, to the Si-O-Al band and to the tetrahedral stretching modes of Q4

4Al
and Q4

2Al SiO4 units involving different numbers of Si-O-Al and Si-O-Si bonds.
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The increase in area of G10 and G12 and consequent decrease in G14 in Figure 2d
show a process of replacement of Si-O-Si by Si-O-Al (and therefore, Al-O-Al, corresponding
to G11) in the network at slower cooling rates. This process reflects the ordering of the
network and the replacement observed is energetically more favorable, in agreement with
the Lowenstein rule reported for aluminosilicates [12].

5. Conclusions

Time-resolved high-temperature infrared measurements allowed us to study the Al/Si
ordering process in a fixed network as a function of cooling rate. This is a clear illustration
of the potentialities of the method and its sensitivity to reveal small structural changes.

Author Contributions: Conceptualization, I.M.E., D.D.S.M. and F.F.; methodology, I.M.E., D.D.S.M.
and I.G.D.A.; investigation, I.M.E.; data curation, I.M.E.; writing—original draft preparation, I.M.E.;
writing—review and editing, L.C., F.F., I.G.D.A., O.R., P.V. and D.D.S.M. All authors have read and
agreed to the published version of the manuscript.

Funding: Ilse Maria Ermini acknowledges MESRI, University of Orléans, and the joint laboratory
CANPOPEE for supporting her research. Iñigo González De Arrieta was funded by EUSKO JAU-
RLARITZA, grant number POS_2022_2_0027.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Ulrich, J.; Frohberg, P. Problems, potentials and future of industrial crystallization. Front. Chem. Sci. Eng. 2013, 7, 1–8. [CrossRef]
2. Hennet, L.; Pozdnyakova, I.; Bytchkov, A.; Drewitt, J.W.E.; Kozaily, J.; Leydier, M.; Brassamin, S.; Zanghi, D.; Fischer, H.E.;

Greaves, G.N.; et al. Application of time resolved x-ray diffraction to study the solidification of glass-forming melts.
High Temp.-High Press. 2011, 40, 263–270.

3. Florian, P.; Massiot, D.; Poe, B.; Farnan, I.; Coutures, J.P. A time resolved 27Al NMR study of the cooling process of liquid alumina
from 2450 ◦C to crystallization. Solid State Nucl. Magn. Reson. 1995, 5, 233–238. [CrossRef] [PubMed]

4. Kühnel, M.; Fernández, J.M.; Tejeda, G.; Kalinin, A.; Montero, S.; Grisenti, R.E. Time-resolved study of crystallization in deeply
cooled liquid parahydrogen. Phys. Rev. Lett. 2011, 106, 245301. [CrossRef] [PubMed]

5. Saghir, K.A.; Chenu, S.; Veron, E.; Fayon, F.; Suchomel, M.; Genevois, C.; Porcher, F.; Matzen, G.; Massiot, D.; Allix, M.
Transparency through Structural Disorder: A New Concept for Innovative Transparent Ceramics. Chem. Mat. 2015, 27, 508–514.
[CrossRef]

6. Ermini, I.M.; Cosson, L.; Fayon, F.; Zanghi, D.; Tardivat, C.; Meneses, D.D.S. Real time FT-IR observation of materials during their
cooling from molten state. Infrared Phys. Technol. 2022, 127, 104424. [CrossRef]

7. Rousseau, B.; Brun, J.F.; Meneses, D.D.S.; Echegut, P. Temperature measurement: Christiansen wavelength and blackbody
reference. Int. J. Thermophys. 2005, 26, 1277–1286. [CrossRef]

8. Gradys, A.; Sajkiewicz, P.; Minakov, A.A.; Adamovsky, S.; Schick, C.; Hashimoto, T.; Saijo, K. Crystallization of polypropylene at
various cooling rates. Mater. Sci. Eng. A 2005, 413, 442–446. [CrossRef]

9. Carpenter, M.A. Equillibrium thermodynamics of Al/Si ordering in anorthite. Phys. Chem. Miner. 1992, 19, 1–24. [CrossRef]
10. Benna, P.; Tribaudino, M.; Bruno, E. Al-Si ordering in Sr-feldspar SrAl2Si2O8–IR, TEM and single-crystal XRD evidences.

Phys. Chem. Miner. 1995, 22, 343–350. [CrossRef]
11. Mabrouk, A.; Meneses, D.D.S.; Pellerin, N.; Véron, E.; Genevois, C.; Ory, S.; Vaills, Y. Effects of boron on structure of lanthanum

and sodium aluminoborosilicate glasses studied by X-ray diffraction, transmission electron microscopy and infrared spectrometry.
J. Non-Cryst. Solids 2019, 503–504, 69–77. [CrossRef]

12. Lowenstein, W. The distribution of aluminum in the tetrahedra of silicates and aluminates. Am. Mineral. 1954, 39, 92.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11705-013-1304-y
https://doi.org/10.1016/0926-2040(95)01188-X
https://www.ncbi.nlm.nih.gov/pubmed/9053114
https://doi.org/10.1103/PhysRevLett.106.245301
https://www.ncbi.nlm.nih.gov/pubmed/21770578
https://doi.org/10.1021/cm5037106
https://doi.org/10.1016/j.infrared.2022.104424
https://doi.org/10.1007/s10765-005-6726-4
https://doi.org/10.1016/j.msea.2005.08.167
https://doi.org/10.1007/BF00206796
https://doi.org/10.1007/BF00213330
https://doi.org/10.1016/j.jnoncrysol.2018.09.030

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

