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Abstract

In this study we provide a multi-physical and multi-scale characterization
of an organic Phase Change Material (PCM), i.e. hexadecane, for both its
liquid and solid phase and during the phase transition. Macroscopic ther-
mal and physical properties provided are density and viscosity in the liquid
phase and thermal conductivity and heat capacity in each phase. Further
macroscopic measurements were done by differential scanning calorimetry
(DSC), which was used to obtain a first estimation of temperatures at which
the solid/liquid phase transition occurs. DSC results present a thermal hys-
teresis between melting (75,) and solidification (7s) temperature. A similar
hysteresis was also collected during rotational and oscillatory rheometry at
the phase change, where T} is found to depend on the applied cooling rate.
Moreover, near Ty the forming solid structure is continuously affected by
conditions imposed by the rheometer (i.e. applied shear rate or stress) and
the breakage of crystals takes place even at the weak imposed stress tested
(0.001 Pa). Beside the bulk behavior, the local melting and solidification
were studied at microscopic scale through Raman spectroscopy. The local
melting temperature is very close to what found by DSC and by rheome-
try. On the other hand, crystallization onset is found at higher temperatures
for long waiting times, thus considerably reducing the thermal hysteresis.
Finally, we highlight a key influence of interfaces on the phase transition.
Variations in boundary conditions (thermal and/or kinematical conditions)
are found responsible for the way hexadecane’s solidification occurs.

Keywords: Phase Change Materials, Hexadecane, Solidification, Melting,
Multi-scale characterization

Preghsplasrsal n Elgbraipe December 27, 2022

**christel.metivierQuniv-lorraine.fr



34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

1. Introduction

Continuous increase in fossil energy consumption and in energy supply
leads to crucial impact on the climate change. Therefore, major efforts have
been made in recent years to promote a more responsible use of the extracted
energy. A promising way to do so concerns the optimization of technological
processes via recovery and further reuse of waste heat produced. These latter
constraints require the development of efficient and low-cost thermal energy
storage (TES) systems.

Among the available ways to store thermal energy, the heat energy gener-
ated/absorbed during phase transition is one of the most widely used [1, 2.
Phase change materials (PCMs) which theoretically exhibit significant latent
heat per unit of volume are the basic components of such thermal energy
storage devices. Such materials allow to store the latent heat during the
melting and release that energy during the solidification process. The main
advantages of PCMs based systems lie in (i) a quasi-constant temperature at
which the phase transition occurs (for mono-component PCMs or eutectics)
2, 3, 4], and (ii) the reversibility of storage/release cycles as long as the
materials do not present significant ageing effects [5] or thermal instabilities
6].

The usage of PCMs can have a strong impact also on the environmental
health care. In sustainable architecture, PCMs are employed for example to
maintain indoor steady temperatures near the thermal comfort for long peri-
ods [5]. This decreases the need of heating, ventilating and air conditioning
systems, which account to more than half of the total energy consumed in
buildings [7], and therefore decreases the energy consumption and the emis-
sion of greenhouse gas, playing an important role in the decarbonization.
Similarly, PCMs are involved in a large range of smart engineering processes,
e.g. in the transport of food or pharmaceuticals such as vaccines [8, 9], in
electronic systems [10], in smart textiles [11], etc. PCMs are also a key
topic in geophysics where a clear knowledge of how thermal and mechanical
properties of partial melted rocks vary near phase transitions is essential to
properly model crustal magmatic systems [12].

Commercially available PCMs differ from each other in physical-chemical
characteristics, thermal properties and phase transition temperatures [13,
14]. They are commonly divided in organic PCMs, inorganic PCMs and a
combination of the two. Beside their usually higher latent heat and low cost,
inorganic PCMs undergo corrosion, decomposition and thermal stability defi-
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ciency, making them less attractive than the organic counterpart [5]. Organic
PCMs, e.g. paraffin and fatty acid, have much more stable thermo-physical
properties and more suitable phase transition temperatures for a wide range
of applications. However, their main drawback falls in a quite low thermal
conductivity (e.g. A ~0.2 Wm ™K™' for liquid paraffin waxes), that leads
to slow charging and discharging rates [4, 5, 15]. There are several ways
to improve the heat transfer, for instance: (1) by using micro-encapsulated
PCMs [16, 17], (2) by triggering the phase change in convective regime [10],
and (3) through the usage of composite shape-stabilized PCM systems that
increase their thermal conductivity [18]. Micro-encapsulated PCMs (1) have
the main advantage of increasing the surface to volume ratio of PCM, i.e. the
effective surface where heat transfer occurs [19]. The PCM is stored as core
of microcapsules and is coated with a polymer layer. This solution allows to
avoid leakage and to reduce reactions with the external environment during
phase transition. The second way (2) to enhance heat transfer consists in
performing the phase change with convection. When, in the liquid PCM,
the dominant heat transfer mode is convection, the melting rate increases
and the melting interface moves faster [20]. The most common composites
PCM systems (3) consists in inserting PCMs in a porous matrix with high
thermal conductivity. A large amount of experimental and numerical studies
has been carried out for different combination of PCMs with porous supports
(e.g. metal or graphite foams, beads, etc.). A recent and extensive review
on the topic is given by Zhang et al. [2]. Compared with the case of a pure
PCM, heat is in this case more efficiently transferred away from the heating
source because of the higher thermal conduction of the porous medium [21].
Although any combination of methods (1) to (3) is possible, in some cases
they can counteract each other. For instance, solid foams with high thermal
conductivity can drastically delay the occurrence of natural convection in
liquid phase [22, 23] since relative buoyancy driven forces are smaller than
diffusive (dissipative) effects. As this example points out, it becomes essen-
tial to understand the physical mechanisms at stake as well as being able
to quantify them. This involves a detailed knowledge of materials proper-
ties. Above this specific case, given the wide use of PCMs in engineering
processes it is of utmost importance to properly determine their thermo-
physical properties. This concerns PCMs thermal properties (e.g. thermal
expansion, thermal diffusivity, melting and solidification temperatures etc.)
and physical properties (e.g. viscosity) within specific time scales (e.g. fast
or long runs, transient or steady state conditions), both at the phase transi-
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tion and for each phase. These properties are not always easily measurable
as they strongly depend on the methods/protocols involved [24, 25, 26]. An
inaccurate estimation of their value or the way they vary close to the phase
transition can lead to wide discrepancies in the description of the materials
behavior. On the importance of the correct definition of PCMs properties,
Arkar et al. [27] show how the thermal response of a TES system depends on
the accuracy of the properties measured. The authors highlight the impor-
tance in taking into account variations of PCMs apparent heat capacity with
the cooling/heating rate to which they are subjected to. These variations
are critical in their models as they study the transient response of a TES
system.

Beside the specific heat capacity, in problems driven by temperature vari-
ations, another crucial material property is the thermal conductivity A. For
the specific case of paraffin, if the thermal conductivity for the liquid phase
alone is usually well known [e.g. 25, 28, 29|, there are not many studies that
report the variation of thermal conductivity between liquid phase and solid
phase embracing also the phase transition region. Only recently Vélez et al.
[15] reported an experimental study on thermal conductivity and diffusivity
of three paraffins in both their liquid and solid phases by using the hot wire
technique. They have found that the thermal conductivity is larger in the
solid phase than in the liquid phase for any tested paraffins. Moreover, \ is
found nearly constant for temperatures much lower than the melting tem-
perature, while it slowly decreases for temperature close to the melting one.
The evolution of thermal conductivity with temperature is then character-
ized by a sharp discontinuity once the melting temperature is reached. Even
though the data at the transition show a larger dispersion of A due to the
latent heat that may have affected the temperature in the setup, Vélez et
al. [15] always recorded a sudden jump in A values characterizing the phase
change. In the same paper, they also performed DSC measurements in order
to measure the heat transfer involved during the phase change. This allows
in the first place to evaluate the temperature at which the solid-to-liquid
and the liquid-to-solid transitions take place. For the paraffin with a least
number of carbon atoms used (i.e. hexadecane), they display a thermal hys-
teresis between melting and solidification temperatures of about 1 °C. This
value of thermal hysteresis varies between different authors. For instance,
for the same paraffin and always by measuring the transition temperatures
with DSC but with faster temperature variations, Fang et al. [30] obtain an
hysteresis of 4.6 °C whereas Moulahi et al. [31] and Chriaa et al. [32] one of

4
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11.6 °C. The absolute value of such hysteresis strongly depends on the ex-
perimental conditions. Moreover, the rate of cooling also plays a major role
on supercooling effects [33, 34]. Supercooling takes place during the liquid-
to-solid phase transition and leads to a delay in the crystallization onset,
that is the material remains liquid even at temperatures smaller than the
freezing temperature. Short experimental times, e.g. an increase in cooling
rate, would result in an increase in the degree of supercooling, defined as the
temperature difference between the melting and crystallizing temperatures,
as shown by Safari et al. [33].

Thermo-physical properties have to be carefully determined with tem-
perature variations since Boussinesq approximation is only valid in a narrow
temperature range. Hence, properties such as viscosity 7, density p and co-
efficient of thermal expansion § must also be measured as the temperature
varies, especially in the case of coupling heat transfer and fluid flows. To
our knowledge, the viscosity of paraffin has been scarcely studied close to
the phase transition temperature or even across the phase transition. The
rheological behavior of octadecane was studied by Delgado et al. [35] who
performed rotational and oscillatory tests at different heating/cooling rates.
They found that the viscosity can span over several order of magnitudes (up
to six) during the phase change. From oscillatory rheological tests performed
with different temperature ramps, they were able to measure variations of the
complex viscosity, i.e. the viscosity derived from measured values of storage
and loss moduli, during the phase transition. As for DSC, also rheological
analysis shows a thermal hysteresis between melting and solidification pro-
cesses that depends on the temperature ramp imposed during the experiment
(35, 36]. Similar results were obtained performing a set of intercomparative
tests with different rheometers on octadecane [37] and on RT25 paraffin [38].

More precise analysis of phase transition requires the measurement of lo-
cal state close to the melting/solidification temperature. Such insight can
be obtained with the use of various spectroscopic approaches, which, from
microscopical point of view, give access to vibrational properties of molecules
inside the system. Such vibrations depend on the types of atoms, their inter-
actions, and the distance between them; and therefore their study allows to
detect structural changes with a quite good accuracy. In such way, Raman
spectroscopy has been already applied for the investigation of phase transi-
tion of paraffin by Marchetti et al. [39] and Corsetti et al. [40]. Specifically,
they shown that from the temperature-dependent Raman spectra some well
recognizable patterns can be used to decompose the contributions of the
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liquid and solid phase. In this way, the phase transition can be detected
through convectional analysis of spectra with respect to wavenumbers shifts
and intensity ratio between specific peaks and by using principal component
analysis (PCA). They found that by combining these analyses, the tempera-
ture at which the paraffin starts to change phase is well resolved by spectra
changes.

PCMs characterization is fundamental. The literature is clearly abundant
on this topic, however results are scattered, mostly partial and experimental
conditions/protocols are often insufficiently detailed. In the present paper,
we propose a fully characterization of an organic PCM, i.e. hexadecane.
To do so, different techniques were employed and different protocols were
tested, leading to the determination of the main macroscopic thermo-physical
properties both for the two phases and during the phase change. In parallel,
structural information are also provided by using Raman spectra analysis.
They allow us to investigate accurately the crystallization and the melting
processes and to provide local measurements of transition temperatures.

Hexadecane is a straight-chain alkane hydrocarbon with 16 carbon atoms
and chemical formula CH3(CHy)4CHs. Two properties make it attractive
for experiments dealing with PCMs: its high latent heat and the fact that
the temperature at which the phase change takes place is near the room
temperature [15].

Although widely used, literature on hexadecane lacks of experimental
studies regarding both a proper investigation of its thermal properties and
rheological behavior near the phase transition. By covering the phase tran-
sition region we provide, in section 2, novel values of thermal conductivity
for both solid and liquid phase. Moreover, we discuss the impact that ex-
perimental conditions may have on the proper measurement of transition
temperatures since the thermal hysteresis between melting and solidification
processes is found to be dependent on the heating/cooling rate. Afterward
we provide in section 3 the first experimental rheological analysis for hexade-
cane during the phase change. As pointed out in [35], there are surprisingly
only few experimental studies dealing with the rheological behavior of n-
alkane, none of which employ hexadecane. Similarly to Delgado et al. [35],
we performed rotational and oscillatory tests with varying heating/cooling
rates where the role played by either the shear rate or the stress is high-
lighted. Carrying out oscillatory tests in addition to standard rotational
tests is crucial to provide rheological properties of PCMs when a solid phase
develops. This is because, for small solicitations, oscillatory tests modify the

6
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sample’s structure as little as possible and let the crystals grow. In the same
section we propose further original rheological tests during the phase change
where we followed the time evolution of the bulk deformation and viscoelastic
moduli at constant temperature. The structural investigation of the PCM
is provided in section 4 by exploring locally the phase change by Raman
spectroscopy. A systematic analysis of temperature dependent patterns in
Raman spectra of hexadecane is then given by showing the main differences
recognizable during both the melting and the crystallization of the sample.
Discussion and conclusions end the paper in the last section 5.

2. Hexadecane physical and thermal properties at the macroscopic
scale

The samples of hexadecane were supplied by Sigma-Aldrich (CAS number
544-76-3). They were labeled as 99% pure and with a phase change temper-
ature of T=18 °C. They were used as received, i.e. without any further
purification or removing impurities.

2.1. Density and thermal expansion

The temperature dependence of density was measured for hexadecane
(sample volume ~1 mL) at ambient atmospheric pressure with a DMA 5000M
Anton-Paar densimeter which allows measurements only for liquid materials.
For hexadecane, data were collected every 1 °C from temperature 7=40.0 °C
to T=16.0 °C. For the latter temperature the sample was still liquid, we
attribute this to undercooling effects. The waiting time for measurement
stabilization was about five minutes. Without phase change, this stabiliza-
tion time was sufficient given the small volume of fluid employed, and results
were reproducible with a maximum variation of 5x107% kgm™3. The result-
ing dependence of density on temperature is shown in Fig. 1 where it is also
linearly fitted by the equation

p(T) = —0.6854T + 787.2 kg m™?, (1)

with 7" in °C. Equation (1) is obtained from our experimental data only and,
by considering other measurements provided in [41] and [42], it is also valid
for a wider range of temperature (Fig. 1).

The coefficient of volumetric thermal expansion is linked to the density
through 3(T) = —p~'(9p/IT). From our density measurements within the



253

254

256

257

258

259

260

261

262

263

264

265

266

267

268

550 ‘
101 102
T (°C)

Figure 1: Density as function of temperature in log-scale. Blue squared symbols represent
our measurements. The blue line is the fit of our data alone, the fit equation is p(T) =
—0.6854T + 787.2 kg m~? (R?=0.9996). Black triangles are values from Outcalt et al.
[41] and circles are from Matthews et al. [42].

temperature range of 16.0 °C and 40.0 °C, liquid hexadecane has a positive
coefficient of thermal expansion, leading to an increase in the volume as
temperature rises. At temperature T=20.0 °C, it results § = 8.861 X
1074 °C

2.2. Thermal conductivity

The thermal conductivity A of hexadecane for both liquid and solid phase
was measured using the hot tube steady state method (see [43], p. 106-107).
Below we briefly report the principles on which this method is based and
the experimental set-up. The set-up consists in two 200 mm-long co-axis
cylinders with the outer one in contact with a water flow maintained at
controlled temperature (Fig. 2). A volume of ~18 mL of PCM filled all the
gap between these two cylinders. The inner cylinder is 0.22 mm thick and it
is made of stainless steel, with an outer radius, corresponding to ‘cylinder-
PCM’ interface, of r1=2.76 mm. The outer cylinder is 1 mm thick and it
is made of copper with the inner surface in contact with the PCM sample
at 7=6.00 mm. The inner cylinder was heated up by Joule effect via a
controlled electric intensity.
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Figure 2: Hot tube device used to measure the thermal conductivity. (a) Photo of the
entire setup where (I) indicates the hot tube device; (II) the current generator; (III)
the temperature data logger (Almemo 2890-9, Ahlborn); (IV) an homemade device to
measure the difference in voltage between the two thermocouples; and (V) the thermal
Bath (Julabo eco). (b) Schematic representation of the hot tube device alone. The device
consists of two co-axial cylinders of height H=200 mm. The inner stainless-steel-cylinder
has an internal radius ro=2.54 mm and an external radius 71=2.76 mm. The outer cooper-
cylinder has an internal radius ro=6.00 mm and an external radius r3=7.00 mm and it is
in contact with a water flow.
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Temperatures were measured by two K-type thermocouples positioned at
the interfaces between cylinders and PCM sample; i.e. the first one (mea-
suring 77) was positioned at r = r; and the second one (measuring 73) at
r = 19, both at half of the the cylinders height in order to avoid any up-down
wall effects.

Within this framework, the thermal conductivity can be calculated from
the following expression:

B ped?In(ry/71)
A SRR (T - Ty) @)

where p. is the specific electrical resistivity of stainless steel and I the elec-
trical intensity. Within our experiments, the temperature difference T} — T,
varies from 3 °C to 10 °C. Figure 3 shows how the thermal conductivity of
hexadecane evolves as a function of the mean temperature between the two
cylinders, i.e. T = (T1+1T3)/2. Measurements were carried out within a range
of T between 6 and 37 °C. Thermal conductivity data and corresponding
temperatures measured by thermocouples are summarized in supplementary
material.

The first measurement of \ was carried out in the solid phase at 7=6.3 °C.
The temperature was much smaller than the melting temperature suggested
by the manufacturer in order to ensure that the entire sample volume was
solid. Each step in solid and liquid phase lasted 20 minutes, long enough to
guarantee that the difference in temperature between the two thermocouples
reached steady state. Steps were longer (around two hours) during the phase
transition.

In the solid phase, results are displayed in Fig. 3 (blue symbols). The
thermal conductivity is found mainly constant with an averaged value of
A=0.341 WmK~!. Measurements were carried out about 2 or 3 times in
order to verify the reproducibility of the results. It is all the more important
to repeat runs since the volume decreases during the liquid-to-solid transition.
In the case of hexadecane the volume shrinkage is moderate, preventing then
any thermal resistance through the PCM layer and at the interfaces between
PCM and tube - at least at half the height of the setup. Finally, a good
agreement in the thermal conductivity of the solid phase is obtained with
the value provided by Vélez et al. [15] which used another method, i.e. the
transient hot wire method.

We proceeded afterward toward the melting of the sample by increasing
the temperature through different steps. In our experiments, the thermal

10
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conductivity varies strongly in the T range of 15-20 °C, i.e. close to the
melting temperature 7,,. Results in this second temperature range should
correspond to a case where both a liquid substrate (near the heat source) and
a solid one (far from the heat source) coexist inside the PCM layer (green
symbols in Fig. 3).

When both 77 and T3 are above T},,, the resulting thermal conductivity
corresponds to the one of the liquid phase (red symbols in Fig. 3). A third
and quasi constant value of A is obtained (A=0.150 Wm™!'K~!) in the T
range between 20 °C and 37 °C.

Both values of A in solid and liquid phases are in good agreement with
values given by Vélez et al. [15]. The deviations between our values of A and
those of Vélez et al. are 6% and less than 1% in liquid and solid phase, re-
spectively. However, our measurements are quite different to those proposed
by Holmen et al. [44]. In this latter work, authors followed the freezing
or melting front velocity in a layer of PCM presenting two superimposed
phases. In this configuration, they proposed theoretical expressions for ther-
mal conductivity of both phases by considering a thermal gradient only in
the appearing phase. In our opinion, this assumption is quite difficult to
reach experimentally. Beyond this aspect, their theoretical expressions for A
highlight a strong dependency on other main parameters (e.g. melting point,
interface evolution with time) whose measurements are not trivial and can
lead to relative large errors. In particular, the melting point can vary with
experimental conditions. Holmen et al. reported a total error in measuring
A of about 18% for both liquid and solid phase. These sources of inaccuracy
can explain the differences obtained between their results and ours and those
of Vélez et al.. Deviations between our values of thermal conductivity A and
those proposed by Holmen et al. [44] are indeed about 15% and 33% in solid
and liquid phase, respectively.

As a remark, we mention that the temperature that triggers the solid-to-
liquid transition as well as the one at which the sample freezes entirely are
badly resolved with our hot tube setup since it does not allow any optical
access. Furthermore, the thermal conductivity is obtained via a temperature
variation across the PCM layer. For this reason, we would expect a PCM
layer composed of a liquid part and a solid part around the phase change
temperature. Methods presented in the following sections are more relevant
for this purpose.

11
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Figure 3: Thermal conductivity A of hexadecane as a function of temperature. T is the
mean temperature between the inner and outer cylinders.

2.3. Melting and solidification temperatures, latent heat and specific heat ca-
pacity

Differential scanning calorimetry (DSC) is a common thermal analysis
technique employed to measure heat transfer involved in a small volume of
material subjected to temperature variations. It allows to determine the
melting and solidification temperatures, T;, and T respectively, as well as
the latent heat AH,, and AH, associated with melting and solidification
phase transitions. Furthermore, it is useful also for measuring the specific
heat capacity cp at atmospheric pressure in the solid and liquid phases. For
this purpose, we used a SETERAM puDSC3 evo calorimeter in order to char-
acterize hexadecane within a temperature range of 10-37 °C. A sample mass
of ~200 mg was placed within a small crucible, the latter with a surface of
average roughness of R,=0.16 um (measured with a Taylor Hobson Surtronic
S116 surface roughness tester). For DSC measurements, we adopted two dif-
ferent protocols, one to better resolve the phase transition temperatures, and
another one to estimate the heat capacity.

In the first case, the heat flux was recorded as a function of time to obtain
the melting and solidification temperatures with temperature increments of
about 0.5 °C for both melting and freezing processes. FEach increment lasted
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~2 hours in order to ensure that the heat flux had vanishes, the following
increment was then reached with a rate of 0.2 °C/min. Figure 4 shows the
measured heat flux (in blue) for the different temperature increments (in red)
both during temperature rise (Fig. 4a) and drop (Fig. 4b).

From Fig. 4a, the melting temperature of hexadecane is found between
17.2 and 17.7 °C. This interval of T, includes values of melting tempera-
ture reported in other studies, most of which report temperatures that are
within 18.0 °C £ 1.7% (for instance 7,,=18.1 °C in [45], 17.75 °C in [15],
18.3 °C in [46] and 18.0 °C in [47]). Despite this good agreement of T, the
solidification temperature is not well defined in these articles, and only few
studies explicitly report it. From Fig. 4b, we evaluate the bulk solidification
temperature of hexadecane between 15.0 and 15.5 °C, leading to an apparent
thermal hysteresis of about 2 °C between the melting and the solidification
of the sample. Our result of T, deviates of about 8-10% from others DSC
measurements with 2 °C/min [15] and 10 °C/min [31] cooling rates. A pos-
sible reason of such a large discrepancy can be either found in their higher
solidification rates or their small amount of sample used during the DSC
scans (less than 10 mg in [15] and [31]).

Heat capacity and latent heat were measured within the temperature
range of 11.2 and 37.5 °C. Temperature increments were in this case of about
2 °C, and they were obtained with a cooling/heating rate of 0.2 °C/min. The
apparent heat capacity is displayed in Fig. 5. Within this temperature range,
we obtain a constant value of heat capacity in liquid phase, i.e. cp=2.24
kJ kg 'K~!. In solid phase the heat capacity increases with temperature
and we do not obtain a constant value within our experimental conditions.
This was also observed in other works, e.g. [15] and [48]. In addition, in
Fig. 5 the phase change is clearly observed since heat flux (or apparent
heat capacity) varies strongly at the transition. We obtain a latent heat of
melting AH,,=232.55 kJkg~! and a latent heat of solidification A H,=235.95
kJ kgL,

3. Rheological behavior

We performed rheological analysis on both liquid hexadecane and dur-
ing the liquid-to-solid transition. A stress-controlled AR-G2 rheometer (TA
Instruments) was used in rotational and oscillatory modes.

For fully liquid hexadecane we used both cone-plate and plate-plate ge-
ometries to obtain viscosity. Given the low viscosity of the material in liquid
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(in red) as a function of time. (a) Melting of hexadecane. (b) Solidification of hexadecane.
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Figure 5: Apparent specific heat capacity as a function of the mean temperature of each
temperature step, for both melting and solidification processes.

phase we used a large diameter (60 mm) for both plate and cone in order
to increase the accuracy of measurements. More specifically, in cone-plate
we used a 60 mm wide plate with a cone angle of 2° and a standard gap
of 70 pm. Both geometries lead to same results. Cone-plate geometry was
used only to investigate viscosity of hexadecane in the liquid phase. At the
phase change, when a solid structure develops and crystals grow, the small
gap imposed by the cone-plate geometry limits the measurements (the size
of solid components should not exceed the 10% of the gap to guarantee rep-
resentative measures). For this reason, during the phase transition it is more
appropriate to choose and use a plate-plate geometry in which the gap be-
tween plates can be adapted. For plate-plate geometry we used plates of
diameter of 32, 40 and 60 mm and gaps of 1000 and 1200 pgm. These gaps
were found as the best compromise between ensuring isothermal conditions
(i.e. low temperature differences through the sample) and guarantee an ad-
equate distance between plates. Gaps of 500 and 2000 pum were also tested.
Both of them did not provide suitable results: in the first case the gap was
too small compared with the size of the crystal structure, while in the second
case we always observe a temperature gradient through the PCM layer.
Temperature was controlled by a Peltier plate which was covered by the
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fluid sample, the volume of which depends on the gap between the plates.

3.1. Liquid phase

Hexadecane’s rheological properties were first determined in the liquid
phase at different temperature values. We found liquid hexadecane being
Newtonian with a temperature-dependent viscosity (n). The latter was in-
vestigated in more details from temperatures close to the transition to 40 °C
(Fig. 6). Within this interval of temperatures, viscosity of hexadecane ex-
ponentially decreases with increasing temperature following an exponential-
type dependency that writes

N(T) = a0, (3)

with a=3.3x1073 Pas™!, b=—1.9x1072 °C~! and T3=20.0 °C, as represented
by the continuous line in Fig. 6b.

3.2. Phase transition

The phase transition was first analyzed following the evolution of hex-
adecane rheological properties during different temperature ramps (in both
rotational and oscillatory modes). This procedure allows to investigate vari-
ations in viscosity (rotational mode) and in viscoelastic moduli (oscillatory
mode) when crystallization starts and a solid structure develops.

Afterwards, we report the analysis of results obtained performing time
sweep tests at steady temperature.

3.2.1. Temperature ramps

We first carried out rotational tests at fixed value of shear rate ¥ dur-
ing which the sample was subjected to a temperature ramp (1.0, 0.5 or 0.2
°C/min) from an initial value of 20 °C down to temperatures below the so-
lidification one (TY).

We used a plate of 32 mm in diameter with a constant gap (equal to
1000 pum), while different shear rates were tested, i.e. 4=0.1, 1, 10 and 50
s~!. Figure 7 shows the evolution of viscosity as a function of temperature.
One can observe how viscosity increases of about 4 orders of magnitude
from liquid to solid phase, with a transition temperature close to the one
obtained by DSC which, however, depends on the chosen temperature ramp.
As expected, for large temperature ramp (i.e. 1.0 °C/min), we always observe
solidification temperatures lower than what obtained with the smallest ramp
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Figure 6: Viscosity of liquid hexadecane as a function of temperature obtained for different
rheometer geometries. For measurements with plate-plate geometry (circles) we used a
60-mm-wide plate, the gap was fixed and equal to 1000 ym and the imposed shear stress
was 0.1 Pa. In measurements with cone-plate geometry (squares), the cone angle was 2°,
the gap was 70 pm and the imposed shear stress was 0.1 Pa. The black line is the data
fit.
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(i.e. 0.2 °C/min). Moreover, in Fig. 7c the ramp 0.2 °C/min leads to a
slightly smaller hysteresis than the one observed with DSC (grey region in
the figure).

Beside the fact that a lower cooling rate can decrease the hysteresis be-
cause it ensures more time for crystals to nucleate and grow, one can also
expect a dependence of Ty on the imposed shear rate. Although shear flow
can lead to a homogenization of temperature by advection (here the flow does
not lead to recirculation), its main impact remains linked to the breakage of
solid clusters and weak crystals. This is similar to what happens in weakly
sheared hard-sphere colloids, where at low supersaturation, crystallization
rate decreases as the strain rate increases [49]. This occurs when the forces
exerted by the shear flow overcome the driving force of crystallization, lead-
ing to the breakage of the forming solid clusters. However, in the case of
Fig. 7, we do not observe any relevant shifts of hexadecane’s solidification
temperature when varying 7. A possible explanation is that even the low-
est shear rate tested here (y=0.1 s71) affects the system by breaking down
crystals and weakening the forming solid structure as should be the case for
higher 7.

A way to reduce the influence of measurements on the phase transition
process is to proceed to oscillatory tests. We carried out time sweep tests for
both solidification and melting processes by imposing small stress amplitudes
and by using a 40-mm-wide plate. Both the gap between plates (here equal
to 1200 pum) and the frequency (w=10 rads™!) are kept constant. Tests
started from a liquid sample previously pre-sheared for around 5 minutes at
T=20 °C. In order to solidify the sample a decreasing temperature ramp of
1 °C/min was then applied until the temperature reached 12 °C. When the
latter was achieved, the same increasing temperature ramp was applied from
12 °C to 20 °C in order to melt again the sample. In Fig. 8 we show the
results obtained for an imposed amplitude stress of =2 Pa (Fig. 8a) and
0=0.2 Pa (Fig. 8b). Similarly, in Fig. 9 we show results achieved with a
smaller temperature ramp (0.2 °C/min) and smaller stresses.

Within these experimental conditions, we clearly obtain in both cases a
temperature hysteresis around the phase change. While the melting tempera-
ture is always close to that obtained with DSC, the solidification temperature
varies considerably depending on the applied conditions. For a large temper-
ature ramp (Fig. 8), Ty is quite small and is found to be around 13 °C for
both tested stresses. The resulting hysteresis is thus larger than the one from
DSC. Similarly to what observed in rotational mode, by applying a slower
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Figure 7: Variation of viscosity n as a function of temperature 7' from rotational test
during the solidification of hexadecane. Three temperature ramps were used: a decrease
of (a) 1.0 °C/min, (b) 0.5 °C/min and (c) 0.2 °C/min. The gray box shows the interval
of solidification temperature T obtained from DSC (i.e. in between 15.0 and 15.5 °C).
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Data points
represent the average of at least three runs with the same conditions.
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ramp instead (Fig. 9), the hysteresis significantly reduces and T moves to a
temperature around 16 °C. However, it is still not easy to infer whether this
thermal hysteresis is a real material property or it is mainly due to the chosen
cooling rate and applied shear rate or stress. Differences between Fig. 8 and
Fig. 9 remain crucial and they need to be taken into account once dealing
with processes with fast temperature variations rather than with slow ones.

The complex viscosity, n* = (G'2 + G”2)"/?w~!, and the viscosity, 7, ob-
tained from oscillatory and rotational measurements, respectively, are shown
in Fig. 10 for a cooling rate of 0.2 °C/min. Here we present curves for ro-
tational measurements with imposed strain rate of 0.1 and 50 s~!, together
with those ones for oscillatory measurements with imposed stress of 0.2 and
0.02 Pa. For this temperature ramp, between the two methods we observe
only small differences in the temperature below which crystallization begins
(less than 1 °C). However, a larger discrepancy arises when looking at the
value of viscosity achieved after the liquid-to-solid phase change: here it can
span up to three orders of magnitude at, for instance, 7=14.0 °C< T,. These
evidences suggest that even for such small shear stresses in oscillatory mode
and strain rates in rotational mode, the conditions imposed by the rheome-
ter have some significant influences on the nucleation and/or crystallization
process.

3.2.2. Steady temperature

To avoid issues related with a too large temperature ramp we performed
oscillatory time sweep tests at fixed temperature. This procedure allows to
follow the transient behavior of the material at a given temperature and to
obtain insights about time scales of the phase transition.

We focused on a short range of temperatures around the solidification
temperature T obtained by DSC, where very fine oscillatory tests with an
imposed shear stress of 0.001 Pa were carried out. Although such a small
imposed stress was chosen to investigate the beginning of crystallization and
the solidification of the sample, we do expect it to be too small to obtain
reliable data in liquid phase because of the low viscosity of liquid hexadecane.
This is the reason of noisy results in liquid hexadecane in what follows. We
worked with a frequency of w=10 rads™!, a gap of 1000 pm and a 40-mm
diameter plate. Given the long duration of each run, during the measurement
we used an anti-evaporation device that covered the moving plate and the
sample. Each experiment started with a liquid sample of hexadecane at
initial temperature 75=20.0 °C to which a single temperature step was then
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Figure 8: Hexadecane’s temperature dependence of storage G’ (blue symbols) and loss
G" (red symbols) moduli during melting (crosses) and solidification (circles) processes, for
imposed stress of 2.0 Pa (a) and 0.2 Pa (b). The initial liquid sample was first solidified
and then remelted by using a temperature ramp of 1 °C/min.
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imposed stress of 0.2 Pa (a) and 0.02 Pa (b). The initial liquid sample was first solidified
and then remelted by using a temperature ramp of 0.2 °C/min.
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applied, i.e. temperature was decreased from Tj directly to the desired value
(see an example in the inset of Fig. 11a).

In Fig. 11 we show for an imposed temperature of 7T=15.0 °C the time
evolution of G" and G” and the one of the normal force exerted by the sample
on the upper plate of the system. Three main material responses can be
observed from the curves of the moduli (Fig. 11a). The first step (i) regards
a noisy stage that lasts a couple of minutes in which the sample is still fully
liquid. In the second step (ii), that starts after about three minutes, the
structure seems to change and the material response shows an overall liquid
behavior where its viscous component is larger than the elastic one (G” > G).
The last step (iii) starts around 8-10 minutes after the beginning, when
the crossover between G’ and G” takes place. Here the sample behavior is
prevailed by its solid-elastic response with values of storage modulus (G ~25
Pa) and loss modulus (G” ~18 Pa) that remain constant till the end of the
run. The same behavior is shown in Fig. 12 at three other temperatures,
i.e T'=14.5, 15.5 and 16.0 °C. For each case we see the same three stages
described above, with a solid-elastic behavior that becomes more pronounced
with time. We were able to detect the crossover between G’ and G” until
T=16.0 °C, but not for higher temperatures. Although for T=16.0°C the
difference between G' and G” remains very small (only few Pa), this latter
temperature is much like the apparent solidification temperature obtained
from rotational and oscillatory tests with temperature ramp of 0.2 °C/min
(Fig. 10).

Changes also occur in the slope of the normal force during the mention
stages (Fig. 11b and Fig. 12b). For instance, during stage (ii) the nor-
mal force decreases due to the sample volume reduction caused by sample
crystallization (Fig. 11b). However, in stage (iii) the reduction in volume is
countered by an increment of normal force. The latter can be related to crys-
tals being formed that push against the upper plate of the rheometer. After
this increment, the value of normal force seems also to vary cyclically around
a mean constant value. These cycles are characterized by periods where the
normal force decreases almost linearly with a step-like behavior. We point
out that the period of such cycles is around a couple of minutes, thus it
is not linked to the oscillation period of the rheometer that is 27w =1=0.63
s. Such variation of normal force most likely highlights phenomena at the
plate-sample interface. Indeed, at T=16.0°C we observed by eyes the sample
being in its solid phase except on its upper surface where a thin layer of liquid
phase persists. This thin liquid layer was very likely due to the friction with
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the moving plate.

These evidences indicate that even at this weak imposed stress (0.001 Pa),
corresponding to low strains (ranging from 1073 to 107> after the crossover
point between G’ and G”), and long waiting time, an imposed oscillation
affects constantly the solidification process by breaking the forming crystals
at least nearby the moving plate for temperatures near the transition. This
results in a weaker structure compared to that obtained for lower tempera-
tures, as highlighted by the low values of G’ and G” observed in Fig. 1la
with respect to those obtained with small temperature ramps in the solid
phase (e.g. in Fig. 9).

4. System at rest and local investigation with Raman spectroscopy

The onset of hexadecane’s phase change was also investigated for the sys-
tem at rest (i.e. without any imposed deformation) by Raman spectroscopy.
This spectroscopy technique is based on the inelastic scattering of light and
it allows the investigation of spectra that are directly linked to vibrational
modes of the chemical bonds present in the analyzed sample’s molecules.

In order to collect scattered light at different temperatures, a setup con-
sisting of a copper plate laying on a Peltier element was used (Fig. 13). A
15.0 mm-deep and 37.7 mm-wide square cavity was made in the center of
the plate. The cavity lateral surface has an average roughness of R,=0.60
pm, while the average roughness of the bottom surface is R,=1.60 pm. The
cavity was filled by around 16 mL of hexadecane to form a ~11 mm-high
fluid layer with a free upper surface. Isothermal conditions were obtained
in the bulk sample by adding a thick layer of insulating foam around the
lateral walls of the device and a glass surface on the top of the system as
represented in Fig. 13. This latter glass plate has a thickness of 0.55 mm
and a transmittance of 90.5% at the laser wavelength (see supplementary ma-
terials). Hexadecane was then cooled or heated to the chosen temperature
and kept at that constant temperature for several hours before acquiring the
spectra. Temperature was recorded by a PT100 platinum resistance ther-
mometer placed inside the lower part of the copper plate as indicated in Fig.
13. The distance between the bottom of the sample reservoir and the central
axis of the thermometer is 3.8 mm. When the liquid sample was solidified,
crystallites formed far from cavity walls were usually small (mm-scale) and
randomly oriented.
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Figure 11: Oscillatory time sweep with imposed stress of 0.001 Pa and gap of 1000 pm.
Temperature is decreased by a single step from T;=20.0 °C to T'=15.0 °C and kept constant
afterwards as shown by the inset in (a). (a) Time evolution of the storage modulus G’
(blue) and loss modulus G” (red). (b) Time evolution of the normal force.
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Figure 13: Heating and cooling system for Raman analysis. T'(t) indicates the point where
temperature is recorded.

Laser beam with wavelength equal to 532 nm (power ~25 mW) was fo-
cused on the top of the sample layer. The laser excited the sample only
during the acquisition of the spectra (acquisition time of 1000 ms) in order
to avoid any additional heating. The scattered light from the sample was
finally collected by a spectrograph (HRS-750 Princeton Instruments) with
entrance slit width of 200 ym and grating of 600 lines per mm. All spectra
were here acquired with a 10x objective and with accuracy of 1.5 cm™?.

The first way to identify the phase transition with Raman spectroscopy
is through the observation of how peaks intensity and position change with
temperature and time.

We focused our spectra analysis within the CHy and CHj stretching region
of hexadecane’s Raman spectra. It corresponds to the interval of Raman shift
from around 2800 to 3100 cm™" [50, 51]. Within this region, the band near to
2850 cm ™! (P;) and the one near to 2885 cm™" (P,) correspond to the CHy
symmetric and asymmetric molecule stretching, respectively. Bands near
2930 cm™! (P3) and 2957 cm™! (P;) are instead due to the CH3 symmetric
and asymmetric stretching, respectively [40].

4.1. Raman spectra of solid and liquid phases

Peaks intensity within the CH region is displayed in Fig. 14 for solid
hexadecane at T=12.0 °C (Fig. 14a) and liquid hexadecane at temperature
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T=18.5, 19.7 and 30.0 °C (Fig. 14b).

A main difference between spectra of solid (Fig. 14a) and liquid phase
(Fig. 14b) concerns peaks P, and P. In solid phase, P is always obtained
more intense than P, leading to a ratio P,/P; larger than one (P,/P;=1.07
for the case in Fig. 14a), while in liquid hexadecane P, becomes wider and
smaller than P, (P,/P;=0.89 in Fig. 14b). Similarly, peaks of CHj stretching
also change during the phase transition. Both peaks for the CH3 symmetric
stretching (P3) and CH3 asymmetric stretching (P;) are narrower and easier
to recognize in the solid phase than in the liquid phase. The evolution of
Raman peaks intensities can be used as a marker of phase transition, as
shown by Durickovi¢ et al. [52]. Indeed, they shown that the water-ice
phase change can be determined by following the ratio of intensities of main
peaks (i.e. the most intense one and the one that changes most significantly
during the transition) for different spectral bands. They shown that the
determination of solidification temperature and the identification of the two
phases was possible by following the peak intensities ratio obtained both
from the intensities at fixed wavenumbers and from integrated intensities of
wavenumbers ranges (as long as the characteristic wavenumbers of the two
phases were included). The same method was afterwards employed also to
determine the concentration of salt in aqueous solutions [53, 54].

4.2. Evolution of Raman spectra during solidification

Figure 15a shows the evolution of the ratio P»/P, during the solidifica-
tion of hexadecane as temperature decreases. The initially liquid sample was
cooled by decreasing the temperature with steps of ~0.2 °C separated from
each other by several hours. Color bars in the figure refer to the time (in
hours) elapsed between the change in temperature and the acquisition of the
scan. All Raman scans were here performed at fixed position without moving
the setup throughout the duration of the experiment. The ratio between P,
and P; for the liquid phase remains constant around 0.86 until the temper-
ature reaches T=17.3 °C. At this temperature, hexadecane locally begins to
crystallize since P,/P; slowly increases. The difference from the ratio asso-
ciated to the purely liquid phase starts to be more clear after a waiting time
of around 24 hours from the previous temperature change. After around 72
hours P,/ P, reaches the value of 0.98, marking a significant difference with
the constant value obtained in the liquid phase for higher temperatures. A
similar trend is also observed at T'=17.1 °C where P,/P; further increases
with time and only after ~4 hours reaches a steady value. For T" < 16.9 °C

29



—
Q

~
—_

T =12.0°C
=
S
20.5 -
K7
c
9
£
0
(b) >
—~1.5 .
5
s‘/ o
> 1 T =18.5°C
2
qJ o
£ sl T =19.7°C
T =30.0°C
0

2600 2700 2800 2900 3000 3100 3200
Raman shift (1/cm)
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the dependence of P,/P; on the waiting time seems to be no longer so rele-
vant and the value of the ratio between peak intensities settles down around
a new constant value.

Besides the intensity ratio, also the position of peak P, evolves both in
time and temperature (Fig. 15b). In fact, although the intensity of a Raman
peak depends on the concentration of the oscillators, the position of the peak
is defined by the frequency of the oscillation. Therefore, peak’s intensity and
position correspond to different properties from a physical point of view,
and both of them can be useful to identify the phase transition. In our
case, a strong transition is recognizable for peak P, at T=17.3 °C where it
moves from around 2896 cm ™! to around 2882 cm™!. The transition at this
temperature is not abrupt, instead with increasing waiting time the peak
slowly proceeds toward the solid phase position in a similar way to what
observed for P,/ P;.

4.3. Differences between melting and solidification

Reciprocally, similar experiments were conducted for the solid-to-liquid
transition. Results are depicted in Fig. 16 in terms of P»/P; as a function of
temperature for different melting experiments (triangles) and different solid-
ification experiments (circles). For the melting process, the local transition
takes place at T,,=17.7 °C, i.e. when the ratio P,/P; becomes smaller than
1. This transition occurs over shorter times than the crystallization process.
The evolution of peaks within the CH region that we obtained during the
solid-to-liquid transition is in agreement with experiments of Corsetti et al.
[40], whom reported for the melting of hexadecane an almost instantaneous
transformation in Raman spectra at T=18.1 °C.

As previously noted, within the experimental conditions of the first so-
lidification process carried out (red circles in Fig. 16), solidification starts
around 7T=17.3 °C if enough time is waited. Below this temperature we ob-
tain P,/P; >1, meaning that the threshold value P,/P; =1 can be used as
a criterion to distinguish between liquid and solid phase. In this way we ob-
serve a very small hysteresis between melting and solidification temperatures.
This difference could be further reduced by inducing crystals nucleation via
additional perturbations at interfaces. This latter point will be investigated
deeply in a future work.

Following a similar solidification protocol but with larger temperature
steps (green circles in Fig. 16), the increase in P»/P; occurs at T=17.0
°C. As highlighted in Fig. 16, here at point ‘A’ the ratio P,/P; is smaller
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Figure 15: Evolution of Raman peaks intensity and position during hexadecane solidifica-
tion. Starting from a liquid sample at T=18.6 °C, temperature was decreased to T=16.3
°C with steps of around 0.2 °C. Color bars indicate the waiting time (in hours) between
the change in temperature and the acquisition of the scan. The longest waiting time is
~72 hours at T=17.3 °C. (a) Variation of the ratio between the intensity of the peak
associated to the CHy asymmetric stretching (P») and the intensity of the peak associated
to the CHy symmetric stretching (P;) as a function of temperature and time. (b) Raman
shift of peak P as a function of temperature and time.
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than 1 (corresponding to liquid phase), while at point ‘B’ it becomes larger
than 1 (corresponding to solid phase). This variation took place in ~5.5
hours, pointing out that the solidification process requires shorter times in
the subcooled region, i.e. below T=17.3 °C.

Additionally, although we observe that P,/P; remains constant in the
liquid phase, it can take different values in the solid phase as shown in Fig.
16. This can be due either to (1) the formation of differently oriented crystals
[55], or (2) the presence of both crystalline and glass phase [56]. We deal
with this in the next section where a description of only the solid phase of
hexadecane is given. However, given the large variety of P,/P; in the solid
phase that could affect a correct choice of the transition temperature, one
should also consider how other characteristics of the spectra vary and evolve
as temperature changes.

We carry out the principal component analysis (PCA) for all scan ac-
quired to evaluate if the entire set of Raman spectra in the CH-region changes
during the phase transition congruently with P»/P;. PCA allows us to re-
duce dimensionality of a data set with large number of variables and to find
specific aspects that represent the variance of the data. By using PCA the
large number of variables needed to originally describe the data set (i.e. all
the wavenumbers) can indeed be reduced to just a few new variables (i.e. the
principal components) which account for the majority of its variability. Once
the principal components that characterize the entire set of acquired spectra
are extracted, each spectra can be represented in the principal component
space by its principal component scores. In the principal component space
the identification of similar spectra from the very different ones is done by
discerning how they are clustered together.

As pointed out by [39], the use of PCA over peak intensity ratio brings
some advantages in studying the phase transition of a PCM. For instance, to
calculate an intensity ratio representative of phase change one must identify
the correct spectral bands that characterize the transition (e.g. P, and P, in
the CH-region for hexadecane). This can introduce a threshold of subjectiv-
ity as it makes it necessary to correctly determine those peaks that properly
suite the analysis. Moreover, as shown in Fig. 15b, in addition of peaks
intensities the phase transition leads to variations in peaks position. Hence,
the accuracy in determining peak positions can also have an influence on the
correct estimation of intensity ratio. Although for hexadecane this seems to
not affect the identification of the transition, it may become necessary to
consider this shift when working with other PCMs. In this case, it should
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Figure 16: Ratio of Raman peaks intensity P»/P; as a function of temperature during
the solidification (circles) and melting (triangles) of hexadecane. Colors refer to different
runs of experiments. Red dashed line highlights the solidification temperature T5=17.3
°C, defined when P, /P starts to increase from the constant value in the liquid phase. For
the solidification process shown in green, letter ‘A’ and letter ‘B’ correspond to T=17.0
°C and a waiting time of ~3 hours and ~5.5 hours, respectively. Blue dashed line is the
melting temperature 7,,=17.7 °C obtained once P»/P; <1 in the melting processes.
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be more appropriate to calculate an intensity ratio based on integrated in-
tensities rather than on a single wavenumber. Furthermore, the variation
in peak intensity ratio during the transition could be also covered from a
small signal-to-noise ratio, which is not the case in our experiments. As a
consequence, for a more optimized phase identification, for instance during
on-line monitoring of which PCMs phase is present at a given temperature
in TES systems, a PCA analysis should be considered.

The first principal component (PC;) and the second principal component
(PCy) of all the acquired spectra are shown in Fig. 17a and Fig. 17b,
respectively. Together they cover 99.5% of variability, with PC; that covers
the 83.9% of it and PC, the 15.6%. The scatterplot of the scores for the first
two principal components is given in Fig. 18. A main cluster of points is
recognizable (bounded by the gray dashed line in Fig. 18) and corresponds
to spectra of the liquid phase. Indeed, this cluster gathers together all those
spectra acquired for 7" >17.7 °C and even for T" >17.3 °C during a cooling
procedure. Below these temperatures the sample is in solid phase but a main
cluster is not recognizable.

The temperature values for which data points group together in the liquid
phase cluster correspond to those find previously in Fig. 16 by looking at the
variation of P»/P;. The clustering in the principal component space of these
spectra suggests that the use of P»/P;=1 as a method to discern between
solid and liquid phase can be appropriate at least for hexadecane.

Moreover, similarly for what observed from the plot of P,/ P, as a function
of temperature, also in Fig. 18 one can notice the dependence on the waiting
time of spectra acquired during the solidification at temperature close to the
transition. For instance, freezing hexadecane at T=17.0 °C< T} leads to a
departure of the spectra from the liquid phase cluster only if a very long
waiting time is waited before acquisition (more than 3 hours in our case).
The same shift of spectra from the liquid phase cluster toward the solid
phase can be followed for solidification at temperature 7" =17.3 °C> T. For
this case, while the first spectra acquired after waiting 8 hours falls in the
liquid phase cluster, the others move further and further apart from it as the
waiting time increases.

4.4. Polarized Raman in solid phase

Hexadecane crystals have a triclinic structure, that is unequal crystallo-
graphic axes that are non-orthogonal to each other. As others even-numbered
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n-alkanes with n < 20, solid hexadecane also does not present any intermedi-
ate phases besides its crystalline triclinic phase and the liquid phase [40, 57].

We performed polarized Raman spectroscopy in a solid sample of hex-
adecane to verify if the large variability of spectra in solid phase observed
in Fig. 16 may be due to the different orientations of crystals in the sam-
ple. By using the same setup described previously, we kept a thin layer of
hexadecane (around 2 mm thick) at constant temperature 7=14.0 °C for the
entire analysis. Spectra were acquired after allowing the sample to crystallize
completely (i.e. after more than 20 hours after setting the temperature) with
a laser power of ~50 mW and a 40x objective in order to focus on a small
region. All other parameters were kept the same as those described at the
beginning of this section.

We use the Porto notation based on the setup’s coordinate system (de-
fined as depicted in Fig. 13) instead of the sample’s coordinate system to
describe directions of incident and scattered light. Although this is a stan-
dard procedure when working with liquids (i.e. isotropic samples), we keep
it also for the solid phase since orientations of crystallites are here unknown.
Four polarization tensors can then be examined. The first writes as Z(Y X)Z
and indicates light incident along Z axis with laser polarized parallel to Y
axis, and scattering light in the Z direction but in the opposite sense (Z)
with the analyzer aligned parallel to X axis. Thus the other combinations
are Z(YY)Z, Z(XX)Z and Z(XY)Z.

In Fig. 19 we report the variation within the CH-region of Raman spectra
obtained in two distinct and fixed points of investigation. Although in all
cases we observe P/P; > 1, meaning that no liquid phase is present, the
value of P,/P; depends on the geometry of polarization used to acquire the
scan. It ranges between 1.57 and 2.28 in Fig. 19a and between 1.10 and 3.76
in Fig. 19b. It is the same range of P,/ P, we collected and shown for solid
phase during the melting and solidification processes (Fig. 16). Beside the
variation of P,/P;, the most pronounced difference observed when changing
the polarization geometry regards peaks associated with the CHj stretching
vibration modes. In Fig. 19a a strong increment in intensity is recorded for
the CH3 asymmetric stretching peak (P;) when the Z(XY)Z geometry is
employed. However, the same behavior does not occur at each acquisition
spot, for instance in Fig. 19b both P; and P, remain always much less intense
and developed than P; and Ps.

To conclude, the variations of Raman spectra observed in the solid phase
during heating/cooling processes are well recovered here by changing the po-
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Figure 19: Polarized Raman spectra for the four geometries of polarization. Example for
two different fixed positions of acquisition (a) and (b).

larization geometry. For this reason the variation of P,/P; for solid phase in
Fig. 16 is mainly caused by the different crystallites orientations. Moreover,
the large variability in the PCA scores for the solid phase indicates spectra
that differ statistically from one another. This variability can be related to
structural changes in the sample, especially when the spectrum is acquired
near the solidification point, but also to the differences observed for different
orientations of crystallites.  Formation of differently oriented crystallites
could be explained by uncontrolled boundary conditions in terms of geom-
etry or surfaces, where the roughness of the lateral surfaces of the sample
reservoir here used is different from that of the bottom surface, or by any
random heterogeneity. Finally, crystallization process and crystallites orien-
tations depend on the surface tension since here the upper interface is a “free”
surface in contact with air. Since this region is the last where crystallization
occurs, it is also subjected to volume shrinkage that forms a heterogeneous,
rough surface.

5. Discussion and conclusive remarks

In this work we provide a multi-physical and multi-scale characterization
for hexadecane’s liquid and solid phases as well as for the phase change during
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melting and solidification. Hexadecane’s thermo-mechanical properties are
indeed investigated at macroscopic and microscopic scale as a function of
temperature by achieving the phase transition with different techniques and
protocols, i.e. transient or quasi-static temperature variations. The attempt
is justified given the importance that such type of organic PCMs has in many
industrial processes and by the lack in their proper characterization.

First, we have presented results for hexadecane’s thermo-physical prop-
erties at the macroscopic scale. The thermal conductivity A of both liquid
and solid phases were retrieved for the first time by the hot tube technique
and compared with the available literature. A in the liquid phase is found
in good agreement with previous works (deviations within 6% with [15] and
~18% with [44]). Similarly, our value of A in solid phase deviates by only
1.8% from the only other available measure [15]. The thermal conductivity
of the solid phase is found larger than the one of the liquid phase, with a
ratio between the two of ~2.27.

Afterwards, differential scanning calorimetry (DSC) was used to deter-
mine the latent heat for both melting and solidification processes and the
specific thermal capacity for liquid and solid phases. The same technique
allows also to achieve the temperatures at which hexadecane melts (7,,,) and
starts to solidify (7). Their values are listed in Table 1 together with those
obtained with the other analysis techniques. Even when using DSC with a
relative small temperature ramp (0.2 °C/min), we always recorded a thermal
hysteresis of about 2 °C between the onset of the phase change during melting
and that during solidification. A similar thermal hysteresis was also collected
during rheological analysis where T} is found to depend on the chosen tem-
perature ramp for both rotational and oscillatory tests. Processes involving
fast temperature variations (1.0 °C/min) are indeed characterized by a T
that is considerably lower than what obtained for smaller cooling rate (up to
3 °C difference in oscillatory mode), leading to a even larger thermal hystere-
sis. On the other hand, small cooling rates decrease supercooling effects and
lead to a smaller difference between T, and T,,, even compared to DSC. Near
the solidification temperature, the forming solid structure is continuously af-
fected also by the conditions imposed by the rheometer. This is shown in
oscillatory tests done at steady temperature. At T < 16.0°C hexadecane’s
transient behavior reaches a stage where the solid-like behavior dominates
and, even though weakly, G’ remains larger than G”. Under this condi-
tion, the measured normal force displays periodic discontinuities that can be
related to the breakage/growth of crystals along the plate-sample interface
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Technique Solidification Melting
temperature (°C) temperature (°C)

DSC T,=15.0-15.5 T,=17.2-17.7
Oscillatory rheometer Tar~ar <16.0 T, ~17.5
Raman T,=17.3 T,,=17.7

Table 1: Phase change temperatures regarding different techniques.

even for the smallest imposed stress (0.001 Pa). Rheological tests highlight
two counteracting phenomena when applying a weak strain or stress to the
PCM: (1) it facilitates phase transition by homogenizing the temperature due
to advection, (2) it leads to a weakening of the crystallites structure during
the liquid-to-solid transition. Forces exerted by the imposed shear stress can
overcome the driving forces of crystallization and lead to the breakage of the
forming structure.

Melting and solidification at microscale were studied through Raman
spectroscopy. These measurements regard the “local” phase change since
the laser beam is focused on a um-spot right below the sample top surface.
Results show a local melting temperature (7,,=17.7 °C) close to what found
by DSC and by rheology measurements (Table 1). This temperature devi-
ates by only 2.2% from the values of T}, found by [40] for a much smaller
sample of hexadecane. On the other hand, both the temperature evolution of
the ratio between Raman’s peaks associated to the CHy stretching (Py/Py)
and the PCA score plots show that, by waiting long enough, crystallization
starts at T=17.3 °C, thus considerably reducing the thermal hysteresis to
about 0.4 °C. It has been shown that an uniformly cooled liquid n-alkanes
can undergo surface freezing by forming a crystalline monolayer on its surface
at 3 °C above the bulk T} [58, 59]. Although in our case boundary conditions
for the temperature are different from those of [58, 59|, this phenomenon
could take place along the liquid-air interface of our sample and contribute
to the mismatch between the local T obtained by Raman spectroscopy and
the bulk T obtained for small temperature ramps with DSC. Furthermore,
a large value of roughness can contribute to favor the occurrence of freezing,
as in the case for the cavity surfaces used to contain the PCM during our
Raman analysis. In our case, while solidification was measured locally by
Raman spectroscopy, a solidification within the whole volume was observed.

Variations in boundary conditions, such as thermal conditions and/or
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kinematical, dynamical conditions can significantly affect the way hexade-
cane’s solidification occurs. In addition, mechanical or even some physico-
chemical conditions can favor crystallization by inducing nucleation. This
has in turn a strong impact on how much efficiently energy is generated and
absorbed during the phase change and it needs to be taken carefully into
account when designing new thermal energy storage systems. For these rea-
sons, PCM interactions at interfaces are of utmost importance because they
can modify the sample bulk properties as well as equilibrium states.

Our ongoing work is currently dedicated to reduce PCMs supercooling.
One interesting route to address this issue is to provide nucleation sites to
favor crystallization, e.g. by using porous materials which increase the avail-
able solid surface to create sites for nucleation. In this case a complete
investigation on structural properties and phase transition mechanisms of
PCMs inside porous network will be mandatory to evaluate the ability of the
system to trigger crystals nucleation.
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