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Chapter 1

General Introduction

1.1 Demand for latent heat-storage materials

The development of thermal energy storage (TES) technologies is considered
important either as a main option or a component of energy-storage systems for energy
grids. The most attractive advantage of concentrated solar power plants (CSPs) with
TES is their dispatchability. The number of commercial CSP plants that can
continuously operate 24 h a day due to the application of TES is increasing [1-3].
Furthermore, newly-developed storage systems have been proposed recently that
convert electricity into heat, (using thermophotovoltaic cells [4, 5], electric heaters [6],
or heat pumps), and then store the heat using TES, before finally converting it back into
electricity. These systems are expected to overcome the limitations of the intermittent
generation of renewable energies, which is a key issue for installing renewable energy
in the power network in a cost-effective way. Because TES is a key process within these
concepts, various TES systems have recently been reported, such as those using the
sensible heat of pebbles [6] or molten salt [7], and the sensible and latent heat of liquid
Si [8]. Considering TES as a stable energy buffer for renewable-energy power plants,
high-temperature TES has great advantages. Considering thermodynamic limitations,
high-temperature heat sources (or those with a large temperature gap between the heat
source and heat sink) increase the efficiency of power generation. Considering the
exergy of the system, high-temperature heat sources reduce exergy loss to a greater

degree than low-temperature ones, as the exergy efficiencies of electricity and solar



energy are both close to 1. Therefore, the development of high-temperature TES is
urgently needed to enable the installation of renewable energy to a considerable extent.

In addition, TES technologies have attracted attention in industrial fields. For
example, large amounts of energy are required for steelmaking and chemical
manufacturing, and some of this energy is lost as thermal energy. From the perspective
of energy conservation, effective use of this unused heat is important. It is difficult to
use exhaust heat directly due to spatial and time gaps between the heat source and
demand of thermal energy. Therefore, TES can be used as a stable energy buffer to
overcome this limitation, and can be used for many processes [9-11].

Although sensible heat storage using molten salt [7, 12, 13], concrete [14],
brick [15], and pebbles [6] are all typical methods for high-temperature TES, an
alternative storage method that has received significant attention is latent heat storage
(LHS) using a phase change material (PCM). As discussed in previous review papers
[16-18], LHS has three main advantages. First, it achieves a high heat capacity. LHS can
store a large amount of heat with a small temperature swing, because the cumulative
stored heat changes in a single step around the melting temperature of the PCM. The
second advantage is the constant charging/discharging temperature. In the LHS
technique, the temperature does not change when heat is stored via the phase transition.
The PCM can be regarded as an isothermal heat source; therefore, rapid heat exchange
is possible. The third advantage is that LHS does not involve chemical changes. This
advantage can simplify the system and further lower the costs. These advantages make
LHS desirable for use in high-temperature TES applications.

A PCM with a high melting temperature should be selected for
high-temperature LHS, because the PCM can store heat at its melting temperature.

Molten salts are typical high-temperature PCMs [19]. Delise et al. investigated the



thermophysical properties of nitrate mixtures containing Na/K/Li/Ca [20]. Mathur et al.
encapsulated sodium nitrate with ZnO, and formed internal voids inside the nitrate
capsules using a sacrificial polymer, which was later used for evaluation of its cyclic
durability [21]. Yu et al. proposed a composite containing NaNO; as a PCM, and
Ca(OH) as a matrix, fabricated by cold sintering [22]. Miliozzi et al. mixed concrete
with NaNO;—KNOs eutectic-type PCM inserted in diatomite [23]. Chloride salts were
selected as PCMs that operate at higher temperature than nitrate salts. Myers et al.
reviewed pure and eutectic chloride salts [24]. Singh et al. infiltrated MgCl, into
graphite foams and measured the fusion heats and thermal diffusivities of the products
[25]. Tian et al. fabricated a composite consisting of binary eutectic NaCl-CaCl, and
expanded graphite [26]. Leng et al. synthesized form-stable PCM using KCl-NaCl
eutectic salts and diatomite [27]. Carbonate salts have also been studied as

high-temperature PCMs [28, 29].

1.2 Metallic PCMs

Metals and alloys are alternative classes of PCM materials. Metallic PCMs
such as Al, Cu, and their alloys, have high melting temperatures, high thermal
conductivities, and high heat-storage densities. Some studies have evaluated the
potential of metals and alloys as PCM materials. Risuefio et al. selected five types of
Zn—Mg—Al alloys, considering their melting temperature, fusion enthalpy, and cost [30].
Short- (100 cycles) and long-term (500 cycles) thermal cyclic durability tests were
performed with these alloys using differential scanning calorimetry (DSC) and an
electric furnace, respectively. After 500 thermal cyclic tests, Mg—51mass%Zn and Mg—
47mass%Zn—4mass%Al had excellent thermal stability. The thermophysical properties

of Mg—51mass%Zn were characterized previously [31]. The cyclic stability of the Mg—



Zn alloy was analyzed using simultaneous thermal analysis with thermogravimetry,
differential thermal analysis, and mass spectrometry. After 20 cyclic tests, no
appreciable mass change was observed. The authors also examined the thermal
diffusivity and thermal conductivity of the alloy over a range of temperatures from
room temperature to ~400 °C (above the melting temperature of the alloy). The Mg—Zn
alloy had thermal diffusivity and conductivity two orders of magnitude higher than
those of other salt PCMs with similar melting temperatures. Gokon et al. tested the
thermal stability of four kinds of hypereutectic Al-Si alloys in graphite containers [32].
Cyclic tests (20 cycles) were performed for these alloys under vacuum conditions. After
these cyclic tests, Al-25mass%Si showed little oxidation, and there was no reaction
between the alloy and graphite. Rea et al. designed a thermal storage tank with an Al-
12mass%Si alloy, connected to a valved thermosyphon to control heat flow, and
thermoelectric generators to convert heat to electricity [33]. The thermal storage tank
received and distributed heat, and the temperature gradient in the tank was below 6 °C.
Andraka et al. synthesized a eutectic Cu—Mg-Si alloy, the composition of which was
based on FactSage calculations, an American Society for Metals (ASM) diagram, and
the report by Birchenall et al. [34] as a PCM for a Dish—Stirling system [35]. Three Cu—
Mg-Si alloys were evaluated using DSC, and they determined the eutectic composition
and heat of fusion of this system. They concluded that the ASM composition, Cu—
21.16mass%Mg—25.34mass% Si, was eutectic and has the highest fusion heat.

Metallic PCMs are attractive for use as a TES material. However, the high
corrosivity of molten metal is a problem when using a metallic PCM. The structure that
encapsulates the PCM metal must completely cover the metal to prevent leaks when the
metal is molten, i.e., it should have a core—shell structure. To overcome these limitations,

metallic PCM composites have been studied. Xu et al. reported a form-stable AI-Al>O;



composite, in which Al is the PCM and Al>Os is the skeleton [36]. They developed an
Al-Al,03 mixed-sintering method, and studied the optimum molding pressure and time.
Lao et al. prepared an alloy/honeycomb ceramic composite with Al-Si alloy and
SiC-whisker—Al,O3 [37], by adding alloy powder to some of the honeycomb holes.
Macro-encapsulation is another way to form PCM composites. Several methods for the
macro-encapsulation of metallic PCMs have been studied. Several shell materials have

been used, including metals [38-40], ceramics [41], and glass [42].

1.3 Microencapsulated PCM

In the aforementioned methods for fabricating metallic PCM composites, it is
difficult to fill the PCM into the matrix or skeleton densely, without any leakage of the
molten metal. The shape of the PCM composites is also limited. Alloy-type
microencapsulated PCMs (MEPCMs) have been developed as candidate materials to
address these problems. MEPCMs consist of a metallic core and a ceramic shell.
Microencapsulation allows for easier handling, and enables the use of this PCM as a
powder. MEPCMs are ideal candidates for enabling further application of the LHS
technique.

Since Nomura et al. reported a simple method for manufacturing MEPCMs
using Al-Si alloys [43, 44], AI-Si/AL,O3 core/shell MEPCM with high cyclic durability
[45, 46] and an Al-Zn type MEPCM [47] were reported. Recently, various compositions
of the core material of the MEPCM have been reported. In the Sn system, shells of SiO>
[48], CaCOs [49], and TiO; [50] were reported. Fe—SiC core—shell microcapsules
fabricated by chemical vapor deposition [51] were also reported. An MEPCM with a
Zn—Al core and Ni and NiP multilayer shell [52] was also reported. In terms of shell

development, an Al,O3; and AIN shell [53], AlO; and mullite layers [54], and ALO;



shell covered with Cu [55, 56] were reported.

As a further application of the use of MEPCMs, the bottom-up design of a TES
structure is suggested. As mentioned earlier, MEPCM can be used as a powder material.
By combining MEPCM with sintering aids or ceramics, powder compaction technology
can be applied to create heat-storage structures with various shapes. According to this
concept, it is easy to fabricate an LHS structure with shapes suitable for heat-exchanger
applications.

Combining an MEPCM with a catalyst is also proposed as another application
of MEPCM. The combination of PCM and a chemical reaction itself was proposed [39,
57, 58] to stabilize the heat source when using waste heat for endothermic reactions.
Because MEPCM is a powder material, the catalyst can be placed near the heat-storage
material. Therefore, it is possible to integrate the catalyst and heat-storage layers,
enabling heat to be exchanged quickly between these two materials and preventing
overheating of the catalyst. It is also considered feasible to develop a new reaction
system that integrates exothermic and endothermic reactions, and a heat-storage layer.

The undercooling of MEPCM, i.e., the mismatch between the melting and
solidification temperatures, needs to be solved for the development of these applications.
Undercooling has been reported in alloy-based MEPCM. Undercooling reduces the
heat-release initiation temperature, which limits the heat exchange process. This can be
a fatal drawback in applications where constant temperature control is required, such as
those in combination with catalytic reactions.

In this thesis, various studies were conducted to develop applications of
MEPCMs as excellent thermal-storage materials. In Chapter 2, the concept of a
bottom-up design of an LHS material using the MEPCM concept is discussed. In

Chapter 3, the usefulness of the combination of a heat-storage material and catalyst is



evaluated by investigating the effect of the heat-storage material on an endothermic
reaction. Chapter 4 discusses the unique supercooling of alloy-type MEPCMs, with a
focus on the composition and particle size of Al-Si-type MEPCMs. In Chapter 5, the
addition of nucleation agents to the MEPCM as an attempt to suppress undercooling is

discussed. Finally, Chapter 6 provides an overall conclusion of this study.
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Chapter 2

Fabrication of heat storage pellets composed of
microencapsulated phase change material for

high-temperature applications

2.1 Introduction

Microencapsulated phase change material (MEPCM) is an ideal candidate for
realizing the bottom-up design of a thermal energy storage (TES) structure with high heat
capacity and a high degree of freedom in shape. The achievement of the bottom-up design
concept via the metallic MEPCM is the novelty of chapter 2. Based on the bottom-up
design of the TES structure using the MEPCM, various methods can be adopted for the
fabrication of the TES structure without the concern of PCM leakage because the PCM is
already encapsulated. The TES structure can be fabricated in various shapes: simple
pellets, honeycombs for the heat exchanger, and grains that suit the fluid bed; in addition,
small TES structures of the order of sub-microns or several millimeters that cannot be
fabricated via macro-encapsulation can be fabricated using this concept. The bottom-up
design employing the alloy MEPCM has the potential to be utilized in novel TES
techniques for high temperature applications.

Sintering agent was adopted to fabricate latent heat storage structure in simple
way. The melting point of the core of Al-Si alloy MEPCM used in this paper is 577°C.
Latent heat storage (LHS) is performed over the melting temperature of the PCM, thus

operating temperature become higher than the temperature. Sintering temperature is also
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needed to be higher the temperature for the LHS structure to maintain its shape. On the
other hand, too higher temperature than the melting temperature can cause breaking of
capsule by thermal expansion of inside core. Because of these reasons, sintering
temperature desires to be higher than the melting temperature and lower than the breaking
temperature of MEPCM shell. Firstly, I selected glass frit (GF) with a low sintering
temperature as a sintering aid. The result of the LHS pellets composed MEPCM and GF
is reported in chapter 2.2. Then, I tried to fabricate LHS pellets with sinterable alumina

(SA) with a higher sintering temperature. This result is reported in chapter 2.3.

2.2.1 Experimental procedure: Fabrication of heat storage pellets with
MEPCM and glass frit
2.2.1.1 Materials

Microparticles of Al-25mass%Si with a mean diameter of 36.3 um were prepared
via the spinning disk atomization method (Hikari Material Industry Co. Ld., purity:
99.0 %, Tm: 577 °C, L: 4321 g'l). They were used as raw materials.

Al(OH)3 powder (Kojundo Chemical Laboratory Co., Ltd, Purity: 99.99%) was
used as an additive to form a stable shell of MEPCM.

GF that consisted of SiO2, B>Os, ZnO, BaO, Al,O3, and La;O3; was used as a
sintering agent to prepare the latent heat storage pellet.
2.2.1.2 Preparation of MEPCM

As a main material for the PCM composite, the final product, a MEPCM
precursor, and MEPCM were prepared following the method reported in the previous
study [1]. First, a boehmite treatment of the Al-25 mass% Si particles was conducted in
boiling distilled water. 3.33 g L"! AI(OH); was added at a constant pH of 8 for 3 h, to form

a precursor shell on the surface. The pH value was adjusted by adding NH3-H>O to the

-13-



solution. The solution was then cooled to 75 °C, and was maintained at this temperature
for 16 h. After filtration and drying, the MEPCM precursor was then obtained. The
MEPCM precursor was placed in a rotary kiln and treated via heat-oxidation in an oxygen
gas flow (purity 99.5 %, rate 2 L min!), to form a stable Al,Oj3 shell. Approximately 10 g
of the precursor was heated from room temperature to 1150 °C, at a rate of 10 °C min’',
and then maintained at 1150 °C for 6 h. Thus, the MEPCM was obtained.
2.2.1.3 Fabrication of pellet and grain type thermal energy storage composites
Three types PCM composites with different main materials, Al-25mass%Si

microsphere, a MEPCM precursor, and MEPCM, were prepared by the same procedure.
First, the main materials were weighed to a ratio of 1:1, with GF as a sintering agent.
They were then mixed using a planetary ball mill at a speed of 100 rpm for 15 min. The
mixed powder was then shaped into cylindrical pellets with diameter of 10 mm and height
of 3.3-3.7 mm, by being pressed at 20 MPa at room temperature. Finally, these pellets
were heated to 800 °C, and kept at this temperature for 1 h in air.
2.2.1.4 Cyclic test

Cyclic tests were performed on the composites to evaluate their durability by
repeating the melting and freezing processes over 300 cycles. These cycles were
performed in a tube furnace, with two mobile heaters that could be automatically moved
along the tube using an air compressor. One heater was set at 650 °C for melting, and the
other heater was set to 400 °C for freezing. In these experiments, the as-prepared
composite was set at the center of the tube, and the two heaters were moved to the center
in order. The melting and the freezing periods were both set to 1800 s (30 min). In addition,
another composite, in which a thermocouple was inserted into the middle of the sample,
was also placed next to the test sample, to record the temperature history of the composite

during the cyclic tests.
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2.2.1.5 Characterization

Scanning electron microscopy (SEM, JEOL, JSM-7001FA) and energy
dispersive spectroscopy (EDS) were used to characterize the surface structure of the
synthesized composites. The phase composition was determined using powder X-ray
diffraction (XRD) with a one-dimensional (1D) silicon-strip detector (Rigaku
Miniflex600, D/teX Ultra2, Cu Ka). Finally, the thermal properties of the composites
were investigated. Their latent heat of fusion was measured using a differential scanning
calorimeter (DSC) (Mettler Toledo 823¢); the samples were subjected to heating and

in an Ar atmosphere during this process. The thermal

cooling at the rate of 2 °C min
diffusivity and specific heat of the composites were measured using a laser flash thermal
analyzer (ULVAC, TC-7000). The densities of the samples were measured with an

ultrapycnometer (Quantachrome Instruments, Ultrapycnometer 1000).The thermal

conductivity was calculated from the thermal diffusivity, the specific heat and the density:

A=0xC,xp (1)

Where A is the thermal conductivity, a is the thermal diffusivity, C, is the specific

heat and p is the density.

2.2.2 Results
2.2.2.1 Structural characterization of the composites

Figure 2-1 shows overviews of the composites prepared from a) Al-Si
microsphere/GF, b) MEPCM precursor/GF, and ¢c) MEPCM/GF. The appearance of Al-Si
microsphere/GF composites was remarkably different from all of the others. As shown in

Fig. 2-1 a), metallic spherical agglomerations with diameters of 0.22-0.61 mm
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a) Al-Si microsphere/GF b) MEPCM ¢) MEPCM/GF
precursor/GF

Figure 2-1 Overviews of the composites prepared from a) Al-Si microsphere/GF, b) MEPCM

precursor/GF, c) MEPCM/GF.

are clearly visible on the surface of the Al-Si microsphere/GF composites. In Figs. 2-1 b)
and c), however, the MEPCM precursor/GF and MEPCM/GF composites do not have
metallic agglomerations, their pellet shapes have remained intact.

Figure 2-2 shows 1) SEM images and 2) results of elemental mapping of the
cross-sections of a) Al-Si microsphere/GF, b) MEPCM precursor/GF, and c) MEPCM/GF.
The EDS mapping reveals that, for all of the composites, the circle structures, which
consisted of Al and Si with diameters of ~10—40 pm, were surrounded by oxygen. Clearly,
the circle structure came from the core material of Al-25mass%Si. Little Al and Si was
detected in the oxygen detected areas, however. Focusing on the results of the Al-Si
microsphere/GF composite, in Fig. 2-2 a-2), some of the circle structures were directly
connected with other circle structures, without contact through the oxygen phase. In Fig.
3 b-2) and Fig. 2-2 c-2), the Al and oxygen areas overlapped, forming a layer with a
thickness of about 1 um around the circle structures. These consisted of Al and Si. In
addition, the spherical structures composed of Al and Si were separated by oxygen layers.

No leakage of liquid Al-Si was observed in the EDS
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Figure 2-2 1) SEM images and 2) results of elemental mapping of the cross-section of a) Al-
Si microsphere/GF, b) MEPCM precursor/GF, and ¢) MEPCM/GF. In the elemental mappings, red

area represent Al, light green area represent Si, and blue area represent Oxygen.

-17 -



mapping. In particular, oxygen was not detected on the Al-Si core. Therefore, it can be

concluded that the oxidation and corrosion of Al-Si in the MEPCM was prevented.
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Figure 2-3 XRD spectra of the MEPCM precursor/GF composite and the MEPCM/GF composite,

shown together with data from the raw material of Al-25mass%Si microsphere and the sintered GF (at

800°C for 1 h).

Figure 2-3 shows XRD spectra of the MEPCM precursor/GF composite and the

MEPCM/GF composite, shown together with that of the raw material of the Al-

25mass%Si microsphere and the sintered GF (at 800 °C for 1 h). Almost all of the detected
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peaks correspond to Al, Si, GF, and a-Al>Os. In addition, (Lao.g Alo.2)(BO3) and SiO> were
also detected. Al,O3 was detected in the MEPCM/GF composites, therefore, it can be
inferred that Al and oxygen overlapped in the layer around the core of Al-Si, as can be
seen from Fig. 2-2 ¢), to form a-ALOs.
2.2.2.2 Thermal properties

Table 2-1 lists the thermophysical properties of the MEPCM precursor/GF
composite and those of the MEPCM/GF composite. It can be seen from Table 2-1 that the
thermal conductivity of the MEPCM precursor/GF composite was 2.16 W m™! K*!, and
that of the MEPCM/GF composite was 3.20 W m™! K!. The thermal conductivity of PCM,
Al-25 mass% Si, was 167 W m™! K! [2]. Thus, the thermal conductivity decreased owing
to the microencapsulation and fabrication of the composite. However, these values are
higher than those of non-metallic PCMs. The thermal conductivities of inorganic salt

eutectics are in the range of 0.4-2.1 W m™! K-!, for instance [3].

Table 2-1 Physical properties of MEPCM precursor/GF composite and MEPCM/GF composite

Composite Thermal diffusivity  Specific heat Density Thermal conductivity
(m?sh) (kJ kgt K1) (g m?) (Wm'TK"

MEPCM precursor/GF 8.37x107 0.813 3.17x10° 2.16

MEPCM/GF 8.37x107 1.27 3.06x10° 3.20

Figure 2-4 shows the DSC curves of the MEPCM precursor/GF composite and
the MEPCM/GF composite. Each curve has an endothermic peak around the melting
temperature of Al-Si (MEPCM precursor/GF composite: 576.5 °C, MEPCM/GF
composite: 575.5 °C). Therefore, these peaks represent the solid-liquid phase change of

Al-Si. The heat capacity of the MEPCM precursor/GF composite was 122 J g'! and that
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Figure 2-4 DSC curves of the composites after heat treatment at 800°C for 1 hour.

of the MEPCM/GF composite was 108 J g1

2.2.2.3 Cyclic durability

Figure 2-5 shows the temperature histories of the MEPCM/GF composites at the

first and 300th melting and freezing cycles. The temperature histories of the composites

at the first and 300th cycles have similar curves. During the heating period, the

temperature was mitigated at around the melting temperature of PCM, 577 °C.
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Figure 2-5 Temperature histories of the MEPCM/GF composites after the first and 300th cycles of

testing.

During the cooling period, the temperature change was mitigated at ~530-550 °C. The
former mitigation was caused by the melting of the inner PCM, and the latter mitigation
was caused by solidification. The temperature change was mitigated at different
temperatures during the heating and cooling periods. This represents the supercooling of

the PCM. The degree of supercooling is ~20—40 °C. The temperature history
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demonstrates that the melting temperature of the PCM in the MEPCM/GF composite
remained steady in the cyclic test; however, the temperature history also shows that

MEPCM/GF composite underwent supercooling during the test.

1) Overview 2) SEM images of 3) SEM images of | 4)Elemental mapping
surface cross-section of cross-section

a) MEPCM
precursor /GF

LL
Q
>
O
o
L
>
Q)

Figure 2-6 1) Overviews, 2) SEM images of surface, 3) SEM images of cross-section, and 4) Elemental
mapping of cross-section of a) MEPCM precursor/GF and b) MEPCM/GF composite, after 300 cycles

of repeated melting and freezing.

Figure 2-6 shows 1) overviews, 2) SEM images of surface, 3) SEM images of
cross-section, and 4) the elemental mapping of cross-sections of a) MEPCM precursor/GF
and b) MEPCM/GF composite, after 300 cycles of repeated melting and freezing.
Focusing on the MEPCM precursor/GF composite, although many capsules seemed to be
broken in Fig. 2-6 a-2), no remarkable change, such as the leakage or the agglomeration
of the PCM (see Fig. 2 a), was observed, as shown in Fig. 2-6 a-1). In addition, the inside
of the composite, in Fig. 2-6 a-3, 4), also showed no remarkable change, compared with
those of the as prepared composite (see Fig. 3 b-1, 2)). Focusing on the MEPCM/GF

composite, neither any remarkable change, such as the leakage of the PCM or the
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agglomeration of the PCM in Fig. 2-6 b-1), nor the broken capsule in Fig. 2-6 b-2), were
observed. In comparison to Fig. 2-2 c-1, 2) and Fig. 2-6 b-3,4), the composite had no
remarkable change inside before and after the cyclic test.

After the cycle durability tests, no remarkable changes were observed in either
the MEPCM precursor/GF or the MEPCM/GF composites, as shown in Fig. 2-6. Figure
2-5 also shows that the temperature histories did not change between the first and 300th
test cycles. The heat capacity of the MEPCM precursor/GF composite was 87% of the as-
prepared composite. On the other hand, that of the MEPCM/GF composite was 93% of
the as-prepared composite. Both composites had the same melting temperature before and
after the cyclic test. The latent heat of the MEPCM precursor/GF composite decreased by
some broken capsules of the MEPCM precursor/GF composite shown in Fig. 2-6 a-2)
whereas that of the MEPCM/GF composite hardly changed. Thus, it can be concluded
that the MEPCM/GF composite has better cyclic durability than the MEPCM

precursor/GF composite.

2.2.3 Discussions

The sintering temperature (800 °C) during the preparation of the composites is
higher than the melting temperature of the PCM (577 °C). Some leakage of the liquid
PCM was therefore expected. As shown in Fig. 2 a), metallic spherical agglomerations
were observed in the Al-Si microsphere/GF composite. However, the MEPCM
precursor/GF and MEPCM/GF composites had no leakage. These results indicate that the
existence of a shell, even that of a precursor such as AIOOH, is important for preventing
the leakage of the PCM. This is vital to fabricating a PCM composite from a powder-
based PCM. The shell prevented the liquid PCM cores from directly contacting each other

and agglomerating.
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In Fig.2-3, no new phase, that is, no phase other than those of the MEPCM
precursor and the MEPCM/GF, was detected in either the MEPCM precursor or the
MEPCM/GF composites. This result indicates that neither the shell of the MEPCM
precursor, nor the MEPCM, reacted with the GF. This means that the MEPCM precursor
and the MEPCM shell have excellent chemical stabilities

In table 2-1, the thermal conductivity values of the composites proposed herein
represent the thermal conductivities of heat storage structures, not those of materials,
which is the case with regard to inorganic salt eutectics. The latter require encapsulation,
and an additional encapsulation step can cause their thermal conductivity to decrease. In
contrast, the PCM in these composites was already encapsulated. Therefore, they can be
directly inserted to a heat storage unit without additional encapsulation. Thus, it can be
said that these composites have good thermal conductivity. To further improve the thermal
conductivity of the MEPCM composites, the mass fraction of the MEPCM in composites
can be increased. The MEPCM can be combined with metals because the MEPCM has a
ceramic shell. The MEPCM/metal composite can be expected to become a TES structure
that provides a higher thermal conductivity.

Next, we discuss the heat-storage capacity of the composites. The latent heat of
the MEPCM, made via the same process, was found to be 183 J g”! in a previous study
[1]. Compared to this value, the latent heat of the MEPCM/GF composite had 59.0% of
the sensible heat capacity of the MEPCM(see Fig.2-4). Taking the mass fraction of the
MEPCM in the composites into consideration, it can be concluded that the heat storage
performance of MEPCM did not degrade after sintering. Figure 2-5 shows a comparison
of the heat capacity per mass among the tested products and conventional sensible heat
storage (SHS) materials. The heat capacities of the products are measured values, and

those of the SHS materials are calculated values. The heat capacities of the SHS materials
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were calculated by multiplying the specific heat and the temperature difference (50 K).
The differences in the capacities of the two composites result from the differences in the
heat capacities of the MEPCM precursor and those of the MEPCM. The two composites
have approximately double the heat capacity of the SHS materials. Fig. 2-6 shows a
comparison of the heat capacity per volume among the products and SHS materials. The
heat capacities of the products were calculated using the densities shown in Table 1 and
the heat storage capacities per mass. The heat capacities of the SHS materials per volume
are multiples of the heat capacities in shown in Fig. 2-5 and the densities of the SHS
materials. The two composites have approximately 1.5 times the heat capacity per volume
of AlbO3 as the SHS material. In comparison with the heat capacity of SiO,, the heat
capacity per volume of the MEPCM precursor/GF composite is thrice higher.

Table 2-2 shows a comparison of the thermophysical properties of the PCM
composites proposed in this and other papers. The PCM composites fabricated in this
paper have excellent thermal energy storage capacities per volume, compared to other
types of PCM composites. Moreover, the thermal conductivities of the MEPCM
precursor/GF and MEPCM/GF composites compare favorably with other PCM

composites. It can be said that the products proposed in this paper are excellent latent heat

storage composites for use at temperatures close to 600 °C.

Table 2-2 Comparison of thermophysical properties of PCM composites.

Composite PCM:Matrix ~ Melting temperature Fusion heat Fusion heat Thermal conductivity
(Mass ratio)  (°C) Jgh MJm3)  (WmlK")

MEPCM precursor/ GF 1:1 576.5 122 387 2.16

MEPCM/GF 1:1 575.5 108 330 3.20

Al/ALOs[4] 6:4 655.1 194.2 264.1 2.15

NaLiCo3/MgOI[5] 1:1 489.4 177.6 - 2.6

NaNOs/Ca(OH)2[6] 6:4 306.5 102.8 218.7 -

- means that the thermophysical property was not referred in the citation paper.
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Figure 2-5 A comparison of the heat capacity per mass among the tested products and conventional
sensible heat storage (SHS) materials. The heat capacities of the SHS materials were calculated by

multiplying the specific heat and the temperature difference (50 K)
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Fig.2-6 A comparison of the heat capacity per volume among the tested products and conventional
sensible heat storage (SHS) materials. The heat capacities of the SHS materials were calculated by

multiplying the specific heat and the temperature difference (50 K)
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2.3.1 Experimental procedure: Fabrication of heat storage pellets with

MEPCM and sinterable alumina

2.3.1.1 Materials

Microparticles of Al-25 mass%Si with a mean diameter of 36.3 pm were
prepared using the spinning disk atomization method (purity: 99.0 %, Tm: 577 °C,
L: 432 J ¢!, Hikari Material Industry Co. Ld.). They were used as raw materials.

AI(OH)3; powder (Kojundo Chemical Laboratory Co., Ltd, Purity: 99.99%) was
used as an additive to form the stable shell of MEPCM.

Sinterable alumina (SA) ( 2.44 pum, purity 99.87%, purchased from Nippon Light
Metal Co. Ltd.) was used as a matrix material for the heat storage pellets.
2.3.1.2 Preparation of MEPCM precursor

A MEPCM precursor was prepared following a previously-reported method[1].
Firstly, boehmite treatment of the Al-25 mass% Si particles was conducted in boiling
distilled water. 3.33 g L' AI(OH); was added at a constant pH of 8 for 3 h, to form a
precursor shell on the surface. The pH value was adjusted by adding NH3-H>O to the
solution. The solution was then cooled to 75 °C and this temperature was maintained for
16 h. After filtration and drying, the MEPCM precursor was then obtained.
2.3.1.3 Fabrication of heat storage pellets

The MEPCM precursor and SA were mixed, pressed, sintered, and finally heat
storage pellets were prepared. Firstly, MEPCM precursor and the SA were weighed at 1:1
and mixed with a planetary ball mill at a speed of 100 rpm for 15 min. Then the mixed
powder was shaped into cylindrical pellets with diameter of 10 mm and height of 3.2—
3.4 mm by pressing at room temperature at 20 or 50 MPa. Finally, the green pellets were

heated to 1300 °C and this temperature was maintained for 3 h under air or atmospheric
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0. For simplicity, hereafter, the fabricated heat storage pellets are labeled as “x MPa-
atmosphere” where x means the pelletized pressure and atmosphere is sintering
atmosphere; air or O». Table 2-3 shows the list of the products. For example, 20 MPa-air
means heat storage pellets pelletized at 20 MPa and sintered under air atmosphere.
2.3.1.4 Characterization

Scanning electron microscopy (SEM, JEOL, JSM-7001FA) and energy
dispersive spectroscopy (EDS) were used to characterize the surface structure of the
synthesized composites. The phase composition was determined using powder X-ray
diffraction (XRD) with a one-dimensional (1D) silicon-strip detector (Rigaku
Miniflex600, D/teX Ultra2, Cu Ka). Their latent heat of fusion was measured using a
differential scanning calorimeter (TG-DSC) (Mettler Toledo TGA-DSC-3); the samples

were heated and cooled at rate of 5 °C min™! in an Ar atmosphere during this process.

2.3.2 Results
2.3.2.1 Structural characterization of the heat storage pellets

Figure 2-7 shows images of the heat storage pellets (which consisted of MEPCM
and SA) when pelletized and sintered under different pressures and atmospheres,
respectively: (a) 20 MPa-air, (b) 20 MPa-O3, (¢) 50 MPa-air and (d) 50 MPa-O,. Despite
having a higher sintering temperature than the melting temperature of the MEPCM, no
agglomerations of metal were observed on the surface of the pellets. The sintering
temperature was higher than 1000 °C. Leakage or combustion of liquid PCM was
expected at this high sintering temperature. However, as shown in Figure 2-7,
agglomeration of metal was not observed and these pellets maintained their shape after

sintering.
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Figure 2-7 Images of heat storage pellets which consisted of MEPCM and SA when pelletized and
sintered under different pressure and atmosphere, respectively. a) 20 MPa-air, b) 20 MPa-O,, ¢) 50

MPa-air and d) 50 MPa-O:..

Figure 2-8 shows SEM images of the pellets fabricated under different conditions.
Figure 2-8 shows that each pellet had a spherical structure with nearly the same diameter
of raw PCM inside. This result indicates that some MEPCM kept their spherical shape in
the heat storage pellets. Figure 2-9 shows SEM images and elemental mappings of the
cross section of the pellets pelletized at 20 MPa. a-1, 2) sintered under air atmosphere and
b-1, 2) Oz atmosphere. In Figure 2-9-b) and 2-9-d), red areas represent Al and blue areas
represent O. Purple areas in which Al and O coexist, represent the presence of Al,Os.
There are some regions where O doesn’t exist in Figure 2-9 a-2) and Figure 2-9 b-2). In
other words, some Al and Si doesn’t coexist with O. Therefore, elemental mapping
suggests that not all the Al and Si in the pellets were oxidized. These results show that

some PCM was not oxidized during sintering operation at high temperature.
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Figure 2-8 SEM images of the pellets fabricated different condition. a) 20 MPa-air, b) 20MPa-O», c)

50 MPa-air and d) 50 MPa-O,.

a-2) EDS mapping :
(18I 0)° ¢

b-2) EDS mapping

b-1) SEM image
prra & (Al Si. 0)

e

Figure 2-9 SEM images and elemental mappings of the cross section of the pellets pelletized at 20

MPa. a-1, 2) sintered under air atmosphere and b-1, 2) O, atmosphere. Red area represent Al, light

green area represent Si, and blue area represent O.
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MEPCM precursor, Core  The shell prevented oxidation and
MEPCM precursor, Shell agglomeration of the melting core
Sinterable alumina during sintering process

MEPCM, Core

Figure 2-10 Schematic images inside latent heat storage pellets before, during and after the sintering.

Figure 2-10 shows schematic images inside products before, during and after the
sintering process. The shell of the MEPCM prevented the melting core from oxidation.
The shell also prevented direct contact of each melting core. Thus, Al-Si alloy remains
inside the products and agglomeration of metal was not observed.

Figure 2-11 shows XRD patterns for heat storage pellets: a-1) 20 MPa-air, b-1)
20 MPa-0O2, c-1) 50 MPa-air and d-1) 50 MPa-O,. Figure 5 also shows XRD patterns of
sinterabe alumina. Al, Si, and a-Al>,O3 were detected in all the pellets. Figure 2-11 a, b, c,
d, e-2) are magnified XRD patterns of the products from 20° to 24°. The XRD spectra of
each composite shows that Al,O3 was detected in the heat storage pellets, therefore Al
and O overlapped as a-Al203. The heat storage pellets, excluding the pellets pelletized at
20 MPa and sintered under O» atmosphere, also show the presence of SiO,. This suggests
that the Si in the PCM was oxidized in the pellets which were sintered under air

atmosphere or pelletized at high pressure.

-31-



a-1) 20 MPa-air 0a-Al,O;, AAl VSi a-2) 20 MPa-air OSiO,
oy O @) o)
| l | J' %M Ay Oh Vﬁh o AP OA Q WWWM
b-1) 20MPEO, o b-2) 20 MPa-O,
ovy OA o 0O
’5 h I AY VA O A o) Mart st A s arred
< e 1) 50 MPa -air c-2) 50 MPa-air
2 =)
n
207 T3 by tdos® o et P
E dDSOMP 0, 2) 50 MPa-0,
17 L& L U Q | ftetrmed Aty
| - -
e-1) Slnterable alumina (SA) e-2) Sinterable alumina
o J O o
| ? | A }k Q K Q

20 30 40 50 60 70 8020 21 22 23 24
20 (deg) 20 (deg)

Figure 2-11 XRD patterns for heat storage pellets. a-1) 20 MPa-air, b-1) 20 MPa-O, c-1) 50 MPa-air
and d-1) 50 MPa-O, with e-1) XRD patterns of sinterable alumina.

a, b, ¢, d, e-2) magnified XRD patterns of the products from 20°to 24°.

2.3.2.2 Thermal properties

Figure 2-12 shows DSC curves for the heat storage pellets: a) 20 MPa-air, b)
20MPa-0O2, c¢) 50 MPa-air and d) 50MPa-O,. Each curve had an endothermic peak at
around 577 °C, the melting temperature of Al-Si,. Therefore, these peaks are solid-liquid
phase transitions for Al-Si. Figure 2-13 shows fusion heat of the heat storage pellets
shown in Figure 2-12. The heat storage pellets, a) 20 MPa-air, b) 20 MPa-O, c¢) 50 MPa-
air and d) 50 MPa-O,, has 46.1J g, 73.5J g, 24.4Jg"! and 23.8 I g! heat storage
capacity respectively.

The heat storage pellets, 20MPa-O,, that were pelletized at 20 MPa and sintered

under Oz atmosphere had the highest heat storage capacities. Heat storage capacity was
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Figure 2-12 DSC curves for the heat storage pellets.
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Figure 2-13 Fusion heat of the heat storage pellets shown in Figure 2-12.
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decreased by oxidation of PCM inside the heat storage pellets. In this study, latent heat
decrease was prevented when the heat storage pellet was pelletized at 20 MPa and sintered

under O, atmosphere.

2.3.3 Discussions

Reasons for this why this condition prevented oxidation of PCM are considered.
To observe the mass increase, which depends on the atmosphere during sintering, TG
analysis was performed of as prepared mixed powders of MEPCM precursor and SA
under air or Oz flow. Figure 2-14 shows the result of the TG analysis. The temperature
program and atmosphere were kept same as the sintering condition. There was little
difference between the two atmospheres until about 1000 °C. We observed mass decrease
at around 200 °C and mass increase started at around 590 °C. Above 1000 °C the rate of
mass increase under air flow was higher than the rate under Oz flow. Finally, there was a
2% difference in the maximum value of the weight change between air and O».

SA is stable material, thus the mass change in the TG curve is derived from
MEPCM. Our previous study[ 1] reported mass decrease due to dehydration of AI(OH)3
and mass increase due to oxidation of Al during the heat treatment of the MEPCM
precursor. In the final stage of MEPCM shell formation, cracks on the MEPCM surface
(caused by heat expansion of the core) are closed by Al oxidation. This is a self-repair
process. Figure 2-15 shows a schematic diagram of self-repair process. This self-repair
prevents further oxidation of the inner core during heat treatment and the process
progresses more rapidly in atmospheres of higher partial pressure of O». Figure 2-14
shows that, over 1000 °C, there is a difference in the mass increase of the samples,

depending on the atmosphere. Differences in the rate of self-repair in each atmosphere
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Figure 2-14 TG curves of mixed powders of MEPCM precursor and SA under air or O; flow.
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Figure 2-15 A schematic image of self-repair process.

are thought to cause differences in the mass increase. We can see that O atmosphere is

advantageous for the preparation of MEPCM and heat storage pellets containing MEPCM.

This is because the O, atmosphere has a higher partial pressure of O than the air.

The latent heat of the heat storage pellet pelletized at 50 MPa was lower than
that of the ones pelletized at 20 MPa. This result indicates that 50 MPa is too high to break

MEPCM during the fabrication of heat storage pellets. Cracking of the MEPCM shell
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caused more oxidation of the inner core. This is because the ceramic shell helps to prevent
oxidation of the inner core. For this reason, high pelletizing pressure is not ideal for the

fabrication of MEPCM heat storage pellets.

2.4 Conclusion

Latent-heat storage pellets were successfully fabricated using a
microencapsulated metallic PCM. These composites were fabricated with the simple
method of mixing the MEPCM and a sintering agent, followed by compression and
sintering.
1. The agglomeration of the molten metal was observed in the as-prepared Al-Si
microsphere/GF composite because the sintering temperature was higher than the melting
temperature of the PCM. However, the MEPCM precursor and the MEPCM prevented
agglomeration during sintering.
2. An endothermic peak was observed around the melting temperature of PCM from DSC
analysis of the composites. This shows that these composites can be used for latent heat
storage.
3. The MEPCM pellets had higher thermal conductivity than non-metallic PCMs. In
addition, the latent heat of the pellets showed that the latent heat of the MEPCM did not
decrease after the fabrication of the pellets.
4. The thermal history of the MEPCM/GF pellets did not change after 300 cycles of
durability testing.

Fabrication of LHS pellets with MEPCM and sinterable alumina were also
archived.
5. MEPCM precursor prevented agglomeration and combustion during the sintering step.

On the other hand, oxidation of PCM was inevitable and caused loss of latent heat.
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2. When sintering temperature is higher than 1000 °C, O2 atmosphere allows for effective
sintering. In addition, pelletizing pressure should be low enough to avoid cracking the
MEPCM shell.
3. The heat storage pellet pelletized at 20 MPa and sintered under O> atmosphere had
highest latent heat, 73.5 J g~!. Following these findings, the next challenge is to increase
the heat storage capacity.

This study demonstrates that MEPCM can be used to fabricate latent heat storage

composites for high-temperature applications.
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Chapter 3

Reaction heat control for steam reforming of
ethanol with Ni-impregnated latent-heat storage

grains

3.1 Introduction

Combining an MEPCM with a catalyst is proposed as an LHS strategy in this
chapter. The combination of PCM and a chemical reaction itself was proposed [1-3] in
terms of stabilizing the heat source when using waste heat for endothermic reactions.
Specifically, it is possible to integrate the catalyst layer with the thermal-storage layer
by directly supporting the catalyst on an LHS structure made from an MEPCM. In this
case, heat can be exchanged quickly between the catalyst and the heat-storage material.
Preventing overheating of the catalyst or combining an unstable heat source and
endothermic reaction via heat storage can also be achieved by this strategy. In addition,
new reaction systems integrating exothermic and endothermic reactions, and a
heat-storage layer could be developed.

In this chapter, the effect of LHS on the stabilization of the catalyst-packed-bed
temperature for an endothermic reaction is confirmed. Catalyst-LHS grains were
fabricated for LHS applications by loading an MEPCM with catalyst. The catalytic
performance of the prepared catalyst—LHS grains for the steam reforming of ethanol (as

given in equation (1)) was investigated.

C>HsOH +3H,O — 6Hz +2CO2  AH»9g = 174 kJ/mol (1)
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Ni was selected as the catalyst for steam reforming of ethanol. The prepared Ni
catalyst-LHS grains have the potential to achieve both LHS and catalysis functions
simultaneously in a single material. In this study, the catalytic performance of the
prepared Ni-LHS grains was evaluated when the power supply to the heating part of the
catalytic reactor was stopped to confirm whether they could operate as a heat source for

the steam reforming of ethanol.

3.2 Experimental procedure
3.2.1 Materials

Microparticles of Al-25mass%Si with a mean diameter of 36.3 pum were
prepared via spinning-disk atomization by the supplier (Hikari Material Industry Co.
Ltd.). This material had a purity of 99.0%, melting temperature (7m) of 577 °C, and
latent heat capacity (L) of 432 J g'! and was used as a raw material. AI(OH); powder
(Kojundo Chemical Laboratory Co., Ltd, Purity: 99.99%) was used as an additive to
form a stable shell of MEPCM. Glass frit that consisted of SiO», B20Os3, ZnO, BaO,
ADOs3, and La,O3 was used as a sintering agent to prepare the LHS grains. Nickel nitrate
hexahydrate (Kojundo Chemical Laboratory Co., Ltd, Purity: 99.9%) was used as the Ni
source of the catalyst supported by the LHS grain. Ethanol (Kanto Chemical Co., Inc.,
Purity: 99.5%) was used for the steam-reforming experiments.
3.2.2 Preparation of catalyst—-LHS composite

The MEPCM was prepared following a method reported in a previous study [4]
and Chapter 2. Figure 3-1 shows the process for preparing the catalyst-LHS composite.
First, a boehmite treatment of the Al-25 mass% Si particles was conducted in boiling
distilled water. The raw Al-Si was added to a solution containing 3.33 g L'! AI(OH); at

a constant pH of 8 (adjusted using NH3-H>O), and allowed to react for 3 h to form a
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maintained at this temperature for 16 h. After filtration and drying, the MEPCM

precursor shell on the surface. The solution was then cooled to 75 °C, and was

precursor was then obtained.

(1) Boehmite treatment

i Solution:

] pH: 8 (by NH;-H,0)

1
1
Al(OH), 1 g/300 ml 1
Temperature: 100°C |
Time: 3 h i

1

1

(2) Precipitation treatment

i Temperature: 75°C
I Time: 16£0.5h

Al-25mass%Si

(< 38 um) Shell: AIOOH

Core: Al-25 mass%Si  MEPCM grain

0 .80

®

Ni-MEPCM grain

(3) Granulation

-Mixing MEPCM with glass frit |
Ratio: 50 mass% i
Binder: ethanol '

i
1
1
1

%Oooo }dr % ) ..

(4) Impregnation treatment

i Solution (source of Ni):

i Ni(NO,),6H,0 2.48 g/50 ml
1 .
I Support: MEPCM grain 4.50 g
: +
]
]

Dry: 105°C, 12 h
I Calcination: 500°C, 4 h

Powder (~pm)

|, Cooling water
Steam Ni solution
n |, Support
rain (~mm Water~ /- Water bath (90°C
grain (~mm) O etk (90°C)

Figure 3-1 Preparation of Ni-LHS grains from Al-25mass%Si via (1) boehmite treatment, (2)

precipitation treatment, (3) granulation, and (4) impregnation treatment.

Next, the LHS grains were formed by tumbling granulation. Glass frit and the

MEPCM precursor were mixed in a 1:1 weight ratio in a planetary ball mill at 100 rpm

for 15 min. The mixed powder was fed into a pan-type rolling granulator and formed
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into grains with 1-3 mm diameter using ethanol as a binder. The green samples were
heated at 800°C for 1 h in an air atmosphere to obtain the LHS grains. Ni-LHS
composite grains were prepared by impregnation in a rotary evaporator. The nominal
mass ratio of Ni was 10 mass%. First, 2.48 g of nickel nitrate hexahydrate was added to
50 ml of distilled water in a flask. Next, 4.50 g of LHS grains were added to the
prepared Ni solution, and the solution was heated to 90°C to impregnate the Ni as the
water evaporated as the flask rotated. Then, the sample was dried at 105°C for 12 h and
calcined at 500°C for 4 h under an air atmosphere. Finally, Ni-LHS composite grains
were obtained. For comparison, Ni was also loaded on alumina particles (diameter: 2
mm) by the same impregnation method.
3.2.3 Catalytic performance for steam reforming of ethanol

The catalytic performance of the composite LHS grains was evaluated using a
glass tube (diameter: 20 mm) as a reaction chamber, as shown in Figure 3-2. First, 3.5 g
of Ni-LHS grains was packed in the glass tube to achieve a catalyst packed bed with a
height of 20 mm. Before catalytic tests, the catalyst was reduced in hydrogen at 500°C
for 1 h. Then, furnace 1 and 2 above the packed bed layer were heated to 550°C and
furnace 3 heating the packed bed was heated to 650°C as shown in Fig 3-2. After the
temperature of furnace 3 reached 650°C, a mixture of ethanol and distilled water (molar
ratio of 1:5, respectively) was added dropwise using a feed pump (Tokyo Rika Kikai,
MP-4000) under Ar flow (200 ml min™") at a feed rate of 0.1 ml min™'. The droplets of
the solution were absorbed by glass wool and vaporized at 550°C before reaching the
catalyst. The vapor was continuously flowed through the catalyst packed bed. When the
outlet gas reached a constant composition, furnace 3 was turned off and the catalytic test
was performed for 30 min. The composition of the outlet gas was analyzed with

quadrupole mass spectrometry (Q-mass; Pfeifer Vacuum, Termostar GSD301). The
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catalytic activity of the Ni-AlbO3 grains was also tested under the same experimental
conditions for comparison.
The catalytic performance was evaluated by the hydrogen yield expressed by

equation (2).

F out
Hyd ield:
ydrogen yie oF

in

X 100 (2)
where Fi, is the inlet flow rate of CoHsOH. and Fo. is the outlet flow rate of hydrogen.

Liquid feeder = <—Ar

(Ethanol + Water) —

_Quartz wool

Furnacel ..

Catalyst

20 mm

Furnace2. ‘

20 mm

Furnace3.. ||/ . /

Thermocouple #_{1__/\_. I
(for control)

F = — — =

Thermocouple
(for control)

Ceramic mesh

Filter ..
~ < ‘. !
N HI: Data logger
QMS
\l, Atmosphere

Figure 3-2 Experimental apparatus used to evaluate the catalytic performance of the LHS grains for

steam reforming of ethanol.
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3.2.4 Characterization

Scanning electron microscopy (SEM; JEOL, JSM-7001FA) and energy
dispersive X-ray spectroscopy (EDS) were used to characterize the surface structure of
the synthesized catalyst. The phase composition was determined using powder X-ray
diffraction (XRD) with a one-dimensional (1D) silicon-strip detector (Rigaku
Miniflex600, D/teX Ultra2, Cu Ka). Their latent heat of fusion was measured using
thermogravimetry-DSC (TG-DSC; Mettler Toledo TGA-DSC-3); the samples were

heated and cooled at rate of 5 °C min™' in an Ar atmosphere during this process.

3.3 Results
3.3.1 Characterization of the as-prepared Ni-LHS grains

Figure 3-3 shows the appearance of the as-prepared LHS grains and Ni-LHS
grains. The size of the composite LHS grains ranged from 1 to 3 mm. After
impregnation of the catalyst, the color of the surface of the grains changed from gray to
black, but the shape and size of the grains did not change significantly. This indicates
that the composite LHS grains were sufficiently durable to withstand the impregnation

process.

Composite LHS grain Ni—LHS grain

2 mm

Figure 3-3 Appearance of LHS grains a) before and b) after impregnation treatment.
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Figure 3-4 SEM images and Ni and C elemental maps of LHS grains a) before and b) after

impregnation treatment.

Figure 3-4 shows SEM images and EDS maps of the surface of the Ni-LHS
grains before and after impregnation. Spherical MEPCM particles were observed in
both samples before and after impregnation. In addition, particles of about 100200 nm
were observed on the surface of the MEPCM after catalyst impregnation. The EDS
maps identified that these particles were Ni. In conclusion, the impregnation treatment
successfully resulted in Ni catalyst supported on the composite LHS grains.

Figure 3-5 shows the XRD patterns of MEPCM, composite LHS grains, Ni—
LHS grains after impregnation, and glass frit used as a sintering aid. In both the LHS
and Ni-LHS grains, the Al and Si peaks of the MEPCM were detected. This indicates
that the core Al-Si alloy in the formed grains was protected and did not change
chemically during the granulation and impregnation processes. A peak corresponding to

NiO was detected in the sample after catalyst impregnation. This result indicates that the
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Ni nitrate hexahydrate used as the Ni source was oxidized to NiO by calcination at
500°C in air. No new composition other than NiO was detected in the Ni-LHS grains
before or after Ni impregnation, and all peaks, except for those corresponding to Al, Si,

and NiO were attributed to the glass frit glass sintering aid.

O | OAl 'ASiv'AlooHI:INio
A O
Y L JY A YA Q
MEPCM
: A A O
2| Composite LHS grain
2 A
= O A
O _ S % & 0t
Ni—LHS grain
Glass frit
20 25 30 35 40 45 50 55 60 65 70
260 (deg.)

Figure 3-5 XRD patterns of MEPCM, and LHS grains before and after impregnation, and the glass

frit for reference.

Figure 3-6 shows the DSC curves of the LHS and Ni-LHS grains measured
during cooling from 600 to 500°C. An exothermic peak due to MEPCM solidification
was observed in both samples. The latent heat capacity (L) was calculated as the sum of
the A H of the DSC peaks, giving 78.0 and 69.9 J g’ for the LHS and Ni-LHS grains,
respectively. The ~10% decrease in L after Ni loading was consistent with the

percentage decrease in the weight ratio of MEPCM after loading 10 mass% Ni. The
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solidification temperatures were 557°C and 558°C for the LHS grains and Ni—LHS

grains, respectively.

T, =527°C
AH=30.6] g

T, =557°C
AH=4747g?!

Composite LHS grain

T, =558°C
AH=424] gt

T, =528°C
AH=275] g}

Heat flow (a.u.)

Ni—LHS grain

Atmosphere: Ar
Flow rate: 50 mL min-?
Sample pan: Al,O; open-pan

500 510 520 530 540 550 560 570 580 590 600
Temperature (°C)

Figure 3-6 DSC curves of composite LHS grain before and after impregnation treatment

during heat release under cooling from 600 to 500°C (7%: freezing point; AH: latent heat of fusion).

3.3.2 Steam reforming of ethanol

Figure 3-7 shows the changes in the (a-1) outlet gas concentration, and (a-2)
hydrogen yield and packed-bed temperature during the catalyst test using Ni-LHS
grains and (b-1) outlet gas concentration, and (b-2) hydrogen yield and packed-bed
temperature during the catalyst tests with Ni—Al>O3 grains. No C2HsOH was detected in
the outlet gas, but Hy, CO2, CO, CH4, and H>O were detected. At the beginning of the
test, the Ha concentration was ~62%, CO> concentration was ~9%, CO concentration

was ~8%, CH4 concentration was ~3%, and H>O concentration was ~18%. After 30 min,
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the H> concentration was ~38%, COx concentration was ~10%, CO concentration was
~0%, CH4 concentration was ~12%, and H,O concentration was ~40%.

As shown in Fig. 3-7 (a-2), the H» yield also decreased with decreasing
temperature. The H» yield was 52% and 26% at a catalyst bed temperature of 650°C and
450°C, respectively. During the catalyst test, the temperature dropped steadily, but there
was a decrease in the rate of the temperature change at about 550°C. This was due to the
release of latent heat from the solidification of the MEPCM. During the catalyst test, the
H; yield decreased with a similar trend to that of the temperature, but the rate of
decrease of the yield reduced around 550°C where the rate of temperature change also
decreased slightly. This suggests that the heat released from the MEPCM decreased the
temperature change of the catalyst packed bed, which in turn decreased the H> yield
change rate.

The outlet gas concentration during the catalyst tests with Ni-ALOs grains
showed a similar trend to that of the Ni-LHS grains, as shown in Fig. 3-7 (b-1). The H>
concentration was slightly lower than that of the case with Ni-LHS grains. As shown in
Fig. 3-7 (b-2), both the Hz yield and the packed-bed temperature continued to decrease
steadily during the test with Ni—Al,Os grains. In addition, there was no reduction in the
rate of decrease of either temperature or H; yield, unlike the case when Ni-LHS grains
were used. Therefore, the latter was attributed to the release of latent heat by the
MEPCM. In conclusion, the results verified that it is viable to control the heat of a

catalytic reaction using an MEPCM as an LHS.
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Figure 3-7 a-1), b-1) Concentration of outlet gas, and a-2), b-2) H» yield and temperature over time

using a catalyst packed bed with a) Ni-LHS or b) Ni-Al,O3 during heat release. (Inlet flow: 17 mol%

ethanol solution 0.1 ml min’!; carrier gas: Ar 200 ml min™").

3.3.3 Characterization of the Ni-LHS grains after catalytic tests

Figure 3-8 shows a photograph of the Ni-LHS grains after the catalytic tests.

There was no change in the shape and size of the grains after testing (the grain size

remained ~1-3 mm). Two particle surface colors were observed: black and gray. Figure
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3-9 shows the corresponding SEM images and EDS maps of the Ni-LHS grains after
these tests. The surface of the black Ni-LHS grains was covered with fibrous
precipitates, which were identified as carbon by EDS mapping. However, no carbon
precipitation was observed on the surface of the gray grains. It is possible that all Ni—
LHS grains will be covered with carbon after some time, and the catalyst will be
deactivated by prolonged use.

Figure 3-10 shows XRD patterns of Ni-LHS grains a) just after hydrogen
reduction, and b) after hydrogen reduction and catalytic tests. In both samples, the Al
and Si peaks indicating the MEPCM and those of the sintered material were observed,
which were also detected for the as-prepared Ni-LHS grains. Therefore, the core Al-Si
alloy was protected and chemically unchanged during catalysis. NiO was observed
before testing, but after the reduction treatment and catalytic test, it was not observed,
and a new peak related to Ni was observed. This was due to the reduction of NiO to Ni
in the presence of hydrogen before the catalytic tests.

Figure 3-11 shows the DSC curves of Ni-LHS grains after the catalytic tests.
Endothermic peaks due to the solidification of PCM were observed. The L was 70.2 J
gl and the freezing point was 557°C. These values are consistent with those of the Ni—
LHS grains before testing. Therefore, the use of Ni-LHS grains in the catalytic test did
not degrade their performance as a heat-storage material (at least over the time period

observed here).
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Figure 3-8 Appearance of Ni-LHS grain after a catalytic test.

.
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Figure 3-9 SEM images and Ni and C EDS maps of Ni-LHS grains after catalytic testing: a) black

grain and b) gray grain (as shown in Fig. 3-8).
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Figure 3-10 XRD patterns of Ni-LHS grains after reduction or catalytic testing, and the glass frit.
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Figure 3-11 DSC curves of Ni-LHS grains after catalytic testing during heat release. (7t freezing

point; AH: latent heat of fusion)
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3.4 Discussion

The DSC results showed that the solidification temperatures were 557°C and
558°C for the LHS and Ni—LHS grains, respectively. These values are lower than the
melting point of Al-25mass%Si alloy, the raw MEPCM material (577°C). It has been
reported that undercooling occurs during the solidification of Al-25mass%Si/a-Al2O3
core/shell-structured MEPCM [5]. In addition, Al-Si-alloy-based MEPCM showed two
heat-release peaks [6], which is consistent with those observed for each type of
heat-storage particle analyzed here (Fig. 3-6).

In the catalytic performance tests, the outlet gas consisted of Hz, CO», CO, CHa,
and H>O. Steam reforming of ethanol is known to have many more side reactions than
steam reforming of methane and methanol, because ethanol contains two carbon atoms
[7]. The following are some of the major side reactions in ethanol steam reforming,

where AHaosk is the enthalpy change at 298 K.

C2H50H + H.0 — 4H; + 2CO AHaosk = 256 kJ mol! (3)
C2HsOH + 2H> — 2CH4 + H,0 AHaosk = -157 kJ mol™! (4)
C2Hs0H — CO + CH4 + Ha AHaosk = 49 kJ mol! (%)
CO + H,O — CO2 + H AHoosk = -41 kJ mol™! (6)

Because CO and CH4 were detected in the outlet gas, it is considered that the above side

reactions proceeded in addition to the target reaction.

3.5 Conclusion

LHS grains (particle size: 2 mm) were prepared by mixing MEPCM and glass
frit as a sintering material, in a mass ratio of 1:1 and forming them by tumbling
granulation. N1 was impregnated into the LHS grains to prepare Ni-LHS grains. Steam
reforming of ethanol was performed using the Ni-LHS grains as catalyst while lowering

the reaction temperature. As a result, 52% H; yield was obtained when the temperature
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of the catalyst packed bed was 650°C, but this yield decreased to 26% at 450°C. During
the catalytic test, there was a reduction in the rate of temperature change due to the heat
release of solidification of the MEPCM at ~550°C. This was accompanied by a
corresponding reduction in the rate of change of the H> yield. This phenomenon was not
observed when Ni—Al>O3 grains were used as the catalyst. Therefore, the MEPCM as an

LHS material is capable of supplying heat to the endothermic reaction system.
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Chapter 4

Investigation of the unique solidification of alloy

phase-change materials as microcapsules

4.1 Introduction

Supercooling is one of the most important material properties of PCMs,
especially for heat release, because their heat utilization is achieved by extracting the
stored heat. Supercooling phenomena associated with microencapsulation have often
been reported for MEPCMs. For example, it has been shown that there is a relationship
between a certain particle size and the degree of supercooling in organic PCMs [1-3].
Supercooling is also related to the solidification structure. Depending on the
composition of Si, the Al-Si alloys studied in this paper can have eutectic, eutectic, or
hyper-eutectic microstructures. In the first half of Chapter 4, the effect of the
microstructural evolution on supercooling was investigated, specifically the effect of
grain size and Si composition.

One of the interesting phenomena affecting the nucleation of alloyed materials
is superheating. Metastable microheterogeneity exists in some liquid alloys [4, 5]. It is
considered that the metastable component can act as a nucleation embryo. This
metastable state can dissolve at temperatures above the liquidus temperature of the
material. Thus, superheating affects solidification, because a temperature increase above
the melting temperature can affect supercooling. In the latter half this Chapter, the effect
of superheating on solidification phenomena is discussed, because the effect of

superheating should be considered in PCM operation.
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4.2 Materials and methods
4.2.1 Materials

Spinning-disk-atomized microparticles of Al-Si alloys (Hikari Material
Industry Co. Ld., purity: 99.0%, Twm: 577 °C) were used as raw materials. Various Si
contents were used to achieve hypoeutectic (Al-5mass%Si), eutectic (Al-12mass%Si),
and hypereutectic (Al-25mass%Si) compositions. These particles were classified by
nylon sieves with 20, 37, 53, 75, or 106 pm mesh.
4.2.2 Preparation of MEPCMs

MEPCMs were prepared following the method reported in a previous study [6,
7]. First, the Al-Si particles were classified and then a boehmite treatment was
conducted in boiling distilled water to form a precursor shell on the surface. After
filtration and drying, the MEPCM precursor were obtained, which was then heat treated
in an oxygen gas flow (purity: 99.5%) to form a stable Al2O3 shell. The Al-5mass%Si
and Al-12mass%Si MEPCM precursors were heated from room temperature to 1200°C,
while the Al-25mass%Si MEPCM precursor was heated to 1150°C. The heating rate
was 10°C min™! and the target temperature was maintained for 3 h to finally obtain the
MEPCMs.
4.2.3 Characterization

SEM (JEOL, JSM-7001FA) and EDS were used to characterize the surface
structure. The phase composition was determined using powder XRD with a 1D
silicon-strip detector (Rigaku Miniflex600, D/teX Ultra2, Cu Ka). Their latent heat of
fusion, melting temperature, and freezing temperature were obtained using TG-DSC
(Mettler Toledo TGA-DSC-3); the samples were heated to 800°C and cooled at a rate of
5°C min’' in an Ar atmosphere. The effect of superheating on the freezing of the PCMs,

their latent heat of fusion, and the melting and freezing temperatures was also
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investigated; the MEPCMs with a 20-37 pum diameter were heated to 650, 800, or
1000°C, kept for 5 min and then cooled at rate of 5 °C min™' in an Ar atmosphere. For
comparison, bulk Al-Si alloy was also prepared. Raw Al-Si particles with the same
composition were heated to 1000°C and kept for 10 min under an Ar flow in a
high-frequency induction furnace to obtain bulk Al-Si alloy. The same measurements
were performed to characterize the bulk Al-Si alloys. SEM was used to characterize the

cross-sections of the MEPCMs after DSC measurements.

4.3 Results
4.3.1 Effect of Si content and MEPCM diameter on supercooling
4.3.1.1 As-prepared MEPCMs

Figure 4-1 shows SEM images and elemental maps of Al-5Smass%Si, Al-
12mass%Si, and Al-25mass%Si MEPCMs with various diameters. In the elemental
maps, the purple area indicates that Al (red) and O (blue) were both detected. An
Al-oxide film was formed on all MEPCMs, regardless of their composition and grain
diameter.

Figure 4-2 shows XRD patterns of Al-5mass%Si, Al-12mass%Si, and Al—
25mass%S1 MEPCMs with various diameters. For all MEPCMSs, the major phases were
Al Si, and a-AlxOs. The results confirmed that Al-Si alloys were present in the Al,O3
layer of the MEPCM capsule.

Figure 4-3 shows the weight change of samples during heat treatment to
prepare the MEPCMSs. The weight loss of Al hydroxide and mass increase due to Al
oxidation were observed. For all compositions, the weight change (AW) calculated from
the difference between the minimum and maximum weight-change values tended to be

greater for smaller particle sizes.
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Al-5 mass%Si
a) 20-37 um b) 37-53 um
a-2)

Figure 4-1 1) SEM images and 2) elemental maps of Al-Si MEPCMs with diameter of a, e, i) 20-37,
b, f, j) 37-53, c, g, k) 53-75, and d, h, I) 75-106 pum. In the elemental maps, Al, Si, and O are

indicated in red, green, and blue, respectively.
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Figure 4-2 XRD patterns of a) Al-5mass%Si , b) Al-12mass%Si, and c¢) Al-25mass5Si MEPCMs.
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Figure 4-3 Weight change of a) Al-5mass%Si, b) Al-12mass%Si, and ¢) Al-25mass%Si MEPCMs

during heat treatment under O; flow at a rate of 200 mL min'.
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4.3.1.2 Thermal properties of MEPCMs

In the subsequent analysis, the MEPCMs described in the previous section
were used. Figure 4-4, 4-5, and 4-6 show DSC curves of the prepared MEPCMs. In
each figure, convex curves trending downward and upward indicate endothermic and
exothermic processes, respectively, i.e., phase change during melting and freezing of the
PCM, respectively. Table 4-1 shows the melting and freezing temperatures and latent
heat of fusion evaluated from Fig. 4-4, 4-5, and 4-6. The supercooling was calculated as
the difference between the temperature of the eutectic (melting) and eutectic
(freezing) temperatures.

In Fig. 4-4, two peaks during both heating and cooling were observed. For Al-
Smass%Si (hypoeutectic composition), the low-temperature peaks indicate eutectic
reactions of Al-Si and the high-temperature peaks indicate the melting and
solidification of primary Al. In Table 4-1, “Al (melting)” and “Al (freezing)” refer to
primary Al, where only the hypoeutectic composition has primary Al.

Fig. 4-5 shows the DSC results for the Al-25mass%Si MEPCM. The eutectic
solidification temperature tended to decrease with decreasing grain size. The
supercooling degree increased with decreasing grain size from 75-106 um to 20—37 pm,
from 25.9°C to 34.1°C, respectively.

The same curve as Fig. 4-5 was obtained for Fig. 4-6, which is the
measurement result of the hypereutectic MEPCM composition. The eutectic
solidification temperature also tended to decrease with decreasing grain size. The
supercooling degree increased with decreasing grain diameter from 75-106 um to 20—

37 pm, i.e., from 33.6°C to 36.9°C, respectively.
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Figure 4-4 DSC curves of Al-5mass% MEPCMs with different grain sizes. a) Curves during heating

and cooling. b) Overlapping curves during cooling.
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Figure 4-5 DSC curves of Al-12mass% MEPCMs with different grain sizes. a) Curves during

heating and cooling. b) Overlapping curves during cooling.
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Figure 4-6 DSC curves of Al-25mass% MEPCMs with different grain sizes. a) Curves during

heating and cooling. b) Overlapping curves during cooling.

Table 4-1 Melting and freezing temperatures, latent heat of fusion (AH), and supercooling evaluated

from the DSC curves of the MEPCMs.

cor?tlent Eutectic (melting) Al (melting) (Erl;:eezcig;) Al (freezing) Supercooling

Diameter Temperature AH Temperature AH Temperature AH Temperature AH Temperature
[um] [°C]  DPg'l [°C] [pPg'l [°C] [Pgl [°C] [Pg7 [°C]
5 raw 5741 170.7 5955 1751 5744 144.4 6239 1847 -0.3
5 75-106 5746 1545 6024 1624 5755 143.6 613.5 188.3 -0.8
5 53-75 5748 1534 599.8 1552  577.0 155.5 597.2  157.7 -2.2
5 37-53 5747 1509 6017 143.7 576.3 125.2 597.2  157.7 -1.6
5 20-37 5747 151.3 5949 1377 576.6 110.6 596.9 1505 -1.9
12 raw 5754  506.8 - - 566.0 489.0 - - 9.4
12 75-106 575.8  407.7 - - 549.9 3784 - - 259
12 53-75 575.6  390.7 - - 547.7 3704 - - 27.9
12 37-53 575.2  376.1 - - 547.0 348.2 - - 28.2
12 20-37 5746  278.8 - - 540.5 201.3 - - 341
25 raw 576.2  416.3 - - 5714 409.3 - - 4.8
25 75-106 575.5 3385 - - 541.9 312.6 - - 33.6
25 53-75 5755 3398 - - 540.5 294.8 - - 35.0
25 37-53 575.3 3239 - - 538.7 277.8 - - 36.6
25 20-37 5754  256.3 - - 538.5 244.3 - - 36.9
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4.3.2 Effect of superheating on supercooling

Figure 4-7, 4-8, and 4-9 show DSC curves of the MEPCMs and bulk alloys
with three compositions cooled from 650°C, 800°C, or 1000°C. Table 4-2 shows the
melting and freezing temperatures and latent heat of fusion evaluated from the DSC
curves of the samples. In Fig. 4-9, only one exothermic peak was observed; however, a
second exothermic peak was observed at low temperature during cooling. In Table 4-2,
“Eutectic 1 (freezing)” and “Eutectic 2 (freezing)” refer to the peak at high temperature
and the peak at low temperature, respectively. For the MEPCMs, the measurement
results obtained when the temperature was increased to 800°C represent the temperature
and latent heat of fusion while melting. The result for Al-5mass%Si MEPCM is shown
in Fig. 4-7 a). By changing the cooling start temperature from 650°C to 800°C, the
temperature of primary Al precipitation was lower. It is worth noting that only one
exothermic peak was observed when cooling from 1000°C. Fig. 4-7 b) shows the result
of bulk samples of the same compositions cooled under the same conditions as those
used for the MEPCMs; regardless of the cooling start temperature, the same results
were obtained. The same curves observed for the MEPCMs were not obtained.

Fig. 4-8 a) shows DSC curves of Al-12mass%Si MEPCM cooled from 650°C,
800°C, or 1000°C. The supercooling degree increased with increasing cooling start
temperature. In particular, cooling from 1000°C significantly increased supercooling,
from 22.7°C to 75.3°C. Fig. 4-8 b) also shows the results for bulk Al-12mass%Si,
which showed a different curve to that of the corresponding MEPCM.

Fig. 4-9 a) shows the DSC results for the Al-25mass%Si MEPCM. When
cooling from 650°C, there was a single exothermic peak, but as the cooling start
temperature increased, the peak gradually split. Fig. 4-9 b) shows the DSC curves of

bulk Al-25mass%Si. Regardless of the cooling start temperature, a single exothermic
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peak was obtained. Compared to the MEPCM, the supercooling was very small.

To observe the microstructure of the MEPCMs after the DSC measurements,
SEM observations of the sample cross-sections were performed. Figure 4-10 shows the
SEM images, where the outer white region is the alumina shell of the MEPCM, the light
gray internal region is Al, and the dark gray part is Si. Eutectic Si crystals were
dispersed in granular form. In the case of Al-5mass%Si MEPCM cooled from 650°C or
800°C, primary Al was observed in the center of the grain and Al-Si eutectic
precipitated at the edge. The microstructure changed with cooling from 1000°C. The
primary Al structure was not observed, while the eutectic structure was observed over
the entire area. For eutectic and hypereutectic MEPCM compositions, no differences in
the microstructure were observed by changing the cooling temperature. The eutectic
structure was observed in the eutectic composition, and eutectic and primary Si were

observed in the hypereutectic composition.

a) MEPCM b) Bulk

<

+ Heating

'\

Heat flow (a.u.)

Heat flow (a.u.)

| — Cooling from 650°C
Cooling from 800°C
—Cooling from 1000°C
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Temperature (°C) Temperature (°C)

Figure 4-7 DSC curves of Al-5mass%. a) MEPCM and b) bulk material heated to 650 °C, 800 °C, or

1000 °C and cooled at a rate 5 °C min’!.
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Figure 4-8 DSC curves of Al-12mass%. a) MEPCM and b) bulk material heated to 650 °C, 800 °C,

or 1000 °C and cooled at a rate 5 °C min.
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Figure 4-9 DSC curves of Al-25mass%. a) MEPCM and b) bulk material heated to 650 °C, 800 °C,

or 1000 °C and cooled at a rate 5 °C min’!.
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Table 4-2 Melting and freezing temperatures, latent heat of fusion, and supercooling temperature

evaluated from DSC curves of the MEPCMs and bulk PCMs.

. Maximum . . . Eutecticl Eutectic 2 .
Si content Tem[;i%?ture Style  Eutectic (melting) Al (melting) (freezing) (freezing) Al Supercooling
Temperature AH Temperature AH Temperature AH Temperature AH Temperature AH Temperature

[°C]  [g" [°C] [g9 [°€ pgi [°€ pg [°€ pgi [°C
5 650 MEPCM 577.2 128.0 - - 607.1 151.6 -2.8
5 800 MEPCM 574.4 144.7 598.6 132.0 575.5 112.7 - - 591.8 139.7 -1.1
5 1000 MEPCM 525.7 2898 - - - - 48.7
5 650 Bulk 579.3 1451 6028 1834 5774  129.0 - - 627.3  209.3 1.6
5 800 Bulk 576.0 1549 6037 1784 5633 1284 - - 625.3  268.1 12.7
5 1000 Bulk 576.8 154.9 608.2 172.5 576.6 120.0 - - 640.6 211.9 0.2
12 650 MEPCM - - 552.3  236.1 - - - - 227
12 800 MEPCM 5750 2740 - - 5382 2322 - - - - 36.8
12 1000 MEPCM - - 499.7 195.6 - - - - 75.3
12 650 Bulk 581.4 3748 - - 576.1 3683 - - - - 5.3
12 800 Bulk 587.0 340.6 - - 576.2 3544 - - - - 10.8
12 1000 Bulk 590.8 3429 - - 575.8 3805 - - - - 15.0
25 650 MEPCM - - 547.7 180.6 - - - - 26.7
25 800 MEPCM 5744 2559 - - 534.8 99.4 508.4 325 - - 39.6
25 1000 MEPCM - - 539.2 88.1 506.6 92.9 - - 35.2
25 650 Bulk 5786 3833 - - 576.0 352.1 - - - - 2.6
25 800 Bulk 5785 3785 - - 576.1  358.0 - - - - 24
25 1000 Bulk 579.0 359.9 - - 575.6 3337 - - - - 3.4
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Figure 4-10 SEM images of the cross-sections of three types of MEPCMs: Al-5mass%Si,

Al-12mass%Si, and Al-25mass%Si cooled from 650°C, 800°C, or 1000°C.
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4.4. Discussion
4.4.1 Effect of Si content and MEPCM diameter on supercooling

In the Al-5mass%Si hypoeutectic MEPCM, the solidification temperature of
the Al primary crystal tended to decrease with decreasing grain size. However, eutectic
melting and freezing occurred at the same temperature regardless of the grain diameter.
This indicates that no supercooling occurred via the eutectic reaction in the Al-
Smass%Si MEPCM. According to Nafisi et al., primary Al crystals are nucleation sites
for the Al-Si eutectic reaction in the hypoeutectic composition [8]. It is clear from the
DSC results of Al-5mass%Si MEPCM that primary Al precipitated in the MEPCM,
regardless of its diameter. This is why the undercooling in Al-5mass%Si was
significantly suppressed.

Eutectic and hypereutectic MEPCM compositions have a large supercooling
effect. The eutectic composition has no primary crystal. In the hypereutectic
composition, primary Si exists. Generally, Si crystals are composed of covalent bonds
and grow into faceted crystals. Therefore, the primary Si crystal is unlikely to be a
nucleation site for new Si crystals. Therefore, the primary Si does not act as a nucleation
site, unlike primary Al. Thus, the eutectic and hypereutectic MEPCM compositions
showed supercooling. The samples with larger particle size had larger differences in the
degree of supercooling in eutectic and hypereutectic MEPCMs, while for smaller
particle sizes, there was no significant composition dependence of the supercooling. In
particular, the supercooling was similar for grain sizes of 20—37 pm.

The results indicate that the Al primary crystal acts as an effective nucleation
site for the eutectic reaction in the MEPCM. The hypoeutectic composition is preferable
from the viewpoint of reducing undercooling. A larger amount of latent heat is available

for compositions closer to the eutectic composition. To design microcapsules with high
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latent-heat energy and minimal supercooling, a hypoeutectic composition close to the
eutectic composition is preferable. It is important to note that in the hypoeutectic
MEPCM composition, undercooling of primary Al occurs. As the composition
approaches that of the eutectic, the amount of Al primary in the capsule decreases and
the liquidus temperature also decreases. Accordingly, primary Al may not precipitate
before the eutectic reaction temperature due to the undercooling of the primary Al. In
this case, it is difficult to induce the eutectic reaction using the Al primary crystals as
nucleation sites. The balance between the amount of latent heat and the composition
where Al primary crystals can precipitate is important.
4.4.2 Effect of superheating on supercooling

In all compositions, the degree of supercooling increased with increasing
cooling start temperature. When the start temperature was changed from 650°C to
800°C, the lowering of the freezing temperature was small: 15.3°C for Al-5mass%Si
MEPCM (Al primary, 607.1—591.8°C), 14.1°C for Al-12mass%Si MEPCM (Al-Si
eutectic, 552.3—538.2°C), and 12.9°C for Al-25mass%Si MEPCM (AI-Si eutectic,
547.7—534.8°C). In contrast, a significant change was observed for a cooling start
temperature of 1000°C. In addition, primary Al was not observed in MEPCM cooled
from 1000°C. These results suggest that Al primary crystallization did not occur in the
Al-5masss%Si MEPCM cooled from 1000°C, and only the eutectic reaction occurred
with a large degree of supercooling. This structure is considered to be a pseudo-eutectic
structure.

Studies of the existence of heterogeneous components in Al-Si alloy heated
above the melting point may facilitate the understanding of the temperature-dependent
supercooling. Investigations of heterogeneous components in Al-Si binary liquid were

carried out by high temperature XRD [9] and small-angle neutron scattering [10-12]. It
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is thought that there are Si clusters, as heterogeneous components, of a few tens to
hundreds of nanometers in the solution. The prevalence of these clusters decreases
around 1000°C. Most of the Si clusters can act as nucleation sites. The effect of
overheating has also been studied to investigate the relationship between the
overheating and supercooling of Al in Al-Al,O3; nanocapsules [13]. Even in pure Al,
heating to 1000°C significantly accelerated supercooling. Thus, it is expected that the
nucleation sites for the solidification reaction for both Al and Si disappear by heating to
1000°C. A high supercooling temperature was observed in the MEPCMs analyzed here
that were cooled from 1000°C. In contrast, no supercooling was observed under the
same thermal analysis for the bulk material. Therefore, the MEPCM structure is
expected to greatly accelerate the effects of overheating.

Generally, dendrites of Al primary crystal or coarse Si primary crystals are
precipitated in hypoeutectic or hypereutectic compositions. In Fig. 4-10, such structures
were not observed because the inside of the microcapsule is too small to have such a
structure. The eutectic microstructure was similar in both compositions. The
microstructure changed only when the Al-5mass%S1 MEPCM was cooled from 1000°C.
Generally, such microstructural changes are achieved by cooling at a high rate (several
hundred °C s or more) to intentionally increase the degree of supercooling. In this

study, despite the low cooling rate of 5 °C min’

, strong overheating and
microencapsulation caused large supercooling and microstructural changes. For Al-Si
alloys, the microstructure can become eutectic at the composition where primary
crystals should be found. This is known as a coupled zone. Because the composition of
Al-5mass%Si is outside the coupled zone composition [14], such a pseudo-eutectic

microstructure is not expected. This can be characterized as a truly unique form of

solidification in MEPCMs.
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4.5 Conclusion

In this chapter, the effect of grain size and composition on supercooling, and
the effect of superheating on supercooling were investigated for the Al-Si binary alloy
system as an MEPCM. The main conclusions are as follows.

1. The supercooling of the Al primary crystal in the hypoeutectic composition and that
of the eutectic reaction in the eutectic and hypereutectic compositions increased with
decreasing grain size.

2. Supercooling of the eutectic reaction was almost absent in the hypoeutectic
composition of the MEPCM, because the Al primary crystals can act as nucleation sites
for the Al-Si eutectic reaction.

3. For the eutectic composition, supercooling of about 25-35°C was observed. For the
hypereutectic composition, supercooling of more than 30°C was observed.

4. Superheating promoted the degree of supercooling in all compositions.

5. In particular, in the hypoeutectic composition, the precipitation of the Al primary
crystal was not observed after cooling from 1000°C, and there was only one exothermic
peak.

In the development of MEPCM applications, it is very important to investigate
the heat-release characteristics of the material. In this study, the heat-release
characteristics of Al-Si-based MEPCMs were investigated for three compositions, with
different microstructures within the size range that can be used as microcapsules. To
reduce the degree of supercooling, the composition with Al primary crystal precipitation
i1s advantageous. However, the undercooling increases significantly with heating to
~1000°C. In the case of the hypoeutectic composition, the Al primary crystal does not
precipitate and significant undercooling occurs.

These results show the influence of composition, grain size, and degree of
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heating (i.e., operating temperature of the MEPCM) on the degree of supercooling. It is
hoped that these results will serve as an indicator for the selection of raw materials in

the development of applications of MEPCM.
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Chapter 5

Suppression of supercooling of alloy-type

MEPCM by doping

5.1 Introduction
Supercooling is observed in alloy-type MEPCMs. In chapter 4, unique
supercooling of Al-Si alloy MEPCMs was reported. Considering an application involving
constant temperature control by a PCM, supercooling is a fatal problem that excludes the
possibility of developing an MEPCM. Indeed, supercooling of the PCM is a major
problem for both alloys and other materials. Thus, several studies have addressed
supercooling. For example, Safari et al. reviewed supercooling of paraffin, fatty acid, and
salt-type PCMs [1]. Zahir et al. also reviewed supercooling of PCM and its mitigation
techniques and they suggested studying alloy-type PCMs [2]. The addition of a nucleation
agent can effectively suppress supercooling. For paraffin or n-octadecane MEPCMs, the
modification of the shell has been reported [3-5]. In this study, Al-Si alloy PCM is the
focus, but supercooling of Al-Si microcapsules have rarely been reported. In the field of
alloy casting, it was reported that Al intermetallic compounds such as TiAls, ZrAlz, VAl,o,
NiAls, CrAl;, and B>Al are good nucleation agents for Al [6]. These compounds are
candidates for suppressing the supercooling of Al. To produce MEPCMs, it is important
to evaluate how nucleation agents can be introduced.
In this chapter, the use of high-speed impact blending (HIB) is described as
a proposed method for introducing a nucleation agent into MEPCM. HIB is a dry surface-

modification method for particles using a hybridizer. By feeding a powder mixture
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containing two types of particles, large ones and small ones, into the high-speed airflow
generated in the hybridizer, the powders are subjected to repeated mechanical impacts.
This results in the small particles adhering to the surface of the large ones. Fixation of
MgSi to silica gel [7], fabrication of TiB>—AlOs core—shell particles [8], and surface
modification of polyimide by silica [9] were evaluated using this method. Various organic,
inorganic, metallic, and ceramic materials are suitable for HIB because it is a simple dry
mechanical treatment. Moreover, several minutes of operation time is sufficient and
productivity is high.

In this chapter, TiO, was used as a nucleation agent (Ti source) for Al-
25mass%Si PCM and was introduced using HIB. Then, the suppression of supercooling

of the MEPCM by this nucleation agent was investigated.

5.2 Experimental procedures
5.2.1 Materials

Microparticles of spinning-disk atomized Al-25mass%Si (Hikari Material
Industry Co. Ld., purity: 99.0%, Tm: 577 °C) were used as raw materials. These particles
were classified by nylon sieves with 20 and 37 um mesh. Sub-micron particles of TiO>
with a diameter of 0.5 pm (Kojundo Chemical Laboratory Co., Ltd, Purity: 99.99%) were
used as the nucleation agent.
5.2.2 High-speed impact blending

Figure 5-1 shows a schematic diagram of the experimental HIB procedure and
the hybridizer used for high-speed impact blending. The main parts of the hybridizer are
the rotor, blade, and loop circuit for circulation. The powder mixture fed to the hybridizer
is dispersed and subjected to a mechanical force under the gas flow by the high-speed

rotor and blade. The processed powder passes through a loop circuit and back to the high-
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speed gas flow, resulting in the powder being repeatedly impacted to achieve high-speed
impact blending.

In this study, 20 g of a mixture of Al-25mass%Si and TiO; particles were
prepared with TiO> contents of 1, 3 or 5 mass%. This mixture was fed to an HIB system
(Nara Machinery Co. Ltd., Model NHS-0). TiO, was fixed on the Al-Si particles at a
circumferential speed of 80 ms™ for 3 min in the hybridizer under Ar flow.

5.2.3 Preparation of MEPCM

MEPCM was prepared using the TiOz-loaded Al-Si particles with a method
reported in a previous study [10, 11]. First, a boehmite (AIOOH) treatment of the Al-Si
particles was conducted in boiling distilled water to form a precursor shell on the surface.
After filtration and drying, the MEPCM precursor was obtained, and then heat-treated in
an oxygen gas flow (purity: 99.5%) to form a stable Al2O3 shell. Then, the precursor was

I and

heated from room temperature to 1000°C with a heating rate of 10°C min
maintained at 1000°C for 3 h to form the final MEPCM.
5.2.4 Characterization

SEM (JEOL, JSM-7001FA) and EDS were used to characterize the surface
structure of the MEPCM. The phase composition was determined using powder XRD
with a 1D Si-strip detector (Rigaku Miniflex600, D/teX Ultra2, Cu Ka). Their latent heat
of fusion melting and freezing temperatures were measured using TG-DSC (Mettler

Toledo TGA-DSC-3); the samples were heated to 800°C and cooled at rate of 5 °C min™!

in an Ar atmosphere.
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Figure 5-1 Experimental procedure. Schematic image of hybridizer for high-speed impact blending

(HIB) is at left side.

5.3 Results

Figure 5-2 shows SEM images of the samples with 1, 3, and 5 mass% of TiO:
before treatment, and after HIB, chemical reaction with AIOOH, and heat treatment. The
upper images show one microsphere and the lower images are magnified views of the
surface of the microsphere. Fixed TiO> particles were observed on the surfaces under all
conditions after HIB. After chemical treatment, the microsphere surfaces were covered

with flower-like structures. Then, the surface structure became rough after heat treatment.

After TiO2 introduction by HIB, the microsphere maintained its spherical shape.
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Figure 5-2 1) Overall and 2) magnified SEM images of samples with 1, 3, and 5 mass% TiO» before

and after HIB, chemical, and heat treatments.
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Figure 5-3, 5-4, and 5-5 show SEM images and EDS maps of sample cross-sections of
the 1, 3 and Smass% TiO» samples, respectively, after heat treatment. In the SEM images,
the white area is the surface oxide layer and the gray area is the internal alloy region. This
oxide layer acts as the shell of the microcapsules. Ti was detected inside the oxide layer.
The area over which Ti was detected was clearly larger than that over which the raw TiO»
sub-micron powder was deposited, and Si was also detected in the same area. Figure 5-8
shows SEM-EDS images and the results of EDS line analysis of another MEPCM made
from a mixture including 5 mass% TiO.. Ti was detected in the outer oxides layer of the

MEPCM in Fig. 5-6.

Figure 5-3 Cross-sectional SEM images and EDS maps of MEPCM with 1 mass% TiO». Green, yellow,

red, and purple regions represent Al, Si, O, and Ti, respectively.
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Figure 5-4 Cross-sectional SEM images and EDS maps of MEPCM with 3 mass% TiO». Green, yellow,

red, and purple regions represent Al, Si, O, and Ti, respectively.

Figure 5-5 Cross-sectional SEM images and EDS maps of MEPCM with 5 mass% TiO». Green, yellow,

red, and purple region represent Al, Si, O, and Ti, respectively.
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Figure 5-6 Cross-sectional SEM images, and EDS maps and line analysis of MEPCM with 5 mass%

TiO». Green, yellow, red, and purple regions represent Al, Si, O, and Ti respectively.

Figure 5-7 shows XRD patterns of samples with 1 mass% TiO> (as a
representative sample) before treatment, and after HIB, chemical reaction with AIOOH,
and heat treatment. The major composition of the sample did not change after chemical
treatment, and the resulting MEPCM contained Al, Si, and a-Al>O3. Figure 5-8 compares
the XRD patterns of the MEPCMs with the different TiO> contents, and the smaller peaks
were analyzed. Tiny peaks of TiSi> were detected. In addition, TiO2 peaks were detected

for the MEPCMs prepared with the higher TiO; contents (3 or 5 mass%).
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Figure 5-7 XRD patterns of samples with 1 mass% TiO, before and after HIB, chemical, and heat

treatments.
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Figure 5-8 XRD patterns of MEPCMs with 1, 3 and 5 mass% TiO,. The pattern is magnified compared

to Fig. 5-7 to clearly show the tiny peaks.
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Figure 5-9 shows the weight change of the three different samples during heat
treatment. A mass loss was observed around 400 °C, and a mass gain started at around
600 °C. The mass decrease of the samples with 5 mass% TiO, was lower than the others.
Figure 5-9 Weight change of samples with 1, 3 and 5 mass% TiO> during heat treatment under an O»

flow at a rate of 200 mL min™'.

Figure 5-10 shows DSC curves of the MEPCM without and with 1, 3, or 5 mass%
TiO». Table 5-1 shows the phase-change temperature and latent heat of fusion (AH; J g!)
evaluated from Fig. 5-10. After TiO; addition, the 7, values of the samples were almost
the same as that of the initial MEPCM with no TiO». In addition, the AH decreased by
approximately 50 J g! by TiO» addition. Regardless of the TiO> content, two exothermic
peaks were observed in the DSC curves. Compared to MEPCM without TiO», the first
endothermic peak of the MEPCMs with TiO2 was broader and started at higher
temperature. The freezing temperature of the MEPCMs with 0, 1, 3, and 5 mass% TiO»
were 536.0, 569.9, 571.1, and 563.1°C, respectively. The supercooling of the MEPCMs
with 1, 3 and 5 mass% of TiO> calculated from 71 and the first freezing temperature were

5.9,4.9, and 12.5°C, respectively.
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Figure 5-10 DSC curves of MEPCMs without and with 1, 3 and 5 mass% TiO»

Table 5-1 Melting and freezing temperature and latent heat of fusion evaluated from the DSC curves

in Fig. 5-10

Tio, 1st freezing 2nd freezing Melting Supercooling

content Temperature AH Temperature AH Temperature AH Temperature
(°C) Ugh (°C) Ug?h (°C) (Ugh (°C)

1 mass% 569.9 2314 504.8 16.1 575.8 256.8 5.9

3 mass% 571.1 217.0 503.3 15.9 576.0 233.6 4.9

5 mass% 563.1 220.1 502.8 11.3 575.6 248.9 12.5

0 mass% 536.0 267.7 - - 575.7 304.5 39.7
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5.4 Discussion

Ti accumulation was observed inside the MEPCMs (see Fig. 5-3, 5-4, and 5-5).
Considering the XRD results, Ti exists as a metallic compound with Si. During heat
treatment, the Gibbs’ free energy of TiO; is always higher than that of Al>O3. Based on
data from thermodynamic databases, the Gibbs’ free energy of the reaction between Al,O3
and TiO> at 1000°C is as follows.
1.5TiO,+2A1=A1,05+1.5Ti: AGJgp0ec = — 199.172 K] (1)
Thus, Al could reduce TiO> under the experimental conditions, allowing the Ti to dissolve
into the Al-Si alloy. Moreover, the Gibbs’ free energy of the reaction between Al.O3 and
TiO, which has a low free energy among the Ti oxides, at 1000°C is given by equation
(2).
3TiO+2Al=AL05+3Ti AGgpeec = — 7.146 K] )
At 1000°C, Ti oxides are reduced to the metallic phase by Al (i.e., Al is oxidized by TiO2),
where the Al-oxide particles observed over the shell were probably generated by this
redox reaction. In fact, several examples of such reduction have been reported in studies
of Al-Ti alloy production [12-16].

Considering the composition of the alloy phase, when 1 mass% TiO; was added
to Al-25mass%Si, the composition is Al-24.75mass%Si—0.60mass%Ti—0.40mass%0.
Here, it is assumed that only Al is consumed from the alloy phase in the oxidation reaction,
and that the ratio of Si to Ti remains unchanged. Figure 5-11 shows the a) Al-rich corner
of the Al-Ti—Si ternary phase diagram at 1000°C and b) pseudobinary phase diagram of
24.75S1 —0.60Ti—Al calculated with thermochemical software, FactSage 8.1, for a range
of Al contents. The phase inside the MEPCM during heat treatment (1000°C) was
estimated from Fig. 5-11 b). Even for an Al content of ~70 mass%, the interior of the

MEPCM is liquid at 1000°C. At room temperature, the alloy phase is expected to contain
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Al, Si, and TiSi2, which is consistent with the XRD results shown in Fig. 5-8. In particular,
the Ti-containing region was clearly larger than that of the Ti source (i.e., TiO2 sub-micron
particles fixed on the surface during HIB). At the heat treatment temperature (1000°C),
the Al-Si alloy inside the MEPCM is in a liquid state, which would allow Ti to precipitate
into large crystals. The results indicated that the introduction of Ti by combining the HIB
and MEPCM preparation methods was successful. Since the melting of TiSi> does not
terminate until around 900°C, TiSiz is expected to exist in a solid state at temperatures
near the eutectic temperature of Al-Si in the Ti—-doped MEPCM. Furthermore, the
disregistry is considered, which is the degree of lattice mismatch expressed as & =

Aay/ag. The lattice parameters of the orthorhombic TiSi are a, =4.4280, b, =4.7790,
and ¢y =9.0780 (A) [17], and the parameters for Al and Si are a, =4.0560 [18] and

ag =5.4317 (A)[19], respectively. Thus, the minimum &§ between Al and TiSizis 9.17%
and that between Si and TiSi2 is 11.7%. A smaller disregistry corresponds to a more

favorable condition for nucleation. Thus, TiSi; is the more favorable nucleation site for

Al
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Figure 5-11 a) Al-rich corner of the Al-Ti—Si ternary phase diagram at 1000°C and b) pseudobinary
phase diagram of 24.75Si—0.60Ti—Al. The phase diagrams were calculated with thermochemical

software, FactSage 8.1.
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Excess TiO; addition by HIB is ineffective because TiO> remained after sample
preparation (see Fig. 5-8) and it was observed that supercooling was not suppressed well
at high TiO> contents. In Fig. 5 and 6 some remaining TiO, was observed in the outer
layer after heat treatment. Therefore, there is likely a maximum amount of TiO; on the
surface of the Al-Si that is able to introduce Ti into the MEPCM via the methods
described here.

In DSC results of the TiO2-loaded MEPCMs, broadening of the exothermic curve
was observed. Unlike stable sample types, the DSC curves of MEPCMs reflect the
statistical distribution of the phase change in each microcapsule. In particular, the shape
of the exothermic peak indicating solidification depends on the distribution of the freezing
temperature of each microcapsule, because solidification of the liquid alloy in the
MEPCM cannot propagate among the microcapsules. Thus, peak broadening indicates a
distribution of freezing temperatures in the MEPCM. A small exothermic peak was also
observed in the Ti-doped MEPCM at the same temperature as that of the MEPCM without
Ti addition. This suggests that a group of particles where undercooling was moderated by
the addition of Ti coexisted with a group where undercooling was not moderated,
resulting in the DSC curve shown in the Fig. 5-10. Here, TiO> addition suppressed
supercooling by about 5°C, which was the best effect observed among the samples. While
the undercooling was mitigated by the introduction of Ti, it resulted in a broadening of
the range of phase-change temperatures. This indicates a variation in the effect of Ti

addition, and a more uniform treatment is desirable to obtain sharp peaks.
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5.5 Conclusion

The conclusions related to the introduction of Ti into MEPCM to suppress its
supercooling are as follows.

1. The chemical and heat treatment by HIB successfully introduced Ti into the Al-Si
MEPCM.

2. TiO: fixed on the surface of the Al-Si microspheres was reduced by Al during heat
treatment, resulting in metallic Ti with Si and TiSi> on the MEPCM.

3. The DSC curves of the Ti-doped MEPCM showed that the exothermic peak broadened
and shifted to higher temperature compared to that without Ti. Focusing on the freezing
start temperature, the supercooling degree decreased; the minimum supercooling degree
was 4.9 °C.

4. The broad exothermic peaks indicated variations in the effect of Ti addition. More
homogenous treatments are required to obtain sharp exothermic peaks.

The results presented in this chapter indicate that it is possible to introduce
impurities into the MEPCM using the HIB method. Unfortunately, not all of the particles
appeared to suppress supercooling, but it may be possible to achieve supercooling by
introducing other nucleation-site candidates or by applying a more homogeneous
treatment. It is also possible to introduce impurities in other MEPCM compositions using
the same method. Thus, the development of this process is considered to be meaningful

for the development of MEPCM with suppressed supercooling.

-89 -



References

[1] Safari A, Saidur R, Sulaiman F, Xu Y, Dong J. A review on supercooling of Phase Change Materials in
thermal energy storage systems. Renew Sust Energ Rev. 2017;70:905-19.

[2] Zahir MH, Mohamed SA, Saidur R, Al-Sulaiman FA. Supercooling of phase-change materials and the
techniques used to mitigate the phenomenon. Appl Energy. 2019;240:793-817.

[3] Li M, Liu J, Shi J. Synthesis and properties of phase change microcapsule with SiO,-TiO; hybrid shell.
Sol Energy. 2018;167:158-64.

[4] Zhu Y, Qin Y, Liang S, Chen K, Tian C, Wang J, et al. Graphene/SiO,/n-octadecane nanoencapsulated
phase change material with flower like morphology, high thermal conductivity, and suppressed
supercooling. Appl Energy. 2019;250:98-108.

[5] Zou D, Liu X, He R, Huang L. High thermal response rate and super low supercooling degree
microencapsulated phase change materials (MEPCM) developed by optimizing shell with various
nanoparticles. Int J Heat Mass Transfer. 2019;140:956-64.

[6] Marcantonio JA, Mondolfo LF. The Nucleation of Aluminum by Several Intermetallic Compounds. J
Inst Met. 1970;96:23-7.

[7] Yamina O, Alain C, Laurence G, Michel B, Gérard T, Philippe G, et al. Effect of Mechanical dry Coating
on the Flowability and the Wettability of Silica Gel Powder. HAL 2010;hal-00457782.

[8] Tang W, Fu Z, Zhang J, Wang W, Wang H, Wang Y, et al. Fabrication and characteristics of TiB»/Al,O3
core/shell particles by hybridization. Powder Technol. 2006;167:117-23.

[9] Nishida Y, Iso M, Matsuoka M, Partch R. Study of polyimide particle surface modification by the high-
speed impact method. Adv Powder Technol. 2004;15:247-61.

[10] Nomura T, Zhu C, Sheng N, Saito G, Akiyama T. Microencapsulation of metal-based phase change
material for high-temperature thermal energy storage. Sci Rep. 2015;5:9117.

[11] Nomura T, Sheng N, Zhu C, Saito G, Hanzaki D, Hiraki T, et al. Microencapsulated phase change
materials with high heat capacity and high cyclic durability for high-temperature thermal energy storage
and transportation. Appl Energy. 2017;188:9-18.

[12] Gheorghe I, Rack H. Reactive infiltration of 25 vol pct TiO2/Al composites. Metall Mat Trans A.
2002;33:2155-62.

[13] Kleiner S, Bertocco F, Khalid F, Beffort O. Decomposition of process control agent during mechanical
milling and its influence on displacement reactions in the AI-TiO; system. Mater Chem Phys. 2005;89:362-
6.

[14] Hosseinpouri M, Mirmonsef S, Soltaniech M. Production of Al-Ti master alloy by aluminothermic
reduction technique. Can Metall Q. 2007;46:139-43.

[15] Khaghani-Dehaghani M, Ebrahimi-Kahrizsangi R, Setoudeh N, Nasiri-Tabrizi B. Mechanochemical
synthesis of Al,O3;—TiB> nanocomposite powder from Al-TiO,—H3;BO3 mixture. Int J Refract Met Hard
Mater. 2011;29:244-9.

[16] Feng C, Froyen L. Formation of Al3Ti and Al,O3 from an AI-TiO; system for preparing in-situ

-90-



aluminium matrix composites. Composites Part A: Applied Science and Manufacturing. 2000;31:385-90.
[17] Smith PL, Ortega R, Brennan B. Pseudo-C11b phase formation of titanium disilicide during the C49
to C54 transition. MRS Online Proceedings Library (OPL). 1997;481.

[18] Tougait O, Noél H. Stoichiometry of UAls. Intermetallics. 2004;12:219-23.

[19] Kuestner H, Remy H. Z Kristallogr, Kristallgeom, Kristallphys, Kristallchem. 1924;60:379.

-91-



Chapter 6

General conclusions

Thermal energy storage technology is important for effective energy use in the
field of renewable energy and industry. There is the need for achieving high
heat-storage capacities at high temperature. Latent heat storage using a PCM is very
attractive due to its advantages; high heat capacity, constant charge/discharge
temperature, and no chemical changes. In particular, metallic PCMs have high melting
temperature, high thermal conductivity and high heat-storage density. Metallic PCMs
have attracted attention as next-generation heat-storage materials. However, the high
corrosivity of molten metal is a challenge for practical use. Alloy-type
microencapsulated PCMs have been developed as a candidate material to overcome this
problem and have attracted much attention in recent years due to their easy handling and
high heat-storage density. MEPCMs can be used as a powder material and the
development of heat-storage structures with various shapes of MEPCM have been
proposed. It is easy to fabricate an LHS structure following these requirements.
Chemical-reaction heat control by combining an MEPCM and a catalyst is also
proposed as an application of MEPCMs. Alloy-based MEPCMs show supercooling
behavior. This phenomenon can be a disadvantage for MEPCM use, which needs to be
solved in order to develop further applications. In this thesis, various limitations in the
development of a promising thermal energy storage material, Al-Si alloy based
MEPCM, were addressed.

In chapter 1, a general introduction was given. The purpose and content of this

thesis were described.
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In chapter 2, thermal energy storage composites with MEPCM and sintering
aids (glass frit) or ceramic (sinterable alumina) were fabricated to prove the concept of
the development of an LHS structure using MEPCM. Pellet-type MEPCM-—glass-frit
composites were obtained, which stored heat around the melting temperature of

MEPCM and had approximately double the heat capacity of that of a sensible heat
storage material (A 7= 50 K). The composite with MEPCM and sinterable alumina

had LHS ability after sintering. The obtained LHS composites are expected to have
good heat resistance. The results shown in chapter 2 indicated that a TES structure can
be fabricated via bottom-up approach. Only the production of pellet-type heat-storage
materials was presented here, as they are easy to produce. However, in the future,
production of heat-storage materials with a more suitable shape for heat exchange,
such as honeycomb structures, could be achieved.

In chapter 3, the combination of an MEPCM and Ni catalyst to control
chemical reaction heat was proposed. Ni-LHS grains containing an MEPCM were
fabricated. The catalytic performance for steam reforming of ethanol was evaluated for
the LHS-supported catalyst. During the catalytic tests, there was a reduction in the rate
of temperature change due to the heat release of solidification of the PCM at ~550°C.
The results demonstrated the possibility of thermal control of chemical reactions by
MEPCM. In this thesis, the catalyst bed temperature was not maintained for a long time,
and there is still room for improvement in terms of heat-storage density, device
arrangement, and catalyst content. A foundation for a novel temperature-control
technology that can control of heat from inside the catalyst bed using an MEPCM was
provided.

In chapter 4, supercooling phenomena in Al-Si-based MEPCM were
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investigated. The MEPCMs were prepared with hypoeutectic, eutectic, and
hypereutectic compositions, and various particle diameters. The effect of superheating
on supercooling was also described. For all compositions, supercooling increased with
decreasing particle diameter. For hypoeutectic MEPCM, supercooling at the eutectic
temperature was not observed due to primary Al acting as a nucleation site. For eutectic
and hypereutectic MEPCM, supercooling of 25-37°C was observed. In addition, when
the MEPCMs were heated to 1000°C and then cooled, the supercooling degree
increased significantly. In the hypoeutectic composition, even the precipitation of the Al
primary crystal did not occur under these conditions. In this chapter, the dependence of
supercooling on the composition, particle diameter, and superheating in Al-Si
alloy-based MEPCM was clarified.

In chapter 5, the fabrication of MEPCMs with nucleation aids by high-speed
impact blending was evaluated. TiO2 was fixed on Al-Si alloy microspheres as the raw
MEPCM. Ti dissolved in the alloy core of the MEPCM, and supercooling was
somewhat suppressed in a part of the MEPCM. It is noteworthy that impurities were
incorporated into the alloy-based MEPCM by dry processing. More effective impurity
addition can also be expected for not only Al-Si, but also other alloy MEPCMs. This
new method is expected to provide a solution for overcoming the supercooling of
MEPCMs.

In summary, to develop new applications of MEPCMs, various studies were
performed: fabrication of MEPCM composites; combination of MEPCMs and a
catalyst; and investigation of unique supercooling and suppression of supercooling by
the addition of nucleation aids. It is hoped that the information provided in the thesis

will assist the development of technology for effective heat utilization.
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