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ABSTRACT

The thermal properties of materials are important physical quantities
to understand a variety of processes on and inside the Earth. For ex-
ample, they have a decisive influence on the way in which convection
forms in the Earth’s mantle and thus they directly influence the plate
movements of the overlying crust. Furthermore, the thermal transport
parameters of the subsurface play an important role in the efficient use
of the geothermal potential. Besides the relevance for geosystems, the
knowledge of thermal transport properties and the understanding of
transport processes plays an important role for many practical appli-
cations. Examples are the temperature management of processors or
electrical components in general, as well as the development and pro-
duction of highly insulating components for buildings, and the design
of mechanical components for thermally demanding applications.

To determine the thermal transport properties of a material, i.e. the
temperature-dependent thermal diffusivity and thermal conductivity, a
variety of different techniques can be applied. The method used in this
thesis is the so-called flash method, which is one of the most important
established techniques for the determination of the thermal transport
properties of solids. Nevertheless, there are still influencing factors
and interdependencies in both the measurement and the evaluation
routines of flash experiments which have not yet been (sufficiently)
considered. For instance, the question of what is the actual time depen-
dency of the heat pulse that needs to be taken into account in the data
processing and what is the influence of the radiative heat transport
on the derived conductive thermal transport properties near phase
transitions in flash measurements. These considerations are covered in
this cumulative dissertation and subject to the three included studies
to improve the flash technique and therewith to better understand the
thermal transport properties of single crystal quartz and portlandite.

In the first study the focus lies on the further development of the
measurement methodology, which is then used for the subsequent stud-
ies to derive the heat transport in quartz and portlandite single crystals.
Test measurements show significant and systematic deviations between
the measured data and their approximations by standard evaluation
routines. Hence, it is systematically investigated how the recorded data
are additionally delayed by the detector and the electronic components.
It is shown that a significant time delay inheres the measured signal
for the tested experimental setup for both low temperature (HgCdTe)
and high temperature (InSb) infrared detectors. The influence on the
measurement is comparable to the known finite pulse-time effect. This
additional delay of the measured signal is the cause of systematic
deviations and can lead to a significant underestimation of the heat
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transport efficiency of the investigated material. For this reason, a trans-
fer function is used to reproduce the additional time delay of the signal.
In a second step, the evaluation routine is expanded to take the time
delay into account. With the help of synthetic measurement curves
for different sample thicknesses and thermal diffusivities it is possible
to quantify the systematic errors that occur when the additional time
delay reported here is not taken into account in the data evaluation. As
an example, deviations from the true thermal diffusivity are ~ 1-4 % for
a theoretical sample with a thickness of 1 mm and a thermal diffusivity
of 10 mm? /s, depending on the used infrared detector and heat pulse
consideration.

The second study investigates the heat transport of quartz SiO; single
crystals. Quartz is one of the most abundant rock-forming minerals in
the Earth’s crust and is widely used in technical applications. However,
there is still uncertainty about the details of the temperature-dependent
heat transport, for example at the a-f phase transition at 573 °C, and a
general lack on heat transport data below room temperature. Therefore,
flash measurements are carried out on quartz single crystals parallel
to the crystallographic c- and a-axis in the temperature range between
-120 °C and 8oo °C. In addition to the first thermal diffusivity mea-
surements at low temperatures (-120 °C to room temperature), the raw
data show that at higher temperatures towards the a-f phase transi-
tion an increasing radiation part inheres the measured signal. This
requires a further customization of the evaluation procedure developed
in the first study so that the radiative and phononic heat transport
can be separated from each other. A detailed look at the measurement
curves indicates that the origin of this radiation, which is assumed to
be non-ballistic, can be assigned to the a-p phase transition. With a
new approach, the evaluation routine is adapted to take into account
different radiative contributions in the area below the phase transition
and in the B-phase to better derive the contribution of phononic heat
transport in quartz. It is shown that the a-f phase transition is not
characterized by a change in the direction of the maximum thermal dif-
fusivity (crossover) as reported in a previous study, and that the trend
of the temperature-dependent thermal diffusivity is mainly correlated
to the mean free path of phonons.

In the third study the thermoelastic properties of portlandite Ca(OH),
single crystals are investigated, with a focus on the thermal transport
properties. Portlandite is one of the main components in hydrated
cement, but it is also used for flue gas treatment and is considered
for future thermochemical energy storage. However, no single crys-
tal measurements for the orientation- or temperature-dependent heat
transport have been made so far — also due to the lack of sufficiently
large (natural) single crystals. Here, cm-sized synthetic portlandite crys-
tals were grown using a diffusion process crystal growth setup. The
crystals were then used for flash measurements within custom sample
holders. The anisotropic heat transport is measured for temperatures
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between -100 °C through the dehydration of portlandite up to 700 °C
parallel to the crystallographic c- and a-axis. To accurately derive ther-
mal transport properties, the approximation routine developed in the
first study needs to be applied. In addition to flash measurements, the
elastic properties of synthetic portlandites are determined by Brillouin
spectroscopy and compared with data of natural portlandite. Similarly
to the elastic properties, the evaluated heat transport properties show
a strong dependence on the crystallographic orientation. This can be
related to the layered structure of Ca(OH),. With respect to the derived
thermal transport properties, partly strong variations from the intrinsic
behavior are revealed for different experimental settings (e.g. heating
rate and sample dimensions).
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KURZFASSUNG

Die thermischen Eigenschaften von Materialien sind wichtige physika-
lische Grofsen fiir das Verstdndnis einer Vielzahl von Prozessen auf und
in der Erde. So haben sie beispielsweise mafigeblichen Einfluss auf die
Art und Weise der sich bildenden Konvektionszonen im Erdmantel und
somit auch auf die Plattenbewegungen der unmittelbar dartiberliegen-
den Kruste. Weiterhin spielen die thermischen Materialparameter des
Untergrundes eine wichtige Rolle fiir die effiziente Nutzung des geo-
thermischen Potentials. Neben der Relevanz fiir Geosysteme spielt die
Kenntnis der thermischen Eigenschaften und das Verstandnis von War-
metransportprozessen aber auch fiir viele praktische Anwendungen
eine wichtige Rolle. Als Beispiele sind etwa das Warmemanagement
von Prozessoren oder allgemein elektrischer Bauteile zu nennen, ebenso
wie die Entwicklung und Herstellung hoch-isolierender Bauelemente
fiir Gebdude, oder auch die Bemessung von mechanischen Bauteilen
fiir thermisch anspruchsvolle Einsatzbereiche.

Zur Bestimmung der thermischen Eigenschaften eines Materials, d.h.
der temperaturabhingigen thermischen Diffusivitit (Temperaturleitfa-
higkeit) und Warmeleitfdhigkeit, konnen eine Vielzahl von unterschied-
lichen Verfahren eingesetzt werden. Die in dieser Arbeit verwendete
sog. Flash Methode stellt dabei eines der wichtigsten etablierten Verfah-
ren zur Bestimmung der thermischen Eigenschaften von Festkdrpern
dar. Dennoch gibt es sowohl bei der Messung als auch bei der Aus-
wertung von Flash-Experimenten nach wie vor Einflussfaktoren und
Zusammenhinge, die bis dato nur unzureichend berticksichtigt oder
noch nicht betrachtet wurden. Zum Beispiel die Frage, was die tatséch-
liche in der Datenauswertung zu berticksichtigende Zeitabhangigkeit
des Heiz-Pulses ist und welchen Einfluss der radiative Warmetransport
in Flash-Experimenten auf die abgeleiteten konduktiven Warmetrans-
porteigenschaften im Bereich einer Phasenumwandlung hat. Diese
Aspekte werden in dieser kumulativen Dissertation innerhalb der drei
eingebundenen Studien behandelt, mit dem Ziel, die Flash Methode
weiterzuentwickeln und so das Verstiandnis des Warmetransportver-
mogen von Quarz- und Portlandit-Einkristallen zu verbessern.

In der ersten Studie geht es um die Weiterentwicklung der Messme-
thodik, welche dann in den nachfolgenden Studien bei der Auswertung
des Warmetransports von Quarz- und Portlandit-Einkristallen Anwen-
dung findet. Testmessungen zeigen signifikante und systematische
Abweichungen zwischen den Messdaten und ihren Anpassungen mit-
tels Standard-Auswerteroutinen. Aus diesem Grund wird systematisch
untersucht, inwieweit eine Verzogerung der Datenerfassung durch
den Detektor bzw. die elektronischen Komponenten vorliegt. Es wird
gezeigt, dass dem Messsignal fiir das getestete experimentelle Setup so-
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wohl fiir den verwendeten Tieftemperatur Infrarot-Detektor (HgCdTe)
als auch fiir den Hochtemperatur Infrarot-Detektor (InSb) eine signifi-
kante Zeitverzogerung anhaftet. Die Wirkung dieser ist vergleichbar
mit der bekannten finiten Pulszeit-Verzogerung. Die zusitzliche Verzo-
gerung des Messsignals ist die Ursache systematischer Abweichungen
und kann zu einer teils signifikanten Unterschdtzung des Warmetrans-
portvermogens des untersuchten Materials fiihren. Aus diesem Grund
wird eine Transferfunktion angewendet, mit Hilfe derer die zusétzliche
zeitliche Verzogerung des Signals am Infrarot-Detektor abgebildet wer-
den kann. In einem zweiten Schritt wird die Auswertungsroutine unter
Beriicksichtigung der zeitlichen Verzogerung erweitert. Mit Hilfe von
synthetischen Messkurven kann der systematische Fehler bei Nichtbe-
achtung der zusitzlichen zeitlichen Verzogerung fiir die Auswertung
verschiedener Probendicken und Temperaturleitfihigkeiten quantifi-
ziert werden. Als Beispiel ist fiir eine theoretische Probe von 1 mm
Dicke und 10 mm?/s Temperaturleitfahigkeit die Abweichung von
der tatsdchlichen Temperaturleitfahigkeit, abhdngig vom verwendeten
Infrarot-Detektor und der Heizpuls-Bertiicksichtigung, ~ 1-4 %.

Die zweite Studie untersucht das Warmetransportvermogen von
Quarz-Einkristallen. Quarz (SiO») stellt eines der hdufigsten gesteinsbil-
denden Minerale der Erdkruste dar und kommt vielfach in technischen
Anwendungen zum Einsatz. Dennoch gibt es nach wie vor Ungewiss-
heit zum Verlauf des temperaturabhidngigen Warmetransports, etwa
am «-f Phaseniibergang bei 573 °C, sowie einen generellen Mangel an
Daten zum Warmetransportvermogen unterhalb der Raumtemperatur.
Aus diesem Grund werden Flash-Messungen richtungsabhingig an
Quarz-Einkristallen entlang der kristallographischen c- und a-Achse
im Temperaturbereich zwischen -120 °C und 8oo °C durchgefiihrt. Ne-
ben der erstmaligen Messung der thermischen Diffusivitit bei tiefen
Temperaturen (-120 °C bis Raumtemperatur) wird gezeigt, dass bei
hoheren Temperaturen ein zum «a- Phaseniibergang hin zunehmender
Strahlungsanteil im Messsignal eine weitere Anpassung der in der ers-
ten Studie entwickelten Datenauswertung erforderlich macht. Dadurch
soll der radiative vom phononischen Warmetransport getrennt werden.
Eine Untersuchung der Messkurven deutet darauf hin, dass der Ur-
sprung dieser als nicht-ballistisch angenommenen Strahlung dem «-8
Phaseniibergang zuzuordnen ist. Mit Hilfe eines neues Ansatzes wird
die Auswerteroutine derart angepasst, dass im Bereich unterhalb des
Phasentiibergangs ebenso wie fiir f-Quarz unterschiedliche radiative
Anteile im Flash-Signal effektiv bertiicksichtigt und so der phononische
Beitrag zum Warmetransport in Quarz besser ermittelt werden kann.
Es zeigt sich, dass der a-f Phaseniibergang nicht mit einer Anderung
der Richtung des maximalen Warmetransportvermogens einhergeht
(Crossover), wie es in einer fritheren Arbeit berichtet wurde, und dass
der Verlauf des temperaturabhingigen Warmetransports vorwiegend
mit der Anderung der mittleren freien Weglange der Phononen korre-
liert.
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In der dritten Studie werden die thermoelastischen Eigenschaften
von Portlandit-Einkristallen Ca(OH), untersucht, wobei der Fokus auf
dessen Warmetransportvermogen liegt. Bei Portlandit handelt es sich
um einen der Hauptbestandteile in hydratisiertem Zement, aufSerdem
kann er zur Rauchgasbehandlung verwendet werden und wird fiir
zukiinftige thermochemische Energiespeicherung in Betracht gezogen.
Dennoch gibt es bislang keinerlei Einkristall-Messungen zum richtungs-
oder temperaturabhidngigen Warmetransport — auch aufgrund des
Mangels an hinreichend grofien (natiirlichen) Einkristallen. Im Rahmen
dieser Arbeit wurden cm-grofse, synthetische Portlanditkristalle mittels
eines Diffusionsverfahrens zum Kristallwachstum geziichtet, die mit
Hilfe speziell angefertigter Probentrédger fiir Messungen mit der Flash
Methode verwendet werden kénnen. Der anisotrope Warmetransport
wird fiir Temperaturen zwischen -100 °C iiber die Dehydratation von
Portlandit bis 700 °C entlang der kristallographischen c- und a-Achse
gemessen. Um prézise Werte zum Warmetransportvermogen zu erlan-
gen, wird fiir die Datenauswertung die in der ersten Studie entwickelte
Auswerteroutine benotigt. Neben den Flash-Messungen werden aufler-
dem die elastischen Eigenschaften der synthetischen Portlandite mittels
Brillouin-Spektroskopie ermittelt und mit den Werten eines nattirlichen
Portlandits verglichen. Ahnlich der elastischen Eigenschaften zeigen die
ausgewerteten Messungen zum Warmetransport eine starke Richtungs-
abhingigkeit. Diese kann der schichtartigen Struktur von Ca(OH);
zugeordnet werden. Im Bezug auf die ermittelten Warmetransportei-
genschaften zeigen sich, abhdangig von den gewdhlten experimentellen
Bedingungen (z.B. der Heizrate oder den Probendimensionen), teils
starke Abweichungen vom intrinsischen Materialverhalten.
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> Heat, like gravity, penetrates every substance of the universe,

its rays occupy all parts of space. The object of our work is to set

forth the mathematical laws which this element obeys. The theory

of heat will hereafter form one of the most important branches of
general physics. <

— Jean Baptiste Joseph Fourier (1822)






INTRODUCTION

The first seeds of heat transport science and thermodynamics were
sown by Sir Isaac Newton (1642 t1727) in 1701 analyzing heat trans-
port. His law of cooling states that the rate of temperature change of
an object is proportional to the temperature difference between the
object and its surrounding (Dixit et al. 2017). Ever since, continuous
efforts paid off with a grown understanding of heat transport processes.
Nowadays, heat transfer (here synonymous to heat transport) is im-
portant at almost any length scale. For example, in the sub-micron
scale with nanoparticle or nanofluid applications for enhanced cooling
(e.g. in the industrial and automotive field, Minkowycz et al. 2013), in
the macroscopic millimeter to meter range e.g. for civil engineering to
improve the thermal management of buildings (Cui et al. 2017), and in
the length scale above where e.g. heat radiation transfers millions of
kilometers and interacts with interstellar objects like the Earth (Lacis
and Hansen 1974).

In geosciences, most of the geodynamic processes within our Earth
are driven by heat transport originating in temperature differences,
for example mantle convection and associated therewith controlling
tectonic plates, volcanism, and natural seismic events (Khain and Gon-
charov 2006). But not only the length scales where heat transfer takes
place are extensive, also its applications extent over numerous fields.
In traditional areas such as energy technology with e.g. power stations,
in aerospace engineering or classical fields like automotive and civil
engineering. But, recently heat transfer became increasingly impor-
tant in areas such as IT, climate research, material sciences, and waste
disposal technology, just to name a few (Marek and Nitsche 2012).
In the geoscientific sector, geothermal energy for e.g. conversion into
electricity and home or district heating are important uses of naturally
transferred heat (Fridleifsson 2001).

Even though principles of heat transfer and related subjects have al-
ready been described and worked with for more than three centuries, it
is the growing understanding of the involved heat transport processes
in combination with the use of specifically designed materials and the
knowledge of precisely determined thermal transport properties that
continuously opens up new applications (e.g. Kim et al. 2001; Keblinski
et al. 2005). It is especially noteworthy that better insights into heat
transport go hand in hand with the (further) development of experi-
mental techniques and, most recently, theoretical ab initio calculations
(Lindsay et al. 2019). As the latter approach is rather complex and
requires extended computational effort, it is primarily used to increase
our fundamental understanding in heat transport processes and to



INTRODUCTION

resolve thermal properties of crystals in pressure-temperature regions
that cannot be reached by traditional experimental methods (Xiong
et al. 2019). Hence, there is a continued demand on experimental
techniques for precise measurements on thermal transport properties,
also to independently approve theoretical models.

For this purpose, this cumulative dissertation investigates in de-
tail the experimental and data processing routines associated with
measurements of thermal transport properties by the flash technique.
This thesis presents further developments of this method that help to
improve our understanding of heat transport and that enable an accu-
rate derivation of single crystal thermal transport properties of quartz
(5i0;) and portlandite Ca(OH),, two minerals of particular interest for
geosciences and for technical applications.

1.1 HEAT TRANSPORT

According to the second law of thermodynamics, natural processes
within a closed system are irreversible and hence can run only in
one direction, which is synonymous with the prohibition of perpetual
motion machines. This argumentation follows the work of Nicolas L. S.
Carnot (1796 t1832) on the operation of steam engines (1824), where
he states that heat energy cannot be fully transferred into work (Dixit
et al. 2017). Pivotal for the comprehension of Carnot’s work was the
concept of entropy S introduced by Rudolf J. E. Clausius (*1822 11888).
Accordingly, entropy characterizes the state of a system and links heat
energy Q with the absolute temperature T (Clausius 1879)
= aTQ (1.1)

The amount of entropy in a system is either constant (reversible
process) or increases (irreversible process). Fig. 1.1 illustrates two
thermal energy reservoirs of different temperature in thermal contact
with each other. It can be shown that the resulting change of the entropy
AS is positive only for the case that heat (spontaneously) “flows” from
the hot to the cold reservoir?, which is in accordance with the second
law of thermodynamics (Baehr and Kabelac 2016). In the general case,
heat flow persists until thermal equilibrium is reached.

Heat can be transported by different mechanisms. One can dis-
tinguish between two fundamentally different principles® (Fig. 1.2)
(Hofmeister 2019):

ds

For the case that heat would be transferred from the cold (—AQ) to the hot (+AQ)
reservoir, it would be: AS,,;j; = —AQ/ T,y and ASj,; = +8Q/ Ty, and thus AS = AS,,14 +
ASpor = AQ [(Teots=Thot)/ TaTiot]) < 0. The entropy of the system would therefore
decrease, which is a contradiction to the second law of thermodynamics.

Convection, often named to be a third fundamental mechanism, is not considered here
as it is directly related to a material transport where heat is transported with the bulk.
Beyond that, convection always involves a conductive heat transfer part within the
bulk and at interfaces and it may therefore not be regarded as a separate mechanism
of heat transport (Nusselt 1915; Incropera et al. 2007).
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Figure 1.1: Illustrating the concept of entropy S by two thermal energy reser-
voirs of different temperatures in thermal contact with each other.
The transferred heat between the two baths is AQ. The reservoirs
are placed inside a perfectly isolated box. For heat transferred
from the hot to the cold bath the total change of entropy is AS > 0
and thus in accordance with the second law of thermodynamics

AT
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Figure 1.2: llustrating heat transport by either a) conduction (energy diffu-
sion) or b) ballistic process within a body heated on the left hand
side (black bar). Whereas diffusion is characterized by several
collisions of (quasi)particles transporting heat within the body (e.g.
phonons), ballistic transfer takes place without the interaction of
the body itself. Squiggles on the right hand side illustrate radiative
heat transfer to the surrounding (modified from Hofmeister 2019)

e %%%%%%

e conduction, and

* ballistic transport.

Heat Conduction and Phonons

Conductive heat transport takes place in matter of any physical state.
It always includes some particle interaction within the corresponding
material (Fig. 1.2a). Generally speaking, internal energy is diffused
by (quasi)particle collisions and, e.g. in metals, by the movement of
free electrons within the corresponding body (Gurzhi 1964; Issi 1999).
The dominating heat conduction part in insulating (dielectric) crys-
talline solids can be assigned to phonons (Horai 1971). In quantum
mechanical terms, the latter are quasiparticles of lattice vibrational
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energy due to oscillating atoms. Because of the three-dimensionally
ordered repeating structure of a crystal and the thermal vibrations of
atoms being limited to certain energies (quantization), only discrete
coupled oscillations can occur (Ziman 1960). In principal, one can dis-
tinguish between two different types of phonons: 1) so-called acoustic
lattice waves are characterized by in-phase oscillation of neighboring
atoms (Fig. 1.3a). Depending on the atoms vibrating parallel or per-
pendicular to the direction of propagation, the corresponding waves
are termed longitudinal (vp) and transverse (vs1, vs2) acoustic phonons
(Fig. 1.3c&d), respectively. 2) Higher frequency optical phonons are
characterized by neighboring atoms oscillating anti-phase (Fig. 1.3b).
In general, in a crystalline solid three acoustic and 37-3 different op-
tical phonon modes exist, whereas r is the number of atoms in the
primitive cell (e.g. Ziman 1960; Kittel 2005; Gross and Marx 2014). It
was previously assumed that acoustic phonons are the primary heat
carriers in insulating solids even at elevated temperatures (Slack 1965;
Slack and Oliver 1971; Roufosse and Klemens 1974), but studies in the
recent past indicate that optical phonons may significantly contribute
to heat conduction too (Hofmeister 1999; Hofmeister 2006; Esfarjani
et al. 2011). The number of phonons increases at elevated temperatures
as well as higher frequency optical modes are increasingly occupied.
Relating thereto, phonon-phonon interactions such as three-phonon
“umklapp” processes increase (Peierls 1929) and the average distance
phonons travel without interactions 040, (0r I, mean free path) de-
creases (Kittel 2005). The thermal resistance of a material is directly
linked to these umklapp processes and thus to the mean free path
(Gurzhi 1964). Hence, for insulating crystalline solids with conductive
heat transfer mainly related to phonons than to electrons or photons a
general decrease of the heat transport efficiency with an increase of the
temperature can be expected.

Ballistic Heat Transfer

In contrast to conductive heat transport, ballistic heat transfer is char-
acterized by energy crossing material without or with negligible partic-
ipation of the same (Fig. 1.2) (Hofmeister 2019). Ballistic heat transfer
is often equated to radiative transfer. This is valid as long as the mean
free path of the photons /,y,t0, is of the order of the respective object or
larger. Otherwise, i.e. Iypoton is significantly smaller than the dimension
of the probed material, the underlying mechanism of radiative heat
transfer is conduction as it involves interactions in the form of absorp-
tion and re-emission within the material (Hofer and Schilling 2002;
Boer and Pohl 2018; Hofmeister 2019). For the latter case, the radiative
heat transfer within a solid has a strong temperature dependence « T3
for an ideal gray body (Clark 1957; Shankland 1970; Beck et al. 1978)
and thus becomes important at higher temperatures usually above sev-
eral hundred degrees for most minerals (Clauser and Huenges 1995).
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Figure 1.3: Sketch illustrating an acoustic (a) and optical (b) transverse lattice
vibration of a one-dimensional system with two types of atoms
of different mass. The displacement of a lattice plane is shown
in ¢) for a pure longitudinal vibration with the direction of wave
propagation (left to right) and particle displacement equal each
other and in d) for a pure transverse lattice vibration, where the
direction of displacement and propagation form an angle of 9o°.
Dashed lines and gray atoms correspond to equilibrium positions,
arrows indicate the displacement (modified from Gross and Marx
2014)
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But as the mean free path of photons is of the order of some millimeters
for minerals (e.g. Hofer and Schilling 2002; Gibert et al. 2005), sample
dimensions need to be of the order of at least some centimeters to
observe intrinsic (conductive) heat transfer by radiation. Such sample
dimensions are not reached for the measurements presented within the
studies of this thesis. Therefore, conductive heat diffusion in the ex-
amined insulated single crystals is primarily associated with phononic
(lattice) processes.

Representation of Thermal Transport Properties

The starting point of modern quantitative heat flow analysis through a
material was set by the pioneering work of Jean Baptiste Joseph Fourier
(x1768 t1830). His finding that heat transfer is a time-dependent
phenomenon with his formulated differential equation of heat flow
within a body still is the basis of almost any heat flow related issue
in the present time. After his initial work on heat transport and
conductivity was rejected in 1807, Fourier published his monograph in
1822 containing the law of heat conduction:

qg=—«xVT (1.2)

with heat flux g (energy per time per area), thermal conductivity x and
temperature gradient VT. In a more general case and for homoge-
neous bodies, allowing the thermal conductivity x to depend on the
temperature and by conserving energy it is

aT
pcpa =V-xVT (1.3)

with the density p and isobaric specific heat ¢, per unit mass (Hofmeis-
ter 2019). With the thermal diffusivity D describing the rate of temper-
ature spread and the relation

k = Dpcy, (1.4)
Eq. 1.3 can be written in the form

oT ’

3 = DV-T (1.5)
for the assumption that ¥ and D are independent of T. Eq. 1.5 is often
denoted as the heat equation. The thermal diffusivity D and thermal
conductivity k are orientation-dependent (anisotropic) properties for
single crystals and can be described by second rank tensors D;; and «;;

(Nye 1985).

One major aspect to understand thermal transport properties has all
along been the temperature dependence of heat transport processes.
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As aforementioned, heat transport in dielectric solids can be primarily
assigned to phonons. Treating these lattice excitations as particles, heat
diffusion can be expressed according to the kinetic gas theory as (e.g.
Debye 1914; Ziman 1960; Berman 1976; Kittel 2005)

K= %cvvl (1.6)
(cy: isochoric specific heat per unit volume, v: average phonon veloc-
ity, I: phonon mean free path). Hence, the temperature dependence
of the thermal conductivity «(T) (and thermal diffusivity D(T), cf.
Egs. 1.4&1.6 3) depends on the temperature variation of the respective
variables in Eq. 1.6. As a consequence of energy quantization of lat-
tice vibrations, the temperature-dependent thermal conductivity and
thereto related quantities strongly differ for the case that

¢ all lattice vibrations (modes) are excited at high temperatures
(T > Op) and

* phonon modes “freeze out” at low temperatures (T < @p)

where Op is the so-called Debye temperature (Gross and Marx 2014).
In the following, the variation of the average phonon velocity with
temperature is neglected as it is marginal compared to the tempera-
ture variations of the specific heat and the phonon mean free path,
respectively (Roufosse and Klemens 1974; Boer and Pohl 2018).

The specific heat tends to zero at the absolute zero. Above 0 K but
below ©@p one observes a dependence T3, know as the Debye T3
approximation (Kittel 2005). At high temperatures (i.e. T > @p) the
specific heat approaches the so-called limit of Dulong-Petit (cy =3r'R,
' number of atoms in the unit cell, R ideal gas constant) (Gross and
Marx 2014), Fig. 1.4.

The mean free path of phonons varies inversely with the tempera-
ture for T > @p (Peierls 1929) as the number of phonons and thus
three-phonon umklapp processes increases o« T. Towards lower tem-
peratures (i.e. T < ©@p) the number of phonons available for scattering
processes reduces and thus the mean free path is expected to increase
(ex exp ©p/T according to the Debye model). For very low temperatures
(T < Op) the mean free path cannot increase arbitrarily. It is limited by
approximately temperature-independent scattering processes at lattice
imperfections, but may also be limited by the specimen dimensions
for large mean free paths (comparable with a ballistic transport). In
addition, the mean free path and thus the thermal conductivity can
vary due to crystal purity (Ziman 1960; Berman 1976; Kittel 2005; Gross
and Marx 2014; Boer and Pohl 2018). The theoretical temperature trend

In a harmonic approximation the heat capacity at constant pressure C,, [J/K] equals the
heat capacity at constant volume Cy as a result of the volumetric thermal expansion
coefficient ay = 0 K. Thus, cy [ﬁ] = pcp [% kgLK] . Otherwise, C, = Cy +

a%,VTKT with the volume V, the absolute temperature T and the isothermal bulk
modulus Kt (Berman and Brown 1985; Gross and Marx 2014).
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Figure 1.4: Illustrating the relative trend of the temperature dependence of the
phononic mean free path I (blue), the molar specific heat cy (red),
and thereof derived thermal conductivity x (green) on a double-log
scale. The greenish and blueish areas represent possible variations
due to lattice imperfections, crystal size and purity (the latter
might affect the heat transport at even higher temperatures than
shown here, Kittel 2005). For details, see text (modified from Boer
and Pohl 2018)

of the thermal conductivity is illustrated in Fig. 1.4, including the indi-
vidual effects of the specific heat and the mean free path, respectively.
For the thermal diffusivity the temperature trend is expected to follow
that of the mean free path according to Eqs. 1.4&1.6.

By far the most temperature-dependent measurements of the ther-
mal transport properties of minerals and rocks are performed at and
above room temperature. In this temperature region the thermal con-
ductivity of insulated solids is expected to show a « 1/T" behavior,
even up to the melting point (Leibfried and Schlomann 1954; Roufosse
and Klemens 1974, Hofmeister 2006). Depending on the theoretical
approach, n varies from ~ 1-2. Preceding theoretical considerations,
this temperature dependency was first time observed by Eucken (1911).
To approximate the measured temperature trend of the heat trans-
port capability in the temperature range around and above the Debye
temperature, numerous models have been proposed within the last
century.
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With his work about the kinetic theory of heat conduction in crystals
Peierls (1929) derived the temperature dependence of the thermal
conductivity in accordance with Eucken’s empirical observations as

x(T) = T (1.7)

Based on a series of measurements on thermal transport properties
of crustal rocks at elevated temperatures, Cermdk and Rybach (1982)
proposed a more versatile correlation of x(T):

1
(1) = 457

This form found manifold use to approximate the thermal trans-
port measured in crystals and rocks (e.g. Seipold 1992; Cohen 1998;
Hofer and Schilling 2002; Gibert et al. 2005). At very high tempera-
tures thermal conductivities approximated by Eqgs. 1.7&1.8 approach
0.0 Wm™ K. But with respect to heat transport in solids mainly pro-
vided by lattice vibrations, theoretical considerations on the mean free
path I of phonons indicate that I cannot become arbitrarily short (i.e.
below inter-atomic distances, Ray et al. 2006) for very high tempera-
tures (Ziman 1960; Spitzer 1970; Slack 1979). Accordingly, the thermal
conductivity reaches a lower limit g for high temperatures (so-called
Einstein limit, Cahill et al. 1992). Considering the contribution of dif-
ferent phonon frequencies to « in Eq. 1.6, Roufosse and Klemens (1974)
derived (rearranged for x)

(1.8)

A
k(T) = T3 + %y (1.9)

Thereto comparable, Zoth and Haenel (1988) proposed an empirical
correlation to describe the temperature-dependent thermal conductivity
in the form

x(T) = }ﬁ, + K0 (1.10)

As the heat capacity is almost constant for T > ©p (cf. Fig. 1.4),

these approximations for x(T) can similarly be expected for the thermal

diffusivity D(T) (with the lower limit Dy instead of x) (Hofmeister

2006). In the recent past, Hofmeister et al. (2014) proposed a model

of bulk phonon-polaritons for the thermal diffusivity of insulating
single-crystals:

D(T) = % +HT (1.11)

with n = 0.25-2 for most crystals. The proposed temperature trend (may
be applied to x(T) too) includes an optional high temperature term

11
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HT that can either reproduce a lower limit in thermal diffusivity or
describe an increase in heat transport towards very high temperatures.
The latter is often attributed to the contribution of radiation to heat
transport and considered in the form of a CT3-term in Egs. 1.7-1.10
(e.g. Hofer and Schilling 2002; Gibert et al. 2005; Ray et al. 2006). A, B,
H, n, and o in Egs. 1.7-1.11 are fitting constants while using absolute
temperature.

The outlined correlations to approximate the temperature-dependent
thermal transport properties are in general assumed to loose their
applicability for the case that the probed matter undergoes any sort
of phase changes or chemical reactions (including e.g. dehydration).
This is due to the fact that phase changes are accompanied by e.g.
modifications of the crystal structure, chemical compound, and volume
(density), but also by changes of the elastic behavior and thereto related
properties such as acoustic wave velocities (Carpenter 2006; Klumbach
2015). This means that phase transitions involve changes in the phonon
spectrum that are in turn directly related to changes in the mean free
path and specific heat (Boer and Pohl 2018). As a consequence, phase
changes result in partly radical changes of the thermal conductivity
and thermal diffusivity (e.g. Zhang and Luo 2013).

The knowledge about heat transport properties around phase tran-
sitions plays an important role not only in the geoscientific field (e.g.
Schubert et al. 1975; Steinbach and Yuen 1992) but also for e.g. tak-
ing advantage of phase transitions for thermochemical energy storage
(Schmidt 2017). Therefore, a precise determination of the thermal
conductivity and thermal diffusivity through phase transitions is of
interest. Due to the numerous variations of physical properties and
other factors influencing chemical reactions (e.g. specimen size <—
dehydration) it seems reasonable that measurements of thermal trans-
port properties and their data evaluations require particular care. This
may also be the reason why accurate data on thermal transport proper-
ties around phase transitions are scarce and often inaccurate or even
inconsistent (Chen et al. 2018).

1.2 METHODS TO DETERMINE THERMAL TRANSPORT PROPERTIES

Measurements on thermal transport properties, namely thermal con-
ductivity and thermal diffusivity, cannot be performed directly but
indirectly through some form of temperature recordings over time
and/or space (Hofmeister 2019). Measurement techniques and meth-
ods to determine the thermal transport properties of matter are diverse
and some have established as standard methods. But even though
their origin often lies far back, there is still an ongoing and continuous
further development of the methods to widen their range of appli-
cation and to increase the quality of the resulting data to ultimately
understand the nature of heat transport better (Reif-Acherman 2014).
In general, the question of which method is best suited depends on
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several factors, for example on the physical state of the material, on
the size of the samples that can be prepared from the corresponding
material as well as on the (expected) quantity of the thermal transport
property (Zhao et al. 2016). But the choice of the measurement tech-
nique is also affected by the temperatures or rather the temperature
range to be investigated and by the required resultant property being
either the thermal conductivity or thermal diffusivity (even though
conversions from x to D and vice versa can be performed according
to Eq. 1.4, this requires precise and reliable information on the density
and specific heat of the probed material, which is often not available).

With respect to frequently used methods to determine thermal con-
ductivity and thermal diffusivity, three different measurement ap-
proaches can be distinguished:

1) Steady-state methods. Measurements of this type are performed
under conditions of thermal equilibrium, i.e. no temperature change
exists over time within the sample during each measurement (Baehr
and Kabelac 2016). The main advantages of these techniques are
the straightforward operation and data analysis (Kerschbaumer et al.
2019). Two established steady-state methods are the guarded hot plate
(Poensgen 1912) and the radial heat flow method (Angell 1911), both
providing the thermal conductivity of the probed material.

2) Transient methods. Measurements under transient or transitory
conditions are time-dependent and thus fundamentally different to
steady-state methods. The basis of measurements under transient
conditions is the record of a temperature evolution over time either
of the test specimen itself or of the used heat source, e.g. a wire.
Compared to steady-state methods, transient techniques in principle
have the advantage to perform measurements within a short period
of time (Zhao et al. 2016). Furthermore, by measuring the thermal
evolution over time the heat transfer mechanisms involved may be
distinguished (Hofmeister 2019). But due to the dynamic nature of
transient methods, the evaluation of thermal transport properties is
more complex and less straightforward. Important transitory methods
are the (laser) flash method (Parker et al. 1961) providing the thermal
diffusivity and the transient plane source (hot disk) method (Gustafsson
1991) measuring the thermal conductivity and thermal diffusivity. To
measure the thermal transport properties of drill core rock samples the
optical scanning method by Popov et al. (1985) is frequently applied.

3) Periodic (transient) methods. These types of methods are a spe-
cial case of transient methods. A heat source generates a periodically
oscillating signal and similarly the probed matter exhibits a cyclic tem-
perature response. But in contrast to non-periodic transient methods
that measure the temperature change over time, periodic methods
record and compare the oscillating heat source signal and the thermal
response replied by the probed sample (Hofmeister 2019). In the re-
cent past, periodic methods became increasingly important especially
in the field of measuring thermal transport properties of thin films
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(Zhao et al. 2016). Frequently used periodic transient methods are
e.g. the Angstrém’s (1861), the 3w (Cahill and Pohl 1987), and the
thermoreflectance method (Paddock and Eesley 1986).

Among the numerous different existing methods to derive thermal
transport properties, the transient flash method combines several fa-
vorable features (see below) so that it became a standard technique
to measure the thermal diffusivity of solids and liquids (Vozéar and
Hohenauer 2003).

In the following, a brief overview of this method with some ma-
jor further developments is given, whereas more detailed operating
principles are given within the reprinted studies of this cumulative
dissertation (in particular, see chapter 2).

The Flash Method

Up to the early 1960s, methods to determine thermal transport proper-
ties mostly suffered from different shortcomings limiting their applica-
bility and accuracy. For instance, they required big sample dimensions,
needed to know absolute temperatures and temperature gradients, or
required information on the quantity of heat input, whereas the latter
two are in particular challenging to be determined precisely (Zawilski
et al. 2001; Zhao et al. 2016). In addition, early methods often needed
long measurement times and contact heat losses to e.g. heat sources or
thermocouples were ever-present (Zhao et al. 2016; Hofmeister 2019).
Furthermore, using the existing steady-state methods it was difficult
to extend measurements to high temperatures (Reif-Acherman 2014)
and thus the precise knowledge of material properties in temperature
regions important for e.g. computational geosciences and engineering
was limited. These drawbacks and difficulties could be overcome by
the pioneering work of Parker et al. in 1961 entitled “Flash Method of
Determining Thermal Diffusivity, Heat Capacity, and Thermal Conductivity”.

The flash method was intentionally designed for the needs of the
Navy Bureau of Aeronautics to measure metals, ceramics, alloys and
composites (Reif-Acherman 2014). Based on the work of Carslaw
and Jaeger (1959), W. ]J. Parker with his colleagues R. J. Jenkins, C. P.
Butler and G. L. Abbott developed a transient method to derive the
thermal diffusivity D of a solid under the assumption of adiabatic
conditions. For an instantaneous radiant pulse absorbed on one side
of a solid of uniform thickness d the history of the typically small
temperature rise on the opposite rear surface is used to evaluate the
thermal diffusivity of the probed matter. It seems noteworthy that the
temperature rise is not required to be recorded in absolute values but
only relatively (dimensionless, cf. Eq. 1.12) with respect to the initial
sample temperature. It furthermore follows that the amount of initial
heat energy radiated onto and absorbed by the sample does not need to
be known. Thus, the flash method only requires the measuring of time
and relative change of temperature, both of which can be determined
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precisely. The sample’s rear surface dimensionless temperature history
is given as (Parker et al. 1961)

, 2Dt

V(it)=14+2) (—1)"exp(—n 7 ) (1.12)

(ngk

n=1

With this novel approach, high or low temperature measurements can
be performed by simply heating or cooling the sample within a furnace
or cooler. Neither the radiant source nor the detector, e.g. an infrared
(IR) detector, need to be placed within the heated or cooled chamber.
Therefore, flash measurements can be performed contactless, i.e. free of
thermal contact resistances at the interfaces (Parker et al. 1961). Typical
sample thicknesses are in the range of some millimeters, resulting
in measurements usually lasting fractions of a second up to a few
seconds. The advantages of this new method were quickly recognized
and marked the starting point of numerous further developments in
this field that are still ongoing.

Due to the fact that the proposed method initially assumes adiabatic
conditions and therefore doesn’t consider heat transfer from the sample
to the surrounding, thereof derived thermal diffusivities from flash
experiments can be well overestimated (Cape and Lehman 1963; Clark
III and Taylor 1975). Therefore, in 1963 Cowan and also Cape and
Lehman gave some first analytical solutions for energy “losses” of
the sample surfaces. Further studies dealing with heat losses in flash
experiments are, among others, Watt (1966), Heckman (1973), and
Clark III and Taylor (1975). The consideration of heat transfer to
the surrounding is particularly important for measurements at high
temperatures but also at ambient conditions for poor-conducting matter
due to the required longer measurement times (Vozar and Hohenauer
2003).

Another important improvement to the evaluation of flash method
measurements deals with Parker et al.’s initial simplification of an
instantaneous radiant source heating the specimen. Due to the fact
that in flash technique experiments the radiant heat, provided by e.g.
flash lamps or laser pulses, extends over a short but non-instantaneous
period of time, the data evaluation needs to take the temporal change of
the power of the energy pulse into account. This so-called “finite pulse-
time effect” can have a significant influence on the thermal diffusivity
evaluation of thin samples and highly diffusive materials. It was
first considered by Cowan and also Cape and Lehman in 1963 for
energy pulses approximated by a rectangular and a saw-tooth shape,
respectively. In the meanwhile, a number of different studies proposed
evaluation routines to consider energy pulses of different shape (e.g.
Taylor and Cape 1964; Dusza 1995; Lim et al. 2009), using the center of
gravity (Azumi and Takahashi 1981) as well as taking account for finite
pulse-time effect by empirical corrections (Schoderbock et al. 2009).

Moreover, additional contributions led to further significant improve-
ments of the flash method (excerpt):
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* (semi)transparent specimens need to be coated in order to absorb
the energy pulse at the front surface and to adequately emit
radiation to the detector at the rear surface. This additional layer
being e.g. sprayed onto the specimen influences the rear side
temperature history. Studies by e.g. Cernuschi et al. (2002) and
Lim et al. (2009) described and analyzed this effect and thus
contributed to a better understanding of possible dependencies
influencing flash method measurements.

¢ Lee (1975) extended the flash method to layered materials. Such
measurements are not only important in the field of e.g. thermal
barrier coatings in gas turbines (Blumm et al. 2003b), but are also a
necessary prerequisite to measure thermal transport properties of
liquids with the flash apparatus. Cernuschi et al. (2002) used the
approach of a multi-layer system to take account of the influence
of graphite coated specimens on the evaluation of the thermal
diffusivity of the substrate.

* Most of the common standard data evaluation routines for flash
measurements assume the heating energy pulse to be uniformly
distributed (and uniformly absorbed) across the heated surface
of the sample. Effects on the temperature history for nonuniform
pulses have been analyzed by e.g. Watt (1966), Schriempf (1972)
and McKay and Schriempf (1976), Baba et al. (1993) and Baba
and Ono (2001). Accordingly, systematic errors associated with
nonuniform heating pulses can reach several percents and there-
fore effects of nonuniform heating need to be carefully taken into
account.

These and other contributions over the past decades made the flash
technique to the method of choice for many applications not only in
the scientific environment but also in the industry and helped to signif-
icantly improve our understanding of heat transport. Together with the
consideration of heat loss effects in (laser) flash method measurements
the corrections made in connection with the finite pulse-time effect
were most important. Nevertheless, there is the need for further inves-
tigations and developments in the context of the flash method to derive
accurate thermal transport properties, which is the subject of this thesis
(see also 1.3 Objectives and Structure). These considerations include
issues e.g. related to questions of what is the actual time dependency of
the heat pulse that needs to be taken into account in the data processing
and what is the influence of the radiative heat transport on the derived
conductive thermal transport properties near phase transitions in flash
measurements.

The apparatus used for the measurements presented within the
studies of this thesis is a table-top laser flash apparatus (LFA) model 457
MicroFlash® from Netzsch-Geritebau (Germany). The key technical
data given by Netzsch-Gerdtebau are listed in Tab. 1.1 and the device
setup is shown in Fig. 1.5.
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Figure 1.5: Basic setup of the laser flash apparatus (LFA) MicroFlash® 457
(Netzsch-Gerdtebau) to measure thermal transport properties.
1) furnace power unit 2) purge gas flow meter 3) InSb IR de-
tector (or optional low T HgCdTe (MCT) IR detector, not shown)
4) laser flash apparatus 5) liquid cooling system 6) laser power
unit 7) LFA control unit (top) and liquid Ny cooling controller
for low T measurements (bottom) 8) PC control. Inset (opened
furnace chamber): 9) sample thermocouple 10) sample and sample
holder 11) high T furnace (not shown: optional low T cooler with
attached liquid N, vessel) 12) radiation shielding
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Table 1.1: Technical data and specifications of the used laser flash apparatus
457 by Netzsch-Gerdtebau

Temperature range -125 °C to 1100 °C
Furnace low T: -125 °C to 500 °C

high T: 20 °C to 1100 °C

IR detectors low T: HgCdTe (MCT), liquid Nj-cooled
high T: InSb, liquid Np-cooled
Laser Nd:YAG (1064 nm), max. 18 J/pulse (adjustable)
Pulse width ~ 0.3 ms
Measurement atmosphere inert, oxidizing, vacuum (< 10 mbar)
Sample area cross section: 6x6, 8x8, 10X 10 mm

diameter: 0.5”, 1.0”, 6, 8, 10 mm
Sample thickness ~ 0.1-14 mm

Thermal diffusivity range ~ 0.01 mm? /s to 1000 mm? /s

1.3 OBJECTIVES AND STRUCTURE
Objectives

To get an insight into heat transport and to understand the underlying
processes not only a wide temperature range needs to be investigated,
it is at least equally important to be able to accurately and reliably mea-
sure the corresponding transport quantities as this is the precondition
for all following interpretations.

Therefore, the overarching objective of this dissertation is the im-
provement of the flash method to accurately derive heat transport
data and thereby to gain a better understanding of the thermal trans-
port properties of single crystal quartz SiO, and portlandite Ca(OH),.
This subject is handled within three self-contained publications. The
investigations and implications for the flash technique made in the
corresponding studies may be transferred to other experimental se-
tups and hence help to increase the range of application of laser flash
measurements and the reliability of such measurements in general.

¢ The first study (chapter 2) focuses on the finite pulse-time effect.
The objective is to figure out whether there is an additional
signal retardation inhering the temperature history measured
at the IR detectors, its possible consequences for standard data
reduction routines, and the development of an approach which
allows to consider a further retarded signal in data processing.
This approach can then be applied to derive thermal transport
properties of quartz and portlandite in the subsequent studies.
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¢ In the second study (chapter 3) the temperature-dependent ther-
mal transport properties of quartz are investigated. The primary
objective is to measure low temperature thermal diffusivities
and to clarify the temperature dependence of the heat transport
around the a-p phase transition. In this context, the influence of
phase transitions on measurements of thermal transport proper-
ties by the flash technique is investigated. There is evidence that
standard data reduction routines cannot be used to approximate
the temperature history in the vicinity of phase transitions (Bran-
lund and Hofmeister 2007) and thus an adapted data processing
(based on the approach of the first study) is required.

¢ The objective of the third study (chapter 4) is to, for the first-time,
measure the thermal transport properties of single crystal port-
landite over a wide temperature range including the dehydration
of Ca(OH), to CaO + H;O. Therefore, single crystals needed to
be synthesized and custom sample holders have been designed
to be able to take up the crystal platelets for flash method mea-
surements. A closer look at the dehydration reaction (kinetics)
at elevated temperatures investigates the influence of sample
dimensions on the derived thermal transport properties.

Both studies on quartz and portlandite furthermore examine thickness
dependencies in flash method thermal diffusivity measurements for
the probed specimens. The inclusion of single crystal elastic proper-
ties (separately derived by Brillouin spectroscopy for the synthesized
portlandite crystals) is used to resolve links between the elastic and
thermal transport properties.

The accurate knowledge of the physical properties, including the
thermal transport properties, of the two mineral species investigated
here is of geoscientific and technical interest and of considerable im-
portance for a variety of applications:

e Quartz is one of the Earth’s crust most abundant minerals. Its
thermal transport properties help for our understanding of the
Earth’s crustal structure and dynamic behavior (e.g. Gotze 2009).
In particular, assuming that the lower part of thick continental
crusts can reach temperatures where the a-f phase transition
takes place (e.g. Jeanloz and Morris 1986; Zandt et al. 1996;
Mechie et al. 2004; Klumbach 2015), a precise knowledge of heat
transport within this temperature region is of particular inter-
est and can affect e.¢g. modelings of dynamic tectonic processes.
Beyond that, synthetic quartz has a wide range of technical appli-
cations — not only but also — due to its piezoelectric property, e.g.
as quartz crystal microbalance (Deakin and Buttry 1989).

¢ Portlandite is a layered mineral and isostructural to brucite
Mg(OH),. In terms of their structure, they rank among the most
simple hydroxides available (Kruger et al. 1989), which explains a
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fundamental interest in their elastic and thermal transport prop-
erties. From a geological point of view, the knowledge of physical
properties of hydrous minerals allows for a better understanding
of the dynamics in oceanic crust and the uppermost mantle, also
because the possibility to release water due to dehydration may
trigger seismic events (Nagai et al. 2000). Furthermore, port-
landite is an essential mineral in the context of civil engineering
as it is a major phase in hydrated cement (e.g. Aitcin 2016). The
elastic and thermal transport properties of Ca(OH), affect the
properties of hydrated cement based composites (Speziale et al.
2008b) and therefore a detailed understanding of the thermoelas-
tic properties may allow to better customize composites. Beyond
that, the de- and rehydration of portlandite is seen as a promising
reaction for thermochemical energy storage (Schmidt 2017) and
may therefore substantially contribute to future challenges of an
energy transition towards sustainable energy systems.

Whereas the vast majority of studies on minerals’ thermal transport
properties cover their behavior around ambient conditions or examine
the temperature range between room temperature and a few hundred
degrees Celsius, measurements presented in this thesis aimed to be car-
ried out over a wider temperature range between at least -100 °C and
700 °C. With such an extended temperature range, a better understand-
ing of heat transport and the underlying processes shall be reached. For
instance, recently proposed models to approximate the temperature
dependence of thermal transport properties, e.g. by Hofmeister et al.
(2014), need to be validated for their applicability in the low tempera-
ture region. Beyond that, measurements in the low temperature region
(i.e. T < 20 °C) may reveal thermal transport properties of particular
interest for new applications e.g. in the field of information technology
and engineering.

Structure

This dissertation is prepared as a cumulative dissertation consisting
of three self-contained studies. The first study on detector inherent
delayed response in LFA measurements (chapter 2) has been peer-
reviewed and published in the Springer Journal International Journal of
Thermophysics (Breuer and Schilling 2019). The third study on thermoe-
lastic properties of portlandite (chapter 4) has been peer-reviewed and
published in the Elsevier Journal Cement and Concrete Research (Breuer
et al. 2020). The study on the anisotropic thermal transport properties
of quartz (chapter 3) is under review for publication in the European
Journal of Mineralogy (Copernicus Publications, Breuer and Schilling
2020) at the time of the completion of this thesis. These studies are
reprinted within the following three chapters 2, 3 & 4. As they all
deal with thermal diffusivity measurements by the flash method, some
repetitions appear especially in the theory, methods, and experimental



1.3 OBJECTIVES AND STRUCTURE

parts. The findings of these studies are summarized in the last chap-
ter 5 and the contribution of the results to the understanding of thermal
transport processes and to measurements using the flash method are
discussed. Beyond that, perspectives for future research are pointed
out.
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IMPROVING THERMAL DIFFUSIVITY
MEASUREMENTS BY INCLUDING DETECTOR
INHERENT DELAYED RESPONSE IN LASER FLASH
METHOD

ABSTRACT

Laser flash experiments are a widely used to determine thermal diffu-
sivity of matter. Especially for thin samples or high diffusive materials,
the laser pulse-time delay and its shape may become crucial for pre-
cise measurements (“finite pulse-time effect”). An additional delayed
response and modification of the shape of the signal can be caused
by time delays of detectors and electronic components (e.g., electronic
filters) and may be inherent to Laser Flash Apparatuses (LFA). Similar
to the correction of the finite pulse-time effect, this detector system
inherent delayed response needs to be taken into account, especially
for thin or high diffusive materials. To correct for this additional delay,
detector signals of direct laser pulses were measured and for correction
of this systematic errors a transfer function is derived. It reproduces the
detector signal using the pulse shape measured by a diode within the
apparatus and thus takes into account the actual laser pulse shape and
detector behavior. For the used experimental setup, systematic errors
caused by this effect are in the same range than the often considered
finite pulse-time effect. As the detector-related time delay is system
inherent, the developed transfer function can be used to effectively elim-
inate both, the finite pulse-time delay and the detector inherent delayed
response. Besides experimental determinations, synthetic temperature
response data are used to quantify the systematic errors related to the
additional detector inherent retardation for various thermal diffusiv-
ities and sample thicknesses. By not taking the additional delay into
account systematic errors > 10 % may arise for both, high and low
temperature detectors, indium antimonide (InSb) and MCT (HgCdTe),
respectively.

KEYWORDS

Finite pulse-time effect - Laser flash method - Thermal diffusivity -
Uncertainty
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2.1 INTRODUCTION

Precise thermal transport properties are crucial in earth (Cermak and
Haenel 1982) and material sciences (e.g., Turner and Taylor 1991). The
knowledge of thermal transport properties is necessary to develop and
test theoretical models (Siegesmund 1996) and to study the behavior
of materials such as single crystals (Horai and Simmons 1969), glasses
(Chui and Gardon 1969), ceramics (Tong 1994), or rocks (Seipold 1992).
To model the temperature distribution within the Earth, precise in-
formation on the thermal transport properties of rocks are essential
(Buntebarth 1984).

Since Parker et al. (1961) introduced the transient laser flash method,
this technique got continuously improved and is nowadays widely
used to determine temperature-dependent thermal diffusivity of solids,
powders, and liquids (Blumm and Opfermann 2002; Cernuschi et
al. 2002). A short-duration high-intense radiant source (laser pulse,
flash lamp) is absorbed on one side of a typically disk-shaped and
millimeter-thick sample and the temperature history is detected by an
infrared (IR) detector on the opposite rear side of the sample (Swank
and Windes 2014). This method can be considered as contact free and
hence, no thermal contact resistances need to be taken into account
for the evaluation of the observed response curve. As the relative
time-depending temperature evolution is determined, no calibrations
or absolute temperature recordings are needed (Hofmeister 2004; Ab-
dulagatov et al. 2015). However, numerous factors have been identified
affecting the temperature response and such the determined thermal
diffusivity, e.g., the influence of the thickness of sample coatings to ob-
tain an optimized absorption and emission behavior (Araki et al. 1992;
Albers et al. 2001; Cernuschi et al. 2002; Lim et al. 2009; Schoderbock
et al. 2009), nonuniform surface heating (Schriempf 1972; McKay and
Schriempf 1976; Baba et al. 1993; Baba and Ono 2001), and heat loss
effects (e.g., Cape and Lehman 1963; Cowan 1963; Watt 1966; Heckman
1973; Clark III and Taylor 1975), just to name a few. By quantitatively
including the mentioned shortcomings an increase in accuracy can
be obtained. The improved evaluation procedures allowed to widen
the range of application of laser flash method (micron-sized sample
thicknesses (Kehoe et al. 1998), multilayer specimens (Lee 1975), sample
coating thermal diffusivity determinations (e.g., Akoshima et al. 2013b;
Stryczniewicz and Panas 2015; Stryczniewicz et al. 2017), etc.). This also
includes the retardation of the temperature response due to a short
finite time-lasting laser pulse known as the “finite pulse-time effect”
(Cape and Lehman 1963). Except for a minority of experimental setups,
the laser pulse cannot be approximated by a Dirac delta (6) function
(Dirac 1967) without having a noticeable influence on the accuracy of
the determination of the thermal diffusivity (Heckman 1973). Thus,
several attempts were carried out to consider the pulse shape in thermal
diffusivity data evaluation, including e.g., saw-tooth (Cape and Lehman
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1963), triangular (Taylor and Cape 1964; Taylor and Clark III 1974),
square (Cowan 1963; Watt 1966), and exponential (Larson and Koyama
1967; Xue et al. 1993; Lim et al. 2009) pulse shape approximations
as well as trapezoidal (Dusza 1995) and empirical (Schoderbock et al.
2009) corrections. But, to better account for the finite pulse-time effect,
the actual pulse shape has to be considered in every single thermal
diffusivity data evaluation (Lim et al. 2009). In this case, the pulse
shape is usually determined using a diode collecting scattered light of
the laser for each measurement.

Laser flash measurements on thin and high diffusive materials have
shown significant misfits using common data evaluation routines. It
seems plausible that the temperature response signal can be addition-
ally affected by detector- and device-specific electronic components (e.g.,
electronic filters). Thus, we tested the hypothesis that a detector-specific
signal retardation has to be taken into account to reduce systematic
errors in LFA measurements. The present work therefore covers the
questions: 1) is there a detector-sided time delay in temperature record-
ings, 2) how significant is this systematic error for various sample
geometries (i.e., thicknesses), and 3) how can this effect be taken into
account in data evaluation routines? The shape of the temperature
response curve and thus the approximated thermal diffusivity is af-
fected by numerous additional effects (Vozar and Hohenauer 2003;
ASTM E1461 2013). Therefore, to be able to determine the net effect
of a possible detector-specific signal retardation, we focus on synthetic
curves without any influence of e.g., sample coatings (Araki et al. 1992;
Albers et al. 2001; Cernuschi et al. 2002; Lim et al. 2009; Schoderbock
et al. 2009), radiation heat losses (Cape and Lehman 1963; Cowan 1963;
Watt 1966; Heckman 1973; Clark III and Taylor 1975), etc.

2.2 THEORY

The temperature distribution T(x, t) of a thermally insulated solid of
uniform thickness d at any time t > 0 is given by (Carslaw and Jaeger

1959)

NxoziéTmmm+dzkm<’%§>
n=1

d
xcos@/ T(x,0) cos
d Jo

nritx

7 dx (2.1)

where D is the thermal diffusivity. Based on Eq. 2.1, Parker et al.
(1961) gave the analytical solution (adiabatic) for flash method thermal
diffusivity measurements. The rear side (x =d) surface temperature of
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a specimen heated at the front face by a short radiant energy pulse is
given as (Parker et al. 1961)

T(d,t) = _”2”2Dt> (2.2)

1+2) (-1)"exp < g7
n=1

Q
pcpd
with Q the heat pulse energy absorbed per unit area, p the density,

and ¢, the specific heat capacity of the sample. Equation 2.2 can be
rewritten as (Parker et al. 1961)

[e]

V(w) =142 Y (1) exp(—n’w) 23)

n=1

with the dimensionless parameters for temperature evolution

V(dt) = T (2.4)
2
wit) =" (25)

and Tyax = Q/ (ocpd) the maximum temperature at the rear side spec-
imen surface at infinite time. As the measured detector signal is not
normalized to 1, an additional prefactor is used to scale the fitted curve.
For V = 0.5 the thermal diffusivity is given as (Parker et al. 1961)

2 2
f ~ 01388 (2.6)
Tty ) 1/2

D =1.370

where t, is the time of the rear side surface history to reach half of
its maximum temperature (Fig. 2.1).

Nowadays the evaluation of the thermal diffusivity is typically done
by nonlinear least-square curve approximations (Koski 1981) using the
entire measured time domain and Eq. 2.3 or modified versions instead
of the less robust half time t;,, method (McMasters and Dinwiddie
2010). In this study, fitting is performed for the full curve up to
tiim =10t1 /5 (ISO 18755 2005). To determine thermal diffusivity values
from measured or synthetic temperature-time curves, a Levenberg-
Marquardt algorithm (Levenberg 1944; Marquardt 1963) is used. The
analytical solution (Eq. 2.2ff.) assumes (Parker et al. 1961; Baba and
Ono 2001; Vozar and Hohenauer 2003):

¢ Instantaneous and uniform absorption of the heat pulse on the
front face

* Specimen nontransparent to the used radiant heat source and
thermal radiation
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V=T/T.a

o=7Dt/ d?

Figure 2.1: Dimensionless rear side surface temperature history

* No heat loss to the surrounding (adiabatic conditions)

¢ Uniform (geometry), homogeneous sample and that thermophys-
ical properties and density are constant during the experiment.

Depending on the experimental setup and sample characteristics, these
assumptions are often not sufficiently met and may therefore require
further considerations. Regarding high diffusive and/or thin samples,
the heating pulse cannot be assumed as instantaneous (ASTM E1461
2013), causing a significant error in the evaluation of the thermal
diffusivity. These uncertainties arising with finite pulse-time effects are
often highly underestimated, e.g., Vozar and Hohenauer (2005).

For linear partial differential equations like the heat equation, the
principle of superposition can be applied (e.g., Shizawa and Mase
1991). The temperature history on the rear side sample surface can
therefore be considered as the sum of individual stimuli with weighting
pursuant to the laser power supply. Hence, the solution by Parker et al.
(1961) can be applied to any complex source term problem in laser
flash experiments considering the appearing laser pulse shape and a
possible detector inherent delayed response. The superimposed rear
side surface temperature history Vs(t) is mathematically expressed
as the convolution of a pulse shape function g(¢) and the adiabatic
solution V() (Azumi and Takahashi 1981; Dusza 1996):

t

Vs(t) = (g V)0 = [ a(t)v(e-1)ar (27)

For not taking pulse-time effects into account, g(t) is given by the
Dirac ¢ function for an ideally instantaneous pulse, thus Vs(t) equals
the solution given by Parker et al. (1961). In case of a time-discrete
convolution the integral is replaced by a summation.
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Figure 2.2: Simplified schematic construction of the laser flash apparatus for
thermal diffusivity measurements. In addition to the manufacturer
setup, an optical homogenizer is placed beneath the sample to
reduce a possible nonuniform front surface heating. A thin iron
plate lining is emplaced between the sample and the Ge window
to block disturbing sideways radiation to the detector
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Figure 2.3: Laser pulse intensity I} (t) measured by integrated diode for dif-
ferent pump energies given as electric potential U in voltage. The
asymmetric shape is characterized by a rapid rise followed by a
slow collapse in radiant intensity. The onset of stimulated radia-
tion emission is reduced in time as well as the full width at half
maximum (FWHM) is increased with increasing pump energy
(oc L)
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2.3 EXPERIMENTAL

The laser flash apparatus used is a LFA 457 MicroFlash® from Netzsch-
Geridtebau, Germany. A sketch of the used modified laser flash setup
is shown in Fig. 2.2.

The LFA is either equipped with a MCT (HgCdTe) “low temperature”
detector (-125 °C to 500 °C) or an indium antimonide (InSb) “high
temperature” detector (room temperature to 1100 °C). The minimum
time resolution of the detectors is 4 ps. The radiant pulse energy is
supplied by a Nd:YAG laser (IR Sources Inc.). It emits light at 1064 nm
wavelength with an adjustable power output of up to 18.5 J, controlled
by electric potential from Ui, = 1538 V to Uyuax = 2978 V. Even though
the main spectral response of the IR detectors is situated at slightly
higher wavelengths than the actual laser emits, the high-intense pulse
can nevertheless be measured at the detector. This holds true as long
as a low but not negligible detector efficiency is taken into account.

To prevent the detector measuring sideways scattering irradiation,
the beam path between the sample and the germanium window is
additionally shielded by an iron rolled plate lining for this study
(Fig. 2.2).

Test measurements have shown that a slightly nonuniform heating oc-
curs, which might lead to systematic errors according to e.g. Schriempf
(1972) and Baba and Ono (2001). Thus, to further reduce heating inho-
mogeneity a custom 1” diameter areal laser homogenizer RD 203 by
Holo/Or Ltd. (Israel) is installed beneath the sample (Fig. 2.2).

The shape of each individual laser pulse is measured from scattered
laser light as a function of time using an integrated diode located
near the source of emission (Fig. 2.3). To reduce uncertainties arising
from the nonlinearity of the temperature dependence on the spectral
radiance (Planck’s equation) (Baba and Ono 2001), U,,i, is used unless
otherwise stated (ISO 18755 2005).

To detect the direct laser pulse at the IR detector the sample holder
is equipped with a custom plate of 12.7 mm in diameter. It is made of
Macor glass ceramic (Schroder Spezialglas, Germany) and has a centric
pinhole with @ = 0.5 mm to avoid an overdrive of the detector. To
prevent any laser radiation passing the 3 mm thick semitransparent
ceramic plate, pure gold of some um thickness (according to the depo-
sition rates given by the manufacturer) is sputtered on both sides of
the plate using a Denton Vacuum LLC (USA) Desk V.

2.4 RESULTS

2.4.1 Detector Inherent Delayed Response and its Consideration by Transfer
Function

The finite pulse-time effect can be considered by a heat source term
approximating the pulse shape (Fig. 2.3, g(t) in Eq. 2.7) in the solution
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Figure 2.4: Laser pulses I (t) (U = 1538 V) detected by integrated diode (solid
lines) and pulse signals measured with high temperature InSb
(o gray) and low temperature MCT (o black) IR detectors using
direct beam (for details see text). Transfer function is applied on
the input laser pulses I} (t) giving Ir(t) and shown as dashed
lines to reproduce the corresponding detectors’ signals. The high
reproducibility of the shape of the laser pulse is shown by the
gray and black solid lines lying on top of each other. The spike at
~ 0.01 ms corresponds to the trigger signal for the laser

of the unsteady heat conduction equation (e.g., Cape and Lehman
1963). To spot whether there is an additional detector-sided time delay
in the data, the direct laser pulse irradiation with applied beam size
reducing custom plate is measured with the high and low temperature
IR detectors. The results are shown in Fig. 2.4.

It appears that an additional time delay at the two different detectors
is present causing the input laser pulses I1(t) to be further delayed
with a pronounced tailing. This effect is more distinct for the low
temperature (MCT) than for the high temperature (InSb) detector. The
additional retardation by the detector inherent delayed response is
of comparable size as the finite pulse-time effect for the measured
setup. Thus, thermal diffusivity data evaluation using g(t)=1I(t)
(Eq. 2.7), which considers the finite pulse-time effect according to
quasi-simultaneously measured laser pulse (Fig. 2.3), results in an
underestimation of apparent thermal diffusivities D, as the retardation
by the detector is not considered sufficiently. The systematic errors
made by using the Dirac § function for the data evaluation are even
bigger, as in addition to the detector inherent delay the finite pulse-time
effect needs to be taken into account.

To apply a more accurate pulse description, an empirical transfer
function is developed in the style of an e.g., electronic filter, linking
the pulse shape measured by integrated diode with the retarded pulse
measured at the IR detector with respect to the trigger pulse at t=0s.
It is found that the intensity It(t) of the transferred laser pulse over
time t (y diode time resolution) is well approximated by
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Table 2.1: Transfer function coefficients for Egs. 2.8&2.9 determined for the
used experimental setup

Detector MCT (HgCdTe, low T) InSb (high T)
7 2 ps 2 s
Aq 1.40X107" 4.97X1072
Ap 9.767Xx10" 1.256
€ 0.048 ms 0.044 mMs
r 7.554 %1073 35.103 X 1073
n 19 17
0.0 0<t<e
- IL(t— &) AL t>eAlp(t—1y) <00
T(t) = e
A
Ir(t=n) = ([ Ir(t=n) [ )72 t>eAlr(t=1) > 00
_ ) A
+IL(t £> IL,max

(2.8)

with detector type dependent constants, controlling the scaling (A1),
the post-maximum curve shape (A;), the time delay (¢), and the de-
tector recovery factor (r) (Tab. 2.1), based on I () the pulse intensity
measured by the integrated diode. To smooth the transferred pulse
shape measured by diode (cf. Fig. 2.3), a central moving average is
applied:

I _ 1 Z It (t+in) (2.9)

The laser pulse shape measured by diode is used to predict a detector
signal using Eqgs. 2.8&2.9. The as predicted curves Ir(t) (Fig. 2.4, dashed
lines) are compared to measured ones (Fig. 2.4, circles) for low and high
temperature detectors. It is shown that the laser pulse shape measured
at both IR detectors is well reproduced by applying the developed
transfer function on the laser pulse measured by integrated diode.

Around ~ 0.01 ms a spike is observed (Figs. 2.3&2.4), which cor-
responds to the trigger signal for the laser. The origin of the spike
is either an optical or electrical (more likely) impulse to trigger the
depopulation of excited states in the laser medium. Some tests were
performed with and without suppressing this spike for the thermal
diffusivity D determination. No differences in the evaluated D value
for fits with or without the trigger spike are observed. The spike at
~ 0.01 ms is suppressed for the application of the transfer function.
Due to the pronounced fading of the detector data, particularly for the
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Table 2.2: ¢ factors used in Eq. 2.10 to link true and apparent thermal diffusiv-

ities
Detector type MCT (HgCdTe) MCT (HgCdTe) InSb InSb
Pulse shape Dirac é I (1) Dirac 4 I (t)
c(s) -0.00385 -0.00187 -0.00337 -0.00138

MCT detector, the coefficients for the transfer function are set so that
att = 2.0ms, It is < 0.01 and for t > 2.0 ms the intensity is It = o.0.
Tests reveal that the same transfer function with its constants shown in
Tab. 2.1 can be used for different laser outputs.

2.4.2  Systematic Errors Caused by Detector Inherent Delayed Response

To quantify the influence of the detector retardation effect on the
determination of thermal diffusivities and to avoid experimental uncer-
tainties, thickness-dependent synthetic rear side surface temperature
response curves Vs(t) are generated using predefined thermal diffu-
sivities Dy (here named true diffusivity) in Eqs. 2.3&2.7 and the actual
retarded laser pulses (Fig. 2.4, dashed lines) as pulse shape functions
g(t) (¢f. Eq. 2.7) for both detectors. No heat losses are used in the
models to avoid further complications (adiabatic boundary condition).
To quantify the related systematic errors, apparent thermal diffusivities
D, are determined using either I (t) pulse shape (finite pulse-time
effect, Fig. 2.3) or the Dirac J function. Figure 2.5 shows true thermal
diffusivities Dy vs. apparent ones D, for different sample thicknesses
between 0.1 mm and 10 mm with an operating laser pulse voltage of
U = 1538 V for low (left) and high temperature detectors (right). Results
using Dirac ¢ function and I1(¢) laser pulse shape are presented at the
top and bottom, respectively. The uncertainties for the fit procedure
itself are < 0.001 %.

As the effect of the detector-sided retardation is less distinct for the
high temperature indium antimonide detector (¢f. Fig. 2.4), Dy vs.
D, lines lie closer to the diagonal (Fig. 2.5c&d), which represents an
ideal match between true and apparent thermal diffusivities Dy = D,.
With an increasing sample thickness the deviation of D, from the true
value Dy decreases as the temperature response and thus ¢/, gets large
with respect to the laser pulse duration and detector retardation effect.
Deviations from the true thermal diffusivities Dy are slightly smaller
using higher laser power outputs as the onset of stimulated laser light
emission starts earlier after the trigger pulse (cf. Figure 2.3). However,
if the samples show a distinct temperature dependence of the thermal
diffusivity, e.g., «< 1/T, a higher laser pulse may lead to additional
experimental uncertainties (Schilling 1999).
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Figure 2.5: True thermal diffusivity Dy vs. fitted apparent thermal diffusivity
D, using discrete convolution (Eq. 2.7) with g(t) either the Dirac
J (a, ) or I (t) pulse shape function (b, d) for the two different
IR detectors for low (MCT) (a, b) and high (InSb) (c, d) temper-
atures. Numbers inside the plot correspond to different sample
thicknesses given in millimeters. Dashed red lines correspond
to a systematic error of D, of 0 = 10 %, which increases with
decreasing sample thickness
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Table 2.3: ¢ factor used for systematic error calculation in Eq. 2.12 for thermal
diffusivity data evaluation using Dirac é and Iy (¢) pulse shapes for
high and low temperature detectors

Detector type MCT (HgCdTe) MCT (HgCdTe) InSb InSb
Pulse shape Dirac ¢ I () Dirac ¢ Ir.(t)
¢ (s™) 2.5979 53585 2.9712 72537

As indicated in Fig. 2.5, there is a systematic correlation between
the apparent and true thermal diffusivity values and the sample thick-
nesses. This relation of Dy with respect to the appearing D, is repre-
sented as

D,

Dy=— "%
T 1+ (%) D,

(2.10)

for (¢/a*) D, < 1.0 and c factors given in Tab. 2.2. For ¢ = 0.0 s it is
D, =Dy and g(t) = I7(t), which is equivalent to the consideration of the
additional detector-sided retardation.

If the deviation of the thermal diffusivity is expressed as

o=L20=Da 1009, (2.11)
Dq
then the systemic error of the apparent thermal diffusivity D, plotted
vs. the sample thickness d becomes linear in double logarithmic scale
(Fig. 2.6).
Considering the dependence of the sample thickness d, systematic
errors displayed in Fig. 2.6 are expressed as

Dy

o(d) = W

(2.12)
with ¢ in percent and ¢ shown in Tab. 2.3. In case thermal diffusivities
are fitted using a Dirac ¢ or I;(t) pulse shape, Egs. 2.10-2.12 allow for
corrections of systematic errors in laser flash measurements for the
used experimental setup.

The systematic errors made by an instantaneous pulse approximation
(Dirac ¢ function, Fig. 2.6a&c) are roughly twice as big as including
the pulse shape I1 (t) measured by integrated diode (Fig. 2.6b&d) com-
pared to the true value of the thermal diffusivity Dy by considering
the detector-sided retardation. Systematic errors of apparent ther-
mal diffusivities are increasing with a decrease of sample thickness
d. For a moderate thickness of d = 0.5 mm, a thermal diffusivity of
Dy = 5.0 mm? /s, and I1(t) pulse shape correction, the apparent thermal
diffusivity for the low temperature MCT detector is D, = 4.82 mm?/s.
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Figure 2.6: Systematic error o (deviation of apparent thermal diffusivity D,)
vs. sample thickness d for certain true thermal diffusivities Dy
from 0.25 mm?/s to 200 mm?/s for a Dirac § pulse (a, c) and
I (t) pulse shape function (b, d) for the low (a, b) and high (c, d)
temperature IR detector, respectively. ® and o are examples which
are discussed in more detail in the text
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Figure 2.7: Measurement of POCO Graphite AXM 5Q (d = 1.992(3) mm) at
24.9 °C with low temperature MCT (HgCdTe) detector and 1538 V
laser voltage output. For the data evaluation three pulse shape
functions are considered: Dirac ¢ function (red), laser pulse-time
corrected I (t) (blue) and laser pulse shape including detector
retardation I7(t) (green). The deviation is referred to the maximum
intensity I.x ~ 0.66 of the detector signal

Thus, although including the finite pulse-time effect the systematic
error is about 3.7 % (filled circle, Fig. 2.6b) or without considering any
pulse-time effect (Dirac § function) D, & 4.64 mm?/s and 0 ~ 7.8 %
(open circle, Fig. 2.6a).

2.4.3 Impact of Delayed Detector Response on Experimental Data

Figure 2.7 shows a LFA measurement of a standard sample (10x 10 mm,
POCO Graphite AXM 5Q, NIST SRM 8426 series) at 24.9 °C without
a coating applied. The corresponding data fit according to Eq. 2.7 for
three laser pulse shape functions (Dirac é pulse, laser pulse corrected
I1.(t), detector retardation corrected Ir(t)) are plotted into the same
diagram. The fits include a custom heat loss model proportional to the
detector signal (linear heat loss approximation).

Most important for the thermal diffusivity fit procedure is the region
of the actual temperature rise. For POCO Graphite, in this area of
fast temperature response (f < 25 ms) the deviations of the three
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different fits (Fig. 2.7, lower part) show significant differences with
serious misfits for data evaluations using Dirac ¢ (Fig. 2.7, red) and
I1(t) (Fig. 2.7, blue) pulse shape functions. With respect to insets 1
and 2, fits using the latter heat source terms have their slope onsets
too early and less steeply ascending slopes compared to the measured
detector signal.

The fit using the detector retardation transfer function provides the
best match (green curve in Fig. 2.7) and is for comparison defined
as Dy = 71.1(1) mm?/s 4. Deviations ¢ from Dy are 8.5 % and 4.1 %
while using the Dirac  pulse and I1 (¢) pulse shape for data evaluation,
respectively. For comparison, systematic errors arising from synthetic
curve calculations according to Eq. 2.12 (see also Figs. 2.5&2.6) result
in slightly smaller errors ¢ = 6.9 % and 3.3 %. This might be due to
the fact that in the synthetic temperature history curves no heat losses
where assumed. As a consequence, the derived uncertainties shown in
Figs. 2.5&2.6 may be regarded as a minimum.

2.5 DISCUSSION

Systematic errors related to finite pulse-time effects can be crucial
for the accuracy of thermal diffusivity data evaluation. Standard fit
routines consider the finite pulse-time effect by different mathematical
representations (e.g., saw-tooth (Cape and Lehman 1963), efc.). They
lead to a much better approximation of thermal diffusivity compared
to an idealized Dirac ¢ pulse shape (Lim et al. 2009; McMasters and
Dinwiddie 2010). However, these corrections are often not sufficient
as the retardation caused by detector inherent delay can affect the
temperature history curve resulting in apparent thermal diffusivities
being significantly too small (cf. Figs. 2.7&2.8). As described, if the
transfer function for the detector inherent retardation is determined
for a specific configuration, it is possible to correct this systematic error
if the shape (e.g., measured with an integrated diode) and retardation
of the laser pulse is known (e.g., through a transfer function).

If the time delay of detector and electronic components is not (cor-
rectly) implemented in thermal diffusivity fitting routine, a misfit of
the temperature response and the approximated curve as shown in
Fig. 2.8 (¢f. Fig. 2.7) will arise. Due to the effect of detector-sided
retardation the temperature rise on the rear side surface of the sample
is recorded later than the heat physically arrives there and hence the
measured slope is noticeable steeper compared to fittings using Dirac
0 or I (t) pulse functions. The magnitude of such misfits using ¢ or
It (t) pulse shapes correlates with the thermal transport properties and
the thickness d of the specimen.

A comparison of thermal transport properties of POCO Graphite AXM 5Q with
literature values would be misleading and expedient as the thermal diffusivity at a
given temperature of different specimens may strongly vary (e.g., Hust 1984; Baba and
Cezairliyan 1994; Sheindlin et al. 1998; Akoshima and Baba 2005).
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Figure 2.8: Synthetic MCT detector temperature response curve (o) for a sam-
ple with true thermal diffusivity Dy = 50 mm?/s and d = 0.5 mm.
Full pattern fits with corresponding apparent thermal diffusivities
D, for: Dirac J pulse shape (red — as derived D, = 28.2 mm?/s),
finite pulse-time effect (I (t), blue — as derived D, = 36.4 mm?/s)
and finite pulse-time effect including detector-sided retardation
(It(t), green — as derived D, = 50.0 mm?/s)

Comparable steep rear side temperature response curves with model-
ing misfits can originate from other effects too. Therefore, the shape of
the misfit can usually not directly be linked to the different processes.
Wherever possible, these effects should be minimized experimentally
(e.., using an optical homogenizer within the beam path of the laser
to reduce the nonuniform sample heating, Fig. 2.2), as any interact-
ing effects make it complex to either separate or understand one of
those sufficiently (e.g., sample surface graphite coating mixed with
the finite pulse-time effect, Schoderbock et al. 2009). An insufficient
consideration of sample surface radiation heat losses may result in
approximated temperature response curves too flat too (ASTM E1461
2013). Furthermore, any kind of nonhomogeneous sample surface
heating (nonuniform beam profile or heterogeneous surface absorption
due to insufficient coating) affects the slope in temperature rise (e.g.,
Schriempf 1972; McKay and Schriempf 1976; Baba et al. 1993; Baba and
Ono 2001) and may be mixed up with previously mentioned effects.
Similarly, semitransparent materials may affect the temperature-time
curve in a comparable manner (Mehling et al. 1998). These examples
rudimentarily show the variability of usually not wanted (or ignored)
influences on the temperature-time curve in flash experiments and re-
veal the importance of separating the different curve shape influencing
factors. However, as the transfer function for the detector inherent
retardation can be determined independently for any specific configu-
ration, it is possible to correct for this systematic error independently
of the other effects.

To avoid that the laser directly irradiates the IR detector, a protecting
Ge window is placed between the sample rear side and the detector
(cf. Fig. 2.2). In a first approximation, one might assume that the ger-
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manium window entirely blocks the laser radiation and thus that the
retarded laser signal is not caused by the detector itself but is the result
of e.g., a heating of the Ge window (and/or its antireflection coating).
Following this, measurements performed with (thin) samples of high
thermal diffusivity should be well fitted while applying standard finite
pulse-time effect corrections. But the presented measurement (POCO
Graphite, cf. Fig. 2.7) shows that the finite pulse-time correction alone
does not sufficiently describe the observed temperature-time curve,
especially up to t = 25 ms (Fig. 2.7, blue curve). The deviation from the
fitted curve is far above the experimental uncertainties. However, if the
described detector inherent delay is additionally taken into account,
a much better match between the approximated and observed curves
is achieved (Fig. 2.7, green curve). Furthermore, if the Ge window
would cause the observed retarded pulse signals only, both detectors
should show a similar behavior, which is not observed in Fig. 2.4. Both
observations strongly support the hypothesis that the laser pulse retar-
dation originates from the IR detector and its electronic components.
Accordingly, it seems reasonable that even though the transmittance
of the Ge window is very low for the laser radiation wavelength, due
to its high intensity the laser still transmits radiation to the detector to
a certain amount. According to this, we conclude that 1) the detector
inherent delay needs to be taken into account for the used setup and
2) that the presented experimental scheme to determine the transfer
function and evaluation procedure helps to improve the accuracy of
LFA experiments.

The delayed detector response described here and the evaluation
routine based on the principle of superposition enables to account for
the actual pulse shape in intrinsic thermal diffusivity determinations.
As shown for the standard sample POCO Graphite (cf. Fig. 2.7), system-
atic errors are several percent for common thermal diffusivity fitting
procedure using Ir(t) pulses and even higher for a Dirac ¢ pulse shape
function. These systematic errors for synthetic temperature response
curves are able to exceed the overall laser flash method standard un-
certainty estimation of ~ 4.0 % (coverage factor k = 2) (Vozar and
Hohenauer 2005; Akoshima and Baba 2006). Referring to Fig. 2.9, if
one demands the systematic error originating in pulse-time effects to
be 0 < 0.5 % using I} () (Dirac J) pulse shape function, the sample
thickness is required to be d > 5.2 mm, 4 in Fig. 2.9 (7.4 mm, ¢ in
Fig. 2.9) and thus at least ~ 2.5 (3.7) times bigger than the actual sample
dimension of used standard POCO Graphite (Dg = 71.1 mm?/s, H in
Fig. 2.9). Regarding standard (reference) materials used for thermal dif-
fusivity measurements (Baba and Ono 2001; Ogawa et al. 2001; Blumm
et al. 2003a; Akoshima and Baba 2005; Salmon et al. 2010; Akoshima
et al. 2015), it shows that especially the few high diffusive solids (IG-
110/ CRM 5804 and POCO Graphite, cf. Fig. 2.9) are far in the region of
not negligible systematic errors o > 0.5 %.
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Figure 2.9: Lines representing systematic error thresholds o = 0.5 % for high
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and I (t) (dashed) pulse shape functions, respectively. Above
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the shown sample thicknesses d and thermal diffusivities Dy. ¢
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2.6 CONCLUSION

To trace possible systematic errors in laser flash thermal diffusivity
data, a variation of sample thicknesses can be used. An insufficient
heating pulse shape consideration manifests in apparent thermal dif-
fusivities increasing with the sample thickness. As in parallel sample
coating effects (Lim et al. 2009) and changes in the laser power used
may also affect the thermal diffusivity (Akoshima et al. 2013a), samples
with varying thickness could be measured without or with at least very
thin and similar coating and at constant low laser power to reduce
other above mentioned effects and to obtain thermal diffusivity values
with a higher precision. But even for measurements with constant heat
pulse energy the apparent thermal diffusivity D, can be a function of
the thickness as samples undergo different absolute temperature rises
during the experiment (c¢f. T dependence of D) and effects of detector
nonlinearity may result in an underestimation of thermal diffusivity
(e.g., Groot 1989; Hasselman and Merkel 1989; Hasselman and Don-
aldson 1990; Akoshima et al. 2013a). Anyway, a variation in sample
thickness may be difficult due to rarely accessible (natural) materials
(e.g., geological single crystals) or due to heterogeneity of the probed
material. In such cases, a data evaluation routine accounting for the
actual laser pulse shape including detector retardation effects is a viable
option which can help to significantly reduce this systematic error.

2.6 CONCLUSION

As the shape of the sample rear side temperature response curve in
thermal diffusivity measurements is diverse and affected by numerous
factors, a separation of those effects is inevitable for measurements with
high accuracy. It has been shown that even though a finite pulse-time
effect correcting algorithm is applied, thermal diffusivities may still
contain large systematic errors due to a further time delay possibly
caused by the detector and electronic components. By not accounting
for this additional retardation, systematic errors can be of the same
order of magnitude as the finite pulse-time effect itself and a consid-
eration is necessary, especially for thin specimens and materials of
high thermal diffusivity. The presented experimental scheme allows
for the determination of a transfer function while using a specifically
designed sample with a pinhole. It is shown that the as determined
device-specific transfer function applied to the heating laser pulse (de-
tected by diode) takes account for the delayed response of the used
InSb and HgCdTe infrared detectors. The modified data evaluation
procedure based on principles of superposition shows that using a
standard sample of POCO Graphite (AXM 5Q) systematic errors in
LFA experiments are effectively reduced.
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ANISOTROPIC THERMAL TRANSPORT PROPERTIES
OF QUARTZ: FROM -120 °C THROUGH THE «-8
PHASE TRANSITION

ABSTRACT

Thermal diffusivities of synthetic quartz single crystals have been
measured between -120 °C and 8oo °C using laser flash method. At
-120 °C the lattice thermal diffusivities are Dy = 15.7(8) mm? /s and
D199 = 8-0(4) mm? /s in [001] and [100] direction, respectively. Between
-80 °C and 560 °C the temperature dependence is well approximated
by a D(T)=1/T" dependency (with n = 1.824(29) and n = 1.590(21)
for [oo1] and [100] direction), whereas for lower temperatures mea-
sured thermal diffusivities show smaller values. The anisotropy of the
thermal diffusivity D|go1)/ D190 decreases linearly over T in a- and f-
quartz, with a discontinuity at the a-f phase transition at T, 5 = 573 °C.
In the measured signal-time curves of a-quartz an unusual radiative
heat transfer is observed, which can be linked to the phase transition.
However, the effect is already observed far below the actual transi-
tion temperature. The standard evaluation procedure insufficiently
describes the behavior and leads to an underestimation of the thermal
diffusivity of > 20 %. Applying a new semi-empirical model of radia-
tion absorption and re-emission reproduces well the observed radiative
heat transfer originating in the phase transition. In the -quartz region
the radiative heat transfer is not influenced by the phase transition
effect observed in a-quartz and for the thermal diffusivity evaluation
common models for (semi)transparent samples can be used.

KEYWORDS

Thermal diffusivity - Quartz - a-B phase transition - Laser flash method
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3.1 INTRODUCTION

Thermal transport properties such as thermal conductivity x and ther-
mal diffusivity D play an important role in understanding Earth’s
crust and mantle dynamics and their underlying processes (Cermak
1982; Lenardic and Kaula 1995). Furthermore, growing attention is
given to a precise knowledge of heat transport in material sciences
as well as in engineering (Taylor and Kelsic 1986; Turner and Taylor
1991). According to Fourier’s law the heat flux ¢ is equal to the thermal
conductivity x of a material times the negative temperature gradient
0T /dx in one dimension:

oT
q=—Ko= (3.1)

The thermal conductivity quantifies the heat flow through a material.
Comparable to chemical concentration equilibration through diffu-
sion, thermal diffusivity D quantifies the temperature equilibration
capability.

oT 2T
o = 92 (3-2)

Thermal conductivity and thermal diffusivity are interrelated through
the isobaric specific heat capacity ¢, and density p:

K = Dpcy (33)

Comparable to the concept of diffusion in the kinetic gas theory,
phononic (lattice) heat diffusion in solids is often approximated by
(Debye 1914; Berman 1976; Kittel 2005)

1

ngw (3-4)

with the mean velocity of phonons v and their mean free path length
I. Regarding insulated solids, phononic heat transport dominates at
low temperatures (e.g. Shankland et al. 1979; Schilling 1999; Gibert
et al. 2005). In earlier studies, heat transfer was often solely related
to acoustic phonons (Slack 1965; Slack and Oliver 1971; Roufosse and
Klemens 1974), whereas recent studies show that longitudinal and
transverse optical phonons need to be taken into account (Hofmeister
1999; Hofmeister 2006; Esfarjani et al. 2011). With increasing temper-
ature and number of phonons the phonon-phonon interactions, e.g.
three-phonon umklapp processes, increase (Peierls 1929; Ross et al.
1984, Kittel 2005), resulting in a temperature dependence of the ther-
mal diffusivity frequently being approximated by (e.g. Eucken 1911;
Zoth and Haenel 1988; Seipold 1992; Clauser and Huenges 1995):

1
Dmf (3-5)
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Even though Fourier’s law presumes length independence, heat
transport can vary with specimen thicknesses e.g. due to radiative
transport mechanism for optically non-thick conditions (Hofmeister
2019) and mode mixing effects (Hofmeister et al. 2007; Hofmeister 2007).
Thermal conductivity and thermal diffusivity of crystalline solids are
directional, i.e. anisotropic, material properties (except for the cubic
system) and can be described by a symmetric tensor of 2nd rank (Nye
1985).

Quartz is one of the most abundant rock-forming minerals in the
Earth’s crust (Ronov and Yaroshevsky 1969; Yaroshevsky and Bulakh
1994). High geothermal gradients in the uppermost tenth kilome-
ters (Birch 1955) demand a detailed knowledge about the thermal
transport properties of its constituents (Buntebarth 1984; Siegesmund
1996). Thus, quartz plays and important role in developing and test-
ing thermal transport models (Hofer and Schilling 2002) and detailed
information on the single crystal thermal transport properties are re-
quired (Touloukian et al. 1973). In terms of its significance, also for
technical applications, single crystal thermal diffusivity data on quartz
are still scarce and restricted to temperatures above 0 °C (Tab. 3.1). For
higher temperatures formerly reported thermal transport properties
(Hofer and Schilling 2002; Kanamori et al. 1968) contain both contact
losses and spurious radiative gains as has been shown by Branlund
and Hofmeister (2007).

At ambient pressure, a-quartz (P3,21) undergoes a displacive phase
transition to B-quartz (P6,22) at T, g = 573 °C (e.g. Le Chatelier 1890;
Bragg and Gibbs 1925; Dolino 1990). In the vicinity of the phase
transition an incommensurate phase is observed (Dolino 1990). Already
above ~ 540 °C, i.e. > 30 K below the phase transition, apparent
changes of anelastic (thermal expansion) and elastic properties (e.g.
elastic constants and therewith acoustic wave velocities) are observed
(Raz et al. 2002; Klumbach and Schilling 2014)

To the best of the authors” knowledge, no thermal diffusivity data of
quartz below 0 °C have been published so far. Measurements in [001]
and [oo1] direction crossing the a-f phase transition were reported by
different authors: Kanamori et al. (1968), Hofer and Schilling (2002),
and Branlund and Hofmeister (2007). The trend of the thermal diffusiv-
ity around the a-p phase transition remains uncertain, as a crossover in
the direction of maximum thermal diffusivity was reported by Hofer
and Schilling (2002). Branlund and Hofmeister (2007) considered this
behavior to be possibly caused by specimen size (thickness) effects.
The only data set not being potentially associated with known short-
comings of contact methods, e.g. thermal contact resistance effects (Lee
and Hasselman 1985; Hofmeister 2007; Abdulagatov et al. 2015), is
the one by Branlund and Hofmeister (2007). But with respect to that,
Branlund and Hofmeister noted that the used “model of Mehling et al.
(1998) fails to fit the measured signal-time curves near the transition”. The
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Table 3.1: Published data on thermal transport properties of single crystal quartz in [0oo1] and [100] direction

Reference Method Crystal type Temperature range
O

Berthier (1965)" radial heat flow natural 50-700"

Kanamori et al. (1968) Anstréom¢ (modified) natural 40-860

Beck et al. (1978) radial heat flow? natural 0-350

Hofer and Schilling (2002) transient method® synthetic 20-800

Branlund and Hofmeister (2007) laser flash method/ natural and synthetic 20-1000

This study laser flash method/ synthetic —120-800

?Cited by Touloukian et al. (1973)

bOnly direction L [001] measured over the a- phase transition up to 700 °C
¢Carslaw and Jaeger (1959)

9Extrapolated from 1.95 GPa (multi anvil press), converted to D

¢Schilling (1999)

fParker et al. (1961)
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thermal diffusivity behavior around the a-p phase transition therefore
remains unclear.

Phononic heat transport decreases with increasing temperature, ap-
proximated by Eq. 3.5 for the case that all phonon modes are excited.
However, this assumption is only valid for high temperatures. At low
temperatures, phonon modes freeze out and affect the heat transport
properties of the solid (Kittel 2005). Thus, low temperature data are of
fundamental interest.

The aims of this study are: 1) Present low temperature behavior of the
heat transport in quartz. 2) Better understand the thermal diffusivity be-
havior through the a-p phase transition (including a possible crossover
occurrence, Hofer and Schilling 2002, and size effects, Hofmeister 2019).
This requires a new approach to approximate the signal-time data for
x-quartz measurements below the a-f phase transition compared to the
model used by Branlund and Hofmeister (2007). 3) Review a proposed
(Hofer and Schilling 2002) strong correlation of the phonon velocity
and the temperature dependence of the thermal diffusivity. Therefore,
thermal diffusivity laser flash data on synthetic quartz single crystals
have been collected between -120 °C and 8oo °C in different crystal-
lographic directions and at different sample thicknesses (2-10 mm,
10X 10 mm cross section). The measurements furthermore allow to
better distinguish between phononic and radiative heat transfer.

3.2 EXPERIMENTAL

Experimental setup

The thermal diffusivity is measured by laser flash method (Parker
et al. 1961) using a Netzsch-Gerdtebau MicroFlash® LFA 457. A short
(~ 0.3 ms) laser pulse (0.5” diameter, approx. ~ 1 ] power output,
1064 nm, IR Sources Inc.) heats up one side of the specimen with
thickness d and the resulting (relative) temperature history is recorded
on the opposite (rear) side using an infrared (IR) detector. For low
temperature measurements (T = -120 to 400 °C) a HgCdTe (MCT) IR
detector is used, for high T measurements between room temperature
(RT) and 800 °C an indium antimonide (InSb) detector is installed.
Furnace temperatures are measured close to the specimen using a
type K thermocouple (class 1, DIN EN/IEC 60584-1). The chamber is
continuously flushed with gaseous N» (99.99 %) with a flow rate of
50 ml/min. The temperature increase AT of the specimen rear side
during one measurements is < 1 K and thermophysical properties
(D, x, cy) and density p are assumed to be constant within AT for each
diffusivity determination. The used laser flash setup presumes the IR
detector voltage outputs to be linear to the temperature increase during
one measurement.

In laser flash (LFA) experiments on (semi)transparent insulating
solids three major processes influence the detected signal-time curve:
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adiabatic lattice (phononic) heat transport, fast radiative transport and
heat loss to the surrounding (1-3 in Fig. 3.1). To isolate the phononic
contribution to thermal transport, the signal-time curves (black line,
Fig. 3.1) are approximated by a combination of the adiabatic model
given by Parker et al. (1961) (dashed blue line, Fig. 3.1)

2.0
T(d, 1) = pCde ””Dt> 56)

1+2) (=1)"exp < 7
n=1

(Q absorbed heat pulse energy per unit area) with a custom heat loss
model and a fast radiative portion (dotted orange and dash-dotted
red line, Fig. 3.1). Heat loss from the surfaces of the specimen is
approximated by subtracting a proportional temperature difference
dT; peat10ss from the temperature T; for each time interval At (Schilling
1998; Hofer and Schilling 2002)

dTi,heatloss = hTiAt (37)

with fitting constant & as only free parameter. This approximation
assumes 1D heat flow and hence mainly heat losses from the front and
rear surfaces. This approximation is well fulfilled for thin platelets. For
thicker samples 2D effects may occur, e.g. if heat losses perpendicular
to the assumed 1D heat flow influence the observed signal.

Fitting fast direct radiative heat transfer is different for measure-
ments at temperatures below and above the - phase transition (cf.
Fig. 3.2c&d). For T < 573 °C an absorption/re-emission approximation
for semitransparent samples is applied. For T > 573 °C the ballis-
tic (boundary to boundary) transfer is defined as portion of the fast
temperature decrease of the specimen’s front surface instantaneously
heated by the laser. The corresponding temperature distribution is
given in Parker et al. (1961) and in a good approximation represented

byo<1/\/f.

Tot'+b, T <573°C,ieN,
T vad = (38)
b T>573°CieN
(ti: time steps). Constants approximated during the fit process are:
To characterizing the initial height of the radiative portion (cf. inset
Fig. 3.1), T controlling the magnitude of the temperature decrease and
b an optional shift of the derived relative T signal. For measurements
at temperatures below 150 °C the radiative heat transfer is negligible
(Fig. 3.2b).

Depending on the individual raw data, the signal-time curve is fitted
to 5-10xt; /5 (with t; ,» =0.1388 4%/ D, Parker et al. 1961) by inhouse soft-
ware using least-squares Levenberg-Marquardt algorithm (Levenberg
1944; Marquardt 1963). A pulse-time correction according to Breuer
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Figure 3.1: Signal-time curve (black line) measured at 550 °C in the laser flash
apparatus using InSb infrared detector. The detector signal (V)
is assumed to scale linearly to the temperature. The fitted curve
(thick gray line) is the result of a least-squares approximation
of the adiabatic model by Parker et al. (1961) (1, dashed blue
line) with a fast radiative portion (2, dash-dotted red line, Eq. 3.8,
T < 573 °C) and subtracting heat loss from the specimen surface
(3, dotted orange). Vertical dotted line denotes the release of the
heating laser pulse. Tj ,,4 corresponds to the direct radiative heat
transfer at f=0.0 ms (Eq. 3.8). Tuax is referred to as the theoretical
adiabatic maximum temperature of the specimen rear side by
lattice (phononic) heat transfer (i.e. excluding heat losses of the
sample)

and Schilling (2019) is applied to each approximation. Thickness cor-
rections with increasing T are applied using linear thermal expansion
coefficients a (T) for [oo1] and [100] direction as given by Klumbach
(2015) (based on Raz et al. 2002). Reported thermal diffusivities are the
average of three independent measurements at the corresponding tem-
perature. The experimental reproducibility is 2-3 % while the accuracy
is 5 %, confirmed by measurements on Pyroceram 9606, Inconel 600
and Stainless Steel 310 standard samples. Uncertainties can be higher
in the vicinity of phase transitions, e.g. due to a pronounced distortion
of the signal-time curves (overlap of different heat transport processes)
or by using very small (McMasters et al. 2017) and/or thick sample
dimensions (Swank and Windes 2014).

The temperature dependence of the thermal diffusivity D(T) of
quartz below 550 °C is fitted using the empirical model proposed by
Hofmeister et al. (2014) (T in K):

D(T) = FT"° 4+ HT (3.9)

where the FT~C term describes the contribution of lattice phonons
to heat transport and the rear high T term (HT) represents a con-
tribution of bulk infrared phonon-polaritons. Fitting constants are
F,G(>0), and H (> 0).
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Table 3.2: Specimens and measurement characteristics for the low and high
temperature thermal diffusivity experiments

Specimen Thickness Detector Temperature
(mm) 0O

LT100) 2.010(3)" HgCdTe —119-400

LT {001 2.064(3) HgCdTe —-119-400
HTx1300 1.986(3) InSb 26775
HTz2[14q) 4.022(4) InSb 25-725
HT1jggy 1.999(3) InSb 26-800
HT2[ggy 4.706(4) InSb 25-640

numbers in parentheses are 10 standard deviation of the last digits

Samples

For the thermal diffusivity measurements six 10x 10 mm platelets with
various thicknesses were prepared from one synthetic quartz single
crystal in gem quality supplied by Maicom Quarz (in accordance with
DIN EN/IEC 60758). The specimens were cut so that the perpendicular
to the surface corresponds to the crystallographic [100] (i.e. a-axis)
and [oo1] (i.e. c-axis) direction (Tab. 3.2), respectively. The angular
deviations of the samples were proven by ultrasonic sound velocity
measurements and are < 1°. The tabulated thicknesses were measured
using a micrometer, the deviation from parallelism is < 1°. To reduce
radiative heat transfer in LFA measurements (Hasselman and Merkel
1989), all platelets were sputter coated with Au (99.99 %) using a
Denton Vacuum LLC Desk V to ~ 0.1 pm (according to the deposition
rates given by the manufacturer). To ensure consistent laser pulse
absorption (Cernuschi et al. 2002; Stryczniewicz et al. 2017) and to
buffer oxygen fugacity at high T (Pertermann et al. 2008), specimens
were coated with graphite spray (CRC Industries) of about ~ 15 pm
thickness per side. Platelet surfaces were slightly roughened to mitigate
possible non-uniformity of the laser pulse absorption and to increase
the adhesion of the coatings (Branlund and Hofmeister 2007).

3.3 RESULTS

The as derived single crystal thermal diffusivity data of quartz are
shown in Fig. 3.2a as a function of temperature for the main directions
[0oo1] and [100] (data in Appendix A.1, Tab. A.1&A.2).

The data of high and low temperature measurements show a dis-
tinct D(T) evolution nearly proportional to 1/T between -8o °C and
~ 550 °C for both crystallographic orientations as expected for e.g.
three-phonon umklapp processes (Peierls 1929; Kittel 2005). The direc-
tion of faster temperature equilibration coincides with the 3-fold axis
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in [oo1] direction. In the vicinity of the a-p phase transition thermal
diffusivities stop following the trend of D « 1/T. The data show
a further distinct decrease in lattice thermal diffusivity, starting at
T ~ 560 °C and reaching its minimum of Dyjop) ~ 0.56 mm? /s and
Doy} ~ 0.60 mm? /s at the a-B phase transition temperature (HT2(g9y))
or slightly above (Tp, min = 575.6 °C for HT 1) and 578.0 °C for HT1oq)
and HTz[jqq)). After the phase transition D values sharply increase and
stay more or less constant up to 8oo °C at Djyp; ~ 0.98 mm?/s and
Dyy90) ~ 0.86 mm?/s. Thermal diffusivities in hexagonal B quartz are
about 15 % and 21 % higher for [0o1] and [100] direction compared to
fitted D values of a-quartz extrapolated to T, g = 573 °C (black lines,
Fig. 3.2a). In the B phase the c-axis is still the direction of maximum
thermal diffusivity. Green and blue areas in Fig. 3.2a correspond to ther-
mal diffusivity variations (effect of impurities) of quartz single crystals
measured by Branlund and Hofmeister (2007). Data of this study lie
close to the lower end of these variations and slightly below the thermal
diffusivities reported by Kanamori et al. (1968) (leftwards triangles) and
Hofer and Schilling (2002) (stars). Data fits (least-square minimization)
according to Eq. 3.9 for -120 < T < 550 °C are presented as black lines
for the [0o01] and [100] direction in Fig. 3.2a (drawn up to T, g = 573 °C
for illustration). The resultant fit parameters are (D in mm?/s, T in K):
Di01](T) = 1.86(30) x 105 T-1824(29) (R? = 0.990) for [001] direction and
Do) (T) =2.71(31) x 10* T-1:59°G1) 47 8(29)x 105 T (R? = 0.996) for [100]
direction, respectively. Fitting the [100] direction data benefit from
including the HT term (¢f. Eq. 3.9) whereas for the c-axis data the
fitting gives H=0.0 (:5x107). Thus, no improvement of the fit quality
is achieved including the high temperature term for the latter. For
T < -80 °C the measured thermal diffusivities are lower than the data
approximations after Eq. 3.9, especially for the higher diffusive [001]
direction.

The front parts of raw data signal-time curves are exemplarily shown
in Fig. 3.2b-d for different furnace temperatures. For measurements at
low temperatures (Fig. 3.2b), direct radiative heat transfer is effectively
suppressed by the sputtered gold layer and data fittings are indepen-
dent of Eq. 3.8. Furthermore, heat losses are marginal within the short
time span of low temperature LFA experiments. For measurements
above T ~ 150-200 °C fast radiative heat transfer is explicitly visible in
all signal-time curves and increases with temperature (Fig. 3.2c). The
shape of the radiative heat transfer portion in raw data signal-time
curves shows a different behavior for T < 573 °C and T > 573 °C,
which is considered in the applied approximation procedure, Eq. 3.8
(thick gray in Fig. 3.2c&d). Within the a-quartz phase the intensities of
the radiative heat transfer in signal-time curves decrease only slowly
and are characterized by an almost linear decline with ¢ (Fig. 3.2c). The
origin of this radiation is considered in the quartz sample itself. This
type of intrinsic radiation cannot be (effectively) suppressed by the
gold layer sputtered on the back side of the specimen.
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Figure 3.2: a) Measured lattice (phononic) thermal diffusivity D of synthetic

quartz single crystals between -120 °C and 8oo °C over the a-8
phase transition at T, g = 573 °C. Low temperature data (squares)
are shown for [001] (black filling) and [100] direction (white filling).
High temperature data are shown between 25 °C and 8oo °C
for specimens HT1 (upwards triangles) and HT2 (downwards
triangles). D(T) data fits (black line) after Eq. 3.9 for T < 550 °C
in [oo1] and [100] direction are shown up to the phase transition
at 573 °C. Literature data are shown as rightwards triangles —
Kanamori et al. (1968), stars — Hofer and Schilling (2002), and
leftwards triangles — Branlund and Hofmeister (2007) (“SynQ”
specimen). Green and blue areas correspond to the variations of
measured D values given by Branlund and Hofmeister (2007) for
[oo1] and [100] direction. Front sections of specimen HT1ggy) raw
data signal-time curves (black lines) and data fits (thick gray) are
shown for temperatures b) T = -go °C c) 550 °C (with additional raw
data shown for 200 °C, 400 °C and 565 °C) and d) 700 °C. Fits of the
latter two include a fast radiative heat transfer portion according
to Eq. 3.8 with T; « Tl (¢) and T; « 1/+/%; (d), respectively. For
details see text
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Figure 3.3: Anisotropy of the single crystal thermal diffusivity of quartz
shown as ratio Djy]/Djjgg) for measurements at low (squares,
a) and high temperatures (upwards triangles for specimens HT1,
downwards triangles for HT2, for T > 200 °C). The a-f phase
transition zone is shown enlarged in b). Black solid and dashed
lines represent linear fits to « phase data for T < 510 °C and to
phase for T = 585-750 °C (b, dotted black line)

In contrast, at temperatures above the phase transition this radiative
contributions vanishes. Instead, in the B phase region the radiative
heat transfer shows a rapid drop in intensity well described by a
o« 1/+/t dependence (Fig. 3.2d) in accordance to a standard boundary
to boundary (ballistic) transfer. Even though radiative heat transfer is
noticeable for temperatures as low as T ~ 150-200 °C, the evaluated
lattice (phononic) a-quartz thermal diffusivity is consistently unaffected
by the radiative transport and well described by Eq. 3.9 until a stronger
decrease in thermal diffusivity starts at ~ 560 °C (Fig. 3.2a).

The anisotropy of the single crystal thermal diffusivity of quartz is
shown in Fig. 3.3 as Djgg1)/ Dj10- The anisotropy ratios are well approx-
imated by linear fits in the a- as well as in the B-quartz region (solid
and dashed black lines in Fig. 3.3). The fit to the ratio of LT specimens
gives (T in Celsius) Djgy1}/ Dj190)(T) =-1.060(11) X 1073 T+1.856(2) (solid
black line, Fig. 3.3a) and for specimens HT1 and HT2 Djyy1/ Dj300)(T) =
-0.963(12) x 103 T+1.788(5) (dashed black line, Fig. 3.3a&b, T > 200 °C).
LT as well as HT1/2 anisotropy ratios fit well to the data on anisotropy
given by Branlund and Hofmeister (2007) on various quartz samples
(gray area, Fig. 3.3) and data reported by Kanamori et al. (1968) within
25 < T < 500 °C. The data on D)/ Dj19g) by Hofer and Schilling
(2002) are within the shown anisotropy range (Branlund and Hofmeis-
ter 2007) but up to ~ 10 % lower than the data reported in this
study. At the phase transition the anisotropy Diyo1)/ Do rapidly
decreases by about 7 % but stays above 1.0 at all temperatures. Thus,
in [oo1] direction the highest thermal diffusivity is observed over
the whole temperature range and no crossover is observed for any
probed specimen with thicknesses d ~ 2.0-4.7 mm (cf. Tab. 3.2). The
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slope of the linear fit to the anisotropy ratio D|gy1)/Digq in the -
quartz phase is significantly flatter than for the a phase and gives
Dioo11/ Do) =-0.088(13) x 107 T+1.200(8) (dotted black line, Fig. 3.3b).

3.4 DISCUSSION

The presented data for low temperature a-quartz thermal diffusivity fit
well into the trend of already published data (cf. Tab. 3.1) at and above
room temperature (Fig. 3.2a). A small systematic offset can be recog-
nized for the data measured with the low and the high temperature
setup. As the preparation was kept the same for all samples, this offset
might be caused by different characteristics (nonlinearity, sensitivity) of
the two IR detectors and thus reflects the accuracy of the experiment.

It is noticeable that for low temperature measurements T < -8o °C
the thermal diffusivities are significantly and systematically lower than
the data fits according to Eq. 3.9 (using all data between -120 °C and
550 °C), especially for the higher diffusive c-axis direction. To better
understand the origin of this deviation, different considerations are
discussed: A) This behavior can be caused by the effect of IR detec-
tor nonlinearity leading to an underestimation of thermal diffusivity
(Hasselman and Donaldson 1990; Baba and Ono 2001). Negative im-
pacts assuming a linear detector voltage to temperature output are
high especially at the lower end of the IR detectors” operating T range
and significant even for low absolute temperature rises AT during
each measurement (Hasselman and Merkel 1989; Hoefler and Taylor
1990). This could also explain the deviation between measurements
with low and high temperature IR detectors as observed in Fig. 3.2a,
where thermal diffusivities measured with the high T InSb detector
(at its low temperature limit) depict to lower values. B) Specimens
measured at low temperatures have a higher AT due to smaller heat
capacity ¢, of a-quartz compared to measurements performed at high
temperatures (assuming similar pulse energy absorption) (Lord and
Morrow 1957; Akaogi et al. 1995; Chase 1998). As a consequence of
higher AT, thermal diffusivity values of a-quartz at very low T are
quite possibly too low as they reflect the property at higher tempera-
tures (e.g., see Akoshima et al. 2013a). This effect is more pronounced
if a strong temperature dependence of thermal diffusivity D is present,
as it is the case for a-quartz at very low temperatures (cf. Fig. 3.2a).
But deviations of measured and fitted thermal diffusivities of up to
20 % are very unlikely to be solely caused by detector nonlinearity
and effects of an increase in AT due to changes in heat capacity at low
temperatures. The used model to fit temperature-dependent thermal
diffusivities (Eq. 3.9) is originally tested for T > 25 °C (Hofmeister
et al. 2014). But this approximation seems to be inappropriate at very
low temperatures, i.e. at T < -80 °C for a-quartz. C) At low tempera-
tures, where an increased portion of the phonon modes is frozen out,
the temperature dependence of the heat capacity strongly increases
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(o< T3 at low T) and likewise the thermal conductivity increases be-
fore it reaches a maximum followed by a decrease o ¢®/T (Casimir
1938; Lord and Morrow 1957; Zeller and Pohl 1971; Gross and Marx
2014). Furthermore, with an increasing mean free path length I due
to a reduction in phonon-phonon interactions at low temperatures,
lattice imperfections and geometrical effects become more and more
dominant (de Haas and Biermasz 1935; Blakemore 1974; Kittel 2005).
It seems therefore reasonable for the intrinsic D(T) trend to deviate
from a D « 1/T¢ behavior for measurements at low temperatures.
Hence, we conclude that the observed behavior is not the result of
experimental uncertainties alone and that the mentioned deviations
to the data fits are in part a manifestation of the intrinsic behavior of
a-quartz as a reduced amount of phonon modes are excited and the
scattering of phonons at 1D and 2D defects becomes more dominant at
lower temperatures.

With the above exception, fits covering low and high temperature
measurements up to 550 °C are well approximated by the model pro-
posed by Hofmeister et al. (2014) (¢f. black lines, Fig. 3.2a). The
presented high temperature data have the highest conformity to laser
flash data presented by Branlund and Hofmeister (2007) for phonon-
dominated heat transfer processes. In contrast, contact methods used
by Hofer and Schilling (2002) and Kanamori et al. (1968) only have a
good agreement with the data of this study in the lower temperature
range (RT to ~ 200 °C) and show a less pronounced decrease of D(T)
towards higher temperatures. This is most likely due to direct radiative
heat transfer not (sufficiently) being taken into account in these data
sets (Andre and Degiovanni 1995; Mehling et al. 1998; Branlund and
Hofmeister 2007). A mix of radiative and phononic transfer seems to
lead to a positive slope in thermal diffusivities at temperatures above
the phase transition, whereas the presented data on lattice thermal
diffusivities in this study are in accordance with the data by Branlund
and Hofmeister (2007), which indicate D(T) being roughly constant at
T > 600 °C. The thermal diffusivities for a-quartz samples (this study)
are up to ~ 12 % smaller than the D range of various quartz samples
presented by Branlund and Hofmeister (2007) (cf. green and blue areas,
Fig. 3.2a). Above 573 °C the differences are less distinct and the thermal
diffusivities lie at the lower limits of published B-quartz laser flash
data. A small but noticeable negative influence, i.e. lowering thermal
diffusivity, of the applied graphite coating on the specimens is con-
ceivable (e.g. Albers et al. 2001; Lim et al. 2009) but unable to explain
the observed differences alone. Therefore, low(er) thermal diffusivity
data of quartz measurements in this study might be caused by low
amounts of interstitial ions and the occurrence of phonon scattering at
hydroxyls (OH), both decreasing the thermal diffusivity (Branlund and
Hofmeister 2007). This interpretation is further supported by the low
temperature behavior (T < -8o °C), where part of the deviation to the
applied 1/T" approximation is probably caused by defects.

59



60

ANISOTROPIC THERMAL TRANSPORT PROPERTIES OF QUARTZ

D(T) around the a-B phase transition

The two recent publications on thermal diffusivity of single crystal
a-B-quartz (i.e. studies by Hofer and Schilling 2002 and Branlund and
Hofmeister 2007) show a different behavior for the crystallographic
direction of the maximum thermal diffusivity at elevated temperatures.
Branlund and Hofmeister (2007) confirmed measurements by Kanamori
et al. (1968) and found that the direction of maximum thermal diffu-
sivity does not change through the phase transition, whereas Hofer
and Schilling (2002) presented data where a crossover (i.e. a change
in the crystallographic direction of maximum thermal diffusivity) is
described.

In this study, measurements on both specimens HT1 and HT2 show
no crossover in the D(T) data at any temperature (Fig. 3.2a). After
Branlund and Hofmeister (2007), the crossover observed in measure-
ments by Hofer and Schilling (2002) can be explained by the specimen
dimensions used by the latter. Accordingly, mixing of longitudinal
optic (LO) and transverse optic (TO) modes can cause an inflation of D
parallel to [100] and thus the observed crossover occurs (Hofmeister
2007; Hofmeister et al. 2007, Hofmeister 2019). In order to test this
hypothesis of a sample thickness dependence of the crossover, an addi-
tional thick quartz sample has been measured over the phase transition
using laser flash method with an increased laser pulse power output
of ~ 5 J (Fig. 3.4, data in Appendix A.1, Tab. A.3). This cubed sample
has an edge length of ~ 10 mm (10X 10 mm cross section), exceeding
the thinnest specimens measured by Hofer and Schilling (2002).

In general, thermal diffusivities presented in Fig. 3.4a show a large
variation in D(T), which is due to different measurement techniques
and specimens used. Relative trends show that thin specimens mea-
sured in this study (e.g. HT1, Fig. 3.4a) inhere no crossover in the
crystallographic direction of maximum thermal diffusivity between «-
and B-quartz, similar to the data presented by Kanamori et al. (1968)
and Branlund and Hofmeister (2007) (not shown in Fig. 3.4). The de-
rived anisotropy D(oo1)/Dj1gg) is > 1.0 at all temperatures (Fig. 3.4b).
For specimens with d = 8.5-20 mm measured by Hofer and Schilling
(2002) and for the quartz cube (d ~ 10 mm, this study, Fig. 3.4a) D(T)
data show a crossover around the phase transition with Dy getting
the direction of maximum thermal diffusivity in the § phase. The
corresponding anisotropy D(gg1)/ D1gq) is characterized by a drop just
under 1.0 for the cubic specimen (Fig. 3.4b). Thus, increasing the
specimen thickness reproduces the crossover formerly being observed.
These results are in accordance with the interpretation by Branlund
and Hofmeister (2007) that TO-LO mixing significantly affects thermal
diffusivity measurements. It should be clarified that for such thick
specimens (~ 10 mm) measured by LFA method the reproducibility
and accuracy of the diffusivity determination is much lower compared
to appropriate thin specimens and at the resolution limit of the ex-
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periment for the used setup. This is due to the very small rear side
temperature increase for thick samples, synonymous with a low signal-
noise ratio for the data measured at the IR detector. For the thick
samples modifications of the used simplified 1D evaluation procedure
would be necessary to take 2D effects into account.

After Hofmeister (2007), limiting the thickness-to-diameter ratio
to d/ & = o.1 gives intrinsic thermal diffusivities without or at least
negligible influence of mode mixing. In this study, all specimens exceed
this ratio and have d/& ~ 0.2-0.5 (¢f. Swank and Windes 2014 and
ASTM E1461 2013). As the results in this study show good agreement
with the thermal diffusivity data of single crystal quartz presented by
e.g. Branlund and Hofmeister (2007), it is concluded that a possible
influence of mode mixing on thermal diffusivity LFA measurements
is still negligible for quartz specimens at d < 5.0 mm with the used
experimental setup.

Data fits show that the lowest measured thermal diffusivities lie up
to ~ 5 K above the actual phase transition temperature of T, 5 = 573 °C
(except HT2(gqy); thermocouple tolerance is ~ 2.3 °C at 573 °C, DIN
EN/IEC 60584-1). As the temperature is recorded close to but not
directly at the sample surface, the observed temperature of the ther-
mocouple may record a slightly higher temperature. However, such
observation has also been made by Branlund and Hofmeister (2007).
The highest amount of direct radiative heat transfer, linked with a max-
imum distortion in signal-time curves (reducing the accuracy of the
derived data), can be assigned to measurements of minimum thermal
diffusivity. The observed shift in minimum thermal diffusivity could
therefore be linked to the formation of an incommensurate (inc) phase
between ~ 573 °C and ~ 574.3 °C (Bachheimer 1980; Dolino et al. 1983;
Dolino 1990; Klumbach 2015). Due to the experimental setup with 2 K
temperature steps, thermocouple uncertainties and most notably the
specimen temperature increase AT within each measurement, it is not
possible to clearly discriminate such variations and hence processes
within this narrow temperature range. In addition, the phase transition
temperature could be affected by e.g. impurities and defects in the
crystal.

What controls thermal diffusivity of quartz

The crossover in vye., at the a-B phase transition of quartz led Hofer
and Schilling (2002) conclude that their observed crossover in the
thermal diffusivity behavior of the used thick samples is the result of a
direct correlation of the thermal diffusivity D and the elastic behavior
(i.e. sound velocities). The single crystal platelets used in this study are
much thinner, satisfying 1D heat transport. Therefore, the observation
made by Hofer and Schilling (2002), that the as derived vyeq, is the
main factor controlling the D(T) behavior at high temperatures, is
verified here.
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Figure 3.4: a) Thermal diffusivities in [oo1] (black filling) and [100] direc-
tion (white filling) measured for a cubic quartz specimen with
thickness d ~ 10 mm (diamonds) in comparison to HT1 data (up-
wards triangles, this study) and measurements given by Hofer
and Schilling (2002) (stars). A crossover in the crystallographic
direction of the maximum thermal diffusivity is observed for the
thick cubic specimen as it was measured for tall cylinders mea-
sured by Hofer and Schilling (2002). b) Anisotropy of the thermal
diffusivity shown for HT1 (upwards triangles) compared to data
of the cubic quartz specimen (diamonds). The crossover in the
thermal diffusivity D at the phase transition (a) is represented
by a decrease of the anisotropy D|g1)/ Do) below 1.0 (dashed
line), whereas specimen’s HT1 anisotropy stays above 1.0 at all
temperatures. As indicated by the error bars, the data showing
the observed crossover for the thick cubic sample are at the limit
of the experimental resolution
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Figure 3.5: Phononic mean free path length / between -120 °C and 8oo °C for

[oo1] (black filling) and [100] direction (white filling) and differ-
ent specimens: LT (squares), HT1 (upwards triangles) and HT2
(downwards triangles). Calculated after Eq. 3.4 with vyea, (cir-
cles) derived from elastic constants given by Kammer et al. (1948),
Zubov and Firsova (1962), and Ohno (1995). Averaged sound ve-
locities are extrapolated to -120 °C (dashed black line). Data given
by Hofer and Schilling (2002) are shown as stars for comparison.
The mean free path length I of the thick cubic specimen (this study,
cf. Fig. 3.4a) is given as diamonds (inset)
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To derive the mean free path lengths I of quartz in [100] and [001]
direction, Eq. 3.4 is used as a first approximation. For the mean
velocities veqn the quadratic mean of the directional vp and both vg;

and vg, sound velocities are used (vVyean = \/ (v% + v%, + v%,)/3) based
on the elastic constants of single crystal quartz (Kammer et al. 1948;
Zubov and Firsova 1962; Ohno 1995). For temperatures between -120 °C
and 20 °C the sound velocities are extrapolated using an exponential
fit which leads to the solid lines for v;,eq, of x-quartz shown in Fig. 3.5.
The crossover in vy,.q, at the phase transition temperature (Fig. 3.5) is
the result of vp and vsy, vsy velocities in [100] direction exceeding the
sound velocities in [001] direction (which in turn expresses a change in
elastic constants with T).

The trend of I(T) (Fig. 3.5) mainly follows that of D(T) (cf. Fig. 3.2a).
In contrast to the strong variation of the mean free path length I(T)
from 8.8 nm (in [001], 4.9 nm in [100] direction) to ~ 0.5 nm, the mean
sound velocities vary only ~ 20 % over the entire temperature range
(Fig. 3.5). Thus, it follows that the influence of vyeqn on D(T) is much
less distinct than that of I(T) over the investigated temperature range
(including the behavior during the a-f phase transition). The changes
in the sound velocities vyeq, in quartz are not directly correlated to the
mean free path length in thin samples (this study) as deduced by Hofer
and Schilling (2002) for thick samples. As a consequence, the thermal
diffusivity is mainly related to the mean free path length with minor
contribution of the mean phonon sound velocity, assuming 1D heat
transport.

The discussion of Hofer and Schilling (2002) is based on the as-
sumption that acoustic phonons dominate thermal diffusivity of quartz
and the mean free path length is strongly dependent on the phonon
wavelength. However, the possible size dependence of the measured
thermal diffusivities and the missing direct correlation between the
sound velocities and the mean free path length can be seen as an indica-
tion for 2D heat transport effects and that longitudinal and transverse
optical phonons (especially at elevated temperatures) need to be taken
into account to better describe the observed behavior. This would be
in agreement with independent density functional theory calculations
and observed phonon lifetimes for other oxides such as MgO (Dekura
and Tsuchiya 2017; Giura et al. 2019). Together with the deviation of
the thermal diffusivity from a simple 1/T" dependence at low temper-
atures (T < -80 °C) and the comparison to data presented by Branlund
and Hofmeister (2007), one can conclude that the main portion of
the temperature dependence of quartz at elevated temperatures is the
result of phonon-phonon interactions whereas the absolute thermal
diffusivity and the low temperature behavior indicates a significant in-
fluence of 1D/2D defects and inclusions and that the minor variations
in the elastic properties have a subordinate influence on the thermal
transport behavior.



3.4 DISCUSSION

Direct radiative heat transfer

The influence of direct heat transfer by radiation on the raw data signal-
time curve in laser flash experiments of (semi)transparent materials
is well known (e.g. Andre and Degiovanni 1995; Mehling et al. 1998).
But for materials undergoing phase transitions within the tempera-
ture range of thermal diffusivity measurements, it seems likely that
underlying processes of radiative heat transfer can be different to those
of common ballistic transfer in transparent or semitransparent media.
Branlund and Hofmeister (2007) noticed in their study that direct ra-
diative heat transfer exceedingly rises close to the a-p phase transition,
unable to get fitted by Mehling et al.’s (1998) model. But this finding
wasn’t considered in their evaluation routine and it is shown here how
a separate evaluation procedure can be applied (Fig. 3.2c&d, Fig. 3.7¢).
Direct radiative heat declines within a few degrees above the phase
transition. Branlund and Hofmeister (2007) assume that the laser pulse
triggers an a to B phase transition (in portion) of the sample at and
close to the heated surface already at T < 573 °C. The following B-a
inversion is coupled with a release of latent heat observable through a
non-ballistic radiative contribution in LFA measurements. This process
lasts longer (Fig. 3.2c, Eq. 3.8, T < 573 °C) than common ballistic direct
radiative heat transfer (Fig. 3.2d, Eq. 3.8, T > 573 °C), which represents
fast cooling of the specimen front surface after the heating by the laser
pulse.

To visualize and better understand the change of heat transfer by ra-
diation in D(T) measurements, the ratio of the direct radiative portion
To, rad (Eq. 3.8, cf. inset Fig. 3.1) to the theoretical adiabatic maximum
temperature Ty, on the specimen rear side (cf. Fig. 3.1) is shown
in Fig. 3.6 in logarithmic scale (data in Appendix A.1, Tab. A.4-A.9).
Scattering of the data in the low temperature region is the result of
experimental uncertainties (i.e. approaching resolution limit of the
detector, T, .4 very small and close to 0 V), exaggerated by the loga-
rithmic scaling.

The normalized radiation ratio T ,54/ Tinax shows a first strong in-
crease with T up to the phase transition at T, g = 573 °C. This trend is
described by Ty 44/ Tinax =9-9(4) X103 /(1-1.7(1) X 103 T) x 100 % (solid
line, Fig. 3.6, T in Celsius). No difference can be seen for specimens
measured in [100] (white filling) and [oo1] direction (black filling) or
for measurements on thinner (upwards triangles) and thicker speci-
mens (downwards triangles). The ratios of the data measured with the
HgCdTe IR detector for low temperatures (squares) lie slightly above
the data measured by InSb detector for T > 150 °C, which is likely due
to different detector characteristics (e.g. sensitivity, nonlinearity). At
the a-B phase transition the radiative contribution Tg .44/ Tinax reaches
its maximum followed by a sharp and distinct decrease within a few
Kelvin. In the B-quartz phase, the ratio Tp 44/ Tinax again shows a
strong increase with T but a dependence on specimen thicknesses
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Figure 3.6: a) Ratio of the direct radiative heat transfer (Tj ,,4, cf. Eq. 3.8 and
inset Fig. 3.1) to the theoretical adiabatic maximum temperature
on the specimen rear side Ty;qx (cf. Fig. 3.1) for [oo1] (black filling)
and [100] direction (white filling) and specimens LT (squares), HT1
(upwards triangles) and HT2 (downwards triangles). The solid line
represents a reciprocal fit for T < 573 °C, dashed and dotted lines
are splines to guide the eyes for direct radiative ballistic (boundary
to boundary) heat transfer (details see text). For the dark gray
thick line the effect of direct ballistic heat transport is subtracted
from the deduced direct radiative heat transfer. The gray line thus
represents the net effect of a non-ballistic radiative heat transfer for
a-quartz. The behavior in the vicinity of the a-p phase transition
region is shown in detail in b)

(upwards/downwards triangles) becomes apparent. Thicker HT2 spec-
imens have a higher onset and stronger increase with T as thinner
HT1 specimens, while again no significant differences for different
crystallographic directions [0o1] and [100] are present. To guide the
eyes, the temperature development of Tj .4/ Tinax in the B phase is
shown by dashed (HT2) and dotted (HT1) lines (Fig. 3.6) for ~ 2 mm
and ~ 4-4.7 mm thick samples.

The observed strong decrease in the radiation ratio directly after pass-
ing the phase transition at 573 °C indicates that at least two different
mechanisms influence the radiative heat transfer in LFA measurements
through the phase transition, also noticeable through the different
shapes of the radiative heat transfer portion in the signal-time data
comparing Fig. 3.2¢ (T < 573 °C) and Fig. 3.2d (T > 573 °C), first 200 ms.
This is further supported by the fact that there is no Ty 53/ Tinax depen-
dence on sample thickness d below 573 °C but above. The radiation
below the transition is supposed to be primarily caused by the phase
change itself within the sample and non-ballistic (release of latent heat,
see above and Branlund and Hofmeister 2007). This affects laser flash
measurements as low as T ~ 150-200 °C (cf. Fig. 3.2¢, Fig. 3.6), which
is well conceivable as the absolute temperatures at the front surface of
the specimen initially rise to high values (Parker et al. 1961) well above
the phase transition temperature due to the short duration of the laser
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pulse. That the gold layer on the back side of the specimen cannot
suppress this radiative heat generated within the sample below the
phase transition might be explained by a decreased Au reflectance for
the wavelength of this non-ballistic radiation. However, the effectively
suppressed ballistic contribution around 600 °C is a clear evidence that
the thickness of the gold coating is sufficient and that this non-ballistic
contribution is not the result of the coating. The net effect of radiative
heat transfer originating from the phase transition is approximated
by subtracting the ballistic radiative heat transfer (dashed and dotted
line, Fig. 3.6) from the assumed non-ballistic portion (dark gray in
Fig. 3.6). If this is taken into account (Eq. 3.8), D(T) data fits according
to Eq. 3.9 describe well the measured data in both crystallographic
directions [0oo1] and [100] up to T ~ 560 °C (cf. black lines Fig. 3.2a).
This indicates that the used semi-empirical approach to consider the
radiative heat transfer for T < 573 °C (Eq. 3.8) is well suited to describe
the measured data while taking latent heat effects into account. In
contrast, at higher temperatures T > 573 °C where Tg ,44/ Tinax shows
a sample thickness dependence (Fig. 3.6), the radiation is inferred to be
the common boundary to boundary (ballistic) radiative heat transfer.
This is also supported by the fact that standard evaluation routines
accounting for ballistic radiative transfer (Eq. 3.8 for T > 573 °C and
Mehling et al. 1998) fit well the observed signal-time data (cf. Fig.
3.2d, Fig. 3.7d). This direct ballistic radiative heat transfer increasingly
inheres the signal-time data towards higher temperatures (around the
«-f phase transition and above, dashed and dotted lines in Fig. 3.6),
which is explained by a reduced reflectance of the sputtered Au layer
at high temperatures (Loebich 1972). As the thermal diffusivity D(T)
in the  phase shows no specimen thickness dependence but the ratio
To, rad/ Tmax does, this supports the fact that the model chosen here
is well suited to approximate the signal-time curves for thermal dif-
fusivity determinations at temperatures above 573 °C (c¢f. Fig. 3.2d,
Fig. 3.7b&d). A further increase in fit quality may be achieved by mix-
ing the two radiative heat transfer models (Eq. 3.8) in the temperature
range ~ 400-573 °C as indicated by Tg 44/ Tinax in Fig. 3.6.

Against the background of having two different effects contributing
to the radiative heat transfer portion in the signal-time curves, mea-
sured HT1 data have been re-evaluated using the most frequently used
standard fit procedure for (semi)transparent specimens after Mehling
et al. (1998). This way, systematic errors for not taking into account
the non-ballistic radiative transfer in the data evaluation routine below
573 °C can be estimated. The derived differences AD between the two
model approaches are given as percentage in Fig. 3.7a&b. For measure-
ments up to ~ 200-250 °C the data fits show no significant differences
independent of the used fit routine and AD < +£ 2 % (Fig. 3.7a). At
higher temperatures up to 573 °C (coinciding with the first rise of
radiation ratio Ty 44/ Tinax, Fig. 3.6a), differences in the fitted thermal
diffusivities are increasing, exceeding 5 % at T ~ 500 °C and the max-
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Figure 3.7: Comparison of the fit results using different model approaches to

approximate HT1 data below and above the a-§ phase transition. a)
and b) illustrate the differences AD between thermal diffusivities
evaluated by the approximation approach proposed in this study
(i.e. accounting for direct radiative heat transfer differently for
T <573 °Cand T > 573 °C) and the model for (semi)transparent
specimens by Mehling et al. (1998) (as implemented in the manu-
facturer’s software). Exemplary data fits to measurements along
the c-axis direction at T = 550 °C and T = 700 °C are shown in
¢) and d), respectively. The measured IR detector signal-time
curves are given as black lines. Data fits to 8xt;/, are given as
thick gray (this study) and dashed red lines (after Mehling et al.
1998). The front part of the fast radiative heat transfer is shown
enlarged in the insets. Corresponding thermal diffusivities are: c)
D = 0.89(3) mm? /s (this study), D = 0.82(5) mm? /s (Mehling et al.
1998) d) D = 0.98(3) mm?/s (this study) and D = 0.97(4) mm?/s
(Mehling et al. 1998)
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imum is reached at the phase transition with AD > 20 % (Fig. 3.7b).
Negative differences mean that the data approximations of this study
(accounting for non-ballistic and ballistic transfer) yield higher thermal
diffusivities than fits using the model by Mehling et al. (1998) only
accounting for standard ballistic radiative transfer. Exemplary signal-
time data fits for the two different evaluation routines are presented in
Fig. 3.7¢ for T = 550 °C. It shows that the front part of fast radiative heat
transfer (inset) is well approximated by the non-ballistic absorption/re-
emission model proposed in this study (thick gray line Fig. 3.7¢c) and
that the standard model for (semi)transparent specimens improperly
approximates the observed behavior within the first few hundred mi-
croseconds (dashed red line, Fig. 3.7c). The resulting derived thermal
diffusivities are in this example D = 0.89(3) mm?/s (this study) and
D = 0.82(5) mm?/s (fit after Mehling et al. 1998) and thus AD ~ 8 %.
Above the phase transition temperature, the derived thermal diffusivity
becomes independent of the used fitting procedure for both crystal-
lographic directions. At T = 700 °C the fitted signal-time data shown
in Fig. 3.7d reveal that both approximations accounting for ballistic
radiative heat transport (Eq. 3.8 for T > 573 °C and Mehling et al. 1998)
are comparably well with a minor exception for the very first few ten
milliseconds of the model by Mehling et al. (1998). Consequently, there
is no significant difference in the deduced diffusivity values indepen-
dently of the used fitting routine with D = 0.98(3) mm?/s (this study)
and D = 0.97(4) mm? /s (after Mehling et al. 1998), respectively.

In view of the direct radiative heat transfer it is concluded that
laser flash measurements of (semi)transparent specimens can be signifi-
cantly influenced by phase transitions already far away from the phase
transition temperature (i.e. several hundred degrees Celsius) in flash
technique measurements. In this case, direct radiative heat transfer in
signal-time data has its origin (in parts) in the phase transition itself
and is thus supposed to be non-ballistic (e.g. release of latent heat
due to inversion of phase transition, Branlund and Hofmeister 2007,
strong variation in heat capacity). This process results in radiative
heat transfer signal-time data differently shaped compared to regular
boundary to boundary (ballistic) radiative heat transfer. Hence, stan-
dard fit algorithms are inappropriate and signal-time data affected by
phase transitions need to be specifically evaluated using appropriate
fit procedures for (semi)transparent specimens.

3.5 CONCLUSION

Laser flash thermal diffusivity measurements were performed on
quartz synthetic single crystals between -120 °C and 8oo °C. The tem-
perature dependence of the thermal diffusivity D between -8o °C and
560 °C can be approximated by the model of bulk phonon-polaritons
given by Hofmeister et al. (2014). Low temperature data show that an
extrapolation to lower temperatures of previously measured thermal
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diffusivity values (at and above room temperature) leads to an over-
estimation of thermal diffusivity values, especially for temperatures
below -8o °C. The [001] direction (c-axis) shows the maximum thermal
diffusivity at all temperatures for samples with thicknesses d < 5 mm
(cross section 10x 10 mm). The anisotropy of the thermal diffusivity
Dygo11/ Dpioo) decreases linearly over the measured temperature range
with a discontinuity around the a-p phase transition at 573 °C. The
latter is linked to a change in the crystallographic direction of maxi-
mum averaged sound velocities (crossover), reflecting changes in elastic
constants over the phase transition.

A sample thickness dependency of the thermal diffusivity is observed
above the phase transition. No crossover in the direction of the maxi-
mum thermal diffusivity is observed for sample thicknesses d < 5 mm
in laser flash measurements. However, while using a centimeter-sized
sample (cross section 10x10 mm), a crossover in thermal diffusiv-
ity over the a-B phase transition is observed but at the limit of the
experimental resolution.

Direct radiative heat transfer in signal-time curves is fundamentally
different in flash measurements for T < 573 °C and T > 573 °C. It
was shown that the phase transition has 1) a significant influence on
signal-time curves 2) already at temperatures far below the actual phase
change. This is not only supported by the difference in shape of the
direct radiation transfer in the raw data, but also by a sharp drop of
radiative heat transfer intensities just above the phase transition. In
the 5 phase the intensities of direct radiative heat transfer increase
and can be described by common ballistic (boundary to boundary)
transfer. A comparison of data fits shows that a frequently used model
only accounting for boundary to boundary radiative heat transport
in (semi)transparent specimens is insufficient to adequately consider
the supposed non-ballistic radiative heat transfer for T < 573 °C origi-
nating in the phase transition. An absorption/re-emission approach
introduced approximates well the observed fast radiative heat transfer
in signal-time curves at temperatures below 573 °C.

These findings that radiative heat transport in quartz flash technique
raw data is caused by different effects give rise to the assumption that
flash method thermal diffusivity measurements on (semi)transparent
matter undergoing phase changes are affected in a similar manner
even though temperatures are several hundred degrees away from the
actual phase transition. This can result in a strong underestimation of
the thermal diffusivities when using standard fit routines that cannot
separate the different radiative heat transport mechanisms effectively.
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THERMOELASTIC PROPERTIES OF SYNTHETIC
SINGLE CRYSTAL PORTLANDITE -
TEMPERATURE-DEPENDENT THERMAL
DIFFUSIVITY WITH DERIVED THERMAL
CONDUCTIVITY AND ELASTIC CONSTANTS AT
AMBIENT CONDITIONS

ABSTRACT

Synthetic portlandite single crystals were used to measure thermal
diffusivity and elastic constants. The full tensor of elastic constants
cijr is derived by Brillouin spectroscopy at ambient conditions. The
resultant aggregate bulk and shear moduli are Kg yry = 32.2(3) GPa
and Gyry = 21.2(2) GPa, respectively. The thermal diffusivity D was
measured between -100 °C and 700 °C parallel [oo1] and perpendicular
[100] to the crystallographic c-axis using laser flash method. The dehy-
dration of the crystals influences the thermal diffusivity determination
depending on sample size, orientation and heating rate. Thermal
diffusivity and the derived thermal conductivity show a pronounced
anisotropy with a maximum perpendicular to the c-axis, i.e. in the
plane of the [CaOg] octahedral layers. In the same direction the highest
sound velocities (vp and vye.,) and longest mean free path length of
phonons are determined. The thermal diffusivity as well as the derived
thermal conductivity show a distinct temperature dependence.

KEYWORDS

Thermal diffusivity - Thermal conductivity - Elastic constants - Port-
landite Ca(OH), - Laser flash method

75



76

THERMOELASTIC PROPERTIES OF SINGLE CRYSTAL PORTLANDITE

4.1 INTRODUCTION

Thermoelastic properties such as thermal diffusivity, thermal conduc-
tivity, elastic constants as well as dynamic elastic response (e.g. sound
velocities) are a prerequisite to better understand and predict the behav-
ior of composite materials (Meade and Jeanloz 1990). The knowledge
of thermoelastic properties of portlandite Ca(OH), as one of the ma-
jor phases (ca. 20 wt%, Birchall et al. 1978; Aitcin 2016) in hydrated
portland cement based composites is of fundamental importance, af-
fecting the properties of buildings to a great extent (Speziale et al.
2008b). Furthermore, Ca(OH); is used as a reaction medium, especially
in the context of numerous process variants for flue gas cleaning in
combustion technology (Bigham et al. 2005). With regard to the further
development of these technologies, many studies have addressed the
reactivity of portlandite both with SO, (e.g. Liu and Shih 2006; Wang
et al. 2018) and with CO; (e.g. Shih et al. 1999). Reaction mechanisms
and influencing factors are important in view of the variety of technical
implementations, which also cover a wide range of temperature con-
ditions (Ferndndez et al. 1998; Li et al. 1999; Renedo et al. 2013). It is
common practice to assess the reaction kinetics and take into account
mineralogical/chemical changes. However, thermal properties result-
ing from the crystal physics of the relevant compounds, e.g. Ca(OH),,
have not yet been integrated into such considerations. Beyond that,
in the topical field of thermochemical energy storage the reversible
dehydration of portlandite is considered as a promising reaction and
could play a leading role providing large storage capacities for inter-
mittent renewable energy production in the future (Schmidt 2017). For
ongoing numerical and experimental research a detailed knowledge
about the thermal transport properties of the reactants is crucial and
still lacking particularly for portlandite (Ranjha et al. 2016).

Portlandite Ca(OH); is a trigonal hydroxide crystallizing in space
group P3m1 and is isostructural to brucite Mg(OH),. The structure is
characterized by nearly close-packed oxides forming distorted edge-
sharing [CaOg¢] octahedral layers perpendicular to the 3-fold crystallo-
graphic c-axis (Holuj and Kwan 1975; Kruger et al. 1989; Desgranges et
al. 1996; Nagai et al. 2000) (Fig. 4.1). H is pointing up- and downwards
into the interlayer space, expanding the structure in [0oo1] direction. H
is displaced from the trigonal symmetry axis and disordered around
the 3-fold rotation axis with maximum probability density parallel to
the c-axis (Desgranges et al. 1993; Desgranges et al. 1996). Whereas
ionic bonding is dominant within the [CaOg] layers, hydrogen bonds
connect the opposing octahedral layers (Kruger et al. 1989; Desgranges
et al. 1996). As a result, portlandite shows a perfect cleavage parallel to
(0o1).

Apart from theoretical calculations by Laugesen (2005) and Ulian
and Valdre (2019), measured full sets of elastic constants c;j; of port-
landite have been reported only by Holuj et al. (1985) and Speziale
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Figure 4.1: Crystal structure of portlandite Ca(OH),. Edge-sharing [CaOg]
octahedra (blue, oxygen in red) form layers stacked parallel to the
3-fold c-axis. H atoms (gray) are pointing into the interlayer space
and are disordered around the 3-fold axis. Black lines correspond
to the edges of one unit cell (drawn using VESTA, Momma and
Izumi 2011, modified)

et al. (2008b). In contrast, thermal transport properties such as the
thermal diffusivity and thermal conductivity seem to be still lacking
especially as a function of temperature and in particular for single crys-
tal portlandites. This is most likely due to its rare natural occurrence in
general and in particular due to missing single crystals in a sufficient
size to perform e.g. laser flash measurements.

The aim of this contribution is to enhance our profound knowl-
edge about the thermoelastic properties of portlandite with a focus on
the thermal transport properties. Therefore, large single crystal port-
landites were grown by diffusion experiments. These are used to derive
the full set of elastic stiffness constants c;j; by Brillouin scattering ex-
periments at ambient conditions. The results on the elastic behavior
of synthetic Ca(OH), crystals are compared to published experimental
data on portlandite (Holuj et al. 1985; Speziale et al. 2008b). Thermal
transport properties are collected by means of laser flash measurements
to derive the thermal diffusivity D in the temperature range between
-100 °C over the dehydration temperature of portlandite up to 700 °C.
For the temperature range of portlandite stability between -100 °C and
~ 400 °C, the full set of thermal diffusivity tensor components D;; is
obtained. Related thereto, the thermal conductivity tensor components
k;j are derived using tabulated data for the isobaric heat capacity and
density. Additionally, averaged (Voigt, Reuss, Hill) elastic moduli and
thermal diffusivity and thermal conductivity data are also given.
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4.2 METHODS

For this study, centimeter-sized portlandite single crystals have been
grown and characterized to determine the thermal diffusivity and
elastic properties while using a laser flash apparatus (LFA) and a
Brillouin spectrometer, respectively.

4.2.1  Samples

Portlandite single crystals were grown by diffusion process proposed
by Johnston (1914) and adapted by Ashton and Wilson (1927) and
Johnstone and Glasser (1992). Two plastic bottles (260 ml) were placed
~ 10 cm apart from each other in a large desiccator (DURAN DN250)
and deionized water was filled up to a few centimeters over the open
top of the bottles (total volume approximately 5 I). One bottle was
filled with a 1.6 molal solution of sodium hydroxide (NaOH, > 99 %),
the other bottle with a 0.8 molal solution of calcium chloride (CaCly,
> 99 %) through slow injection (approximately 150-200 ml) at the
bottom of the bottles using a syringe. The atmosphere in the sealed,
vibration-damped desiccator was pure N». The desiccator was placed
in a dark surrounding at a constant temperature of T ~ 23 °C. The
growth of portlandite single crystals took place at the inner rim on
the top of the two bottles over several months. Sodium hydroxide and
calcium chloride were re-injected 5-8 times (in a 4-6 weeks’ interval)
into the respective bottles (~ 100 ml solution) whenever no detectable
crystal growth was observed over 7-14 days.

For the characterization small parts of the synthesized single crystals
were used.

Inductively coupled plasma mass spectroscopy (ICP-MS, X-Seriesz,
Thermo Scientific) was used to determine the content on 22 cations
(Tab. 4.1, without Ca). Portlandite was pulverized (agate mortar) for
acid digestion in HNO3 (65 %, subboiled), HF (40 %, suprapur) and
HClOy (65 %, normatom). The accuracy of ICP-MS analysis was tested
by the certified standard CRM-TMDW (High Purity Standards).

Contents of carbon and sulfur (Tab. 4.1) were measured using a
carbon-sulfur-analyzer (CSA) (CS-2000, Eltra). The powdered port-
landite (m ~ 150 mg) was heated to T ~ 2000 °C. A fragment of the
steel chip reference standard 92400-3050 (Eltra) was used for accuracy
evaluation.

Anions were analyzed using an ion chromatography (IC) system
(ICS-1000, Dionex) (Tab. 4.1). Fine powdered Ca(OH); (m = 115.3 mg)
was mixed with 10 ml deionized water for ~ 5 min before filtering
and instantaneously measuring the solution. The certified reference
material CRM-LGC6020 (river anions, LGC Standards) was used for
accuracy validation.

Thermogravimetric (TG) analysis was carried out using a TGA 2
(Mettler Toledo) system (Fig. 4.10b). A powdered Ca(OH), sample
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(m = 37.6 mg) was placed in an aluminum oxide crucible and the
mass loss was recorded at a heating rate (HR) of 5 K/min over the
temperature range between 30 °C and 1000 °C under N, atmosphere
(99.99 %).

For differential scanning calorimetry (DSC) plane single crystal
platelets (0o1) were placed in aluminum pans (empty reference pan)
in a DSC apparatus DSC822e (Mettler Toledo). Two independent mea-
surements were carried out under N, atmosphere (99.99 %) at different
temperature ranges and heating rates (Fig. 4.10b): 1) T between -100 °C
and 550 °C (liquid Nj-cooled, HR 10 K/min, specimen cross section
~ 3.3 mm, ~ 0.5 mm thick, m ~ 8.0 mg) and 2) T between 300 °C and
575 °C at a reduced heating rate of 2 K/min (~ 3.6 mm cross section,
~ 0.5 mm thickness, m ~ 9.5 mg).

Powder X-ray diffraction (XRD) measurements (D8 Discover, Bruker)
(Fig. 4.2) were carried out on portlandite as well as on the dehydration
product directly after performing laser flash measurements. Patterns
were taken from 10° to 80° (20) in steps of 0.02° with incident Cu K,
radiation (40 kV, 40 mA).

The grown Ca(OH); single crystals are transparent and free of visible
inclusions or foreign phases under the light microscope. The crystals
are idiomorphic/hypidiomorphic and exhibit elongated (parallel to the
crystallographic c-axis) pseudo-hexagonal prisms of up to 1.5 cm length
and ~ 7 mm in cross section, respectively. The elemental composition is
presented in Tab. 4.1. No significant changes in element concentrations
for single crystals originating in different batches were found nor could
any spatial variation in composition (mineral zoning) be detected by
sampling different states of growth. Except for carbon, chlorine, sulfate
and nitrate (all < 0.05 %), foreign ion contents are in the low ppm
range.

The results of the powder XRD measurements are shown in Fig. 4.2.
The diffraction pattern solely shows portlandite reflections for the
measured powdered single crystal. After high temperature LFA mea-
surements were carried out, the XRD pattern of the powdered sample
shows mainly reflections of Ca0O, i.e. the dehydration product of port-
landite (gray, Fig. 4.2). Only few portlandite reflections are present, e.g.
at 20 ~ 18° (0o1), 20 ~ 34° {101} and 26 ~ 64° (212) and {103} and low
in intensity. The pattern of the dehydrated portlandite shows signif-
icant bigger full widths at half maximum (FWHM) compared to the
pre-heated portlandite powder XRD. As during LFA measurements the
temperatures reached 700 °C, it is evident that portlandite single crys-
tals completely dehydrate. Thus, Ca(OH); reflections in the post-heated
specimen (gray, Fig. 4.2) are most likely originating from a rehydration
of CaO (Maciel-Camacho et al. 1997). The unit cell parameters of the
synthesized portlandite crystals determined by Rietveld refinement
(Topas, Bruker) are a1 = 3.594(1) A, ¢ = 4.910(1) A, V = 54.95(3) A3
(T = 20 °C) and the thereof calculated density is p = 2.240(2) g/cm?, all

79



8o

THERMOELASTIC PROPERTIES OF SINGLE CRYSTAL PORTLANDITE

Table 4.1: Elemental composition of synthetic portlandite crystals analyzed by
ICP-MS (without Ca), IC and CSA (in ppm wt)

ICP-MS
Na Mg P K Ti Cr Mn Fe Co Ni Cu
bdl®  23.4(1)" 4.0(5) 28.2(7) o5(1) o02(1) 10(1) 4.2(2) bdl o5(1) 0.1(1)
ICP-MS
Zn As Rb Sr Y Mo Ag Cd Ba Pb
1.0(2) 1.5(1) bdl bdl bdl 0.1(1) 0.1(1) bdl bdl bdl
IC CSA
F- Cl- Br— (NO3)~ (PO4)3~ (S04)% C S
bdl 481(2) bdl 81(3) bdl 208(2) 511(5) 7.0(1)
7 bdl below detection limit (Na: 3 ppm, others: < 0.1 ppm)
b numbers in parentheses are 10 standard deviation of the last digits
300 1 I T I T T I T I 1 I T
3 200 | |
S
2
= L 4
k5
£ 100 | —
D S |
Portlandite I I | N | [
Ca0 | I I || I
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10 20 30 40 50 60 70 80
2 Theta (°)

Figure 4.2: X-ray diffraction on powdered portlandite (black) and its dehydra-
tion product (gray) after thermal diffusivity measurements were
carried out up to T = 700 °C (phase identification: portlandite -
ICDD PDF 04-0733, CaO - ICDD PDF o04-0777)
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of which are well in agreement with published data, e.g. Pavese et al.
(1997), Nagai et al. (2000), and Speziale et al. (2008b).

4.2.2  Brillouin Scattering

Acoustic wave velocities and hence elastic properties of samples can
be derived by Brillouin scattering using inelastic scattering of light by
thermally activated vibrations (phonons) (Brillouin 1922; Mandelstam
1926; Gross 1930). For transparent single crystal specimens the full
elastic (stiffness) tensor c;j; can be resolved. For a detailed review on
Brillouin scattering see, e.g., Vacher and Boyer (1972) and Speziale et al.
(2014).

For the experiments in this study the incident light for scattering
was produced by a solid state Nd:YVOy laser (Verdi Series, Coherent)
emitting at Ag = 532.15 nm with a power of approximately 100 mW.
With the use of a symmetric forward scattering geometry, knowledge
of the refractive index of the specimen is not required (Whitfield et al.
1976). The external (outside of the specimen) scattering angle (angle
between the incoming and scattered beam) was set to ¢ = 60°. Scattered
light was analyzed by a six-pass tandem Fabry-Perot interferometer
(TFP-1, JRS Scientific Instruments) (Sandercock 1982). The interfer-
ometer mirror spacing was set to 10 mm, corresponding to a spectral
range of 14.99 GHz. The finesse is ~ 75. A solid state single-photon
counter tube (Count-10B, Laser Components) with low dark counts
and high quantum efficiency > 65 % (at 532 nm) was used to detect the
signal. A simplified schematic construction of the Brillouin scattering
experimental setup is shown in Fig. 4.3.

For Brillouin scattering experiments two single crystal orientations
have been prepared. One platelet parallel to the perfect cleavage along
(0o1) (so-called “basal”) and one platelet in perpendicular direction
(100), referred to as “axial”. The opposing crystal faces have been
ground and polished to plane-parallelism (deviation < 1°) down to
1 pm grit size. The specimens were attached to a thin polycrystalline
diamond platelet on a goniometer head and set in the center of the
Eulerian cradle (Fig. 4.3) in the focus of the incident laser beam.

Inelastic scattering of light manifests in a Doppler shift in frequency
(Gammon et al. 1983), which results in a spectrum symmetric to the
unshifted line (Fig. 4.4). The frequency shifts Aw in Brillouin spectra
are linked to the acoustic sound velocities v (e.g. Whitfield et al. 1976):

A(,Upls/\()

= 2sin(¢/2) 41)

Up,s
with incident wavelength Ay, external scattering angle ¢ and subscripts
p and g denote the quasi-longitudinal and quasi-transverse acoustic
modes, respectively. For ideal elastic bodies (Hooke’s law behavior) the
relation of acoustic wave velocities and stiffness tensor ¢;j; is described
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Figure 4.3: Schematic diagram of the experimental setup used for Brillouin
scattering with attached Raman spectrometer (hatched gray). The
HeNe laser is used for sample placement and alignment of the
experimental setup (modified from Speziale and Duffy 2002)

by an equation of motion (atomic displacements). The solution for
plane waves is given by the Christoffel’s equation (Cummins and
Schoen 1972; Every 1980)

(T — pvzéik)uk =0 (4-2)

with the Christoffel matrix I'y = c;jin;n;, where n; and n; are the direc-
tion cosines of the phonon propagation vector, pv? is the eigenvalue
(with p the density and v the wave velocity), u; gives the polarization of
the corresponding phonon (eigenvector), and J;; is the Kronecker delta.
36 directions have been measured on each of two different specimen
platelets. The elastic tensor of portlandite consists of a total of six inde-
pendent coefficients (e.g. Nye 1985). The Christoffel’s equation is thus
over-determined and solved for ¢;j; using an inhouse software with
least-square Levenberg-Marquardt algorithm (Levenberg 1944; Mar-
quardt 1963). Together with the fit of the components of the stiffness
tensor ¢;jy, the crystallographic orientations of used specimen platelets
were refined as well. For the data evaluation, portlandite has been
treated as optically isotropic material (birefringence 1,4, = 0.027, Holuj
et al. 1985; Rumble et al. 2018). The errors involved with this simplifi-
cation are small and well within the reproducibility of the experiment
(Chen et al. 2001; Speziale et al. 2008b).
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Brillouin spectra of portlandite a) in the axial plane (100) and b) in
perpendicular direction (oo1) (basal plane). LA: quasi-longitudinal
acoustic wave (vp), TA1 and TAz2: slow (vsy) and fast (vsy) quasi-
transverse acoustic wave. Ghost peaks correspond to higher order
elastically scattered incident light
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Periodically repeated single-crystal MgO measurements at ambient
conditions over a period of several years yield to a reproducibility of
~ 0.5 % for the used setup while the accuracy is ~ 1.0 %.

4.2.3  Thermal Diffusivity

Measurements on the lattice thermal diffusivity D of single crystal port-
landite have been carried out by transient laser flash method (Parker
et al. 1961) using a Netzsch-Gerétebau MicroFlash® LFA 457 system. A
short duration laser pulse heats up the front of a plate-like specimen
and the resulting time-dependent temperature change is recorded on
the opposite back side. A brief overview of the method is given by, e.g.,
Vozéar and Hohenauer (2003).

The radiant source used for the measurements is a Nd:YAG laser
emitting at 1064 nm (IR Sources Inc.). It produces a short duration
(~ 0.3 ms) 0.5” enlarged pulse with a maximum power output of 18.5 J,
operated at approx. 4 J. The specimens were placed inside a furnace
continuously flushed with N, purge gas (99.99 %, 50 ml/min). For the
placement of the specimens inside the furnace custom ceramic sample
holders were made of Macor glass ceramic (Schroder Spezialglas). The
temperatures were measured close to the specimens using a type K
thermocouple (class 1, DIN EN/IEC 60584-1 2013). For measurements
at low temperatures (-100 °C to 100 °C) a HgCdTe (MCT) infrared (IR)
detector was installed, for measurements from ambient conditions up to
T =700 °C an InSb detector was used. To reduce a possible laser profile
non-uniformity, a custom 1” laser homogenizer (RD 203, Holo/Or Ltd.)
was installed beneath the sample for the low temperature setup. The
heating rate (HR) between each temperature step was set to 3 K/min
and the specimens were held for ~ 0.5 h at each temperature step.
The temperature increase of the specimens is approximated to be
AT < 1 K within each measurement. The IR detector output is assumed
to be linear to the temperature and the thermophysical properties
and density p of Ca(OH), are assumed to be constant within AT
of each independent measurement at a predefined temperature. A
schematic diagram of the used laser flash setup for thermal diffusivity
measurements is shown in Fig. 4.5.

For the LFA experiments five basal (D measured in [0oo01] direction)
and six axial (D L c-axis) portlandite platelets have been prepared.
A total of over 1100 independent thermal diffusivity measurements
were performed for axial or basal orientations. The reported thermal
diffusivities are an average of at least three independent measurements
at the corresponding temperature per specimen and the mean of five
basal and six axial platelets, respectively. The crystallographic orien-
tations of the axial platelets have been determined by single crystal
X-ray diffraction (SC-XRD, D8 Quest, Bruker, Mo K, microfocus source
IuS 3.0, 50 kV, 1.4 mA) while the basal specimens perfectly cleaved in
(oo1) platelets. The out-of-plane angles of the principal crystallographic
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Figure 4.5: Schematic diagram of the used laser flash apparatus for mea-
surements of the thermal diffusivity (adapted from Breuer and
Schilling 2019)

axial plane orientations (100) are less than 1.0° for all specimens. This
misorientation of the specimens for LFA measurements led to a system-
atic error of < 0.05 % for the thermal diffusivity values, far below the
reproducibility of the laser flash apparatus and is therefore neglected
for the description of the thermal diffusivity D;; and thermal conduc-
tivity «;; tensor. All specimens have been ground to plane-parallelism
(deviation < 1°) and the surfaces were slightly roughened for a better
adhesion of the coatings and to attenuate a possible non-uniformity
of the laser (Branlund and Hofmeister 2007). Ca(OH), platelets as
well as the sample holders were sputter-coated with Au (99.99 %) to
~ 0.1 pm (108 manual, Cressington) to reduce a direct radiative heat
transfer. The specimens were additionally coated with graphite spray
(Graphit 33, CRC Industries) to ~ 10 um thickness per side to achieve
a uniform and consistent laser pulse absorption (Cernuschi et al. 2002;
Stryczniewicz et al. 2017). The thicknesses d reached from 0.5 mm
to 1.3 mm for the basal cut and from 1.0 mm to 1.7 mm for the axial
orientation. The cross sections varied from 3 mm to 7 mm. Thicknesses
were corrected according to linear thermal expansion coefficients given
by Xu et al. (2007) for portlandite (extrapolated from 35 °C to -100 °C
and from 370 °C to 520 °C) and by Fiquet et al. (1999) for CaO. For
the transition region T = 450-520 °C an altering linear mixture of both
expansion coefficients was applied.
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Figure 4.6: Signal-time curve (solid black) of portlandite (basal plane,
d = 0.505(3) mm) measured by the laser flash method with the low
temperature setup (MCT IR detector) at T = -60.5 °C. The adiabatic
temperature evolution (cf. Eq. 4.6) is shown as dashed black line,
the approximated curve including finite pulse-time correction and
heat loss to the surroundings is shown as thick gray line. The
dotted vertical line (gray) corresponds to the release of the laser
pulse used to heat up the front surface of the specimen. The time
at half maximum is given as t; , =0.1388d%/D

According to Fourier’s law, one-dimensional conductive heat flow is
described by

q= _"?Tz (4-3)
with heat flux g, constant temperature gradient —d7T/dx and thermal
conductivity x (2nd rank tensor for anisotropic solids). The temperature
equilibration in a homogeneous solid is described by Carslaw and

Jaeger (1959)

oT 0°T

9 Cox2 (4-4)
With the known lattice thermal diffusivity D of a solid, the thermal
conductivity x can be derived using the isobaric heat capacity c, and
density p:

K = Dpcy (4.5)
For thermal diffusivity measurements by the laser flash method a
short-duration heat pulse is absorbed by the specimen’s front surface

and the resulting temperature change over time ¢ at the back side is
given as (Parker et al. 1961)

T(dt) = 2

0 22
1+2) (-1)"exp (W)

n=1
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assuming adiabatic conditions, with Q the heat pulse energy absorbed
per unit area and the specimen thickness d. The evaluation of the
thermal diffusivity D is performed by an inhouse software using least-
square Levenberg-Marquardt algorithm on the basis of Eq. 4.6 including
a custom heat loss model and a finite pulse-time correction (for details,
see Breuer and Schilling 2019) (Fig. 4.6). The temperature-time history
was fitted to 4-8xt; /5 (with t;,, =0.1388d?/D, Parker et al. 1961). The
reproducibility of the laser flash thermal diffusivity measurements is
~ 2-3 %. The accuracy was tested in the corresponding temperature
range using standard samples (Pyroceram 9606, Inconel 600, Stainless
Steel 310) and is ~ 5 %.

Comparable to the calculation of aggregate elastic moduli, the 2nd
rank thermal diffusivity tensor D;; (and similarly «;;) may be averaged
in a Voigt- (Voigt 1928) and Reuss-like (Reuss 1929) behavior as

1
Dy ==Y D (4.7)
3i:1
and
1 131
N o 8
Dx 3;Dﬁ 48)

The Voigt-Reuss-Hill (Hill 1952) average is determined as the arithmetic
mean of Dy and Dg.

4.3 RESULTS
4.3.1  Brillouin Scattering

The acoustic wave velocities determined in axial and basal planes
are shown in Fig. 4.7. The refined specimen orientations, given as
rotation axes of the surface normal of the platelets, are 89.3°/89.1°
(azimuth/pole distance) for the axial plane and -9.6°/1.1° for the basal
plane, respectively. This includes both sample preparation and sam-
ple mounting on the goniometer head. Standard deviations 10 of
the refined orientations are ~ 1.0°. The elastic constants have been
approximated by applying Eq. 4.2 to a total of 216 determined quasi-
longitudinal or quasi-transverse acoustic wave velocities in the axial
or basal plane orientation. The resultant components of the stiffness
tensor C;; (Voigt notation) are given in Tab. 4.2. Using these, the cal-
culated velocities (black lines) fitted to the measured data (circles)
are shown in Fig. 4.7. The acoustic wave velocities show a distinct
anisotropy between the crystallographic c-axis (i.e. [001]) and a;-axis
(=ap=a3, (100)). The highest velocities and a maximum shear wave
splitting are measured in the direction perpendicular to the c-axis with
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Figure 4.7: Measured (circles) acoustic wave velocities of synthetic single crys-
tal portlandite in a) axial plane and b) basal plane. Solid black lines
correspond to calculated velocities based on the elastic constants
determined in this study (Eq. 4.2). Red solid lines correspond to
calculated acoustic velocities using the elastic constants of natural
portlandite determined by Speziale et al. (2008b) (cf. Tab. 4.2). LA:
quasi-longitudinal acoustic wave (vp), TA1 and TA2: slow (vsp)
and fast (vs1) quasi-transverse acoustic wave, respectively

vp = 6.8(1) km/s, vg; = 4.0(1) km/s, and vg; = 2.3(1) km/s. The varia-
tions of acoustic velocities within the a;-a5-a3 plane (oo1) are < 15 m/s
and show a sixfold symmetry.

Representing surfaces for the acoustic wave velocities and for the
Young’s modulus (e.g. see Nye 1985) are shown in Fig. 4.8a, c, e
and Fig. 4.9a, respectively. They show well the trigonal symmetry
of portlandite. Selected cuts are shown on the right hand side of
Figs. 4.8&4.9: azimuth = 30° (black) crossing the minimum and oppos-
ing maximum (rotoinversion) of the corresponding property and the
basal plane (0o1) (gray). The anisotropic Young’s modulus E shows
a large variation with E;ay/Epin ~ 3. It is smallest at a pole angle
of 145°/325° (azimuth = 30°) with E,;, = 29.6(2) GPa (Fig. 4.9b). The
Young’s modulus features a small local maximum Ejgy;) = 34.3(2) GPa
perpendicular to the layered structure of Ca(OH),, i.e. in c-axis direc-
tion. Its overall maximum lies at a pole angle 88°/268° (azimuth = 30°)
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Figure 4.8: 3D representation of the acoustic wave velocities vp (a), vs1 (c) and
vsy (e) of portlandite. Two selected cuts, azimuth = 30° (black) and
basal plane (oo1) (gray), are shown in b), d) and f)
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Table 4.2: Synthetic portlandite single crystal elastic constants C;; (Voigt nota-
tion) derived by Brillouin spectroscopy at ambient conditions. For
comparison, literature data on synthetic and natural Ca(OH), are
shown. Components in GPa

Speziale et al. (2008b)  Holuj et al. (1985)  This study

(natural Ca(OH);) (synthetic Ca(OH);)

C11 102.0(20) 99.3(15) 102.8(8)
Cio 32.0(10) 36.2(20) 30.2(5)
Ci3 8.4(4) 29.7(150) 8.9(5)
Cis 4-5(2) 0.0" 2.1(4)
Css 33-6(7) 32.6(20) 35-4(4)
Cu 12.0(3) 9.8(20) 11.4(2)
Ces” 35.0(11) 31.6(15) 36.3(5)
* assumed

b Ces = (C11 — C12)/2

a) b) 0
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Figure 4.9: Young’s modulus E of synthetic portlandite as three-dimensional
representation (a) and b) two selected cuts along azimuth = 30°
(black) with E,;;, and E;;;x and the basal plane (0o1) (gray)
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Table 4.3: Adiabatic aggregate elastic moduli and acoustic velocities for port-
landite at ambient conditions. Elastic moduli Kg, G, E in GPa, wave
velocities v in km/s

Speziale et al. (2008b) This study

(natural Ca(OH),) (synthetic Ca(OH);)
Ksy 37.3(4) 37-4(3)
Ksr 26.0(3) 27.0(3)
Ks,vrH 31.6(3) 32.2(3)
Gv 24.4(3) 24.7(2)
Gr 17.5(4) 17.7(2)
GVRH 20.9(3) 21.2(2)
Ey 60.0(8) 60.7(5)
Er 42.8(10) 43.6(4)
Eyry 51.4(10) 52.2(4)
vy 0.23(1) 0.23(1)
VR 0.23(1) 0.23(1)
vvRH 023(2) 023(1)
Up,VRH 5.15(2) 5.20(2)
US,VRH 3.05(2) 3.08(1)
Ymean,[001] 2.93(2) 2.95(1)
Ymean,[100] 4.71(2) 4.73(2)

v Voigt (1928), r Reuss (1929) and yry Voigt-Reuss-Hill (Hill 1952) average elastic
moduli (e.g. den Toonder et al. 1999; Pabst and Gregorové 2004)

v Poisson’s ratio

vp,vrH = Ks,vry +4/3Gyry and vs yry = /Gvra/p

Omean = \/ (0} + 0%, +0%,)/3, (Schilling 1998)
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with E;ay = 93.1(4) GPa (Fig. 4.9b). In the basal plane (pole = 90°) the
Young’s modulus is slightly reduced with E[;g = 92.2(3) GPa.

The adiabatic aggregate elastic moduli and velocities for an isotropic
polycrystalline material calculated on the basis of the measured C;;
for synthetic Ca(OH); are shown in Tab. 4.3 together with the elastic
moduli calculated for natural portlandite after Speziale et al. (2008b).
Except for the Reuss bound adiabatic bulk modulus (Ks ), differences
of the aggregate elastic moduli and velocities for synthetic and natural
portlandite are < 2 %.

4.3.2  Thermal Diffusivity and Thermal Conductivity

The results of laser flash thermal diffusivity D measurements on syn-
thetic single crystal portlandites in basal (i.e. D in [oo1] direction,
tensor component D33) and axial plane (D L c-axis, Dj;) orientations
are presented in Fig. 4.10 (tabulated values see Appendix A.2, Tab. A.10)
together with the results of TG and DSC measurements.

The thermal diffusivity decreases with increasing temperature over
the entire portlandite stability field for both directions investigated. The
temperature diffuses much faster in the plane of the [CaO¢] octahedral
layers | c-axis (D11 = D2 = 6.1(2) mm?/s at 25 °C) than parallel to the
c-axis (D33 = 0.73(2) mm?/s). The pronounced anisotropy of thermal
diffusivity can be calculated as Dy / Dgo1) and is shown in Fig. 4.11
up to the beginning of the dehydration of portlandite. At T = -100 °C
the thermal diffusivity is almost ten times higher in [100] (axial plane)
than in the perpendicular [0o1] direction (basal plane). The anisotropy
gradually reduces to Djjo9]/ Dgo1) ~ 8.3(3) at ambient conditions and
stays roughly constant up to the beginning dehydration.

With the components of D;; measured by laser flash method, the
Voigt- (Eq. 4.7) and Reuss-like (Eq. 4.8) averaged thermal diffusivities
for single crystal portlandite are shown in Fig. 4.10a together with
the Voigt-Reuss-Hill average. At ambient conditions it is derived:
Dy = 4.31(13) mm? /s, Dy = 1.78(3) mm? /s, and Dygpy = 3.04(7) mm?/s.
However, due to the layered structure of Ca(OH); it is worth mention-
ing that an actual bulk thermal diffusivity of a general polycrystalline
aggregate of portlandite is strongly depending on the texture (Seipold
1998) and porosity (Woodside and Messmer 1961).

Regarding the DSC curves in Fig. 4.10b, no significant heat flow
can be seen for the low temperature measurement starting at -100 °C
(dashed gray, shown up to 300 °C, HR 10 K/min). Above room tem-
perature, one reaction can be identified for both TG (black) and DSC
(solid gray, HR 2 K/min) curves, i.e. the dehydration of Ca(OH), to
CaO (cf. Fig. 4.2). For the selected experimental conditions, the release
of H,O takes place between 386 °C and 514 °C. The TG measurement
on powdered Ca(OH), shows a total mass loss of ~ 23.6 wt% for the
dehydration reaction while the DSC characterizes this dehydration as
endothermic reaction (Fig. 4.10b).
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Figure 4.10: a) Thermal diffusivity measured by laser flash method for syn-

thetic single crystal portlandite in [oo1] (basal plane, solid dia-
monds, = D33) and [100] direction (axial plane, open diamonds,
= Dq1) between -100 °C through the dehydration of portlandite
(gray shaded) up to yoo °C. Dy and Dy correspond to Voigt-
and Reuss-like averaged thermal diffusivities, Dyry denotes the
Voigt-Reuss-Hill average. Stars correspond to thermal diffusivity
measurements of burnt lime (CaO) by Yur’ev and Spirin (2012).
b) Results of thermogravimetric (TG, black) and differential scan-
ning calorimetric (DSC, gray) measurements on Ca(OH),. For
details, see text
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Figure 4.11: Anisotropy of the thermal diffusivity Dyjg/D|go1) of synthetic
single crystal portlandite

With respect to the measured thermal diffusivity in this temperature
range, a further distinct decrease of nearly 40 % for both directions
[100] and [001] is shown. Above 514 °C the thermal diffusivity stays
roughly constant at Doy =~ 0.15(1) mm? /s and D100 = 1-32(5) mm?/s.
Thus, the thermal diffusivities of CaO from dehydrated Ca(OH), sin-
gle crystal platelets exhibit an anisotropy and lie above ([100]) and
below ([001]) the measured D values for CaO after decarbonation of
polycrystalline limestone (D ~ 0.95 mm? /s, stars in Fig. 4.10a, Yur'ev
and Spirin 2012). An apparent slight trend to increasing D values for
high temperatures T > 550 °C might be caused by the degradation of
sputtered Au on the sample holders, which resulted in an increasing
transparency of the used ceramic.

The thermal conductivity « for single crystal portlandite is derived
according to Eq. 4.5 using the thermal diffusivities measured by laser
flash method (this study, Fig. 4.10a). The density is p = 2.240(2) g/cm3
(20 °C, see 4.2.1) and adjusted in consideration of the thermal expan-
sion coefficients given by Xu et al. (2007). For the isobaric heat capacity
tabulated quantities according to Chase (1998) (based on Kobayashi
1950 (cited by Chase 1998) and Hatton et al. 1959) are used. The
resulting tensor components «1; and «33 (tabulated values see Ap-
pendix A.2, Tab. A.11) together with averaged thermal conductivities
(cf. Egs. 4.7&4.8) are shown in Fig. 4.12. The thermal conductivity is
decreasing over the whole temperature range. For temperatures above
room temperature, a trend roughly proportional to 1/T (Eucken’s
law, Eucken 1911) can be recognized while for temperatures below
25 °C the slope of x(T) decreases slightly. Comparable to the thermal
diffusivity, heat diffuses ~ 8-10 times more effectively perpendicular
to the 3-fold c-axis than parallel to [oo1]. At ambient conditions, the
2nd rank thermal conductivity tensor components for single crystal
portlandite are x1; = 16.1(6) Wm™ K™ and x33 = 1.94(6) Wm™ K. The
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Figure 4.12: Derived thermal conductivity x of portlandite (Eq. 4.5): tensor
components «11 (L c-axis, solid circles) and «33 (|| c-axis, open
circles) and Voigt- and Reuss-like averaged quantities with the
Voigt-Reuss-Hill average (yry) (Eqs. 4.7&4.8)

averaged thermal conductivities at 25 °C are xy = 11.4(4) Wm™ K™,
KR = 4.69(13) Wm™ K™, and xyrpy = 8.02(25) Wm™ K™, respectively.
As noted with respect to the thermal diffusivity, the effective thermal
conductivity of a bulk of polycrystalline portlandite strongly depends
on its texture and porosity.

4.4 DISCUSSION

The spatial dispersion of acoustic wave velocities measured in this
study agrees well with the velocities derived on the basis of natural
portlandite elastic constants measured by Speziale et al. (2008b) (cf.
Fig. 4.7, red line). Thus, it can be stated that at least for this kind of
measurements adequate specimens comparable to natural Ca(OH),
crystals were grown in the laboratory. The stiffness constants C;; show
only marginal differences to the components measured for natural
portlandite (Tab. 4.2). An exception is Ci4, which is a measure for
the anisotropy within the basal plane (Ulian and Valdre 2019). It
is less than half (this study) compared to data reported by Speziale
et al. (2008b). It is assumed that the difference is mostly due to the
different spatial distribution of the sets of directions probed in the two
studies. The combination of an axial plane with a truly basal one and
a better quality of the signal in the new set of measurements suggest
the value of Cy4 presented in this study is more accurate than that
of Speziale et al. (2008b). In any case, such differences of individual
elastic constants mostly vanish when calculating the averaged elastic
moduli for a hypothetical isotropic polycrystal, cf. Tab. 4.3 (Zha et al.
1996). Significant differences in the elastic components determined
in this study and by Speziale et al. (2008b) for natural Ca(OH), exist
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with respect to Brillouin data on synthetic portlandite measured by
Holuyj et al. (1985). Especially the component Cy3 differs > 200 %,
but also Cyp is reported ~ 20 % higher than measured in this study
(Tab. 4.2). These deviations are likely caused by the small number of
crystal orientations measured by Holuj et al. (1985) compared to the
large number of velocities determined in this study and by Speziale
et al. (2008Db).

The kinetics of the dehydration of hydrates such as portlandite and of
minerals containing water in their crystal structure depends on numer-
ous different factors (Galwey 2003). Due to that, data on dehydration
kinetics, i.e. above all the temperature of dehydration/decomposition,
can vary quite significantly often resulting in a wide temperature range
(e.. Jozewicz and Gullett 1995; Schaube et al. 2012; Lager et al. 2018).
To give an estimation on how strong the thermal diffusivity can vary
with the dehydration of single crystal portlandite due to selected ex-
perimental conditions, two major influencing factors are considered:
1) the heating rate (HR) and 2) the influence of the particle/crystal
size. For the former, two specimens (basal plane) of comparable size
(d ~ 0.7 mm, ~ 4.5 mm cross section) were measured by the laser
flash method with ~ 3 h isothermal segments per temperature step
(representing limpyg_,0) on the one hand and a high heating rate of
~ 10 K/min on the other hand. The resulting effect of heating rates
on the measured thermal diffusivity around the dehydration of port-
landite crystal platelets is shown Fig. 4.13a. For the influence of the
particle/crystal size, two axial plane specimens markedly different
in size (see Fig. 4.13b for details) were measured by the laser flash
method (all other conditions being equal). Comparing the two heating
rate boundaries shown for the example of the basal plane orientation
(Fig. 4.13a), significant differences in the temperature dependence of
the thermal diffusivity become apparent. While the release of water
is completed at a temperature of around ~ 390 °C for limpyg_,o and
the thermal diffusivity decreases to Dy = 0.15(1) mm? /s, D values
for high heating rates lie up to ~ 60-65 % above at about D1 =~ 0.24-
0.25(2) mm?/s (T = 400-475 °C). This discrepancy may originate from a
non-homogeneous temperature distribution within the platelet subject
to heating at high HR and thus reflect the thermal diffusivity of an
effective lower temperature than measured by the thermocouple just
next to the specimen. Due to the lacking ability of specimen temper-
ature equilibration, high heating rates lead to a dehydration reaction
extended over a wide temperature range visible at ~ 475 °C reaching
up to ~ 575 °C (Fig. 4.13a), i.e. up to ~ 185 °C above the dehydration
temperature approximated for limpyr_,o with the laser flash method.
Another factor influencing the dehydration temperature and corre-
spondingly the thermal diffusivities is the specimen size. Fig. 4.13b
shows that for the smaller crystal platelet the onset of dehydration at
T = 425 °C is ~ 25 °C below that of the bigger specimen. In general, it
can be seen that the evolution of the thermal diffusivity with temper-
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Figure 4.13: Influence of the experimental conditions on the dehydration and
thermal diffusivity D of portlandite. a) Boundary conditions for
heating rates (HR) limpg_,0 and HR ~ 10 K/min, shown for the
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corresponds to the dehydration temperature according to TG &
DSC measurements (see 4.2.1&4.3.2, Fig. 4.10b)
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Table 4.4: Parameters for data approximations shown in Fig. 4.14 for the
thermal diffusivity D and thermal conductivity «, respectively. T in
K, R% is > 0.98 for all fits

D(T) = AT B D(T) = TpT3/2 + Dy K(T) = T, T3/2 4 kg

(mm?2/s) (mm?2/s) (W/mK)

[100] 24.0(31)x103 T"145@)  29.4(2)x103 T3/2+0.37(1)  80.7(11)x 103 T™3/2+1.35(6)
[001]  2.03(69)x103 T"1390)  3.14(6)x103 T"3/2+0.09(1)  8.2(2)x103 T™3/2+0.34(2)

ature is shifted by ~ 25-30 °C comparing both specimen dimensions
shown in Fig. 4.13b. These observed differences are expected to be even
stronger for greater crystal size differences and might be transferred to
powdered samples as well as to components of e.g. hydrated cements.
In Fig. 4.13 it is shown that the sample dimensions and experimental
conditions can impact the determination of thermal transport prop-
erties. Accordingly, studies on e.g. portlandite for thermochemical
storage systems need to carefully take into account such influencing
factors as they may significantly bias the results.

The thermal diffusivity data of portlandite show a temperature
dependence roughly proportional to 1/T for both directions [o0o1] and
[100] up to ~ 400 °C as being expected for three-phonon umklapp
processes (Peierls 1929; Kittel 2005). The trend might be described
by a modified Eucken’s law D(T)= AT~ (T in K, after Seipold 1998,
see also Hofmeister et al. 2014) for the contribution of lattice phonons
to heat transport. Fits between -100 °C and 380 °C describe well the
measured thermal diffusivity data (dashed black lines Fig. 4.14a&c,
shown up to T = 650 °C for illustration, fit parameters are shown in
Tab. 4.4).

For the high temperature region, approximations « T~5 lead to a
thermal diffusivity vanishing for limr_,,. But, with respect to the
thermal diffusivity D (and conductivity k) provided by lattice phonons,
it seems to be more appropriate that D (and «) reaches the so-called
Einstein limit with Dy (ko) > 0.0 mm?/s (Wm™ K™) (Cahill et al. 1992)
as the mean free path length | cannot become arbitrarily short (e.g.
Spitzer 1970; Roufosse and Klemens 1974; Berman 1976). An approxi-
mation for the temperature dependence of D (and «) including a lower
limit for high temperatures was proposed by Roufosse and Klemens
(1974). Rearranged for Dy and xy, it is

D(T) = Tp T3/? + Dy

(4.9)
k(T) = T, T3% + kg

with Tp and T fitting constants and T in Kelvin. In a first approxi-
mation, the Einstein limit of the thermal diffusivity Dy and thermal
conductivity xp can be predefined using the directional minimum bond
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Figure 4.14: Data approximation for the temperature dependence of port-
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d) in [oo1] (top) and [100] (bottom) direction. Dashed lines (a,
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Klemens (1974) (Eq. 4.9). Fit parameters are shown in Tab. 4.4.

For details, see text
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length (lp) inside the unit cell as the lower limit of mean free path length
I. In c-axis direction [001], Iy ~ 0.96 A for the O-H bond, whereas in
[100] direction Iy ~ 2.37 A for the Ca-O bond of the octahedral layer
(after Xu et al. 2007). Using (e.g. Ziman 1960; Berman 1976; Kittel 2005)

Do = 1/3 Ulo

(4.10)
Ko = 1/3pcpvly

with v phononic velocity approx. by vyean = \/ (03 + v%, +v%,)/3, the
lower limit in thermal diffusivity Dy is 0.09(1) mm?/s and 0.37(1) mm? /s
in [0o1] and [100] direction, respectively. For the thermal conductivity,
Ko = 0.34(2) Wm™ K™ in [0o01] direction and 1.35(6) Wm™ K™ in [100]
direction (high T approximation pc, =3.6x10° Jm3 K™). The resultant
approximations for the temperature dependence of the thermal dif-
fusivity (and thermal conductivity, for T > 298 K) only depend on a
single parameter Tp (T) and are shown in Fig. 4.14, the corresponding
fit parameters are given in Tab. 4.4. Data fits for thermal diffusivity
(Fig. 4.14, left) and thermal conductivity (right) are of comparable qual-
ity for respective directions. It shows that for the axial plane orientation
the fits are of slightly better quality. Compared to the previously men-
tioned two-parameter model D(T) = AT~ B (after Seipold 1998, dashed
black lines Fig. 4.14a&c), the one-parameter (with fixed Dy, ko) approx-
imations using Eq. 4.9 are of only marginally lower quality. Hence,
using a minimum in crystal bond length as the lower limit for the
mean free path length / in combination with the model proposed by
Roufosse and Klemens (1974) fits well the observed data. This suggests
that the main structural element controlling heat diffusion in single
crystal portlandite in [001] direction at least at high temperatures is the
hydroxyl group and thus the hydrated interlayer (series circuit of low
conducting hydroxyl group interlayers and higher conducting [CaOg]
octahedral layers). In contrast, heat diffusion perpendicular to the
c-axis can be well described if the [CaOg] octahedral layers dominate
the heat transport in this direction, comparable to a parallel circuit.

The thermal conductivity x at low temperatures cannot be well
described by a model o< 1/T (cf. Fig. 4.14b&d). This is likely due to
the strong temperature dependence of the heat capacity c; as it evolves
towards a « T° behavior in the lower temperature region (i.e. well
below the Debye temperature ©p ~ 100 °C, Desgranges et al. 1994) as
a consequence of phonon modes “freezing out” (e.g. Gross and Marx
2014).

Commonly, thermal diffusivity measurements by the laser flash
method on single crystalline matter are presumed to be independent of
the probed specimen thickness d. This holds true as long as optically
thick conditions exist. According to Hofmeister (2019), specimen thick-
nesses ordinarily measured using laser flash method can be optically
thick for fundamental IR modes but optically thin for overtone modes.
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Thus, depending on the particular material a thickness dependence
of the thermal diffusivity can exist (‘intrinsic length dependence’). To
approximate this effect, Hofmeister (2019) suggests:

D(d) = Des [1 — exp(—74)] (4.11)

with a fitting constant oy and the thermal diffusivity Do, for a material
of infinite thickness. To assess the single crystal portlandite thermal
diffusivity data collected in this study, basal plane specimens with
varying thicknesses from d ~ 0.14 mm to d ~ 1.25 mm were measured
at T =-100 °C, -40 °C, 25 °C and 100 °C. The results show a pronounced
dependence on the thickness d of the measured thermal diffusivity
at all temperatures considered (Fig. 4.15). To approximate this trend,
Eq. 4.11 is adapted by adding the Einstein limit for minimum thermal
diffusivity Dy (= 0.09(1) mm?/s in [001], see above). This is for the case
that lim,_,, taking into account that the mean free path length / cannot
fall below the minimum lattice bond distance (=~ 0.96 A, O-H bond in
[oo1] direction, see above):

D(d) = Deo [1 — exp(—1)] + Do (4.12)

(note: the thermal diffusivity limit for an infinite thick specimen is
in this case Do + Dp). Using Eq. 4.12 with ¢ being equal for all
temperatures, the observed trend is well approximated (black lines,
Fig. 4.15). But, transparent specimens need to be coated for laser
pulse absorption in LFA measurements (see 4.2.3) and it is known
that applied coatings can affect the thermal diffusivity measurements
(e.g. Cernuschi et al. 2002; Lim et al. 2009; Schoderbock et al. 2009).
Therefore, it seems reasonable to evaluate whether the observed D(d)
dependence (Fig. 4.15) could also be explained by a coating-related
influence for different specimen thicknesses. Even though including
coating effects in thermal diffusivity evaluation routines is non-trivial
(Araki et al. 1992; Hartmann et al. 1993), in a first approximation D(d)
is fitted using

d2

D(d) = 0.1388 ———
() t1y2 + At

(4.13)
where t1 /5 =0.1388 d?/ Do, and At represents the additional time needed
for heat to travel through the applied coating. The resultant fits
(Fig. 4.15, gray lines) represent well the observed trend of a decreasing
apparent thermal diffusivity with decreasing specimen thickness and
are of comparable quality to approximations using Eq. 4.12. For thick-
nesses d > 0.5 mm the thermal diffusivities Dy approach a constant
value. The increase of D for d > 0.5 mm is small and within the
experimental uncertainties independent of the chosen approximation.
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Figure 4.15: Dependence of the thermal diffusivity D on the specimen thick-
ness d for single crystal portlandite in basal plane orientation.
Black lines: least-square fits using a model proposed by Hofmeis-
ter (2019) adapted by adding Dy = 0.09(1) mm?/s (cf. Eq. 4.12).
Comparable results are obtained using an approach that takes
into account the influence of the applied graphite coating in
signal-time curves of measured thermal diffusivity of portlandite
(gray, Eq. 4.13). The dotted line corresponds to the minimum
specimen thickness used for the results presented in 4.3.2



4.5 CONCLUSION

Our specimens for collecting thermal transport data (i.e. tensor com-
ponents D;;, derived «;; and its temperature dependencies, see 4.3.2)
have a minimum thickness of 4 = 0.5 mm for the basal plane. Thus, it
can be stated that at least for Djyy) the specimen thicknesses have no
significant influence on the measured thermal diffusivities and derived
conductivities. In direction L c-axis, thermal diffusivities are consid-
erably higher (cf. Figs. 4.10&4.11) associated with a reduced t; /5. The
applied coating will thus have a stronger influence on the thermal diffu-
sivity and Do, for an infinite thick sample would be reached for higher
thicknesses d. On the other hand, measured axial plane specimens are
thicker (d = 1.0 to 1.7 mm) than basal plane platelets, counteracting
the thickness influence on thermal diffusivity. In conclusion, it can-
not be excluded that for the thermal transport properties in the axial
plane direction [100] reported here (4.3.2, e.g. Fig. 4.10, Appendix A.2,
Tab. A.10&A.11) a (significant) thickness dependence inheres the data.
Thus, intrinsic heat transport and temperature equilibration L c-axis
as well as the derived anisotropies Dijo9]/ Dgo1) and «[1gq] / K[oo1] might
be even higher than reported. In other words, the presented values are
rather lower bounds for the heat transport properties as well as for the
anisotropy.

In Fig. 4.16 acoustic sound velocities are shown together with the
thermal diffusivity D and the derived mean free path length I (= 3D /v,
cf. Eq. 4.10) over three distinct crystallographic directions. The elastic
properties such as vy, (and also Young’s modulus, see Fig. 4.9) and
the thermal transport properties run parallel showing a pronounced
anisotropy. With respect to the thermal diffusivity D at T = -100 °C,
25 °C and 375 °C (black and gray, Fig. 4.16), the strong temperature
dependence of thermal transport properties is presented as an example.
The maximum in thermal transport properties coincides with the di-
rection L c-axis reflecting the important role of the [CaO¢] octahedral
layers in contrast to the 3-fold axis [0o1] direction with strong bonds
of octahedral layers in alternation with weak interlayer bonding. The
thermal transport properties thus greatly correlate with the crystal
structure of portlandite (cf. Fig 4.1).

4.5 CONCLUSION

Thermoelastic properties of synthetic portlandite Ca(OH); single crys-
tals have been studied in detail.

Both the elastic and thermal transport data show a pronounced
anisotropy with faster acoustic wave velocities, larger Young’s modulus
and higher thermal diffusivity and thermal conductivity in the direction
perpendicular to the 3-fold c-axis. The spatial distribution of these
properties correlates with the layered structure of Ca(OH),.

A series of measurements with different specimen thicknesses reveals
a distinct thickness dependency of the thermal diffusivity, which could
be related to the influence of the applied specimen coating. In a
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Figure 4.16: Spatial distribution of elastic (acoustic sound velocities at am-
bient conditions) and thermal transport properties (thermal dif-
fusivity D) of portlandite for selected orientations. Mean free
path length derived as I=3D /v (¢f. Eq. 4.10, v approximated by

Umean = \/ (v% + 0%, +v%,)/3 at ambient conditions). The thermal

diffusivity is shown for T = -100 °C, 25 °C and 375 °C illustrating
the temperature dependence of thermoelastic properties
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comparable manner, the dehydration of Ca(OH), to CaO + H;O is
strongly dependent on the experimental conditions and particularly
affected by the crystal/specimen size and the chosen heating rate. This
has a significant impact on the measured thermal diffusivities within
the temperature range of portlandite dehydration and thus should be
taken into account for prospective investigations.

The strong temperature dependence and high anisotropy of the ther-
moelastic properties of single crystal portlandite measured in this study
holds potential for further developments of innovative applications.
As an example in civil engineering, in case of a controllable growth
direction of portlandite (and also ettringite, see Speziale et al. 2008a)
crystals during the hydration of cement pastes, intended anisotropic
components for constructions are certainly conceivable. With respect
to future use of portlandite in flue gas cleaning combustion technol-
ogy, the detailed knowledge of the thermal conductivity and thermal
diffusivity provides a basis for new system designs and for refining
modeling approaches related to technical processes. In particular the
relationship between the temperature-dependent thermal transport
properties and the crystallographic orientations could contribute to
innovations concerning the process design. Lastly, numerical studies
on portlandite for thermochemical storage systems often assume con-
stant and orientation-independent (i.e. isotropic) thermal transport
properties. But, measurements shown here reveal not only a high
temperature variation but also strong orientation-dependent thermal
transport properties for portlandite. Thus, assumptions on thermal
transport properties being isotropic and constant over a wide tempera-
ture range seem to be inappropriate. The data collected in this study
therefore contribute to better and more meaningful numerical studies
of technical processes based on portlandite as reactive medium.
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CONCLUSION AND OUTLOOK

The knowledge and understanding of thermal transport properties of
solids is of fundamental importance for material sciences and engineer-
ing applications as well as to comprehend the system Earth. It is not
only of academic interest to reveal the underlying processes of heat
transfer as it forms a basis for e.g. various fields of prospective energy
transition (developing novel heat storage systems, large scale realiza-
tion of zero-emission buildings, etc.) and the design of customized
materials. Against this background, the overarching objective of this
thesis is the improvement of the flash method including the further
development of data evaluation for a fundamental improvement of the
data basis of crystals relevant to a variety of technical applications —
quartz and portlandite.

One of the major further developments of the flash method presented
by Parker et al. (1961) was the consideration of a time-dependent and
thus non-instantaneous heat source in data processing (“finite pulse-
time effect”). Thereby, the accuracy of flash method measurements was
significantly improved (Larson and Koyama 1967). In the first study
(chapter 2) of this thesis it was shown that a systematic mismatch can
exist between the measured and approximated temperature histories,
although the finite pulse-time effect is taken into account. Analyzing
the misfits revealed an additional delay of the signal due to the IR
detector and electronic components. It was shown that this can be
such a pronounced effect that its consideration is required for an ac-
curate data evaluation. Therefore, a transfer function was developed
reproducing the signal of the retarded heat pulse on the basis of the
heat source measured by an integrated diode. The transferred radi-
ant source signal is used in a specifically developed data reduction
routine to approximate the measured signal-time curve. The results
have shown that not only thin specimens or high thermal diffusive
materials are strongly affected (with systematic errors exceeding 10 %
for standard data processing), but also specimens with moderate thick-
nesses (millimeter range) or thermal diffusivities can inhere systematic
errors > 1-2 %. This result is substantial to understand and classify
the reliability of flash method measurements and it is opposed to an
often over-optimistic view on the accuracy (2-3 %) of flash method
data (e.g. Abdulagatov et al. 2015). It could be furthermore shown that
even for materials used as reference samples, the provided thicknesses
for flash method measurements might be too low to evaluate their
intrinsic thermal transport properties by applying standard evaluation
routines. In other words, it could be demonstrated that higher diffusive
reference materials (e.g. POCO or isotropic graphite) are required at
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significantly bigger specimen thicknesses to avoid misinterpretations
associated with different data reduction routines used.

With these findings the data processing and thus the quality of the
resultant thermal transport properties is significantly improved for
widespread flash method.

The fact that this kind of signal retardation inhering flash method
raw data was still unnoticed might have several reasons: First and
foremost, it is not just uncommon but also not recommended to directly
irradiate the IR detector by a high-intense short-duration laser pulse.
Then, depending on the used model to approximate the measured
temperature history, systematic misfits might remain unrecognized as
the often numerous fit parameters usually somehow give a sufficiently
well data approximation. This is even more the case if proprietary
software with marginal knowledge of the underlying equations and
limited access to adjustments is used. In addition, indications for
systematic misfits using standard evaluation routines are primarily
visible for measurements on thin and high thermal diffusive specimens
and could be first identified here on test measurements of silicon
wafers. The fact that flash method measurements are not only affected
by the finite pulse-time effect but several other factors complicates
the interpretation of the measured temperature-time curves too. On
the one hand, these influencing factors can have consequences for
the measured raw data different in sign (e.g. nonuniform hot center
flash heating, Baba and Ono 2001, vs. retarded pulse-time, Breuer and
Schilling 2019), on the other hand, not enough attention seems to be
payed on what affects flash method data in general. In the view of the
author, the latter is very crucial as the quality of the measured and
processed thermal transport data can only be as good as the apparatus’
operator and round robin tests that could remedy this fact are scarce.
As a consequence, the often as a general statement claimed accuracy of
the method of ~ 3 % or even better (Hofmeister 2006; Reif-Acherman
2014; Abdulagatov et al. 2015) is at least questionable.

To increase the accuracy and reliability of future thermal transport
properties measured by the flash method, at least the following aspects
ought to be concerned:

¢ Referring to chapter 2, an additional signal retardation inheres
measured flash method raw data and affects the data evaluation
in the same order of magnitude as the frequently considered finite
pulse-time effect. Neglecting this influencing factor can result in
systematic errors easily exceeding 10 %. But as these findings
were gathered with a single flash method setup, this kind of signal
retardation in the temperature history needs to be evaluated with
other experimental setups too (Whether commercial or custom
constructions), and if necessary, adaptions have to be made to
either the experimental setup or the evaluation routines.
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¢ Asalready mentioned, the knowledge about the details of applied
approximation routines is often limited. This might be — mainly
but not solely — due to the fact that commercial systems and
their proprietary software solutions are (or have to be) used.
But especially with a view to non-standard measurements (e.g.
very thin or thick dimensions, custom sample holders, various
coatings, efc.), it seems to be advantageous to have access to the
underlying code of the used evaluation routines, which could
also help to verify whether or not certain models can be applied
to process flash method data in a given case. It might therefore
be appropriate to set up custom evaluation routines for specific
demands.

¢ The additional time delay considered in the first study presents
only one influencing factor in flash method measurements. Over
the past decades, several more factors limiting the accuracy of
flash data have been identified. Among those are the influence
of the homogeneity of the heat source on the temperature his-
tory and the influence of the (commonly used) simplification
that the transient spectral radiance equals the transient temper-
ature change on the specimen’s rear side. It is known that each
of these two effects can have a significant influence (i.e. in the
percent range) on the accuracy of flash method measurements
(Baba and Ono 2001). But at the same time, prospects to handle
and account for the mentioned influencing factors have been
pointed out, involving considerable effort and expense: for ex-
ample, transmitting the radiant beam through optical fibers (or
at least installing additional homogenizers in the beam path),
applying data processing routines that take into account a (radial
symmetric) nonuniform surface heating, and linking the spectral
radiance with the temperature for a given experimental setup
(e.g. Schriempf 1972; McKay and Schriempf 1976; Hasselman and
Donaldson 1990; Hoefler and Taylor 1990; Baba et al. 1993; Baba
and Ono 2001). In the author’s opinion, these influencing factors
are addressed in certain studies, but neither (sufficiently) con-
cerned nor integrated in many experimental flash method setups
and therefore reduce the overall accuracy of the resultant thermal
transport properties far below the potential of the method.

With the results presented in the first study the standard flash method
could be significantly improved in terms of data evaluation to more
accurately derive the thermal transport properties especially of thin
and high diffusive solids. But besides the just aforementioned aspects
to be considered for further improvements of the method, additional
investigations are needed in the field of sample coatings. They are used
— especially but not solely — for (semi)transparent samples to improve
the heat pulse absorption and to reduce the direct irradiation of the IR
detector. Coatings therefore ensure a good signal and proper tempera-
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ture history. Nevertheless, these coatings need to be taken into account
as they act as additional layers (e.g., coating—sample—coating) and
it seems that only under specific circumstances the influence of these
coatings to derived thermal diffusivity values can be neglected. In other
words, flash method raw data are in many cases (significantly) affected
by the applied coatings, as it was also shown within the third study
on portlandite thermal transport properties (cf. chapter 4, Fig. 4.15).
Some of the underlying processes and mechanisms have already been
addressed by the investigations of e.g. Araki et al. (1992), Albers et al.
(2001), Cernuschi et al. (2002), Lim et al. (2009), and Schoderbock et
al. (2009). These studies help to understand the problematic nature
of applying additional layers on a solid prior to measure its thermal
transport properties. But even though they make approaches to better
account for the influence of coatings in flash methods, they generally
suffer from a limited applicability and practicability. For example,
Cernuschi et al. (2002) and Lim et al. (2009) proposed to handle applied
graphite coatings (which are by far the most commonly used coatings)
as separate layers and thus consider the investigated specimen as a
multi-layer object for the subsequent data processing. Therefore, physi-
cal properties such as the thickness, but also the density, the specific
heat, and the thermal conductivity (or diffusivity) of the coating have
to be precisely known and of constant quality. But investigations show
that the sprayed graphite coatings are in general not enough consistent
in their appearance and depend on e.g. the used graphite, the operator,
the specimen’s surface conditions, the filling level of the spray can, efc.
As a consequence, an accurate knowledge of the physical properties of
these layers is limited. This is exemplarily shown in Fig. 5.1. It presents
scanning electron microscope (SEM) images of standard highly porous
graphite coatings (CRC Kontakt Chemie, Graphit 33) applied on glass
platelets (light gray). It becomes apparent that the thickness is nonuni-
form with an uneven surface of the unpolished coating (Fig. 5.1a&b).
Even though the thickness is reduced and the uniformity is increased
by polishing (c), the surface of the coatings can be easily damaged
(d). For this reason, accounting for coatings using multi-layer data
evaluation routines is limited by the coating quality and reproducibility.
Other techniques to apply coatings, such as sputtering, suffer from
shortcomings that sub-micron coatings are often optically not thick
enough to absorb the intense laser pulse and the sputtered coatings
tend to easily peel off after very few measurements, especially when
applied on specimens with very smooth or glassy surfaces. To con-
clude, (graphite) coatings applied on (semi)transparent specimens are
essential and common practice to perform flash method measurements.
Even though the influence of applied coatings on the resultant temper-
ature history can be assigned in theory in data processing routines, its
practical applicability is limited due to the lacking consistency of the
applied coatings and thus unknown physical properties. Hence, the
effects of sprayed (graphite) coatings on the resulting flash data still
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SEM HV: 15.00 kV/ WD: 9.712 mm SEM HV: 15.00 kV WD:9.712 mm
Det: BE 50 pm Det: BE 10 ym
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SEM HV: 15.00 kV WD: 6.514 mm SEM HV: 15.00 kV WD: 11.17 mm
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SEM MAG: 1.25 kx SEM MAG: 133 x

Figure 5.1: Scanning microscope photographs (SEM) of glass platelets (light
gray) coated with graphite (CRC Kontakt Chemie, Graphit 33)
without any further treatment (a, b) and with polished graphite
surface (c, d) in a sideways (a-c) and top down view (d). The arrow
in d) exemplarily indicates one of recurrent small breakouts of the
coating due to the mechanical polishing (images by I. Woll)



114

SYNTHESIS - SUMMARY AND OUTLOOK

cannot be considered with a sufficient accuracy and require a more
systematic consideration. Appropriate alternatives (high thermal diffu-
sivity, easy to apply as uniform and micron-thin layer, high absorption
and emission coefficient, cost-effective) for flash method coatings are
still missing. This needs to be subject to future research.

The second study presented in this thesis (chapter 3) focuses on
quartz (SiO). It is important as rock-forming mineral in the geosci-
entific field and also essential for numerous technical applications
due to its e.g. piezoelectric property. Measured by its significance it
is somewhat surprising that an extensive knowledge of the thermal
transport properties of single crystal quartz remains absent. Thermal
transport properties are lacking especially below room temperature and
contradictory results of thermal diffusivity measurements have been
presented at elevated temperatures around the a-f phase transition at
573 °C (e.g. Hofer 2003, and Branlund and Hofmeister 2007).

With a detailed investigation of the time-dependent temperature
history it could be shown that, apart from the known ballistic radiative
heat transfer, another type of radiative portion inheres the data below
the a-B phase transition. As this assumed non-ballistic radiative heat
transfer cannot be approximated by standard data approximations (e.g.
by the model proposed by Mehling et al. 1998, as noted by Branlund
and Hofmeister 2007), the evaluation routine developed in the first
study was modified. This way, the different heat transport mechanisms
could be effectively separated and accurate thermal transport proper-
ties were obtained in the region below the phase transition. It could be
shown that this adapted data processing approach needs to be applied
even in the wider vicinity below the phase transition as the observed
non-ballistic heat transfer affects the measured temperature-time his-
tory already far below the phase transition. It became apparent that
this customized approximation routine significantly increases the fit
quality and the resultant thermal transport properties are therefore
more accurate compared to results provided by standard models. Even
though these findings were obtained for single crystal quartz, it can be
reasonably assumed that other (semi)transparent crystals undergoing
phase transitions show a similar behavior and, as a consequence, data
processing subsequent to flash method measurements needs to consider
non-ballistic radiative heat transfer. Therefore, future measurements
need to be carried out on different types of (semi)transparent single
crystals to check whether the observed radiation phenomenon appears
and, if so, whether the proposed evaluation routine for the assumed
non-ballistic radiative heat transfer can be applied. A potential crystal
to investigate the temperature history in the vicinity of a phase tran-
sition in flash measurements could be, for example, BaTiO3 with its
displacive phase transitions around -71 °C, 8 °C and 125 °C (Dove 1997;
Ma et al. 2017).

With respect to the measured quartz single crystals it could be shown
that no crossover in the crystallographic direction of the maximum
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thermal diffusivity occurs by crossing the a-p phase transition at 573 °C
as formerly reported by Hofer and Schilling (2002) and Hofer (2003).
From a theoretical point of view, the specific heat and the average acous-
tic phonon velocity only have a minor impact on the heat transport at
high temperatures as they are almost temperature-independent (e.g.
Roufosse and Klemens 1974; Boer and Pohl 2018). In the vicinity of the
«-B phase transition the elastic properties and thereto related acoustic
phonon velocities show a significant change with a crossover of the
direction of the maximum (average) phonon velocity (cf. Fig. 3.5). With
the clarified trend of the temperature-dependent thermal diffusivity
around the phase transition (no crossover) it could thus be concluded
that the elastic properties, namely the average acoustic wave velocities,
have a smaller impact on the heat transport as formerly assumed by
Hofer and Schilling (2002). In a comparable manner and with respect to
the spatial distribution of the elastic and thermal transport properties
of portlandite, it could be illustrated that the heat transfer is primarily
related to the phononic mean free path and less to the contribution of
the acoustic sound velocities (cf. chapter 4, Fig. 4.16).

Furthermore, in the second study first time thermal diffusivity data
of a-quartz were reported below room temperature down to -120 °C.
The temperature trend of the thermal diffusivity was approximated by
a model solely describing a dependency D(T) o 1/T" (three-phonon
scattering processes, cf. section 1.1). It was found that the data approx-
imation is of low quality and the resulting diffusivities are too high
compared to the measured data, especially at very low temperatures
(ie. < -80 °C, ¢f. Fig. 3.2a). In a comparable manner the derived
thermal conductivity of portlandite clearly stops to follow a 1/T" trend
in the low temperature region, as could be shown within the third
study (chapter 4, Fig. 4.12). These findings indicate that hitherto used
approximations to describe the temperature dependence of the ther-
mal transport properties are inappropriate for data collected at low
temperatures. This is most probably due to phonon modes freezing
out below the Debye temperature as proposed by theory (Debye 1914;
Peierls 1929, section 1.1, cf. Fig. 1.4). In this context, measurements
on crystals’ thermal transport properties at very low temperatures are
of particular interest. In general, only few thermal transport data by
the flash method exist in the low temperature region down to -100 °C
or even below (e.g. Hemberger et al. 2010; Gobel et al. 2011; Gobel
et al. 2013). But with respect to our understanding of heat transport
processes and for the potential discovery of thermal transport proper-
ties of solids beneficial for e.g. the IT industry, more low temperature
measurements are mandatory. However, such measurements are chal-
lenging to realize for a number of reasons, for instance: 1) according to
the Stefan-Boltzmann law, the power radiated from an object at very
low temperatures is dramatically reduced and shifted towards higher
wavelengths (Wien’s displacement law). As a consequence, contactless
flash technique measurements with IR detectors seem to be hardly
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possible at very low temperatures. 2) In addition, the construction
of a flash method apparatus to measure at temperatures down to the
boiling point of e.g. liquid helium at ~ -269 °C places new challenging
demands on materials for example used for the sample chamber. 3) In
addition it is remarked that measurements at such low temperatures
may require considerably bigger sample dimensions (which is challeng-
ing for certain materials) compared to ordinary (sub)millimeter-thick
specimens to derive the intrinsic phononic heat transport by conduc-
tion. This is due to an expected increase of the free path of phonons at
very low temperatures (cf. section 1.1).

The third study focuses on the thermoelastic properties of portlandite
(chapter 4). Even though materials containing portlandite are exten-
sively used e.g. in civil engineering, the knowledge on its elastic and
especially its thermal transport properties is rather scarce and limited
to (compressed) powders of Ca(OH), (e.g., see Schaube 2013; Ranjha
et al. 2016). This fact poses certain risks, e.g. for modelings including
the reaction Ca(OH), = CaO + H;O, as the lacking information on
(temperature-dependent) thermal transport properties can dramatically
limit the significance of the results. Hence, the main objective was to
create the missing data basis of the anisotropic thermoelastic properties
of single crystal portlandite to eventually improve the understanding
of the underlying processes and mechanisms of the thermoelastic prop-
erties of e.g. cured concrete. Therefore, in a first step, idiomorphic
millimeter to centimeter-sized single crystals were grown by adapting
a diffusion technique. Then, measurements with the flash method
apparatus were performed in the temperature range between -100 °C
and yoo °C using custom-designed sample holders. To derive accurate
thermal transport properties, the use of the approximation routine
developed within the first study of this dissertation is a necessity. This
is due to the fact that the synthesized portlandite crystals could only
be prepared at relatively small sample thicknesses down to ~ 0.5 mm
for the flash measurements. With respect to Fig. 2.6b (see also Eq.
2.12 with Tab.2.3), systematic errors would reach up to ~ 10 % for
the derived thermal diffusivities of portlandite (for d ~ 0.5 mm and
D ~ 13 mm?/s at low temperatures, ¢f. Fig. 4.10) by not taking into
account the detector inherent delay.

The determined thermal transport properties reveal a high degree of
anisotropy. Along the [001] and [100] direction the efficiency to transfer
heat differs by a factor of almost one order of magnitude (cf. Figs. 4.10-
4.12). This behavior could be directly linked to the internal structure of
portlandite. Parallel to the c-axis the stacked [CaOg] octahedral layers
with the OH interlayers can be seen as a series circuit of high conduct-
ing octahedral and low conducting hydroxyl group layers. In contrast,
a parallel circuit-like behavior can be assumed for the perpendicular
direction (L c-axis), where the heat is supposed to be primarily trans-
ferred across the edge-sharing [CaOg¢] octahedral layers. A comparable
high anisotropy was also determined by Brillouin spectroscopy for
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the elastic properties of the synthetic portlandite crystals at ambient
conditions. It could be shown that at least the elastic properties of
synthetic and natural Ca(OH); crystals are in very good agreement
with each other (within the precision of the experiments). With these
findings it seems possible that future applications take advantage of the
high anisotropy of portlandite, e.g. by specifically designing materials
with ordered crystallites to significantly increase (or decrease) ther-
moelastic properties in specific directions compared to a component
with randomly orientated Ca(OH); crystals. It furthermore might be
interesting to investigate the chemical reactivity of portlandite in terms
of orientation dependencies. Anisotropies of comparable extent to the
thermoelastic properties might be advantageous for the application in
thermochemical energy storage systems but also for flue gas cleaning
systems.

With respect to the release of water and the formation of calcium
oxide from portlandite it could be shown that the experimental condi-
tions, namely the heating rate and the chosen specimen dimensions,
can have a significant impact on the measured temperature-dependent
thermal transport properties in the vicinity of the dehydration. The re-
sults furthermore indicate that the kinetics of the dehydration exhibits
a strong direction dependency. It is conceivable that other material
reactions that include a change of the chemical composition exhibit
such a behavior in a comparable manner. Here, besides the phase
change itself the porosity and micrograin development is expected to
influence the observed thermal transport behavior too. These results
with portlandite show that factors influencing the measurements of
thermal transport properties have to be carefully thought of and it
can be assumed that such influences may indirectly have a significant
impact on subsequent data processing, e.g. in the case of portlandite,
when using thermophysical properties for the development of large
thermochemical energy storage systems.

Following the principle of diffusion in the kinetic gas theory, the
thermal conductivity through phonons can be described in a compa-
rable manner (c¢f. section 1.1, Eq. 1.6). Accordingly, heat transport
depends on the specific heat, the average phonon velocity, and the
mean free path. This raises the question whether or not there is one
of the parameters dominating the heat transport. It could be revealed
that at low temperatures the thermal conductivity of portlandite shows
a plateau for the [0o1] direction at around -100 °C and the perpen-
dicular direction [100] shows a significant flattening of the thermal
conductivity towards low temperatures (cf. chapter 4, Fig. 4.14b&d).
As the measured thermal diffusivities still follow a o< 1/T" trend in
this temperature region (Fig. 4.14a&c), the low temperature behavior
of the thermal conductivity can be directly related to the strongly de-
creasing specific heat towards low temperatures> (¢f. Appendix A.2,

Assuming that the average phonon velocity does not vary significantly in the corre-
sponding temperature range
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Tab. A.11). As already remarked, measurements of thermal transport
properties down to a few Kelvin would be of considerable interest
here, in particular when performed by the flash technique to be able to
distinguish between different heat transport mechanisms (Hofmeister
2019). However, it is questionable whether the (sub)millimeter-sized
portlandite specimens are thick enough to investigate intrinsic heat
conduction by phonons at very low temperatures. To conclude, the
measurements support theoretical considerations that 1) at low tem-
peratures the thermal conductivity is closely related to the trend of
the specific heat of the corresponding material and that 2) at higher
temperatures the mean free path of phonons dominates the behavior
of a decreasing thermal transport efficiency for dielectric solids. The
latter is even valid in the region of the a-p phase transition of quartz
as shown in chapter 3.

This thesis had one focus on the further improvement of the flash
technique to derive accurate thermal transport properties of single
crystals of geoscientific and technical interest. Within the presented
three studies improvements to the data evaluation procedures of the
flash method were developed. Additional time delays of the detectors
and electronic components in the used flash method apparatus were
investigated and implemented into a specifically set up data reduction
routine. This way, systematic errors related to flash method measure-
ments are reduced and the reliability of the resultant thermal transport
properties is increased. With measurements conducted across phase
transitions it was demonstrated that the collected data can be strongly
affected thereby. It was shown that an assumed non-ballistic radia-
tive heat transfer part inheres and affects the signal of single crystal
quartz measurements already far below the actual phase transition.
With a new approach developed here its consideration in an adapted
data reduction was demonstrated and may be applied to other flash
technique measurements with materials undergoing phase transitions.
Measurement series on the thermal transport properties of quartz and
portlandite indicate that by no means the results of a single specimen
measurement should be overinterpreted in terms of its reliability. This
is because it was shown that various factors influence the flash method
signal-time history (specimen dimensions, coatings, data processing
routines, heating rates, efc.) and therefore can significantly distort the
resultant (apparent) thermal transport properties.

With these further developments and observations in the field of the
flash method the data basis could be improved and expanded for single
crystal a- and B-quartz and could be set up for the first time for single
crystal portlandite.

Future research should more consistently incorporate improvements
proposed for flash technique apparatuses (beam uniformity, spectral
radiance vs. temperature, etc.) for a continuing progress of the method.
Furthermore, in the view of the author it is necessary that alterna-
tive coating solutions for (semi)transparent specimens are found as
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commonly used coatings (graphite sprays) still pose a major issue
limiting the accuracy of the flash method. At the same time it is es-
sential that collected flash data are thoroughly validated and checked
for influencing factors. These two points have a direct impact on our
understanding of heat transport as dealing with non-intrinsic data
complicates our ambition to attain a deeper insight into heat transfer
processes.
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Appendix A.1 was submitted as supplementary material to
the study presented in chapter 3.

Appendix A.2 is published as appendix to the study pre-
sented in chapter 4.






A.1 APPENDIX TO CHAPTER 3

Table A.1: Low temperature a-quartz single crystal thermal diffusivity D in
[0o01] (c-axis) and [100] (a-axis) direction (averages of three inde-
pendent measurements per T). Thicknesses: dyr(go;] = 2.064(3) mm,
dp1(100) = 2:010(3) mm. Measured with HgCdTe IR detector

LT [oo1] LT [oo1] LT [100] LT [100]
T D T D T D T D
(°Q) (mm?2/s) (°C)  (mma?2/s) (°C) (mm?2/s) (°C) (mm?/s)

-119.2  15.70(78)"  129.7 3.46(7)  -118.9 7.97(35) 150.3 1.86(3)
-109.8  14.07(49) 139.7 3.32(7) -110.0 7.32(33) 160.3 1.80(4)

-100.0 13.51(38)  149.8 3.16(6) -99.6  6.81(20) 170.2 1.73(3)
-89.8  12.62(42) 159.8 3.03(7) -90.6  6.41(19) 180.3 1.68(3)
-79.9 11.77(33)  169.7  2.92(5) -80.9 6.02(17) 190.3 1.62(3)
-79.8  11.69(38) 179.8  2.80(6) -80.1  5.98(18) 200.2 1.57(3)
-69.5 11.04(38) 189.8 2.69(5) -70.3  5.69(15) 210.2 1.53(3)
-59.4 10.22(32) 199.8 2.60(6) -59.6  5.33(15) 220.2  1.49(3)
-49.6  9.67(31) 209.8 2.50(6) -49.7 5.01(12) 230.1 1.44(3)
-39.6  9.09(24)  219.8  2.42(6) -39.7  4.72(15)  240.2  1.41(3)
-30.0  8.49(27)  229.8  2.33(5) -20.5 4.46(10)  250.2 1.37(4)
-20.0 7.94(22)  239.8 2.25(5) -19.3  4.22(10)  260.1  1.34(3)

9.9  7.39(17)  249.8  2.18(5) 9.5 3.98(9) 2702 1.30(3)

0.0  6.95(19) 259.8 2.11(5) 0.5 3.76(10) 280.2 1.27(3)
10.0  6.52(16) 269.8  2.04(5) 10.2  3.55(8) 200.2  1.24(3)
19.7  6.16(12)  279.9 1.98(5) 20.3  3.35(7) 300.2  1.22(3)
29.7  5.78(18)  289.9 1.93(5) 20.8  3.19(7) 3102 1.19(3)
40.5  5.42(12) 299.9 1.87(5) 39.8  3.01(6) 320.2  1.16(3)
50.4  5.10(13)  309.9 1.81(5) 49.6  2.87(7) 3302 1.14(4)
60.3  4.82(9) 319.9  1.77(6) 59.8 2.72(8)  340.3 1.12(5)
70.3  4.57(9) 329.9  1.72(5) 69.9 2.59(5)  350.3 1.10(4)
80.1  4.33(10)  339.9 1.67(6) 799 2.48(4)  360.3 1.08(4)
89.6  4.17(7)  349.9 1.63(5) 90.0 2.37(4)  370.2 1.06(5)

89.7  4.16(8) 359.9 1.58(6) 100.0  2.26(5) 380.5 1.04(4)
100.1 3.97(11)  369.9 1.54(6) 110.7 2.18(4) 390.3  1.02(4)
100.2 3.95(8) 379.9 1.51(6) 120.2  2.09(3) 400.3  1.01(4)
110.1  3.79(7) 389.9  1.47(7) 130.2  2.01(3)

120.1  3.61(7)  399.9 1.44(7) 140.3  1.93(4)

numbers in parentheses are 20 standard deviations of the last digits

123



124 APPENDIX

Table A.2: Thermal diffusivity D measured across the a-f phase tran-
sition (averages of three independent measurements per T).
Thicknesses: dyri[go1) = 1.999(3) mm, dyra[oo1) = 4-706(4) mm,
dyrif100) = 1.986(3) mm and dyrji00) = 4.022(4) mm. Measured

with InSb IR detector
HT1 [oo01] HT2 [oo01] HT1 [100] HT2 [100]
T D T D T D T D

°C) (@@mm?/s) (°C) @mm?/s) (°C) (mm?/s) (°C) (mm?/s)

25.9 5.69(19)  25.6 5.37(27) 259 2.89(8) 25.4  3.08(15)

50.1  4.90(14) 50.6  4.68(18) 50.0  2.56(7) 50.1  2.69(7)

99.6  3.84(11)  99.7 3.67(7) 99.8  2.05(4) 99.7  2.18(5)
149.8  3.09(9)  149.9 2.92(7)  149.8 1.70(3) = 149.7 1.79(3)
199.9 2.29(6) 200.0  2.40(8) 199.8 1.43(3) 199.7 1.52(4)
250.1 1.92(5) 250.0 1.80(5) 249.9 1.24(3) 249.8 1.17(3)
300.2  1.65(5)  300.3 1.54(4)  299.9 1.10(3)  299.9 1.04(3)
325.3 1.54(5) 3253 1.44(5)  325.0 1.05(3)  325.0 0.98(3)
350.3 1.45(5)  350.4 1.35(4)  350.0 1.00(3)  350.0 0.93(3)
3755 1.35(5)  375.3 1.27(5)  375.0 0.94(4)  375.0 0.89(3)
400.4  1.26(5) 400.3  1.20(5) 400.0 0.90(4) 400.0  0.85(3)
425.1  1.18(5) 425.2  1.13(5) 425.0 0.86(4) 425.1  0.82(4)
450.2  1.11(5) 450.2  1.07(6) 450.0 0.82(4) 450.1  0.79(4)
454.7 1.10(5)  454.7 1.07(6)  455.0 0.81(4)  455.0 0.79(4)
4597 1.09(6)  459.7 1.05(5)  460.0 0.81(4)  460.0 0.78(4)
464.7  1.08(5)  464.7 1.04(5)  465.0 0.80(4)  465.0 0.78(4)
469.7  1.07(5)  469.7 1.03(6)  470.0 0.80(4)  470.0 0.78(4)
4747 1.06(6)  474.7 1.02(6)  475.0 0.79(4)  475.0 0.77(4)
479.7 1.05(6)  479.7 1.01(6)  480.0 0.79(4)  480.0 0.77(4)
484.7  1.03(6) 484.7 1.01(6) 485.0 0.78(4) 485.0  0.76(4)
489.8  1.02(5)  489.7 0.99(6)  490.1 0.78(4)  490.0 0.75(4)
494.7  1.01(6)  494.7 0.98(6)  495.2 0.77(4)  495.0 0.75(5)
499.7 1.00(6)  499.7 0.97(6)  500.1 0.76(4)  500.0 0.75(5)
504.7 0.99(6)  504.7 0.96(6)  505.2 0.76(4)  505.0 0.74(4)
509.7 0.98(5)  509.7 0.95(6)  510.1 0.75(4)  510.0 0.74(4)
514.7 0.97(6)  514.7 0.94(6)  515.0 0.75(4)  515.0 0.73(5)
519.7  0.96(6) 519.6  0.93(6) 520.1  0.74(4) 520.0 0.72(4)
524.7 0.95(6)  524.7 0.92(5) 5250 0.74(4)  525.0 0.72(5)
529.8 0.94(6)  529.7 0.91(6)  530.1 0.73(4)  530.1 0.73(5)
534.6  0.93(6)  534.6 0.89(6)  535.1 0.73(5)  535.0 0.72(5)
539.6 0.91(6)  539.7 0.88(6)  540.0 0.72(4)  540.0 0.71(5)
544.6  0.90(6)  544.7 0.87(7)  545.0 0.72(4)  545.0 0.70(5)
549.7 0.89(6)  549.7 0.85(6)  550.0 o0.71(4)  550.0 0.70(5)
551.6  0.88(6) 551.6  0.85(7) 552.0 0.71(5) 552.1  0.70(5)
553.6 0.87(6)  553.6 0.84(6)  554.0 0.70(4)  554.0 0.70(5)
555.5 0.87(6)  555.6 0.84(6)  556.1 0.70(5)  556.1 0.69(5)
557.6  0.86(6)  557.6 0.83(7)  558.0 o0.70(5)  558.0 0.69(5)
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(continued)
HT1 [oo01] HT2 [oo01] HT1 [100] HT2 [100]
T D T D T D T D

C) (@@mm?/s) (°C) (@mm?/s) (°C) (mm?/s) (°C) (mm?/s)

559.6  0.86(6) 559.6 0.77(19) 560.0 0.69(5) 560.0 0.69(4)
561.6  0.86(6) 561.6  0.81(8) 562.0 0.69(4) 562.0 0.68(5)

(
(
563.6  0.84(6) 563.6  0.79(6) 564.0 0.68(4) 564.0 0.68(5)
565.6 0.83(6) 565.6  0.79(6) 566.0 0.68(4) 566.0 0.68(5)
567.6  0.82(6) 567.6  0.77(7) 568.0 0.67(4) 568.0 0.67(5)
569.6  0.80(6) 569.6  0.75(7) 570.0  0.66(4) 570.0  0.66(5)
571.6  0.77(7)  571.7 0.72(14) 572.0 0.65(5)  572.0 0.65(4)
573.7 0.74(11)  573.6  0.58(35) 574.0 0.64(6)  574.0 0.65(5)
575.6 0.63(28)  575.7 0.91(24) 576.0 0.59(12) 575.9 0.62(6)
577.6  0.89(21)  577.6 0.94(8)  578.0 o0.55(17) 578.0 0.58(17)
579.6  0.93(7) 579.6  0.96(7 580.0 0.73(20) 580.0 0.68(18)
581.6  0.94(6) 581.6  0.96(7 582.0 0.81(8) 582.0  0.79(10)
583.6  0.95(6) 583.6 0.97(7 584.0 0.82(6) 584.0 0.82(5)
585.6  0.95(6) 585.6 0.98(7 586.0 0.83(5) 586.0 0.82(5)
587.6  0.96(6) 587.6  0.97(6 588.0 0.83(5) 588.1  0.83(5)
589.6  0.96(6) 589.5 0.98(6 590.0  0.84(5) 590.1  0.83(5)
594.7 0.97(5)  594.6 0.97(6 595.0 0.84(5)  595.0 0.84(6)

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

604.7 0.97(5) 604.6 0.99(5 605.0 0.85(4) 605.1  0.85(4)
609.7 0.97(4) 609.6  0.98(5 610.0 0.85(3) 610.0 0.85(4)
614.7 0.97(4) 614.7 0.99(4 615.0 0.85
619.7 0.98(3) 619.7 0.99(3 620.0 0.85
624.7 0.98(3) 624.7 0.99(4 625.0 0.86
629.8 0.98(3) 629.7 1.01(3 629.9 0.86
634.7 0.98(3) 634.6  0.98(5 634.9 0.86
639.7 0.98(2) 639.7 1.01(5 639.9 0.86

3)  615.0 0.85(4)
3) 620.0 0.85(4)

3) 625.0 0.85(5)
2) 630.0 0.85(2)
2) 6350 0.85(3)

)
)
)
)
)
)
)
599.7  0.97(5) 599.7  0.99(5) 600.0 0.85(4)  600.0 0.85(5)
)
)
)
)
)
)
)
) 2) 640.0 0.83(3)

644.7 0.98(3) 645.0 0.86(2) 645.0 0.86(4)
649.7 0.98(2) 650.0 0.86(2) 650.0 0.86(3)
675.1  0.99(3) 675.0 0.86(2) 675.0 0.85(9)
700.1  0.98(3) 699.9 0.86(2) 700.0  0.63(13)
725.2  0.98(3) 724.9  0.86(2) 724.9  0.90(30)
750.1  0.97(3) 749-8  0.86(3)

7751 0.96(4) 774.8  0.87(5)

800.1  1.03(9)
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Table A.3: Thermal diffusivity D measured for thick (d[gy;) = 9.965(5) mm,
d[100] = 11.089(6) mm) quartz single crystal specimens over the a-f
phase transition (averages of three independent measurements per
T). Measured with InSb IR detector

[o01] [100]
T D T D
Q) (mm?/s) (°C) (mm?/s)

400.1  1.22(9) 399.9 0.90(6)
425.1  1.15(7) 450.2  0.86(5)
450.3  1.13(9) 500.0 0.83(16
4752 1.08(8)  540.3 o0.77(13
500.3 0.97(7) 560.2  0.68(10
525.5 1.00(14) 570.8 0.55(15
540.3 0.98(12) 572.9 0.77(18
560.2 0.89(20) 574.9 1.15(14
565.0 0.78(12) 580.0 1.20(9)
568.9 0.80(15) 585.0 1.19(14)
570.8  0.63(65) 589.9 1.25(13)
572.9 1.01(42) 620.4 1.21(9)
574.9 1.01(22)  650.6  1.33(23)
579.9 1.07(23)  700.6  1.26(22)
585.0 1.05(24)

590.0  1.02(24)

600.0 1.13(33)

620.3 1.09(9)

650.1  1.14(21)

675.0 1.12(27)

700.2  1.14(18)

725.0  1.14(35)




Table A.4: LTy ratio of direct radiative heat transfer Tp ;4 to theoretical
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adiabatic maximum temperature T,y

T Torad T Torad T To,rad T Torad
O () O (%) O () (O (%)
-120.0 0.5(1) -20.1 0.4(1) 119.9 0.5(1) 270.0  4.1(10)
-119.2  1.1(3) -20.1  0.2(1) 129.6 0.8(2) 279.8  4.3(11)
-119.1  1.7(4) -19.8 0.5(1) 149.7 1.3(3) 279.8  4.0(10)
-118.6  0.6(1) -10.1  2.0(5) 149.7 1.8(4) 280.0  3.4(8)
-110.6 0.1(0) -10.0 0.3(1) 150.1 1.5(4) 289.8  4.6(12)
-110.1  1.0(3) -9.6  1.5(4) 159.7 1.6(4) 289.8 4.1(10)
-109.7  0.8(2) -0.2  0.9(2) 159.7 2.6(6) 290.0 5.0(12)
-109.7  0.6(1) -0.1 0.9(2) 160.0 2.0(5) 299.8  3.8(10)
-100.2  0.3(1) 0.4 1.4(3) 169.6 1.9(5) 299.8  4.8(12)
-99.9 1.2(3) 9.8 0.4(1) 169.7 1.8(5) 300.0  4.9(12)
-99.9  0.8(2) 9.8 0.7(2) 169.9 2.1(5) 309.8 4.9(12)
-99.9 0.3(1) 103 0.4(1) 179.6 1.7(4) 309.8 4.5(11)
-99.8  0.4(1) 19.6 1.7(4) 179.7 2.2(5) 310.0 4.3(11)
-90.1  0.7(2) 20.1 0.5(1) 180.0 1.6(4) 319.8  3.6(9)
-90.0 0.4(1) 29.6 1.3(3) 189.6 2.2(6) 319.8 3.9(10)
-89.9 1.4(3) 29.7 0.9(2) 189.7 2.3(6) 320.0 5.0(12)
-89.9 1.2(3) 29.9 0.9(2) 190.0 2.0(5) 329.8  5.4(13)
-89.6  0.8(2) 40.1  1.3(3) 199.7 2.3(6) 329.8 5.1(13)
-89.5 0.6(2) 40.4 1.8(4) 199.7 2.7(7)  330.0 4.3(11)
-80.7 0.8(2) 40.9 1.4(4) 200.0 3.0(7) 339.8 6.2(15)
-80.4 0.6(1) 50.3 o0.7(2) 209.7 2.7(7) 339.8 6.3(16)
-80.0 0.2(1) 50.9 0.5(1) 209.7 1.9(5) 340.0 6.0(15)
798 0.8(2)  59.9 0.3(1) 2100 3.0(7) 3498 5.7(14)
-79.8  0.6(2) 60.8 0.3(1) 219.7 2.9(7) 349.8  6.0(15)
795 0.0(3)  69.7 0.9(2) 219.7 2.9(7) 3500 6.7(17)
-79.2  0.4(1) 70.3 0.9(2) 220.0 2.6(7) 359.8 5.0(13)
-69.7  0.8(2) 70.8 1.0(2) 229.7 2.1(5) 359.8 5.1(13)
-69.5 0.2(1) 79.8 0.4(1) 229.7 3.3(8) 360.1  5.3(13)
-69.3 0.8(2) 89.1 1.0(3) 230.0 1.8(4) 369.8 6.6(17)
-59.7  1.2(3)  89.6  1.0(3) 239.7 3.38) 369.8 7.4(18)
-59.4 0.5(1) 89.6 1.1(3) 239.7 3.1(8) 370.1  6.8(17)
-59.2  0.6(2) 89.9 0.9(2) 240.0 2.4(6) 379.8  6.1(15)
-49.8 0.5(1) 9o.0 0.3(1) 249.7 2.7(7) 3798  6.4(16)
-49.6  0.4(1)  99.6 0.7(2) 249.7 3.5(9) 380.0 6.6(17)
-49-4 0.4(1)  99.6 0.1(0) 250.0 3.5(9) 389.8 7.7(19)
-40.2  1.0(3) 100.0 1.6(4) 259.7 3.2(8) 389.9 7.7(19)
-39.6  0.4(1) 100.8 0.8(2) 259.7 3.4(8) 390.1  7.7(19)
-39.0 1.1(3) 100.9 1.6(4) 260.0 3.9(10) 399.8 8.1(20)
-30.0 0.7(2) 109.6 0.5(1) 269.7 3.2(8) 399.9 6.2(15)
-29.9 0.6(1) 119.6 1.2(3) 269.8 4.2(10) 400.0 6.3(16)
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Table A.5: LT[jqp) ratio of direct radiative heat transfer T ,q4 to theoretical
adiabatic maximum temperature Ty

T TO, rad T TO, rad T TD, rad T TO, rad

max max max max

O ) O (%) (O (B (O (%)

-119.0 0.3(1) -9.9 0.4(1) 130.1 1.8(5) 270.6  2.7(7)
-119.0 2.5(6) -9.6 0.5(1) 130.7 2.2(5) 279.9 3.8(9)
-118.9 0.1(0) -9.1 0.9(2) 139.8 2.3(6) 280.1  3.9(10)
-111.8  0.5(1) 0.1 1.8(4) 140.2 2.3(6) 280.6  2.9(7)
-110.5 1.1(3) 0.4 1.0(2) 140.8 2.6(6) 289.9 3.3(8)
-110.2  1.0(2) 0.9 0.9(2) 149.9 1.9(5) 290.1 4.2(10)
-109.1  0.6(2) 10.1  1.9(5) 150.2 2.8(7)  290.6  4.4(11)
-100.3  1.7(4) 10.1 1.0(2) 150.8 1.7(4) 209.9  4.5(11)
-100.2  0.8(2) 10.4 0.7(2) 159.9 2.4(6) 300.1  3.8(9)
-99.6  1.3(3) 19.9 o0.7(2) 160.2 1.1(3) 300.6  4.5(11)
-99.6  0.6(2) 20.2 1.8(4) 160.8 2.0(5) 309.9  4.4(11)
-99.4 0.9(2) 20.8 0.9(2) 169.8 2.7(7) 310.1  4.8(12)
-98.4 0.6(2) 29.6 1.2(3) 170.1 2.0(5) 310.7  4.9(12)
-91.9 1.6(4) 29.7 0.8(2) 1707 1.4(3) 319.9 4.3(11)
-91.2  0.6(2) 30.2 1.7(4) 179.9 2.0(5) 320.1 4.2(10)
-90.5 0.6(2) 39.2 1.2(3) 180.2 2.1(5) 320.7 4.2(10)
-90.2  0.2(1) 39.9 1.0(3) 180.8 2.7(7) 329.9 4.9(12)
-90.1  0.6(2) 40.3 1.4(4) 189.9 2.8(7) 330.1  5.1(13)
-89.9 1.6(4) 49.5 0.8(2) 190.2 3.2(8) 330.7 4.8(12)
-81.1 1.8(4) 497 1.7(4) 190.8 2.3(6) 339.9 4.8(12)
-80.8  0.2(1)  49.7 1.5(4) 199.9 3.3(8)  340.2  4.4(11)
-80.7  1.2(3) 59.6 1.7(4) 200.1 3.1(8) 340.7  5.1(13)
-80.5 1.0(3) 59.7 1.3(3) 200.6 2.4(6) 350.0 5.3(13)
-80.0 1.5(4) 60.0 2.8(7) 209.9 2.3(6) 350.2 6.4(16)
-80.0 0.9(2) 69.7 1.7(4) =210.1 2.9(7) 350.7 5.4(13)
-79.9  0.3(1) 69.8 1.4(4) 210.6 3.4(9) 360.0 4.8(12)
-70.3  1.4(4) 70.2 1.1(3) 219.9 3.1(8) 360.2  6.5(16)
-69.8 0.5(1) 79.7 1.1(3) 220.1 2.5(6) 360.8  4.5(11)
-59.8  0.7(2) 79.8 0.9(2) 220.6 3.0(7) 369.9 6.8(17)
-59.6  0.4(1) 803 1.2(3) 229.9 2.7(7) 370.1  5.9(15)
-59.5 0.4(1)  89.7 1.3(3) 230.0 29(7) 370.7 5.3(13)
-49.9 0.4(1) 89.9 24(6) 2305 3.3(8) 380.2 6.7(17)
-49.6  0.9(2) 90.4 2.1(5) 239.9 3.6(9) 380.6 7.4(19)
-49.5 0.4(1) 997 1.9(5) 240.1 2.9(7)  380.8 5.9(15)
-39.9 0.7(2)  99.9 1.8(4) 240.6 3.3(8) 390.0 6.7(17)
-39.6  0.7(2) 100.4 1.2(3) 249.9 3.9(10) 390.2 7.6(19)
-39.5 0.5(1) 1104 1.6(4) 250.1 3.1(8) 390.8  7.7(19)
-29.7  1.1(3) 110.8 2.4(6) 250.6 3.7(9) 400.0 7.5(19)
-29.4 0.6(1) 110.8 2.2(5) 259.9 4.1(10) 400.2 7.2(18)
-29.3 0.4(1) 119.8 2.0(5) 260.0 3.7(9) 400.8 8.0(20)
-19.6  0.4(1) 120.1 2.8(7) 260.5 3.9(10)
-19.3 0.2(1) 120.8 1.6(4) 269.9 4.0(10)
-19.1  1.2(3) 129.8 2.1(5) 270.1 3.8(9)




Table A.6: HT1gy) ratio of direct radiative heat transfer Ty ,,4 to theoretical
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adiabatic maximum temperature T,y

T Tow p T g Tyrat T Torat
(°C) (%) °O) (%) (°C) (%) () (%)
25.8  1.5(4) 4748  6.3(16) 553.8  13.935) 589.7  1.8(5)
25.9 1.0(3) 479.6  6.3(16) 5552  15.2(38)  589.8 1.3(3)
259 0.0(2) 479.8  6.1(15) 555.7  14.2(35)  594.4 1.4(4)
49-6  5.6(14) 479.8  6.1(15) 5557  14.9(37)  594.8 1.2(3)
49-9 3.4(8)  484.6  6.4(16) 557.2  15.8(40)  594.8 1.2(3)
508 0.7(2)  484.8  6.4(16) 557.7  15.2(38)  599.4 1.3(3)
99-4 0.4(1) 4848  6.3(16) 557.8  15.3(38)  599.8 1.4(3)
99.6  3.38) 489.7  7.1(18) 559.2  16.9(42)  599.8 1.4(3)
99.8 2.1(5)  489.8  6.8(17) 559.7  16.2(41)  604.5 1.4(4)

149.6 1.9(5) 489.8  6.9(17) 559.8 16.2(40)  604.8 1.4(3)

149.7 3.2(8)  494.6  7.2(18) 561.2  18.3(46) 604.8 1.4(3)

150.0 2.6(7) 494.8 7.2(18) 561.7 17.1(43) 609.5 1.4(4)

199.8 2.0(5)  494.8  6.7(17) 561.8  17.4(44)  609.8 1.3(3)

199.8  1.9(5)  499.6  7.4(19) 563.2  19.1(48)  609.8 1.3(3)

200.2  1.9(5)  499.8  7.4(18) 5637  18.9(47)  614.5 1.5(4)

249.8  2.8(7)  499.8  7.4(19) 563.8  18.3(46)  614.8 1.4(4)

249.9 2.0(5) 504.6  7.5(19) 5652  21.6(54) 614.8 1.4(4)

250.5 2.3(6) 504.8  7.6(19) 5657  21.0(53)  619.5 1.5(4)

299.9 2.8(7) 5048  7.7(19) 5658  20.4(51)  619.8 1.4(4)

300.0 2.9(7)  509.5  8.3(21) 567.2  24.9(62)  619.8 1.5(4)

300.7 2.8(7) 509.7  8.1(20) 567.7  24.5(61) = 624.5 1.4(3)

324.9 3.0(8) 509.8 8.2(20) 567.8 24.6(62) 624.8 1.4(3)

325.1  2.9(7) 514.6 8.5(21) 569.2 29.2(73) 624.8 1.5(4)

325.8  3.0(7)  514.8  8.4(21) 569.7  29.2(73)  629.7 1.7(4)

349-9 3.1(8) 514.8  8.4(21) 569.8  29.3(73)  629.8 1.5(4)

350.2  3.2(8) 519.6 8.9(22) 571.2 36.8(92) 629.8 1.6(4)

350.8 3.2(8) 519.8  9.0(23) 5717  37.8(94)  634.6 1.6(4)

375.0 3.6(9) 519.8  8.8(22) 571.8  38.8(97)  634.8 1.7(4)

3754 3.6(9)  524.6  9.2(23) 573.5  47.9(120) 634.8 1.7(4)

376.0 3.6(9) 524.8  9.1(23) 573.7 102.5(256) 639.6  2.2(5)

400.0 4.0(10) 524.8  9.0(23) 573.8 136.9(342) 639.8 1.7(4)

400.3  3.9(10) 529.7  9.8(25) 575.3 142.1(355) 639.8 2.7(7)

400.9  4.0(10) 529.8  9.6(24) 575.8  58.1(145) 644.5 2.1(5)

424.8  4.6(11) 529.8  9.9(25) 575.8  63.9(160) 644.8  2.9(7)

425.1  4.4(11) 534.2 10.3(26) 577.3  14.4(36)  644.8 2.9(7)

425.5 4.7(12) 534.8 10.6(27) 577.7  11.2(28)  649.6 3.1(8)

449.9 5.1(13) 534.8 10.2(26) 577.8  10.9(27)  649.8 5.3(13)

450.1  5.3(13) 539-2 11.4(29) 579.2  5.6(14)  649.8  4.3(11)

450.5 5.1(13) 5398 10.9(27) 579.7  4.7(12)  675.0  5.4(14)

454.6  5.4(13) 539.8 11.2(28) 579.8 5.0(13)  675.2  4.4(11)

454.8  5.0(13) 544.3 12.4(31) 581.2 3.8(9) 675.2 4.9(12)

454.8  5.5(14) 544.8 12.030) 5817  4.6(12)  700.0 9.7(24)

459.6 5.5(14) 544.8 11.8(29) 581.8 4.5(11) 700.2 10.1(25)

459-8  5.7(14) 5493 13.333) 5833  3.1(8) 700.2  10.4(26)

459.8  5.6(14) 549.8 12.5(31) 583.7 2.7(7) 725.0  18.3(46)

464.6 5.8(14) 549.8 12.7(32) 583.8 2.9(7) 725.2  29.6(74)

464.8 5.6(14) 549.8 12.7(32) 5853 2.3(6) 725.3  19.6(49)

464.8  5.9(15) 549.9 13.333) 5857 @ 2.2(6) 7499  50.1(125)

469.6  5.8(14) 551.2 14.0(35) 585.8 (5) 750.2  92.3(231)

469.8 5.9(15) 551.7 13.3(33) 587.3 -8(5) 750.2  88.7(222)

469.8 5.7(14) 551.8 13.4(34) 587.7 1.9(5) 775.0  105.9(265)

4746 5.9(15) 553.2 14.7(37) 587.8 1.6(4) 775-1  227.6(569)

474.8  5.8(14) 553.7 13.9(35) 589.3 1.7(4) 7753  190.1(475)
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Table A.7: HT2(y) ratio of direct radiative heat transfer Ty 4 to theoretical
adiabatic maximum temperature Ty

T TO, rad T TO, rad T TO, rad T TO, rad

max max max max

QO (%) (O (%) ) (%) (°C) (%)

25.5 2.5(6)  469.8  6.1(15) 5517  17.1(43)  585.3 8.5(21)
25.6  0.8(2) 4745 6.6(17) 551.7  17.6(44) 585.7 7.2(18)
256 1.3(3) 4747  6.9(17) 553.3  18.5(46) 585.7 9.1(23)
50.1  0.5(1) 4748  6.9(17) 553.7  18.8(47) 587.3 9.6(24)
50.8  1.6(4) 479.5 7.2(18) 553.7  18.7(47) 587.7 9.7(24)
508 2.7(7) 4798  7.0(17) 5553  20.1(50) 587.7 9-4(24)
99.5 0.8(2)  479.8  7.4(18) 5557  20.0(50) 589.3  11.1(28)
99.7  4.4(11) 484.5 7.0(18) 555.8 20.2(51) 589.6 10.6(26)
99.9 5.3(13) 4847  7.1(18) 557.3  20.5(51) 589.7 9.6(24)
149.7 1.1(3) 4848  7.3(18) 5577  21.1(53)  594.4  12.0(30)
149.7 1.1(3)  489.5  7.6(19) 557.7  20.8(52)  594.7  13.9(35)
150.2  6.6(17) 489.7  7.6(19) 559.4  -3.9(-10) = 594.8  14.4(36)
199.8  1.8(5)  489.8  7.7(19) 559.7  23.2(58) 599.5  14.8(37)
199.8  1.5(4)  494.5  8.2(20) 559.8  22.9(57) 599.7  16.7(42)
200.3  0.8(2)  494.7  7.9(20) 561.3  24.2(61)  599.8  13.7(34)
249.8 1.7(4) 494.8  8.1(20) 561.7  25.0(63) 604.4  21.6(54)
249.9 2.1(5) 499.5 8.4(21) 561.8 24.9(62) 604.7 19.1(48)
250.2  2.3(6) 499.7  8.1(20) 563.4 27.8(69) 604.8 19.9(50)
299.9 2.3(6) 499.8 8.5(21) 563.7  28.2(70) 609.5 22.3(56)
300.1 2.2(6) 504.5 8.2(20) 563.7  27.9(70) 609.7  30.4(76)
300.8 2.2(5) 504.7  8.0(20) 565.3  30.2(75) 609.7  32.3(81)
324.9 2.4(6) 504.8 8.5(21) 565.7  31.6(79) 614.6 32.7(82)
325.3 2.5(6) 509.5  8.1(20) 5657  30.8(77) 614.7  33.1(83)
325.8 2.8(7) 509.7  8.7(22) 567.3  34.0(85) 614.8  30.2(76)
350.0 3.0(7)  509.8  8.8(22) 567.7  35.4(88) 619.5  35.6(89)
350.3 2.8(7) 5145 9.1(23) 567.7  35.1(88) 619.8  41.8(104)
350.9 2.8(7) 5147  9.6(24) 569.3  39.8(99) 619.8  47.7(119)
3750 3.4(8)  514.8  9.0(23) 569.7  41.6(104)  624.5  51.7(129)
3752 3.4(9)  519.5 10.0(25) 569.7  41.8(105)  624.7  53.4(134)
3757 3.7(9)  519.7 10.1(25) 5715  48.6(122)  624.8  55.5(139)
400.0 4.0(10) 519.7 10.2(25) 571.7  52.1(130) 629.5 73.9(185)
400.2  4.0(10) 524.5 10.3(26) 571.8  54.1(135) 629.7 77.0(193)
400.6  3.9(10) 524.7 11.0(27) 573.3 121.1(303) 629.8 81.9(205)
424.9 4.6(12) 524.8 11.4(29) 573.7 361.4(903)  634.4  99.9(250)
425.2  4.9(12) 529.5 11.6(29) 573.8 967.1(2418) 634.7 100.5(251)
425.5 4.8(12) 529.7 11.9(30) 575.6 21.8(54) 634.8 114.6(287)
449.9 5.1(13) 529.8 12.2(31) 575.7  20.1(50) 639.6  161.9(405)
450.1  5.5(14) 5345 12.7(32) 5758  18.6(47) 639.8  169.4(424)
450.5 5.2(13) 5347 13.0(32) 577.3  10.2(25) 639.8  184.6(461)
454.5 5.4(13) 5347 13.1(33) 577.7  9.3(23) 644.7  228.4(571)
454.8  5.3(13) 539.5 13.8(34) 577.7 9.9(25) 644.8  259.1(648)
454.8  5.3(13) 539.7 13.6(34) 579.3 7-3(18) 644.8  251.6(629)
459.5 6.0(15) 539.8 13.8(35) 579.7  8.3(21) 649.7  286.5(716)
459.8  6.0(15) 544.5 15.2(38) 579.7  8.8(22) 649.8  270.0(675)
459.8 5.8(14) 544.7 15.3(38) 581.3 8.3(21) 649.8  293.2(733)
464.5 6.2(15) 544.8 15.3(38) 581.7 6.9(17) 674.8  376.9(942)
464.8  6.0(15) 549.5 16.9(42) 581.8 6.4(16) 674.9  355.5(889)
464.8  5.6(14) 549.7 16.4(41) 583.3 8.5(21) 675.0  333.5(834)
469.5 6.4(16) 549.8 17.2(43) 5837  8.3(21)
469.8  6.3(16) 551.4 17.2(43) 583.7 6.3(16)
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Table A.8: HT1yq) ratio of direct radiative heat transfer Ty ,,4 to theoretical
adiabatic maximum temperature T,y

7 w7 Towm g Torat T Torat
O (%) O (%) O (%) O (%)
25.9 0.6(1)  479.8  5.4(13) 557.8  15.6(39) 599.8  2.1(5)
25.9 53(13) 4799 5.5(14) 557.9  15.8(39)  599.9 2.8(7)
26.0 3.7(9) 480.2  5.4(13) 558.3 16.1(40) 600.3 2.6(7)
49.7  0.4(1) 484.8 6.4(16) 559.8 16.7(42) 604.8 2.2(5)
49:9 4.0(10) 484.9  5.7(14) 559.9 16.7(42)  604.9 2.1(5)
50.5 2.9(7) 485.2  6.6(17) 560.3 17.2(43)  605.3 2.2(6)
99.6  4.3(11) 489.8 5.8(14) 561.8 18.0(45)  609.8 2.5(6)
99.6  3.5(9) 490.0 5.9(15) 561.9 18.0(45)  609.9 2.2(6)

100.2  3.2(8) 490.6  6.1(15) 562.3 18.6(46) 610.2 2.7(7)

149.6  1.7(4)  494.9  6.4(16) 563.8  19.1(48)  614.8 2.7(7)

149.7 1.6(4)  495.0  6.3(16) 563.9  19.1(48)  614.9  2.7(7)

150.0 1.5(4)  495.7  6.2(15) 564.3  19.7(49)  615.2 2.4(6)

199.7 1.7(4) 499.8 6.4(16) 565.8 20.8(52) 619.8 2.2(6)

199.8 1.6(4) 500.0  6.5(16) 565.9 20.9(52) 619.9 2.7(7)

200.0 2.1(5) 500.6  6.8(17) 566.3 21.6(54) 620.2 2.4(6)

249.8 4.6(12) 505.0 @ 6.8(17) 567.8  22.9(57)  624.9 2.8(7)

249.8  1.7(4) 505.0  6.8(17) 567.9  23.3(58)  624.9 3.1(8)

250.1  2.0(5) 505.6 7.2(18) 568.3 23.8(59) 625.2 3.5(9)

299.8  2.2(5) 509.8 7.0(17) 569.8 25.3(63) 629.8 3.1(8)

209.8 1.9(5) 510.0 7.2(18) 569.9  25.2(63)  629.9 3.2(8)

300.1 2.0(5) 510.6  7.2(18) 570.3  26.1(65)  630.1 3.0(7)

324.8  2.2(5) 514.8  7.6(19) 5718  29.1(73)  634.8 3.7(9)

324.9 2.5(6) 5149  7.4(19) 5719  29.3(73)  634.9 3.0(7)

3252 2.3(6) 515.4  7.6(19) 5722  31.5(79)  635.1 3-4(9)

3498 2.3(6) 519.8  8.0(20) 573.8  42.1(105) 639.8  3.5(9)

349.9 2.5(6) 519.9  8.1(20) 573.9  39.2(98)  639.9 4.0(10)

350.2  2.5(6) 520.5 8.1(20) 574.3 42.3(106)  640.1 3.3(8)

374.8  2.8(7) 524.8 8.5(21) 575.8  52.9(132) 644.8 4.0(10)

3749 2.7(7) 5249  8.6(21) 575.9  53.7(134) 644.9  4.1(10)

3753 3.6(9) 5254  8.6(21) 576.4 139.6(349) 6452  4.2(10)

3998 3.1(8)  529.8  9.3(23) 577.8 105.9(265) 649.8 4.8(12)

399.9  9.8(25) 530.0  9.1(23) 577.9 111.1(278) 649.9 4.5(11)

400.3  3.1(8) 5305  9.3(23) 5783  7o.0(175) 650.2  5.3(13)

424.8  4.4(11) 534.8 10.0(25) 579.8  23.8(60) 6749  6.7(17)

424.9 3.7(9) 5349 10.025) 579.9  22.5(56)  674.9 7-7(19)

425.3  3.8(9) 535.5 10.4(26) 580.2 16.5(41) 675.1 6.3(16)

449.9 4.5(11) 539.8 10.7(27) 581.8 6.3(16)  699.8  13.8(34)

4499 4.8(12) 539.9 10.6(27) 581.9 6.5(16)  699.9  13.2(33)

450.3 5.2(13) 540.4 10.7(27) 582.2 5.0(13)  700.1 10.8(27)

454.8  4.6(12) 544.8 11.5(29) 583.8 3.8(10)  724.8  36.7(92)

454.9 4.5(11) 544.9 11.7(29) 583.9 3.79) 724.8  39.6(99)

455.3  5.4(13) 5453 11.7(29) 5843  3.3(8) 725.0  30.9(77)

459.8 4.7(12) 549.8 12.8(32) 585.8 3.2(8) 749.8  122.2(306)

459.9  4.7(12) 549.9 12.9(32) 585.9  3.4(8) 749-8  143.2(358)

460.3  4.8(12) 550.4 12.9(32) 586.3 2.8(7) 749.9 106.1(265)

464.8  4.8(12) 551.8 13.6(34) 587.8 2.6(7) 7748 302.8(757)

464.9 4.9(12) 551.9 14.1(35) 587.9 3.2(8) 774-8  351.0(877)

465.2  4.9(12) 5524 13.6(34) 5883  3.0(7) 774-9  282.1(705)

469.8  5.4(13) 553.8 14.1(35) 589.8  2.4(6) 799-8  594.9(1487)

469.9 5.6(14) 553.9 14.3(36) 589.9 2.8(7) 799-8  660.7(1652)

470.2  5.1(13) 554.4 14.4(36) 590.3 2.2(6) 799-8  752.5(1881)

474.8  5.1(13) 555.8 14.8(37) 594.8  2.4(6)

474.9 5.2(13) 556.0 15.7(39) 594.9  2.3(6)

4752 5.0(12) 556.4 15.1(38) 595.3 2.2(6)
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Table A.9: HT2y() ratio of direct radiative heat transfer Ty 4 to theoretical
adiabatic maximum temperature Ty

T TO, rad T TO, rad T TO, rad T TO, rad

max max max max

QO (%) (O (%) ) (%) (°C) (%)

25.3 0.0(4)  469.9  4.7(12) 5503  12.7(32) 583.8  11.3(28)
25.4  1.3(3) 4703  4.7(12) 551.9  13.3(33) 584.0 9.1(23)
254 1.9(5) 474.8  5.0(12) 552.0 @ 13.3(33) 584.3 9.5(24)
49-6  0.2(1) 4749  4.7(12) 5523  13.7(34) 585.9  10.2(25)
49.9 0.2(1) 4753 5.0(12) 553.8  14.1(35)  585.9  10.1(25)
50.9 0.5(1)  479.8  5.3(13) 554.0  14.4(36)  586.3 9-1(23)
99.5 1.9(5)  479.9  5.2(13) 554.3  14.1(35) 587.9  10.8(27)
99.6 1.0(2) 480.3 5.1(13) 5559  14.8(37) 588.0  13.0(33)
99.9 4.3(11) 484.8  5.5(14) 556.0  14.9(37) 588.3  11.0(28)
149.5 0.000)  484.9  5.4(13) 556.3  15.2(38)  589.9  13.0(33)
149.7 0.5(1) 4853  5.6(14) 557.8  15.2(38)  590.0  13.6(34)
149.9 1.2(3)  489.8  5.5(14) 557.9  15.9(40) 590.3  12.9(32)
199.7 0.9(2)  489.9  5.5(14) 558.2  15.7(39) 594.8  16.7(42)
199.7 0.3(1)  490.3  5.9(15) 559.8  16.4(41) 595.0  17.0(43)
199.8 0.9(2)  494.8  6.0(15) 560.0  16.7(42) 595.3  15.6(39)
249.7 0.0(0) 4949  5.8(15) 560.3  16.9(42) 599.8  18.4(46)
249.8 0.0(1) 495.3 6.0(15) 561.8 17.6(44) 600.0 18.2(46)
249.9 0.0(1) 499.8 6.3(16) 562.0 18.4(46) 600.3 17.9(45)
299.8  1.6(4) 499.9 6.1(15) 562.3 18.5(46) 604.9 24.5(61)
209.8 o0.0(2) 500.3  6.1(15) 563.8  18.8(47) 605.0  27.4(69)
300.2 0.0(10) 504.8  6.5(16) 563.9  19.0(48) 605.3  24.6(62)
324.8 2.0(5)  504.9  6.9(17) 564.2  19.6(49) 609.9  29.4(74)
324.9 2.0(5) 505.3 6.6(16) 565.8 20.8(52) 609.9 32.3(81)
325.2 1.9(5) 509.8  6.7(17) 566.0  21.0(53) 610.3  30.1(75)
349.8 2.3(6) 509.9  6.9(17) 566.3  21.3(53) 614.8  42.6(106)
349.9 1.9(5) 5103  6.7(17) 567.8  22.3(56) 614.9  38.0(95)
350.3 2.2(5) 514.8  7.7(19) 568.0  22.5(56) 615.3  43.3(108)
374.8  2.5(6) 514.9 7.1(18) 568.3 22.6(57) 619.8 55.2(138)
3749 2.5(6) 5153  7.2(18) 569.8  25.5(64) 619.9  48.8(122)
375.3 2.7(7) 519.8  8.1(20) 569.8  24.9(62) 620.2  46.8(117)
399.8 3.1(8) 519.9 7.8(19) 570.3 26.0(65) 624.8 60.0(150)
399.9 2.9(7) 5204  8.0(20) 5718  29.2(73) 624.9  70.0(175)
400.3  2.9(7)  524.8  8.5(21) 5719  28.5(71) 625.2  54.9(137)
424.8  3.4(8) 5249 8.7(22) 5723  29.3(73) 629.8  76.2(191)
425.0 3.38) 525.3  8.3(21) 573.8  61.2(153) 630.0  74.2(186)
425.4  3.6(9)  529.9 9.0(23) 573.9 60.8(152)  630.3  69.8(174)
449.9 3.9(10) 530.0  9.0(23) 574.2  60.8(152)  634.9  96.9(242)
450.0 3.9(10) 530.3  8.9(22) 5758  70.3(176)  634.9  109(273)
450.3  3.9(10) 534.9  9.6(24) 575.9  71.7(179)  635.3  89.6(224)
454.8 5.8(14) 535.0 9.7(24) 576.1  76.9(192)  639.8 135.3(338)
454.9 4.3(11) 535.2  9.8(24) 577.8 132.0(330)  639.9 122.0(305)
455.3 4.0(10) 539.8 10.8(27) 577.9 175.1(438)  640.2 126.2(315)
459.8  5.1(13) 539.9 10.5(26) 578.3 415.2(1038) 644.8  166.3(416)
459.9 4.8(12) 540.3 10.1(25) 579.8  73.8(184)  644.9 165.8(414)
460.3  4.2(10) 544.9 12.0(30) 579.9 64.1(160) 645.2 152.1(380)
464.8  4.3(11) 544.9 11.4(29) 580.2  45.7(114)  649.8 214.9(537)
464.9 4.7(12) 5453 11.5(29) 5818  14.3(36) 649.9  208.4(521)
465.3  4.4(11) 549.8 13.1(33) 5819  12.5(31) 650.2  215.4(538)
469.8  4.6(12) 549.9 12.9(32) 582.3 11.2(28)
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Table A.10: Thermal diffusivities D of synthetic single crystal portlandite in
[100] (axial plane) and [0o1] (basal plane) direction measured by
laser flash method. The data are the averages of five basal and six
axial specimens with at least three independent measurements per
temperature step and specimen. Data between -100 °C and 100 °C
were measured by low T HgCdTe (MCT) IR detector, between
25 °C and 700 °C by high T setup with the InSb IR detector

T Dr199) T Diooy
(= D11, D) (= D33)
(°C) (mm?/s) (°C)  (mm?/s)
-100.6  13.4(12) -100.5 1.37(5)
-80.0 11.6(10) -80.2  1.25(4)
-59.8  10.1(5) -60.0 1.13(4)
-39.6  9.0(3) -40.0  1.03(3)
-19.6  7.9(3) -19.9  0.94(3)
0.3  7.0(2) 0.2 0.85(3)
25.0  6.1(2)" 25.1  0.75(2)"
25.1 6.1(2) 25.1  0.72(2)
50.0  5.4(2) 49.7  0.67(1)"
49.0  5.3(1) 50.1  0.64(1)
75.0  4.81(12)" 75.0  0.60(1)"
99.8  4.34(9) 100.0  0.52(1)
100.1  4.36(11)" 100.1  0.54(1)"
149.9  3.64(7) 150.2  0.44(1)
199.9  3.11(6) 200.3  0.37(1)
250.1 2.71(7) 250.4 0.32(1)
300.4 2.39(8) 300.4 0.28(1)
325.4  2.26(8) 320.5 0.27(1)
350.5  2.14(8) 350.5  0.25(1)
375.5  2.04(8) 375.6  0.24(1)
400.4 1.96(10) 400.6  0.23(1)
425.4 1.86(11) 425.5 0.22(1)
437.3  1.65(15) 437.3  0.22(1)
450.3  1.37(13) 450.3  0.21(1)
462.3 1.24(8) 462.1  0.21(1)
475.3  1.25(7) 475.3  0.20(1)
487.3 1.30(7) 487.2  0.18(1)
500.3  1.30(6) 500.3  0.15(1)
512.2  1.31(5) 512.2  0.14(1)
525.3  1.31(5) 525.2  0.14(1)
537.2  1.32(4) 537.2  0.15(1)
550.2 1.32(5) 550.2  0.14(1)
575-4  1.32(6) 575.3  0.15(1)
600.4  1.32(8) 600.3  0.15(1)
650.4 1.34(11) 650.3 0.15(1)
700.3 1.39(9) 700.2  0.17(1)

? thermal diffusivity values measured by HgCdTe (MCT) IR detector in the overlapping
T region between 25 °C and 100 °C
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Table A.11: Thermal conductivity tensor «;; for single crystal portlandite de-
rived using Eq. 4.5 in [100] (=%11 =x2) and in perpendicular
c-axis direction [001] (= %33)

T K11 K33 0 cp
(°C)  W/mK)  (W/mK) (8/em®) (/kgK)
-100.6  24.9(23) 2.55(10) 2.261 823

-80.1 23.6(21) 2.55(9) 2.257 901
-59.9 22.0(12) 2.47(10) 2.254 969
-39.8  20.8(9) 2.38(8) 2.250 1030
-19.8  19.2(8)  2.28(9 2.247 1081
0.2 17.8(7)  2.15(8 2.243 1128
25.1  16.1(6) 1.94(6 2.239 1178
49.9 14.6(5)  1.78(5
750 13.5(4)  1.68(4
100.0  12.5(4) 1.53(4 2.226 1290
150.0 10.8(3) 1.30(3 2.218 1343

)

)

)

) 2.235 1221

)

)

)
200.1 9.5(3) 1.14(3) 2.210 1382

)

)

)

)

)

)

2.231 1258

250.3  8.4(3)  0.98(3
3004  7.5(3)  0.89(3
3229 7.2(3)  0.85(3
350.5 6.8(3) 0.80(3
3756  6.5(3)  0.76(3
400.5  6.3(3)  0.73(3

2.201 1413
2.193 1438
2.189 1447

2.185 1459
2.181 1467

2.176 1476

The temperature-dependent densities p are approximated on the basis
of the density measured by XRD at 20 °C (p = 2.240(2) g/cm?, see chap-
ter 4, section 4.2.1) using linear thermal expansion coefficients «y, for
portlandite given by Xu et al. (2007) extrapolated for the given temper-
ature range between -100 °C and 400 °C: a;-axis ar, =1.1759x 10> K™
and c-axis a . =5.2548 X107 K™.

Listed isobaric heat capacities ¢, for portlandite are taken from Chase
(1998) (based on Kobayashi 1950 (cited by Chase 1998) and Hatton et al.
1959, 10 assumed as 2 %) and Mc,on), = 74-093 g/mol was used for
calculations.
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