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ABSTRACT

The aim of this master’s thesis was to prepare macroporous ceramic filters based on
mullite and silica, suitable for the filtration of electro-insulating liquids in distribution
transformers. The first part of this thesis is a literature review, which addresses the topic of
electro-insulating liquids and their degradation, processing techniques of macroporous
ceramics and their use in filtration, including an overview of the materials used. The
experimental part describes the preparation of porous filters using two selected methods, the
replica template method and direct foaming. Filters prepared with optimised processing
parameters were evaluated for phase composition, microstructure and compressive strength.
Filters prepared using the replica template method consisted of open interconnected pores
ranging from 150 to 350 um, achieved a porosity of around 80 % and compressive strength up
to 2.4 MPa. Ceramic foams obtained using direct foaming achieved a porosity of 68—73 % and
open interconnected pores up to 100 um. Due to the requirements of the filtration equipment,
the dimensions of the filters had to be scaled up. Direct foaming was found to be unsuitable for
the large-scale preparation of filters, however, filters prepared by the replica template method
were successfully scaled up and are ready for the testing of their filtration capacity. These filters
with open interconnected pores, unimodal pore size distribution and sufficient mechanical
strength are potential candidates for use in the first stage of filtration of electro-insulating
liquids, offering a more sustainable alternative to the currently used paper filters.

Key words
macroporous ceramics, ceramic filters, mullite, silica, replica template method, direct
foaming, electro-insulating liquid

ROZSIRENY ABSTRAKT

V ramci této diplomové prace byla studovana ptiprava makroporéznich keramickych
filtri na bazi mullitu a oxidu kfemicitého, za ticelem jejich potencidlniho vyuziti pro filtraci
elektroizola¢nich kapalin v distribu¢nich transformatorech.

Elektroizola¢ni kapalina je dulezitou soucasti distribu¢niho transformatoru, zajist'ujici
jeho chlazeni a izolaci. Béhem provozu se v ni v§ak mohou hromadit necistoty, které degraduji
jeji izolacni schopnost a snizuji zivotnost transformatoru. Proto je nutné elektroizolaéni
kapalinu pravideln¢ Cistit, k ¢emuz se dnes bézné vyuzivaji jednorazové papirové filtry. Tyto
filtry ale mohou byt samy zdrojem kontaminace v podobé¢ celul6zovych vldken a produkuji
odpad po kazdém provedeném filtracnim cyklu. Z tohoto divodu lze uvazovat o jejich
nahrazeni odolné&jsi a udrzitelngjsi alternativou.

Jako vhodny kandidat se nabizeji keramické filtry, které jsou v dne$ni dobé hojné
vyuzivany diky své chemické odolnosti, tepelné stabilit¢ ¢i otéruvzdornosti. Mezi jejich
nepopiratelné vyhody patfi také moznost jejich regenerace pomoci mechanického a
chemického ¢isténi €i opetovné pouziti materidlu po vytazeni filtru z funkce, coz vyznamné
ptispiva k jejich udrZzitelnosti.

Mezi hlavni technologie ptipravy poréznich keramickych pén vyuzitelnych pro filtraci
se fadi Castecné slinovani, metoda obétované Sablony, replika¢ni metoda, pfimé pénéni a
aditivni technologie, lisici se od sebe predevsim dosazitelnou porozitou, charakterem a velikosti
port. Pii volbé materidlu se bere ohled na konkrétni podminky filtrace. Pro nizkoteplotni



aplikace se bézn¢ vyuzivaji filtry z oxidu hlinitého, oxidu kfemicitého nebo mullitu. Vzhledem
k relativné vysoké cen¢ pokrocilych keramickych materidlu se vyzkum zamétuje i na ptipravu
filtr z levnéjSich ptirodnich alternativ nebo keramického odpadu.

V ramci experimentédlni ¢asti této diplomové prace byly pfipraveny keramické filtry
pomoci dvou metod, replikaéni metody a pfimého pénéni. Pro zajisténi konkurenceschopnosti
pripraveného filtru ptivodnimu papirovému filtru byl jako vychozi keramicky material zvolen
Molochite™, relativng levny keramicky prasek na bazi mullitu a oxidu kiemicitého vznikly
kalcinaci kaolinu. Ptiprava filtri byla optimalizovana vzhledem k pozadované oteviené porézni
struktufe a dostatecné pevnosti. Filtry byly v prvni fazi hodnoceny z pohledu jejich fazového
slozeni a mikrostruktury, u vybranych vzorka byla také testovana jejich mechanicka pevnost
v tlaku.

Ptiprava filtrG pomoci replikacni metody spocivala v impregnaci retikulované polymerni
peny na bazi polyuretanu keramickou suspenzi obsahujici 63 hm.% keramického prasku
v koloidnim roztoku oxidu kifemicitého. Findlni porézni struktura, ziskana vypalenim
polymerni Sablony a slinutim na 1400 °C, vykazovala stejnou morfologii jako ptivodni péna.
Byla tvofena otevienymi, vzajemné propojenymi pory o velikosti 150-350 um, s primérnou
porozitou 80 % a pevnosti v tlaku az 2,4 MPa. Z hlediska fazového slozeni byl hlavni fazi
mullit, doplnény oxidem kiemicitym ve formé cristobalitu v zastoupeni piiblizn€ 7 %. Jednou
z hlavnich limitaci porézni keramiky pfipravené pomoci replikacni metody je pfitomnost
dutych tramct vzniklych vypalovanim polymerni Sablony, snizujicich jeji mechanickou
pevnost. Cast filtr(i tak byla infiltrovana suspenzi bohatou na oxid kiemicity za u¢elem vyplnéni
téchto dutin. Ackoliv byla infiltraci snizena celkova porozita filtrii 1 velikost pori, doslo ke
snizeni jejich mechanické pevnosti, pravdépodobné v dasledku zvyseného podilu oxidu
kfemicitého ve formé cristobalitu.

Druhou studovanou metodou bylo piimé pénéni, které spociva v inkorporaci
keramického materidlu pfimo do polyuretanové pény vzniklé in situ reakci mezi diisokyanatem
a polyolem. Keramické pény ziskané vypalenim organickych slozek zkompozitni pény a
slinutim na 1400 °C vykazovaly porozitu 68—73 % a oteviené pory o velikosti az 100 um.

Vzorky pfipravené¢ v laboratornim méftitku bylo nutné zvétSit na rozméry dané
pouzdrem, ve kterém je filtr pfi procesu filtrace ulozen (valec o priméru 100 mm a vysSce
100 mm). Filtry pfipravené pfimym pénénim se vzhledem k obtiznému fizeni jejich finalni
struktury ukazaly jako nevhodné pro vyrobu ve vétSim méfitku. Filtry ptipravené replikacni
metodou byly Uspé$né zvétSeny na pozadovanou velikost, a jsou ptfipravené k testovani jejich
filtraéni schopnosti. Diky jejich struktuife s otevienymi, vzdjemné propojenymi pory,
unimodalni distribuci velikosti port a dostate¢né mechanické pevnosti se piipravené filtry zdaji
byt vhodnymi kandidaty pro potencialni vyuziti v prvnim stupni filtrace elektroizolac¢nich
kapalin za ucelem odstranéni hrubych necistot z kontaminované kapaliny.

Kli¢ova slova
makroporézni keramika, keramické filtry, mullit, oxid kiemicity, replika¢ni metoda, ptimé
pénéni, elektroizolacni kapalina
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1 INTRODUCTION

The global market for electric vehicles is growing every year and this trend is expected
to continue even further. In 2023, over 250 000 electric cars were sold worldwide each week,
which is more than the annual total a decade ago [1]. This growth is driven by many countries
adopting policies to switch to zero-emission vehicles and ban fossil fuels. Among the various
challenges associated with the transition to electro-mobility, a key factor is to provide a reliable
electrical distribution infrastructure.

The distribution transformer is an integral part of power conversion and transmission
systems. The presence of an electro-insulating liquid, which acts both as a coolant and an
insulant, is essential to ensure its good operation. However, during service, humidity and
contaminants can accumulate in the liquid, reducing its insulating and cooling properties. This
can lead to a failure of the transformer or a significant shortening of its lifetime. Therefore, the
electro-insulating oil needs to be regularly purified. Currently, disposable paper filters are used
for this purpose, raising concerns about the sustainability and environmental impact of this
solution.

Ceramic filters are nowadays being used more and more often due to their unique
properties and durability in harsh conditions. Porous ceramics can achieve porosity of up
to 96 % and contain pores ranging in size from 3 nm to 3 mm [2], enabling their use in a wide
range of different filtration processes. Another big advantage of ceramic filters is the possibility
of their repeated use thanks to regeneration and possible reuse of the material at the end of their
service life. The use of macroporous ceramics for filtration and purification presents great
potential for sustainable development and environmental applications, as presented in recent
reviews by Chen et al. [2] and Fukushima et al. [3]. Nevertheless, a common limitation of the
implementation of ceramic filters in operation is their higher cost. In reaction to this, more
researchers have recently been exploring the possibility of preparing them from cheaper
alternatives, such as kaolin clay, dolomite or fly ash [4].

The aim of this thesis is to assess the possibility of employing ceramic filters for the
filtration of electro-insulating liquids in distribution transformers and thus offer an alternative
to the paper filters with a short lifespan used to date. The work is divided into two parts, a
theoretical part and an experimental part. The theoretical part includes a literature review that
first addresses the topic of electro-insulating oils and their degradation, followed by the
processing techniques of macroporous ceramics and their use in filtration, including an
overview of ceramic materials used. The experimental part of the work focuses on the
preparation of filters from a relatively low-cost kaolin-based ceramic material, using two
different processing methods. Porous ceramics prepared by the replica template method and
direct foaming were analysed in terms of their phase composition, microstructure and
compressive strength. Finally, they were evaluated for their suitability for use in filtration of
electro-insulating liquids based on the determined properties.
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2  LITERATURE REVIEW

2.1 Insulating oil in distribution transformer

Most distribution transformers used nowadays are the oil-immersed type, with mineral
oil and cellulosic paper being used as the liquid and solid insulation, respectively. The role of
insulating liquid is critical for the reliable operation of the transformer, it provides electrical
insulation, acts as a cooling medium for heat dissipation and helps to suppress the formation of
electric arcs. The liquid should have certain properties, such as high dielectric strength, low
viscosity or good oxidation resistance. [5]

Mineral oils have been the most widely used insulating liquid since the 1900s due to their
low viscosity, good ageing behaviour and low cost. Nowadays, these are complex blends of
more than 3000 hydrocarbons composed mainly of paraffinic, naphthenic and aromatic chains,
produced by fractional distillation of crude petroleum. Synthetic oils are used when special
properties are required, for instance in transformers with high fire security standards. As
examples, halogenated hydrocarbons, high-molecular-weight hydrocarbons, silicone oils or
vegetable oils can be cited. [6, 7]

2.1.1 Deterioration of insulating oil

Insulating oil is exposed to thermal, electrical and chemical stresses during its service
life, leading to its deterioration over time. Water contamination can originate from residual
moisture from production, atmospheric moisture or as a product of ageing of the solid cellulose
insulation, which is itself accelerated by the presence of water. Exposure to the atmosphere also
causes the oil to undergo oxidation, resulting in colour change of the oil, formation of acidic
compounds or precipitation of sludge. In addition, other types of contamination can accumulate
in the oil during its service life, for instance, cellulose fibres or metallic particles, which may
also be present from manufacturing processes or component wear. The presence of these
impurities, especially conductive ones like metal, carbon or wet fibres, can lead to a significant
loss of dielectric strength of the oil. [§]

Maintenance of the oil is essential to prevent transformer failure and its overall condition
is assessed by conducting physical, chemical and electrical tests on regularly collected samples.
Acidity, water content, interfacial tension, dielectric dissipation factor or breakdown voltage
are among the most important monitored parameters. The specific requirements vary according
to the type of equipment and voltage class. There are no strict limits, but reference values can
be found in the literature. [9] When the condition of the oil is found to be unacceptable, it can
no longer function reliably and must be replaced or treated to restore its properties [10].

2.1.2 Maintenance of insulating oil

Guidance for the maintenance procedure of insulating oil is covered by standard
CSN EN 60422. Two processes can extend the useful life of service-aged insulating oil by
improving its properties. Reconditioning is defined as a ,,process that eliminates or reduces
gases, water and solid particles and contaminants by physical processing only”. Reclamation is
a ,,process that eliminates or reduces soluble and insoluble polar contaminants from the oil by
chemical and physical processing”. The purpose of reconditioning is to improve the dielectric
properties of the oil by reducing the content of water and solid particles, while reclamation
involves more extensive treatment with the aim of restoring the oil’s original properties. [5]
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Purification practices that can be included to recondition or reclaim service-aged oil to
an acceptable level are summarised in Tab. 1, along with the type of contamination removable
by each respective technique.

Tab. 1: Oil purification practices employed during reconditioning or reclamation of insulating oil [10].
Type of contamination removed

Oil purification practices Solids Free Soluble Airand Volatile Other
water water gas acids
Vacuum dehydrator X v v v Most X
Mechanical filter (blotter or filter press) N4 Partial Partial X X X
Centrifuge N4 v X X X X
Coalescing filter v v X X X X
Precipitation settling v v v X X X
Contact process v v v X v v
Percolation by gravity v v Partial X v v
Percolation by pressure v N4 Partial X v v
Activated carbon sodium silicate process V4 X X X v N4
Trisodium phosphate process NG X X X v v

The flow diagram of a typical modern oil treatment plant can be seen in Fig. 1. The most
common process used in the industry is reclamation by percolation, typically consisting of three
major steps. First, the oil is pumped from the bottom of the transformer, heated and passed
through a filter to remove particles and insoluble contamination. Then, the oil is circulated
through one or more cartridges filled with fuller’s earth or other absorbent material in order to
remove soluble polar contaminants. Finally, the oil reaches a reconditioning device (vacuum
dehydrator or centrifuge) to remove moisture and gases. The reclamation can be done in
multiple passes, usually not less than three until the oil reaches the desired properties. [5]

The filtration system of the oil treatment plant is usually multi-staged and various filters
may be included to effectively remove particle contamination [10—12]:

- Coarse filter is usually used as the first stage, its purpose is to protect the inlet of the
plant from potential damage. It retains magnetic particles and larger particles above
1 mm in size.

- Blotter or filter press consists usually of paper filters held between metallic discs and
is suitable for removal of particles bigger than 50 um.

- Cartridge filter consists of cylindrical housing containing a disposable filter from
hygroscopic material (usually paper). Its purpose is to ensure fine filtration and
remove smaller particles of around 1 pm.

A paper filter itself can be a source of additional contamination, as it can release fibres
into the oil when reused and therefore it must be regularly changed [8]. Most filters are
disposable and once they become clogged, they are thrown away and produce waste [5].

For this reason, replacing them with more sustainable and reusable filters can be
considered. The use of macroporous ceramics seems to be a promising solution in the field of
filtration and purification in terms of sustainability, as presented in recent reviews by
Chen et al. [2] and Fukushima et al. [3].
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Supplements:
Z1. Optional vacuum pump: Z2. Water and gas measuring device: Z3. Flexible hoses with coupling: Z4. Extern feeding pump: Z5. Additional
fine filter; Z6. By-pass system for heating and filtration: Z7. Flow-through meter: Z10. Vacuum pump for transformer evacuation

Main components:
1. Inlet valve

2. Pressure sensor

3. Coarse filter

5. Solenoid valve

10. Electrical heating

15. Degassing tank

20. Frequency-controlled serew pump
22, Pressure sensor

25. Fine filter (1 or 5 pm)
30. Non-return valve

35. Drainage valve

45, Vacuum pump

50. Switch cabinet

55. Oil tub

Fig. 1: Flow diagram of a typical modern oil treatment plant [11].

2.2 Macroporous ceramics

For most engineering applications, a high porosity of ceramic materials is undesirable
due to inferior mechanical properties, especially brittleness. However, the intentional
incorporation of pores may be of interest in some cases because unique properties can be
achieved by a suitable combination of their size, shape, distribution and degree of
interconnectivity. These materials benefit from the advantages typical for ceramics, for
instance, chemical stability, resistance in corrosive environment, stability at high temperatures
or wear resistance, whereas an increase in porosity can result in lower density, high specific
surface area, low thermal conductivity, permeability or low dielectric constant. Porous ceramics
are nowadays widely used as filters, catalyst supports, heat exchangers or scaffolds for
biomedical implants. [13]

Conventionally, porous materials can be defined according to their pore size as
macroporous (d > 50 nm), mesoporous (50 nm > d > 2 nm) and microporous (d <2 nm), where
d represents the width of the pore [14]. This terminology, established by the International Union
of Pure and Applied Chemistry (IUPAC), was later complemented with additional parameters
and experimental techniques used to characterise porous solids, for example, pore size
distribution, shape and volume [15]. Solids commonly contain pores in a wider size range and
are referred to as materials with hierarchical porosity, which may additionally be graded or
oriented [16].
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Cellular ceramics are porous ceramics with porosity higher than 60 %. They are
composed of cells, which can be classified according to the accessibility to an external fluid as
open or closed. Open cells have pores in their walls, also referred to as cell windows, which
ensure interconnection between cells and allow the flow of fluids from one cell to another.
Therefore, an open-cell structure is suitable for applications involving fluid transport such as
filtration. In contrast, a closed-cell structure is composed of polyhedral cells connected via solid
faces with no possibility of fluid flow, making it relevant for insulation applications. Cellular
ceramics can be defined by their overall morphology and structure, the two most common being
honeycombs with prismatic cells and foams composed of randomly oriented cells. [17, 18]

2.3 Processing techniques for macroporous ceramic foams

The choice of processing technique has a great influence on the microstructural features
of the foam, such as porosity, interconnectivity of cells, pore size and shape. This consequently
affects the mechanical properties and functionality of the material and can be tailored based on
a particular application, as shown in Fig. 2. The main methods used to fabricate a macroporous
ceramic foam are partial sintering, sacrificial template, replica template, direct foaming and
additive manufacturing.

Porosity (%) Pore size
Partial sintering . Partial sintering )
Replica template . Replica template
Sacrificial template ‘ Sacrificial template
Direct foaming _ Direct foaming
Additive manufacturing Additive manufacturing
Hot gas filter __Hot gas filter
Diesel particulate Diesel particulate
filters (DPF) __filters (DPF)
Water filter ) Water filter X
Catalyst support Catalyst support
Solar absorber Solar
Solid oxide fuel cell absorber
(SOFC) electrode SOFC
Micro-electromechanical Slectrode
system (MEMS) components MEMS components
Insulation applications . Insulation applications
U Mechanical strength_____ = ________________| Mechanical strength .
Thermal insulation Thermal insulation

0 10 20 30 40 50 60 70 80 90 100 1nm 10nm O 4pm 1pm 10pm 100um 1mm 10mm

Fig. 2: Processing techniques and applications of porous ceramics according to porosity and pore
size [2].

2.3.1 Partial sintering

The simplest method to prepare macroporous ceramic materials is partial sintering
(Fig. 3). Cold-pressed powder, otherwise known as green body, is sintered at lower
temperatures or for a shorter time than is required to obtain the corresponding fully densified
material. At elevated temperatures, there is no chemical phase transformation, only a change in
microstructure. A neck is formed between individual powder particles through the process of
surface diffusion, evaporation-condensation, recrystallisation or solution-reprecipitation.
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A porous network is constituted by the cavities remaining between the bonded powder
particles. The main advantage of this process is the possible control over the resulting structure,
which is homogeneous and consists of open interconnected pores with a narrow size
distribution. On the contrary, the use of this method is limited by a lower achievable porosity
(< 60 %) and the pore size constraint imposed by the sinterability of raw powders. [17, 19]

The raw powder particle size should be 2—5 times bigger than the required pore size [17].
The porosity can be controlled by many factors, such as powder particle size, additives [20] or
degree of partial sintering which depends on the compaction pressure, sintering temperature,
and time [17]. Advanced sintering techniques like spark plasma sintering [21] or partial hot
pressing [22] can be employed for better control over the final microstructure and improved
mechanical properties.

Powder mixture Green body Porous material

Forming Sintering

. .. (neck formation)

Fig. 3: Scheme of partial sintering [23].

2.3.2 Sacrificial template method

An appropriate amount of pore-forming agent is uniformly dispersed in a ceramic raw
powder or precursor. The sacrificial phase is subsequently removed by evaporation, burn-off,
thermal decomposition, etching or leaching and leaves pores in the structure that reflect its
initial form. Ceramic foams with open or closed porosity in the range of 20-90 % and pore size
1-700 pm can be usually produced by this technique, although the lower limit of pore size can
be shifted into the nanometre scale if nanoparticles are used as the pore-forming agent.
Generally, porosity is controlled by the ratio of the sacrificial phase to the powder. Pore size
and shape also depend on the choice of the pore-forming agent, hence the main advantage of
this method, which is its versatility. The main drawback is a low interconnectivity between
pores. [2, 19]

Pore-forming agents can be in solid or liquid form of various origins [17]:

Synthetic organic matter — polymer beads, organic fibres,

Natural organic matter — potato starch, cellulose, cotton,

Metallic and inorganic matter — nickel, carbon, fly ash, glass particles,

Liquid — water, camphene, tert-butyl alcohol, naphthalene-camphor, emulsion.

The type of pore-forming agent defines the way of its extraction. The matrix must be
partially consolidated before the extraction to avoid the collapse of the structure. Inorganic
materials like metallic or ceramic particles are usually removed chemically, for instance by
acidic leaching [24]. When organic fugitives are used, the removal is usually carried out by
pyrolysis and can produce harmful substances and be power-consuming (long thermal treatment
between 200 and 600 °C). This can be avoided by using liquid fugitives that can be evaporated
without shrinkage cracking and formation of toxic products [25].

An example of this is freeze-casting, a promising technique highly studied in the last two
decades. The fabrication process is shown in Fig. 4. It consists of freezing a liquid ceramic

16



suspension, followed by sublimation of the solidified pore-forming agent under reduced
pressure. After sintering, uniquely tailored microstructure with highly oriented dendritic
channels can be obtained. [26]
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Fig. 4: Process of freeze casting: a) slurry preparation, b) solidification, c) sublimation, d) sintering
[26].
2.3.3 Replica template method

Firstly introduced by Schwartzwalder and Somers in the 1960s [27], the replica template
method is still widely used nowadays for its simplicity and flexibility. A porous cellular
structure (template) is impregnated with a ceramic suspension (slurry) or a precursor solution.
After the coating process, the excess slurry is removed and the sample is dried. During a
subsequent thermal treatment, the template is burned and the remaining ceramic particles are
sintered, retaining the original morphology of the template. The scheme of the process can be
seen in Fig. 5. Producing porous foams by the replica method has the advantage of precise
control over the pore shape and size based on the template used. When using a polymeric
sponge, a macroporous ceramic foam with interconnected open pores can be obtained, with
porosity going from 40 to 95 % and pore size in the range from 200 pm up to 3 mm. The size
of pores formed by replication of a wooden template is lower, usually 10-300 um with a
porosity of 25-95 %. [19].

Impregnation : Pyrolysis —
[ of a PU foam (foam, additives)

PU foam (10 ppi) Impregnated and dried PU foam Dense alumina foam

Fig. 5: Scheme of alumina foam preparation by the replica template method using polyurethane (PU)
foam as a template [28].
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Template

The template is selected according to required properties like permeability, pore size or
shape. Many synthetic or natural structures can be used. Examples of synthetic organic
materials include polyvinyl chloride, cellulose, carbon foam and the most common is a
polymeric sponge from polyurethane [27]. Natural templates such as wood, coral or sea sponge
are usually employed for their unique morphology, which can hardly be produced synthetically
[17]. For instance, macroporous ceramics fabricated by replication of wood are characteristic
for their anisotropic aligned pores [29].

Ceramic suspension

Ceramic suspension used for the coating of the template is a dispersion system consisting
of ceramic powder particles and a fluid phase. Its rheological properties, solid loading and
stability are crucial for the outcome. The fluid phase contains a binder and eventually additives,
such as thickeners, defoaming agents or dispersants [30—32]. Binders can be ceramic (colloidal
silica, bentonite), organic (polyvinylalcohol, carboxymethyl cellulose) or so-called low-loss
(preceramic polymers). [33]

A shear-thinning behaviour of the suspension is necessary to ensure its adhesion to the
template. The suspension has to be sufficiently fluid to penetrate the template, but viscous
enough to adhere to the template and avoid dripping once the shear stress applied during coating
decreases. [19] For some slurries, an additional thixotropy must be considered [33].
Suspensions with viscosity decrease from 10-30 Pa-s at a shear rate of 5 s™! down to 1-6 Pa-s
at a shear rate of 100 s! have been shown to give good results [19]. However, the viscosity of
the suspension must be adapted to the pore size of the cellular structure, less viscous suspension
is preferred when the pore size of the template is decreased [34]. In general, higher viscosity
results in struts with increased thickness [35].

Replica processing

The template must be homogenously covered with the slurry. The excess suspension can
be removed by centrifugation [36] or by pressing the foam manually or with a roller press [37].
Compressed air or a defoaming agent can be used to promote the opening of the pore windows
in the cell walls to enhance interconnectivity between the cells [33].

Thermal treatment

Once the slurry covering the foam is solidified and dried, all organic components are
eliminated via an optimised thermal treatment. The majority of polyurethane (90 %) vanishes
after heating to ~450 °C, a full decomposition is observed by firing at ~600 °C [38]. An
appropriately slow heating rate, usually lower than 1 °C-min’!, must be employed to prevent
stress formation within the coated struts, which could result in their cracking or a collapse of
the structure composed of non-sintered particles. Sintering at high temperatures ranging from
1100 to 1700 °C can be combined with the burn-out phase or carried out as a separate step, with
parameters specific to each ceramic material. [19]

Improvement of the mechanical strength

The porous solid obtained is a positive replica of the burned template and its morphology
consists of open cell pores (1% order pores) and struts as illustrated in Fig. 6. The struts are
hollow with triangularly shaped voids (2™ order pores) with peak stress in the corners.
Combined with the presence of cracks formed during pyrolysis of the template (3™ order pores)
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and intrinsic materials porosity (4™ order pores), it leads to poor mechanical strength, which is
the main drawback of this method. [18, 19] However, many approaches have been developed
to overcome this shortcoming.

intrinsic materials porosity

4thorder: ]

3rdorder:
cracks

Fig. 6: Morphology of a ceramic foam prepared by the replica template method [39].

The polymeric template can be coated before the application of the suspension with a
fugitive material to round off its sharp edges. For instance, zirconia foam, made from PU foam
pre-coated with carbon black, achieved a higher mechanical strength by a factor of 1.8 due to
rounder voids in the struts and the elimination of cracks [40].

Another possibility is to repeat the soaking of the template and drying step multiple
times, which can increase the initial strut thickness without significantly decreasing the
permeability of the foam [41]. It is also possible to deposit additional layers of a thinner slurry
on a pre-sintered foam (after the firing of the template). The thickness of the struts is increased
and flaws like longitudinal cracks and holes can be removed [37, 42].

Less viscous ceramic dispersion can also be used to eliminate hollow struts by infiltrating
them under vacuum. Filling the cavities (Fig. 7) can significantly enhance the mechanical
strength of the foams.

Fig. 7: SEM images of foam prepared by the replica template method, a detail of a) a hollow strut
after firing the polyurethane template, b) a dense strut after vacuum infiltration [43].

Vogt et al. [43] infiltrated an alumina foam by alumina and zirconia, respectively, and in
terms of mechanical strength, they achieved an increase by a factor of 2, respectively 3—4 for
the zirconia-toughened alumina (with a decrease in porosity of 1 %). Even if the triangular
cavities are not filled completely, the sharp corners, acting as stress concentrators, can be
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partially rounded up from the inside and therefore the mechanical strength can be increased.
For instance, in the work of Jun et al. [42], the initial compressive strength was successfully
enhanced by partial infiltration of the struts (initial: ~0.4 MPa at a porosity of 93 %; recoating
one layer: ~0.8 MPa at a porosity of 91 %; partial infiltration: ~1.6 MPa at a porosity of 91 %).
Processing parameters and the suspension used for this purpose should always be optimised to
achieve the best balance among mechanical strength, mass and strut thickness. Solid loading,
particle size distribution, type of material and time of infiltration must be considered [44].

2.3.4 Direct foaming

By the direct foaming, a macroporous solid is produced by incorporating air or gas into
ceramic slurry by physical or chemical blowing. The wet foam is then stabilised to keep the
form of created bubbles which turn into cells of the ceramic foam after sintering. It is an easy,
environmentally friendly and low-cost method that enables the preparation of solids with a
porosity higher than 95 %. However, the control over the morphology can be often complex,
anisotropy in the direction of foam expansion is possible, as well as the presence of both open
and closed pores with a wide size distribution. [17, 18]

Gas incorporation

The gas phase can be dispersed through physical or chemical blowing. Chemical blowing
is based on an in situ chemical reaction where the product is gaseous. A physical blowing agent
can be a volatile liquid or solid which decomposes via heating, eventually, the gas (e.g. CO»,
H>0O) can be added into the slurry by mechanical stirring or gas injection [23]. The nucleated
bubbles have a spherical shape and turn into polyhedral cells upon their growth. One of the
main challenges is to stabilise the initially formed bubbles in the wet foam as they tend to
coalesce to reduce the Gibbs free energy. [19].

Stabilisation of the wet foam

Having an amphiphilic character, surfactants prevent the destabilisation of the foam by
reducing the gas-liquid surface tension by adsorbing at the interface. They are classified based
on the hydrophilic group as ionic, cationic, non-ionic and amphoteric. Pore size and porosity
depend on the used surfactant and its foaming ability [45], pore size within the range of 35 pm
to 1.2 mm and porosity from 40 up to 97 % have been achieved [19].

Another option is to use colloidal particles. They exhibit great stability and tend to adsorb
irreversibly at the interface, therefore foams stabilised by colloidal particles are not prone to
collapse for several days (as opposed to several minutes for surfactant-stabilised foams). They
do not always require a setting step and can be directly dried in air and sintered [46, 47].
Structures prepared by this method are usually close-celled with enhanced mechanical strength,
however, ceramics with open porosity can be obtained by decreasing the concentration of
stabilising particles or by adding a sacrificial phase (e.g. graphite). They usually have cells of
smaller size (10-300 pm) with total porosity ranging from 45 to 95 % [17, 19].

Foam setting

Many different strategies can be employed to consolidate the stabilised foam to avoid its
collapse. For instance, the conventional polymer foam preparation has been modified by Wood
et al. [48] by incorporating ceramic particles directly into the organic solution containing
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polyols and polyisocyanates that react together by thermosetting condensation to form
polyurethane, as described by the following equation [49]:

”OCN’ “Nneo T ”Ho’ SoH T & )—L _R N ,R (1
diisocyanate dialcohol
n

polyurethane

When water is added to the mixture, it reacts with the isocyanate groups and CO; is
produced according to the reaction scheme (2), further encouraging pore formation.

H o
[/
R—NCO() + H/O\H(n — R—N—c: —> R—NHx(l) + CO2(g)
isocyanate water OH amine carbon dioxide
carbamic acid
0 (2)
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For a complete polymerisation, the amount of alcohol groups (OH) and isocyanate
groups (NCO) must be equal. In practice, a slight excess of NCO groups is commonly used and
the ratio between NCO and OH groups is given by the so-called NCO index (Inco). [49]
Contrary to the replica template, the struts are dense after pyrolysis of the polyurethane and
exhibit improved mechanical strength [19].

The ceramic powder can be replaced by polymeric precursors enabling the production of
mainly Si-based ceramics [50]. Silica-based ceramics and other inorganic materials can also be
set by sol-gel phase transition, an example of the microstructure is shown in Fig. 8 [51]. Another
example is gel casting, a method based on in sifu polymerisation of monomers dispersed in the
foamed ceramic suspension. The initially used toxic materials were successfully replaced in the
last years by cheaper and more environmentally friendly gelling agents (corn starch, glycols,
agar, citric acid) and natural minerals and waste materials as raw material (kaolin, fly ash,
dolomite) [52]. Graded structures with tailored microstructure can be produced by progressive
evaporation of emulsified and dispersed alkane or air-alkane phases in a stabilised aqueous
suspension [53].

h
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Fig. 8: SEM micrographs of silica foam prepared by sol-gel reaction and mechanical foaming,
a) fractured cross-section, b) polished cross-section [51].
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2.3.5 Additive manufacturing

Additive manufacturing (AM), also known as 3D printing, covers a wide range of
processes that can create an object by adding material, typically layer by layer, based on a model
provided by a computer-aided design. AM offers several advantages, in particular the ability to
create complex, customised structures without the use of expensive tooling and machining. The
microstructure and porosity can be tailored according to user requirements, an example of
3D printed filters with customisable pore size can be seen in Fig. 9. The pores can be of various
shapes (square, cylindrical, spherical, etc.) and their size is determined by the printing
parameters while being limited by the resolution of the specific printing technology. 3D printing
of porous ceramics has great potential, especially for the production of artificial bone scaffolds
and functionalised ceramics. However, it is not suitable for mass production and rather high
cost, time and material constraints remain the major limiting factors of this technique. [2, 54]

Although almost all 3D printing technologies can be used to fabricate a porous solid, the
most common technologies employed for this purpose are binder jetting (3DP), selective laser
sintering (SLS), direct ink writing (DIW) and stereolithography (SL). 3DP involves a selective
deposit of a liquid binder into a powder bed of ceramic material, followed by the solidification
of the given layer [55]. SLS also uses dry powder as a starting material but the particles are
fused by the energy delivered by a high-power laser [56]. In DIW, a continuous filament of
ceramic slurry is extruded from the nozzle onto the support according to the path programmed
by the model. This process, providing control over the macropores through the printing
geometry, can be combined with conventional techniques such as direct foaming or sacrificial
template method, which can introduce smaller pores into the extruded material and thus create
hierarchical porosity. [57, 58] SL is also a slurry-based technique and uses a light source to
selectively cure a suspension contained in a vat. The suspension consists of a photocurable
liquid doped with ceramic particles and additives and undergoes a photo polymerisation process
to turn into a solid. [54]

300 um

Fig. 9: 3D printed filters from silica, mesh spacing (from left to right) of 150 um, 250 um, 350 um,
450 um and 1300 um [59].
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2.4 Application of macroporous ceramics in filtration

Macroporous ceramics are often employed in filtration to separate contaminants from a
fluid. Filtration can be classified into several categories according to the pore size d: filtration
(d> 10 pm), microfiltration (MF, 10 um > d > 100 nm), ultrafiltration (UF, 100 nm >d > 1 nm),
nanofiltration (NF, d ~1 nm) and reverse osmosis (RO, d < 1 nm). In filtration and
microfiltration, the separation is principally ensured by the sieving effect (i.e. the separation is
based on the size of particles); for smaller pores, the fluid permeability also depends on the
affinity of the solute/solvent with the porous material [17]. Filters with pores smaller than
10 um are often designated as membranes. They are usually composed of two or three layers
(see Fig. 10) of different porosity and pore size, (1) the outer layer serving as macroporous
support, (2) the binding intermediate layer and (3) the inner layer ensuring the filtration [4].
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Fig. 10: Schematic representation of a membrane, (1) the outer layer, (2) the binding layer, (3) the
inner layer [4].

Ceramic filters should have a specific morphology with high porosity, consisting of open
interconnected pores with a narrow size distribution. The pores should be preferentially oriented
in the flow direction to enhance a high flow rate and permeability, which are important factors
in evaluating the effectivity of a filter. However, microstructural features should be optimised
to still maintain a sufficient mechanical strength of the filter. [60]

They can operate in three modes (surface filtration, cake filtration and depth filtration),
as represented in Fig. 11. Depth filtration, where the impurities are trapped in the interior of the
filter, is usually preferred as it provides a larger surface area available for filtration [61].

In terms of properties, ceramic filters are favoured for their thermal stability, chemical
durability and wear resistance, which leads to their longer lifetime compared to other materials.
Another undeniable advantage is the possibility of their repeated use thanks to regeneration.
During the filtration process, the impurities are retained by the active surface of the filter,
causing a build-up of contaminants that can cause an unwanted pressure drop and decreased
permeate flow. Based on the nature of the contaminants, multiple approaches can be used to
clean the fouled filter and restore its removal efficiency, for instance physical, chemical,
electrical or ultrasonic cleaning [62].
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Fig. 11: Representation of the three modes of filtration: a) surface filtration, b) cake filtration,
¢) depth filtration [61].

In the following subchapters, the main applications of ceramic filters are presented. Since
this work is devoted to the preparation of ceramic filters from a relatively low-cost material,
the focus is mainly on filters from cheaper alternatives. Nevertheless, examples of filters made
from advanced ceramic materials can be found in the literature and industrial applications [2].

2.4.1 Hot gas filters

Hot gas filters are necessary to remove particles harmful to human health and the
environment contained in waste gases produced by the chemical industry, oil refineries or
power plants. They are used at high temperatures (260—900 °C) and are often exposed to
chemically aggressive environment (both oxidising and reducing atmospheres), so there are
typically increased demands on the material selection, and therefore ceramic filters are
preferred for this application. [63]

Ceramic filters are one of the most efficient diesel particulate filters (DPFs), where
carbon-based particulate matter needs to be trapped. A filter with 40—-60 % porosity, pore size
around 10 um and thickness of 400 um is suited to filter more than 90 % of particles [64].

DPFs are usually extruded in the form of honeycombs because ceramics with
unidirectionally aligned pores in the direction of flow have been demonstrated to have higher
permeability compared to those with randomly distributed pores [65]. However, the traditional
extrusion can be also replaced by alternative processing techniques. For instance, porous
mullite supports with gradient unidirectional pores fabricated by tert-butyl alcohol-based
freeze-casting were shown to have improved gas flux, moreover, the effect of solid loading,
powder particle size and freezing temperature on the microstructure have been also investigated
in this study [66]. Filters from silicon carbide exhibiting anisotropy have been also prepared by
Goémez-Martin et al. [29], who replicated 5 different wood templates with porosities between
45 and 72 % and evaluated the dependence of gas permeability and mechanical strength on
microstructural parameters, obtaining the best results for a filter with the narrowest radial pore
size distribution (3—30 um) and 49 % porosity.

Foam-type filters were also reported for this application. Park et al. [67] prepared
various-shaped porous cordierite filters by gel-casting (porosity 80 %, pore size 100-200 pm)
with removal efficiency above 99 % for dust particles finer than 10 um. Gel-casting can also
be used to fabricate layered structures, as reported by Takahashi et al. [68], who employed

24



natural gelation agents to fabricate alumina filters with double-layered structure (Fig. 12) and

cordierite filters with added non-through holes to minimise the pressure drop.

Top layer
70% porosity

:;. Interface
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Fig. 12: Porous alumina filter with a double-layered structure fabricated by gel-casting [68].

2.4.2 Molten metal filters

One of the traditional applications of ceramic filters is in the casting of metals such as
aluminium, iron or steel. Their aim is to remove non-metallic inclusions and other impurities
from the molten metal to prevent defects and enhance the quality of the casting [61]. Larger
particles are removed by surface filtration, removal of smaller particles is ensured by depth

filtration and liquid inclusions can be captured by the intrinsic open micropores [69].

Ceramic foam filters (CFFs) have been shown to have high filtration efficiency and
replication of polyurethane foams is typically used as a preparation technique for this
application. The filters are used at high temperatures, so corrosion and thermal shock-resistant
refractory materials are required. The material, filter size and pore density in pores per inch
(ppi) vary according to the type of molten metal. The most common examples are summarised

in Tab. 2. [70]

Tab. 2: Characteristics of commonly used molten metal filters [70)].

Metal Filter
Type Temperature (°C) Size (cm?) Pore density Material Preheating
20-70 ppi (based on th
Aluminium 800 18-66 ppi (based on the ALO; Yes
required purity)
10-25 ppi (based on th Si0-bonded
Tron 1400 35-185 ppi (based on the  $i02-bonde No
type of iron) SiC
10-1 i th Mg-stabili
Steel 1560 590 0-15 ppi (based on the g-stabilized No

type of steel) 710,
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2.4.3 Water filters

Providing access to potable water remains a challenge, especially for people in
developing countries. Point-of-use household water filters diminish the risk of diseases by
removing bacteria, protozoans and viruses from unpurified or insufficiently disinfected water.
Ceramic membranes with pores in the order of micrometres can often be made from low-cost,
locally available materials (clay and organic pore former such as starch) and present an
affordable solution to this problem. [71]

Ceramic membranes are also used for the treatment of wastewater produced by the
industry to meet the acceptable discharge limits to nature and reduce the unfavourable effects
of pollution on the environment. One of the major pollutants is oily wastewater, where the oily
contaminants can be free-floating on the surface, dispersed, emulsified or dissolved and the
separation strategy varies for each case depending on the droplet size and stability of the
mixture. [72]

However, the industrial use of ceramic membranes for water treatment is limited due to
the approximately ten times higher cost compared to polymeric membranes, which can be
significantly reduced by using natural, low-cost materials [73, 74]. Nandi et al. [74] fabricated
a membrane using kaolin, quartz, sodium carbonate, calcium carbonate, boric acid and sodium
metasilicate, and estimated the cost of raw materials at $130/m?, respectively $200/m?including
manufacturing and shipping, a significant reduction compared to a-alumina tubular membranes
($500—1000/m?), making it closer to the cost of a polymeric membrane. In another work [73],
they used local clay instead of kaolin and quartz and reduced the price of raw materials to
$19/m?. In the same vein, Abbasi et al. [75] prepared mullite and mullite-alumina tubular
membranes from kaolin clay and a-alumina powder by extrusion and studied the effects of
operating conditions (temperature, pressure, oil concentration, flow rate) on their performance
in MF. Extruded low-cost membranes were also studied by Kamoun et al. [76], who used
Tunisian clay and cellulose fibres obtained from paper as pore-forming agent.

2.4.4 Oil filters

Generally, ceramic membranes have a moderate hydrophilic character due to the
presence of hydroxyl groups on metal oxide surfaces, being the cause of the preferential
forming of hydrogen bonds. However, surface technologies can be used to modify the
wettability of the filter and enhance the oil flux by obtaining a (super)hydrophobic or
(super)oleophilic character through a decrease of surface free energy. Chemicals like
organophosphonic acids, steric acids, fatty acids, alkanethiols and organosilanes can be used
for this purpose, the latter being the most commonly used. [77]

For instance, superhydrophobic-superoleophilic kaolin-based membranes with contact
angles of 157° and 0°, respectively, were fabricated by Hubadillah et al. [78]. The increase of
surface roughness and decrease in surface free energy was achieved through the
organosilane-silica sol-gel method, which resulted in 99% separation efficiency for oil removal
from water using the modified membrane, which can be seen in Fig. 13. Coating with
organofunctional silanes was also applied for 3D printed silica membranes, where the optimal
ratio between flux and separation efficiency as a function of membrane thickness and pore size,
as well as the recovery and reusability of the coated membrane, was studied. [59]
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Fig. 13: SEM micrographs of a) a pristine and b) a modified superhydrophobic/superoleophilic
membrane surface [78].

As an example of a ceramic filter used for the removal of solid particles from oil, a study
of Nazarova et al. [79] can be cited. They prepared filters by the ceramic method from natural
raw materials (bauxite, kaolinite, serpentinite, quartz sand, talc, alumina) by mixing them in the
ratio of cordierite composition (pore size 5—70 pm, porosity 21-32 %). The filters were used to
eliminate metal shavings from engine oil and after regeneration (mechanical surface cleaning
and hydrochloric acid treatment), the productivity of filters was 100 % restored.

Research on ceramic filters used for electro-insulating oily liquid has not yet been carried
out, most of the research conducted to this day dealt with the separation of water droplets from
oil or water-oil emulsion separation, as described above.

2.5 Ceramic materials used in filtration

Material selection is based on the requirements of the specific application. The common
properties for all the applications mentioned in Chapter 2.4 are sufficient mechanical strength,
high temperature stability and resistance against corrosion and aggressive environments. For
filters exposed to high temperatures (hot gas filters, DPFs and molten metal filters), thermal
shock resistance and low coefficient of thermal expansion are additional important factors.
Typical materials used for DPFs include silicon carbide, cordierite or mullite [64]. Silicon
carbide is also commonly used in the foundry, as well as alumina and stabilized zirconia [70].
Concerning water and oil filtration, where the temperature of the fluid is not so elevated, the
surface character (hydrophobicity/hydrophilicity) and the cost-effectiveness are also relevant
criteria. Metal oxides like alumina, zirconia, silica or a combination of those are commonly
used [80].

2.5.1 Alumina

Alumina (Al>03) is one of the most important ceramic materials. It is characteristic for
its hardness, strength, abrasion resistance and chemical inertness. The mechanical properties
are superior to most oxides, typical values for dense polycrystalline alumina are listed in Tab. 3.
However, the mechanical properties change significantly with the presence of porosity, for
instance, an increase in porosity from 0 to 50 % results in a decrease of bending strength from
269 to 47 MPa. The melting temperature of alumina is 2054 °C, so it must be sintered at rather
high temperatures above 1400 °C to obtain a dense solid. The sintering temperature can be
lowered by adding other oxides to the powder, such as SiO2, MgO, Cr203 and ZrO». [81]
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Tab. 3: Typical properties of dense polycrystalline alumina at room temperature [82].

Density Young’s Compressive Hardness Fracture toughness Thermal expansion
(g'em?)  modulus (GPa) strength (MPa) (Knoop) (MPa-m™%) coeff. (ppm-°C)
3.85-3.99 380410 3000-5000 1500020000 3-6 6-9

Alumina is widely used for its good properties and versatility. Two phases of alumina,
a (corundum) and vy, are commonly employed in MF, UF and NF processes as a substrate, the
binding layer or even the active layer of the filter [80]. Alumina filters are chemically very inert
and can be used in the pH range from 1 to 14, which implies not only the possibility of their
use in harsh conditions but also the possibility of cleaning them chemically. Among the
materials commonly used for membranes, alumina is the least hydrophilic [83].

2.5.2 Silica

Silica (SiO2) exists in many various crystalline and non-crystalline forms. The main
polymorphs formed at atmospheric pressure are a-quartz (thermodynamically stable at ambient
conditions), B-quartz (formed at 573 °C), tridymite (formed at 867 °C) and cristobalite (formed
at 1470 °C). Silica melts at 1723 °C, therefore the sintering temperatures and production cost
are lower compared to other ceramic materials. [81]

Membranes from pure silica are usually employed in NF and RO processes, as their
structure can be controlled on the nanometre scale. Silica has a high affinity with water,
therefore its hydro-stability must be increased if a longer exposure to water is expected. [80]

2.5.3 Mullite

Mullite is the only stable intermediate crystalline phase in the Al203-SiO2 system
(Fig. 14) with stoichiometries ranging from relatively silica-rich (3A1,03-2S10;) to
alumina-rich (2A1,03-Si02). Mullite has a rather small coefficient of thermal expansion
(5.1 ppm-°C™), providing good thermal shock resistance. It also has superior temperature
stability, hardness and creep resistance at high temperatures compared to a-alumina, so it is a
good candidate for refractory applications. [81]
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Fig. 14: AL,O3-SiO; binary phase diagram [84].
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2.5.4 Kaolin clay

As mentioned in Chapter 2.4.3, the cost of ceramic filters and membranes fabricated from
pure refractory oxides is often not competitive with the other solutions for the reason of
expensive inorganic precursors and the requirement for a high sintering temperature. To reduce
the production cost, filters can be fabricated from cheaper natural materials like clay, of which
there are many different kinds varying in composition. Kaolin is the most common type of
natural clay and is widely used for this purpose. It is mainly composed of the mineral kaolinite,
described by the chemical formula Al>Si2Os5(OH)4, and other oxides like Fe>O3 or TiO». [81]

Kaolin can be mixed with water and other additives to fabricate a ceramic slurry and then
it can be processed directly by dry pressing, stiff plastic forming, soft plastic forming or casting
[75, 81]. Another method of using kaolin is as a source of ceramic powder with crystalline
mullite and silica-rich phase. This is carried out by heat treatment, the sequence of the reaction
is represented in Fig. 15. [81] Above the eutectic temperature (1587 °C) an amorphous glassy
phase of silica is predicted, however, the presence of some impurities (CaO, Na,O or K»0O) can
shift the phase transitions and vitrification of cristobalite to lower temperatures.

ALSi,05(OH), 2(AL,05.8i0,)

+2H,0

Kaolinite Metakaolin

025 eC EAIEO 335102 i

. . + SIOZ
Silicon spinel
1100°C | 2(ALO 5.5i0,)

Pseudomullite

=+ 5102

Mullite + cristobalite

Fig. 15: Reaction scheme of kaolin calcination [81].
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3  AIMS OF THE EXPERIMENTAL PART

The aim of the experimental part of this thesis was to prepare macroporous ceramic
foams based on mullite and silica and evaluate their suitability for use in the filtration of
electro-insulating oils. Filters were prepared using two methods; the replica template method,
which uses polymeric foam as a template (see Chapter 2.3.3), and direct foaming, which
consists of the fabrication of composite foams by incorporating ceramic particles directly into
in situ blown polyurethane foam system (see Chapter 2.3.4).

The partial objectives of the work were as follows:

- Optimise the processing parameters for the preparation of foams with respect to their
microstructure and handling strength,

- Evaluate the foams prepared with optimised processing parameters for their phase
composition and microstructure,

- Perform scale-up experiments to meet the requirements for the size of the filter for
the designed filtration device,

- Evaluate the mechanical strength and assess the suitability of the successfully
scaled-up filters for filtration.
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4 EXPERIMENTAL PART

4.1 Materials

The raw material used for the preparation of ceramic foams was Molochite™ (Imerys
Minerals Ltd, United Kingdom), which was chosen to make the prepared filters competitive
with the original paper filter solution. It is a relatively low-cost aluminosilicate powder
produced by calcination of kaolin at 1500 °C; wide distribution of grain size 1-250 um, median
particle size dso = 27 um; theoretical density 2.7 g-cm™; chemical composition given in Tab. 4.

Tab. 4: Chemical composition (wt.%) of Molochite™ from the material data sheet, determined by XRF
at 1000 °C.

SiO: ALO3 K0 FeO: MgO Na2O CaO TiO: LOI
wt.% 53.59 42.54 1.95 1.20 0.32 0.08 0.05 0.03 0.09

4.1.1 Replica template method

- Templates — commercial reticulated polyester-based polyurethane foams with open
cell structure Bulpren S (Eurofoam, Czech Republic); two different pore sizes, 75 ppi
and 90 ppi with average cell size 520—720 um and 440-520 pum, respectively

- Binder — colloidal silica solution Granisol 30 (MINKO, Czech Republic); particle
size 14 nm; density 1.18 g-cm™; pH 9.5; solid content 27.25 wt.% SiOa,
0.27 wt.% NaO

- Dispersing agent — Dolapix CE64 (Zschimmer & Schwarz, Germany)

- Defoaming agent — n-Octanol CsHisO (Lachema, Czech Republic)

- Deionized water

4.1.2 Direct foaming

- Polyol — phthalic anhydride-based aromatic polyester polyol Stepanpol® PS-2412
(Stepan Company, USA); density 1.2 g-cm™; max 0.15 wt.% water; hydroxyl
number 230-250 mg KOH-g!

- Diisocyanate — solvent-free polymeric diphenylmethane-4,4’-diisocyanate (MDI),
Lupranate® M10 (BASF, Germany); density 1.22 g-cm™; 32 wt% NCO;
functionality approximately 2.3

- Deionized water

4.2 Methodology
4.2.1 Replica template method

Each sample preparation step was optimised by performing a series of experiments on
smaller samples (20x20x10 mm, 20x50x10 mm). Based on their results, presented in Chapter
5.1, processing parameters were selected to scale up and prepare filters with the required
dimensions (cylinder ¢ 100 mm with an inner hole ¢ 27 mm, height 100 mm). The tested
parameters, as well as the optimised parameters, are presented in each of the following
subchapters.
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Preparation of the suspension

An overview of the prepared suspensions (S1-S10) is given in Tab. 5. The optimal solid
loading of the ceramic powder in the suspension was determined by gradually increasing its
content (50—-67 wt.%) and evaluating the ability of the suspension to coat the PU template. Once
the solid loading was determined, three different methods of stirring and various formulations
were tested:

- Overhead stirrer for 2 h at 300 rpm, presence of dispersing agent (0, 1, 1.5 and 2 wt.%
on dry powder basis),

- Planetary ball mill for 3 h at 400 rpm (ratio of dry powder to zirconia balls 1:2),
presence of dispersing agent (0 and 1 wt.% on dry powder basis), presence of
defoaming agent (0 and 0.1 wt.% on dry powder basis),

- Overhead stirrer for 2 h at 300 rpm, application of ultrasound (alternating 20 min
off/10 min on).

Given the wide particle size distribution of the raw ceramic powder, preparation of the
suspension from a powder milled in a planetary ball mill was considered to reduce the particle
size (0, 1, 2 and 3 h in water; ratio of dry powder to zirconia balls 1:4).

Tab. 5: Formulations of suspensions tested for the preparation by replica template method.

Powder  Milling of Dispersing Defoaming ..
(wt.%) the powder agent (*wt.%) agent (*wt.%) Stirring method
S1 50-67 - - - Overhead stirrer/10 min after increase
S2 63 - - - Overhead stirrer/2 h
S3 63 - 1.5 - Overhead stirrer/2 h
S4 63 - 2 - Overhead stirrer/ 2 h
S5 60 - 2 - Overhead stirrer/2 h
Sé6 63 - - - Planetary ball mill/3 h
S7 63 - - 0.1 Planetary ball mill/3 h
S8 63 3h - 0.1 Planetary ball mill/1 h
S9 63 3h - - Overhead stirrer/2 h
S10 63 2h - - Overhead stirrer/2 h + Ultrasound/40 min

*wt.% - weight percentage on dry powder basis

Based on the findings, which will be presented in Chapter 5.1.1, suspension S10 was
selected for the preparation of final filters, therefore its preparation is described in more detail.
The raw ceramic powder was wet-milled in a planetary ball mill using zirconia balls (¢ 5 mm)
for 2 h. Each jar was filled with 70 g of powder, 280 g of zirconia balls and 170 ml of deionized
water. Subsequently, the water was removed through drying (85 °C, at least 24 h), and the
powder was dry-milled on a roller ball mill with alumina balls (¢ 20 mm) for 3 h to break the
agglomerates formed during drying. Following this, the milled ceramic powder was added into
a colloidal silica solution without any further additives to obtain a suspension with 63 wt.% of
ceramic powder (72.9 wt.% solid loading including solids content in the binder). The beaker
containing the suspension was then immersed in an ultrasonic bath and the suspension was
stirred at 300 rpm for 2 h by an overhead stirrer. Ultrasound was intermittently applied in cycles
of 20 min off and 10 min on.
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Impregnation of PU foams with the suspension

The PU foams were immersed under compression into the suspension until completely
soaked and then passed between two rotating metal rollers with a 3 mm gap to remove the
excess slurry and homogenise the coating. The impregnated foams were left to dry under
ambient conditions for at least 48 h.

Filling the hollow struts by infiltration

Part of the prepared samples was infiltrated with a less viscous suspension to improve
the microstructure by filling the hollow struts present after the firing of the template (see
Chapter 2.3.3, Improvement of mechanical strength).

For the infiltration, a suspension was prepared with 15 wt.% of milled ceramic powder
in colloidal silica, stirred by a magnetic stirrer for 2 h. A pre-sintered ceramic body was placed
into a desiccator, which was evacuated to 0.05 bar using a vacuum pump. Subsequently, the
prepared suspension was applied via a tube system until the foams were fully submerged. After
10 min of holding time under reduced pressure, the foams were retrieved and the excess slurry
was removed by applying compressed air.

Scale up

In order to achieve the desired dimensions and shape of the filter, it was necessary to
carry out a process of scaling up. The preparation scheme of scaled-up filters is shown in
Fig. 16. They were prepared as described above from disc-shaped PU foams with a cut-out
centre (Qouter 114 mm, dinner 30 mm, height 12 mm). Five impregnated foams were stacked on
top of each other while still wet and gently pressed to bond the individual layers together. The
resulting filter consisted of two so-prepared bodies (10 PU foams in total). Three different filters
were prepared using this technique — two with a pore size of 90 ppi (hereinafter referred to as
F90, F90+I) and one with a pore size of 75 ppi (F75+I). Filters F90+I and F75+1 were infiltrated
under reduced pressure, while filter FO0 was left without infiltration.

\Q"" Y

Dip-coating of the template Removal of the excess Impregnated and dried
in the suspension / suspension body

Preparation of the

\ suspension Sintered body

Fig. 16: Preparation of ceramic filters by the replica template method.

Heat treatment
Heat treatment of the foams consisted of two main steps:

- Firing of the organic components and PU template in a muffle furnace at 800 °C for
2 h with a slow heating rate (0.5-1 °C-min™!),

- Sintering of the ceramic body in a high-temperature furnace at 1200, 1300, or
1400 °C for 2h with a heating rate of 4 °C-min’".
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For the foams reinforced by infiltration, the first step was carried out up to 1100 or
1200 °C for 2 h to ensure sufficient handling strength for the infiltration process by pre-sintering
the body. For the subsequent firing of the organic components after infiltration, an additional
step of heat treatment at 800 °C for 1 h was incorporated.

Based on the results that will be discussed in Chapter 5.1.3, the heat treatment modes for
the final filters F90, F90+I and F75+1 were determined and are summarised in Tab. 6

Tab. 6: Heat treatment modes of the filters prepared by the replica template method.

Filter Step Heating Dwell Cooling
o o 11
9 Firing 26(())56_%% OS’(:?'ls 521‘21 800°C/2h  800-700 °C, 5 °C-min""
Sintering 20-1400 °C, 4 °C-min’! 1400 °C/2 h 1400-700 °C, 5 °C-min’!
Firing, pre-sintering 20-600 °C, 0.5 °C-m.1 n! .
before infiltration 600-800 °C, 1 °C-min"! 1100 °C/2 h 1100-700 °C, 5 °C-min’!
F90+I, 800-1100 °C, 3 °C-min"!
F75+1 20-500 °C, 1 °C-min’!

Firing after infiltration 800 °C/1 h 800700 °C, 5 °C-min’!

500-800 °C, 2 °C-min’!
Sintering 20-1400 °C, 4 °C-min! 1400 °C/2h  1400-700 °C, 5 °C-min!

4.2.2 Direct foaming

Ceramic foams prepared by the second method were obtained by firing the organic
components from a composite foam, which was produced by incorporating ceramic particles
directly into in situ blown polyurethane. By analogy, the process of optimisation of the
processing parameters for the preparation of samples was carried out. Based on the optimised
procedure, a scale-up experiment was performed.

Composite foams composition

To determine the optimal composition, different formulations of composite foams were
tested (see Tab. 7). The composition of all foams was determined by fixing the Inco index to
1.05 (there is a 5 % excess of NCO groups in the system for complete reactions with all the
OH groups of the precursors). The influence of the following parameters on the microstructure
and handling strength of the foams was evaluated:

- The presence of deionized water (0, 1 and 2 wt.% to polyol),

- The weight ratio of ceramic powder to PU (1, 1.2, 1.6, 1.8, 2, 2.2), where the mass
of PU is given by the sum of its precursors (polyol and MDI),

- Type of ceramic powder.

Three types of ceramic powder were tested — Molochite™, Molochite™ milled for 2 h
(milling procedure identical to the one described in Chapter 4.2.1) and a mixture of Molochite™
and SiO». The SiO> powder was incorporated to achieve a similar chemical composition of
ceramic foams as those prepared by the replica template method. It was obtained by calcination
of silica sol, which was air-dried for 5 days, calcined in a muffle furnace at 700 °C for 1 hour
and ground in a mortar afterwards.
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Tab. 7: Formulations of composite foams tested for the preparation by direct foaming.

Composition Powder (g) H:20 (g) Polyol (g) MDI (g) Po'wder/PFI
Molochite™ SiO2 weight ratio
C1 5 - - 3.15 1.85 1
C2 5 - 0.03 2.85 2.12 1
C3 5 - 0.05 2.61 2.34 1
C4 3.6 1.4 - 3.15 1.85 1
Cs 8 - - 3.15 1.85 1.6
Cé 9 - - 3.15 1.85 1.8
(og) 10 - - 3.15 1.85 2
C8 11 - - 3.15 1.85 22
Cc9 6* - - 3.15 1.85 1.2
* powder milled for 2 h

Composite foams processing

The scheme of preparation is shown in Fig. 17. To prepare the composites, the given
mass of ceramic powder was mixed with polyol (and deionized water) in a mortar and
homogenised by mechanical stirring for 2 min. The MDI was then added and the
homogenisation was carried out for another 1-2 min. If the powder/polyol ratio was higher than
1.8, the excess powder was added to the mortar in the second step of homogenisation. For
selected samples, a prolonged time of processing (5, 10, 15, 20 and 25 min) before filling the
mould was included. Every 3 min, an additional stirring for 20 s was employed to prevent the
formation of large bubbles and reduce the pore size. The foam was then filled into a cylindrical
mould and left to cure under ambient conditions for at least 24 h. After curing, the composite
foam was cut into samples with a diameter of 20 mm and a height of 10 mm.

X ﬁagﬁ- awmjoA

Homogenisation of PU o Expansion of the Cured Sintered
: Filling of the mould :
precursors with the powder composite foam samples samples

Fig. 17: Preparation of ceramic foams by the direct foaming.

Scale up

Based on the results discussed in Chapters 6.1.1 and 6.1.2, foams with composition
referred to as C7 and C9 with a processing time of 20 min were chosen for scaling up. The
foams were prepared as described above using a ten times higher quantity of reactants and filled
into a cylindrical mould with a diameter of 92 mm.

35



Heat treatment
The cured samples were heat-treated in two steps:

- Firing the polyurethane and organic matter in a muffle furnace at 1000 °C for 1h
with a slow heating rate of 0.5 °C-min™,

- Sintering in a high-temperature furnace at 1200, 1300 or 1400°C for 2h (heating
rate 5 °C-min’!, cooling rate 10 °C-min™").

4.3 Characterisation of powders and foams
4.3.1 Particle size distribution

A laser particle size analyser LA-950 (HORIBA, Japan) was used to determine the size
of particles in ceramic powder to evaluate the effect of milling on its particle size.

4.3.2 Thermogravimetric analysis

To set the right parameters for the first step of the heat treatment cycle,
thermogravimetric analysis (TGA) was performed to determine the temperature of the removal
of polyurethane and other organic components from the composite foams. The measurements
were carried out by Setaram 96 Line TGA/DTA (Setaram, France) in an atmosphere of N> + O»
between 20 and 1000 °C with a heating rate of 2 °C-min™..

4.3.3 Phase composition

The phase composition of the crushed sintered foams was evaluated using a Rigaku
SmartLab 3kW X-ray powder diffractometer (Rigaku, Japan). Diffractometry was performed
in Bragg-Brentano measurement mode between 10 and 90°. The evaluation was performed
using the Rietveld refinement method.

4.3.4 Microstructure analysis

Morphology, microstructure

Morphology of the powders was observed via scanning electron microscope (SEM)
LYRA 3 (Tescan, Czech Republic). SEM was also used to examine the morphology and
microstructure of the sintered foams, both on fractured cross-sections and on polished
ceramographic specimens. A digital stereo microscope MV 2000 HDMI (Top Optical, China)
was used to evaluate the microstructure of the sintered foams at magnification below 50x.

Pore size

Pore size distribution of the sintered foams was determined by mercury intrusion
porosimetry using PoreMaster 60 (Quantachrome, USA). Pore size was also investigated by
image analysis. Due to the different nature of the pores in the bodies prepared by the replica
template method and by direct foaming, the analysis procedure was different for the
corresponding samples.

For the foams prepared using the replica template method, the cell size and the size of
pores interconnecting the cells (windows) were determined from stereo microscope images.
Considering that 3D objects might be captured at an angle in the 2D image, the largest
dimension of the corresponding elliptical shape was measured, as illustrated in Fig. 18. The
value was determined from 150 measurements.
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Fig. 18: lllustration of the image analysis of the foams prepared by the replica template method.

The pore size of samples prepared by direct foaming was determined by image analysis
performed on SEM micrographs of polished ceramographic specimens using ImageJ software
(National Institutes of Health, USA). The image analysis procedure is illustrated in Fig. 19.
First, the image was converted to binary format through thresholding. Subsequently, the binary
image was processed by the watershed algorithm to separate touching or overlapping spherical
shapes. The areas of these shapes were measured and converted to equivalent diameter
assuming each shape was circular. The analysis was performed on 3 images per sample and
pores smaller than 5 um were excluded from the evaluation.

The image analysis was done on 2D random sections, therefore a stereological correction
factor was applied to the average circular pore size diameter in 2D (d ;rce) to obtain the
diameter of a spherical pore in 3D ( dgppere) according to the equation (3) [85]:

dcircle
dsphere = ﬁ = 1.274 * dgircie (3)

o B

e\ e S SN o
Fig. 19: lllustration of the image analysis of the foams prepared by direct foaming, a) SEM
micrograph converted to binary format, b) applied watershed algorithm, c) identified particles.

Porosity

Porosity of the samples was determined using two methods according to CSN EN ISO
18754 [86].

Method by measurement of geometric dimensions and mass was used to evaluate the
porosity of all prepared samples. The porosity determined by this method is hereafter referred
to as the “geometric porosity”. The porosity P was determined by taking the mass of a dry
sample my, its bulk volume V;,, theoretical density p; and replacing in the equation (4):

mq

P=1-

+100 % 4)

b*Pt
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The theoretical density p; was determined as a weighted average of the densities of
constituent materials, according to their ratio.

To verify the porosity obtained by the geometric method, the porosity of selected samples
was also measured using the method by liquid displacement (Archimedes method). The
impregnation of the sample with water for HPLC was carried out under reduced pressure
(0.05 bar). The relative density p,.; was determined by replacing in the following equation:

Prep = 222 . 100 % )

Pt mz—m;

where py, ¢ is the density of water at a given temperature, p; is the theoretical density of

the material, m; is the mass of a dry specimen, m, is the apparent mass and m; is the mass of
the immersed specimen. The porosity P, (ratio of the total volume of open pores to the
bulk volume) is further determined according to the equation (6):

By =1—pre (6)

4.3.5 Compressive strength

Compressive strength was determined for the samples prepared by the replica template
method. The tests were performed on cylindrical specimens (¢ 26.5 mm, height 31 mm)
prepared from 3 PU foams of 12 mm height stacked on top of each other. A servo-electric
testing system Instron 8862 (Instron, USA), equipped with a load cell Dynacell 100 kN (Instron,
USA) to measure the applied load, and a displacement gauge sensor MTS 632.03C-21 (MTS,
USA) with a gauge length of 4 mm to measure the displacement, was used for the loading of
the specimens. A neoprene pad with a thickness of 3 mm was placed between the specimen and
compression platen to fill irregularities and ensure an even distribution of the load on the surface
of the specimen. The whole setup can be seen in Fig. 20. A constant displacement speed of
0.5 mm-min™! was applied. The applied load and corresponding displacement were recorded
and plotted, with the compressive strength determined as the maximum recorded stress value.

[Compression platens = |f Displacement gauge sensor]

| Neoprene pads
a

Fig. 20: Setup for the testing of compressive strength.
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4.3.6 Filtration capacity

Within the framework of the project TACR FW06010300, an experimental filtration unit
was designed to test the prepared filters for their filtration capacity. A description of the unit is
provided in Fig. 21. A one-way pump draws the contaminated oil from the tank into the filter
via a high-pressure hydraulic hose. At the outlet of the filter, another hose is connected to drain
the filtered oil into a second tank. The filtration process can be controlled through a display
integrated into the electrical switchboard, and the flow can be manually regulated using ball
valves. The pressure at the inlet and outlet of the filter is monitored by integrated flow meters.

: Three-phase asynchronous motor
: One-way pump

: Filter

: Electrical switchboard

: PLC display

: Connecting hoses

h & W -

: Ball valve

: Flow meters

: Inlet hose (inlet to the filter)

10: Outlet hose (outlet from the filter)
11: Tank with contaminated oil

12: Tank with filtered o1l

o 0 a1 &

Fig. 21: Experimental filtration unit with a description.

The shape and dimensions of the ceramic filter were designed to resemble the currently
used paper cartridge for filtration. Therefore, a cylinder with a diameter of 100 mm, an inner
hole of 27 mm, and a height of 100 mm was set as the target for filter preparation.

For the testing of filtration capacity, the prepared filter was mounted in a
custom-designed housing, as illustrated in Fig. 22. First, the filter was mounted through its
central hole on a perforated tube (¢ 26 mm) and secured with a threaded bottom cover. Then,
the filter was fixed in place with a top cover and screwed to a flange using the thread in the
central tube. The assembly thus prepared was then inserted into a cylindrical welded housing
(¢ 110 mm) and locked in place with screws. A valve was screwed onto the top of the flange,
connected to both the oil inlet and outlet of the filtration unit. A schematic representation of the
fluid flow through the filter is shown in Fig. 23.

Due to delays in the fabrication of the filtration unit as well as the filter housing, it was
not possible to conduct the filtration tests of the prepared ceramic filters and evaluate their
filtration capacity within the scope of this thesis. However, the suitability of porous ceramic
foams prepared by the replica template method and direct foaming for filtration based on their
microstructural properties is discussed in Chapters 5.2.4 and 6.2.2, respectively.
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Fig. 22: Representation of the process of mounting the ceramic filter into the housing.

filtered
contaminated oil
oil

Fig. 23: Schematic representation of the fluid flow through the ceramic filter.
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S  REPLICA TEMPLATE METHOD — RESULTS AND DISCUSSION

5.1 Optimisation of processing parameters
5.1.1 Preparation of the suspension

The first phase of optimisation of processing parameters was devoted to the preparation
of the suspension. The influence of solid loading, additives (dispersing and/or defoaming
agent), stirring method and powder particle size were evaluated in order to find a stable
suspension with good adhesion to the PU template and optimal coating ability. Terms such as
viscosity, shear-thinning behaviour, or thixotropy are used to describe the various suspensions,
but it should be noted that no rheological measurements were performed, and these properties
are stated based only on visual observations.

As a result of the first experiment with variable solid loading of the powder (S1), the
optimal value was found to be 63 wt.%. With lower solid loading, the suspension was too fluid,
did not adhere well to the PU foam and leaked onto the bottom of the template. On the contrary,
when the solid loading exceeded 63 wt.%, the viscosity started to increase, and as a result, the
suspension was unable to fully penetrate the foam and remained mostly on the surface.

However, the suspension (S2) tended to sediment so an addition of dispersing agent to
stabilise it was considered. The presence of 1.5 wt.% of dispersing agent (S3) did not have any
significant effect, so the amount was increased to 2 wt.% (S4). For this case, a strong
shear-thinning behaviour with thixotropy was observed, which did not result in a homogeneous
coverage of the foams. To decrease the viscosity of the suspension, the solid loading was
lowered to 60 wt.% (S5), but the results were still not satisfactory due to a strong thixotropy.

Besides using a dispersing agent, another possible way to stabilise the dispersion of
particles is by reducing their size, as described by Liang et al. [87] in their study on the case of
kaolin. Therefore, a reduction in the powder particle size by planetary ball milling with zirconia
balls was studied in the next step. Two approaches were compared — preparation of the
suspension from raw powder, where the milling phase was conducted directly during stirring
of the suspension with silica sol (S6, S7), and preparation from already milled powder with
reduced particle size (S8—S10). Milling of the suspension had a positive effect on the dispersion
of the particles in both cases. However, strong foaming of the suspension was observed (S6),
which resulted in reduced weight of the applied suspension, leading to very high porosity
(> 94 %) and poor handling strength of the sintered foams. The foaming phenomenon was
partially suppressed by adding a defoaming agent (S7). However, better results were observed
for the foam prepared from already milled powder (S8), a significant difference in
microstructures of the sintered foams was observed as seen in Fig. 24. In the case of preparation
directly in the planetary ball mill, the effect of milling was less effective, which resulted in
rougher surface and reduced degree of sintering (linear shrinkage of 3.6+0.3 % for S7 compared
to 8.2+0.8 % for S8, sintered at 1200 °C). Due to the slight foaming of all suspensions prepared
in the planetary ball mill, the preparation from milled powder using an overhead stirrer (S9)
was preferred. No sedimentation or foaming was observed, which helped to a homogeneous
template coverage. Ultrasound was applied during stirring (S10) to prevent agglomeration of
smaller particles with higher surface energy and to ensure more uniform particle dispersion
overall. The foams prepared from suspension S10 presented the best results in terms of coverage
of the PU foams and the microstructure, therefore this suspension was chosen for the following
stage of experiments.
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100 pm o 100 um

Fig. 24: SEM image of the microstructure of sintered foam from suspension prepared in a planetary
ball mill from a) raw powder (S7), b) powder milled for 3 h (S8); sintered at 1300 °C.

The milling time of the powder was optimised with respect to the particle size. Milling
the ceramic powder in water for 1, 2 and 3 h effectively reduced the particle size and in all cases
contributed to the change from bimodal to a much narrower unimodal particle size distribution
(Fig. 25). The median particle size decreased from 26.79 pm for the raw powder to 6.41, 5.14
and 4.08 pum, respectively. Since only a minor difference between particle size distributions
was found for varying milling times, milling the powder for 2 h was chosen as the optimal
compromise to ensure particle size reduction and decrease the processing time. SEM images of
raw powder containing agglomerates (a) and powder milled for 2 h with finer particles (b) can
be seen in Fig. 26.
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Fig. 25: Particle size distribution for powders with different time of milling.
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Fig. 26: SEM images of a) raw powder, b) powder milled for 2 h in water.

The microstructure of the foams prepared from milled powder was significantly
improved compared to those prepared from raw powder, as it can be seen in Fig. 27. The sharp
edges of the particles were rounded, and the intrinsic porosity was reduced due to a higher
sintering activity of the finer particles, attributed to their higher surface energy [88]. The particle
size distribution of the milled powder presented above (Fig. 25) suggests that the powder should
be composed of particles smaller than 20 pm. However, it can be seen in Fig. 27b that larger
particles were still occasionally present, which was probably caused by imperfect milling of the
powder.

Fig. 27: SEM image of the microstructure of sintered foam from suspension prepared by an overhead
stirrer from a) raw powder (S3), b) powder milled for 3 h (S9), sintered at 1200 °C

5.1.2 Impregnation of PU foams with the suspension

The aim was to prepare foam filters with the smallest possible pore size that the given
processing technique could provide, in order to increase the filtration efficiency. Therefore, two
types of commercial PU foams with the smallest pores, 75 and 90 ppi, were chosen as templates.
The porosity of commercially available ceramic cellular filters prepared by the replica template
method is typically between 70 and 90 %, depending on the pore count number of the template
used and the supplier [89, 90].
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This porosity range was confirmed as a target based on observations from experiments
with varying impregnation rate. Foams with porosity under 70 % presented a high degree of
sealed windows (i.e. the pores were not interconnected), which could negatively influence the
permeability of the filter. With porosity above 90 %, the foam struts were too thin, as it can be
seen in Fig. 28a, which resulted in worse mechanical strength and could lead to a collapse of
the structure under fluid pressure. Foams with porosity around 80 % (see Fig. 28b) seemed to
be a good trade-off between mechanical strength and degree of interconnectivity between cells.
To achieve this porosity after sintering, the mass of the applied suspension was determined to
be 17-19 times the mass of the PU template.
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Fig. 28: SEM image of the foam (9
5.1.3 Heat treatment

Several stages of mass loss during heating can be identified from the curves obtained by
TGA in Fig. 29. The first stage, with 1 % mass loss between room temperature and 220 °C is
associated with the elimination of adsorbed water. The evolution of the curve after 220 °C is
linked to the typical three-staged decomposition of a polyester-based polyurethane foam
template [91]. The first phase occurs between 220 and 280 °C, followed by a second stage up
to 350 °C, and finally, a third stage with a complete PU decomposition at around 550 °C.
However, only a part of the weight loss (7 %) corresponds to the mass of the polymeric
template, the remainder (3 %) is due to the decomposition of organic matter in the silica sol
present in the suspension. These two processes occur simultaneously, resulting in a slight
difference in appearance when compared to PU decomposition curves.

The measured weight loss of 11 % (sample consisting of 7 wt.% PU) corresponds well
to experimental values, where a weight loss of 10.440.9 % was observed for impregnated foams
containing 6.9+0.7 wt.% of PU (in the dried state).

Based on the results, the first step of the heat treatment cycle was determined to involve
a slow temperature increase of 0.5 °C-min™ up to 600 °C to prevent cracking of the structure at
the critical stage of firing the template [19]. Subsequently, the heating rate was increased to
1 °C-min™" up to 800 °C to ensure sufficient handling strength of the body composed of loosely
bound particles for transport to the high-temperature furnace.
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Fig. 29: TG analysis of reticulated PU foam coated by ceramic suspension.

The temperature of sintering was determined based on SEM images, pore size
distribution and handling strength of the sintered solids. The evolution of microstructure with
increasing sintering temperature is shown in Fig. 30. Individual non-sintered particles
corresponding in size to the initial powder can be observed on the microstructure of the sample
heat-treated at 1100 °C. The neck formation and bonding of the particles can be observed from
1200 °C, complemented by a progressive reduction of the intrinsic porosity with increasing
temperature. The material sintered at 1400 °C seems to be densified.

However, it may be noted that the foam sintered at 1100 °C seems to have smaller pores
between individual particles than the one sintered at 1200 °C. A possible reason may be the
difference between their heat treatment cycles, where the heating rate was 2 °C-min! for
sintering at 1100 °C, whereas for foams sintered at 1200 °C it was 4 °C-min’!. Due to the longer
heating time, the diffusion time was extended, and the particles could approach each other and
reduce the microporosity.

a) 1100 °C b) 1200 °C

#4d) 1400 °C

c) 1300 °ClL

L

50pum

Fig. 30: SEM image of the microstructure of the foam sintered at a) 1100 °C, b) 1200 °C, ¢) 1300 °C,
d) 1400 °C.
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The dependence of linear shrinkage on temperature for both 75 and 90 ppi foams is
represented in Fig. 31. A small shrinkage occurs already at 1000 °C, and further increases with
the temperature. No significant difference was observed between 75 ppi and 90 ppi foams. The
linear shrinkage for foams sintered at 1400 °C was 12.24+0.5 % for 90 ppi and 12.1+0.8 % for
75 ppi foams with the same impregnation rate.
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Fig. 31: Linear shrinkage as a function of sintering temperature.

The pore size distribution of 90 ppi foam sintered at 1100-1400 °C can be seen in Fig. 32.
The distribution curves maintain a similar shape in all cases, featuring one significant peak at
211 pm, 211 pm, 200 um and 190 pum, respectively, for increasing temperature. These peaks
correspond to the size of the cell windows, i.e. macropores connecting individual cells. Their
size decreases with the increasing temperature due to a higher shrinkage. From the detail of
high-pressure porosimetry it can be seen that the concentration of pores under 5 um is reduced
for the foams sintered at 1300 and 1400 °C, suggesting that open pores between particles are
closed at this temperature, marking the transition to the final stage of sintering at 1300 °C.

Although the results from mercury intrusion porosimetry show that open microporosity
is no longer present in the structure sintered at 1300 °C, it can be seen from the SEM micrograph
in Fig. 30c that intrinsic closed porosity is still present at this temperature and is reduced when
temperature is raised to 1400 °C.
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Fig. 32: Pore size distribution for 90 ppi foam sintered at different temperatures (1100—1400 °C),

determined by mercury intrusion porosimetry.
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The presence of microporosity decreases the mechanical strength of ceramics [92] and
thus its removal is preferable. In addition, its presence, together with voids within the struts, is
considered ineffective for the process of filtration, because their contribution to the fluid flow
is negligible and it is the size of interconnected macropores that primarily influences filtration
efficiency [93]. Based on these results, the temperature of 1400 °C was chosen for the sintering.

5.1.4 Filling the hollow struts by infiltration

Triangular voids that remain after burning out the polymeric template are considered as
one of the disadvantages of foams prepared by the replica template method, as they act as stress
concentrators and reduce their mechanical strength [18]. The presence of these voids is visible
on the SEM micrographs of pre-sintered polished specimens shown in Fig. 33. The samples
were pre-sintered at two different temperatures (1100 and 1200 °C) to ensure sufficient
handling strength to prevent collapse of the structure during infiltration.

a) pre-sintered at 1100 °C b) pre-sintered at 1200 °C

100 pm ‘ 100 pm

500 pm : 500 pm

Fig. 33: SEM image of the microstructure (polished cross-section) of the foam pre-sintered at
a) 1100 °C, b) 1200 °C.

The microstructure of the foams, infiltrated and sintered at 1300 and 1400 °C, can be
seen in Fig. 34a—d. In both cases, partial filling of the hollow struts was observed after sintering
at 1300 °C, which should positively affect the mechanical strength by rounding off sharp edges
[42]. Some suspension also remained on the outer surface of the struts, however, decohesion of
this layer from the substrate was observed in some areas. The solid loading (including the solid
content in silica sol) of the suspension used for infiltration (37.8 wt.%) was significantly lower
compared to that used for the preparation of the substrates (72.9 wt.%), potentially leading to
the creation of these defects due to a different shrinkage rate and different composition of the
suspension (higher percentage of SiO» in the suspension used for infiltration). Sintering at
1400 °C led to the sealing of the cavities, however, this effect was more pronounced for the
foam pre-sintered at 1100 °C. It can be assumed, that foams pre-sintered at 1100 °C have a
larger surface area and bigger cavities due to smaller shrinkage, allowing more suspension to
get inside.

Therefore, the combination of pre-sintering at 1100 °C and sintering at 1400 °C after
infiltration was adopted for selected ceramic foams, as the most significant improvement in
microstructure was observed.
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Fig. 34: SEM image of the microstructure (polished cross-section) of infiltrated foam pre-sintered at
1100 °C (a, b) and 1200 °C (c, d); sintered at 1300 °C (a, ¢) and 1400 °C (b, d).

5.1.5 Scale up

The scaled-up version of the filter is illustrated in Fig. 35a. It consists of two sintered
bodies laid freely on each other. Each body is composed of 5 foams, connected by bonding
layers (Fig. 35b), which were created by compressing the stacked impregnated wet foams to
ensure the cohesion of the body.

20 mm

Fig. 35: a) Scaled-up filter composed of two bodies, b) detail of the bonding layer at the interface
between the individual foams.
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The formation of defects in the form of horizontal and vertical macroscopic cracks was
more pronounced in the scaled-up samples. They could be observed already in dried
impregnated foams (Fig. 36a), indicating that they were formed during the drying process and
then expanded during sintering (Fig. 36b). In the drying phase, a significant concentration of
water escapes from the binder and solidification shrinkage occurs [33], which could cause these
type of defects. This theory is supported by the fact that cracks were mainly present in spots
with a visibly larger amount of applied suspension, leading to a higher moisture gradient and
an increased drying rate. To prevent cracking, it would be preferable to incorporate drying in a
controlled atmosphere with a reduced drying rate.

Based on the described optimisation process, the processing parameters of the final filters
were determined. A total of three types of filters were prepared to compare the effect of pore
size and infiltration on their performance. Hereafter in the text, they are referred to as F90
(90 ppi, without infiltration), FO0+I (90 ppi, infiltrated) and F75+I (75 ppi, infiltrated). Their
phase composition, microstructure and mechanical strength were evaluated and are discussed
in the following chapter.

5.2 Characterisation of filters
5.2.1 Phase composition

The analysis of phase composition by X-ray diffraction (XRD) was performed for the
filter without infiltration (F90), and with infiltration (F90+I). Infiltrated filters FO0+I and F75+1
were considered to be equivalent in terms of phase composition. The XRD patterns of the filter
with and without infiltration can be seen in Fig. 37. Two crystalline phases were identified, both
patterns present the same characteristic peaks corresponding to mullite and SiO> in the form of
cristobalite. However, it can be noted, that the intensity of cristobalite peaks for the infiltrated
foam is higher than for the foam without infiltration.

By quantitative phase analysis, it was determined that the proportion of crystalline phases
present in the filter without infiltration corresponds to 93 % mullite and 7 % cristobalite. The
infiltrated filter was shown to have a higher content of cristobalite (33 %), which is in
agreement with the higher intensity of the cristobalite peaks. This result is consistent with the
fact that the suspension used for infiltration had a higher content of Si0O,, thus increasing its
overall percentage in the structure.
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Fig. 37: XRD patterns of the filter without infiltration (F90) and filter with infiltration (F90+I).

Based on the composition of raw starting materials, the weight ratio of A1203/Si02 in the
structure should be approximately 38/62 for the filter F90 and 34/66 for the filter F90+1. The
starting raw material, Molochite™, is produced by calcination of kaolin above 1500 °C, and
the manufacturer declares that it is composed of mullite and amorphous SiO», in unspecified
proportions [94]. Although the patterns obtained by XRD analysis do not imply the presence of
an amorphous phase (no broad peaks, high measured crystallinity), it should be noted that the
weight fraction of crystalline phases may be overestimated when using the Rietveld method to
evaluate XRD patterns [95]. Due to the high percentage of SiO> in the starting material, the
presence of an amorphous phase of SiO2 in the structure cannot be excluded with certainty. An
additional analysis would be necessary for further quantification, for example, XRD with an
internal standard.

5.2.2 Microstructure analysis

The morphology and microstructure of the filters at three different magnifications can be
seen in Fig. 38—40. The structure is highly porous and reproduces the form of the PU template.
Good interconnectivity between cells is evident for filters F90 and F90+I, while filter F75+I
(Fig. 40b—c) shows a larger number of sealed windows. However, the image taken at lower
magnification (Fig. 40a) shows that this is rather a local phenomenon, as most cells remain
visibly interconnected.

Infiltration led to the filling of the strut voids (Fig. 39c), which are present in the case of
the filter without infiltration (Fig. 38c) The infiltration process also influenced the surface
morphology, as the infiltrated filters have visibly rougher surface due to the suspension applied
on the initial structure.
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Fig. 38: Microstructure of the filter F90; a) stereomicroscope, b) SEM image of a fractured
cross-section, c) detail of the hollow strut.

Fig. 39: Microstructure of the filter F90+I; a) stereomicroscope, b) SEM image of a fractured
cross-section, c) detail of the dense strut.
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200 pm

Fig. 40: Microstructure of the filter F75+1; a) stereomicroscope, b) SEM image of a fractured
cross-section, c) detail of the sealed window.

The porosity of the prepared filters, along with their average cell size and window size
(pores between cells), is detailed in Tab. 8. Porosity ranges between 70 and 78 %, which
corresponds to the set target. Filters with filled struts have lower porosity due to the mass
increase by infiltration, with the value for 90 ppi being slightly lower due to the higher mass of
suspension applied compared to 75 ppi filters (by infiltration the mass increased by 4748 %
compared to 31£2 %).

The ppi number refers to the template used. Ceramic foam prepared by its replication has
the same characteristics but the cell size is reduced by the thickness of the applied ceramic
suspension and shrinkage after sintering. As the cell size of the template declared by the
manufacturer is 440-520 um for 90 ppi, and 520-720 um for 75 ppi, the measured values are
in agreement with this statement.

The infiltration process led to a slightly smaller cell size and pore size, which can be
explained by the increased thickness of the strut due to the second layer of suspension applied.

Tab. 8: Characteristics of prepared filters.

Filter Porosity (%) Cell size (um) Window size (um)
F90 77.9+0.5 395+56 125443
Before reinforcement After reinforcement
(1100 °C) (1400 °C)
F90+I 83.4+1.0 70.6+0.3 392462 124+41
F75+1 82.7+0.6 72.7+0.2 562+57 226+133

The pore size distribution obtained by mercury intrusion porosimetry (Fig. 41) confirms
the trend of reducing pore size by infiltration. The distribution for 90 ppi filters is unimodal in
the range measured by low-pressure porosimetry with peaks around 190 (F90) and 167 pm
(F90+I). Mercury intrusion porosimetry measures the largest entrance of an interconnected
open pore [96], which in this case can be interpreted as the window size connecting the

52



individual cells. The values determined by mercury intrusion porosimetry are however higher
than the ones determined by image analysis. The image analysis was performed on 2D images
of a 3D foam structure, which could lead to inaccuracy in the measurement of pore size due to
potential distortions. The pores might appear smaller than they actually are, as they could be
rotated or positioned at different depths within the foam. Therefore, the results obtained by
mercury intrusion porosimetry seem to be more relevant. They are also more representative
given to the measurement principle on which mercury intrusion porosimetry is based, since the
intrusion of a liquid under pressure into a porous structure is a process comparable to filtration.

Filter F75+1 exhibited a bimodal pore size distribution with less pronounced peaks
around 165 and 519 um. The window size measured by image analysis indicated above has a
rather large scatter of values, which could indicate that the pore size distribution is wide, as it
can be seen from the results obtained by mercury intrusion porosimetry. The wide pore size
distribution could be limiting for filtration as it could reduce its efficiency [97].
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Fig. 41: Pore size distribution of the prepared filters, determined by mercury intrusion porosimetry.

5.2.3 Compressive strength

The influence of infiltration, porosity and pore size on the compressive strength was
investigated. A typical stress-strain curve is shown in Fig. 42a, the curves of all but one tested
sample had the same character. The strain response to increasing load was linear until the
maximum value of compressive stress was reached, at this point, the sample began to crack.
The direction of propagation of the macroscopic crack cannot be clearly defined; some
propagated parallel to the axis of loading (see Fig. 42b) some perpendicular to it or at an angle
of 45°. The fracture mechanism suggests that the failure was not associated with the failure of
individual struts, but rather with the propagation of a macroscopic crack through the specimen
due to the accumulation of critical damage, as is common in bulk material. This behaviour was
ensured by neoprene pads, which distributed the load evenly over the specimen surface and
prevented premature failure due to local stress concentration.
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Fig. 42: a) Typical stress-strain curve, b) macroscopic crack propagating through the volume of the
specimen.

Due to the lack of material, only 5—6 samples were prepared for each set representing the
given filter. Therefore, no reliable statistical statements can be made, but a certain trend was
present, as can be seen from the results in Fig. 43.

The measured compressive strengths ranged from 1.35 to 2.42 MPa for samples F90
(porosity 80.0-76.8 %), 1.28 to 1.70 MPa for samples FO0+I (porosity 76.3—69.8 %) and 0.61
to 1.17 MPa for samples F75+I (porosity 78.5.79—68.8 %). The compressive strength decreased
with increasing porosity for all cases, which is a typical phenomenon for porous ceramics [92].
At the same porosity, the compressive strength was higher for foams with 90 ppi compared to
75 ppi, which is consistent with the fact that foams with bigger cells usually exhibit lower
mechanical strength [98].

The results indicate that the reinforcement strategy was not effective since all infiltrated
foams have lower strength than those without infiltration. Several factors could have
contributed to this surprising result.

First of all, the infiltrated foams have a higher content of SiO2 in the form of cristobalite,
as discussed above in Chapter 5.2.1. This fact could be critical for the strength of the foams,
despite the usual positive effect of infiltration in terms of reduced porosity and void-filling.
Ceramic materials containing mullite and cristobalite can tend to crack during cooling from the
sintering temperature, as explained in the study of Sato et al. [99]. There is a big mismatch of
thermal expansion coefficient between mullite and cristobalite, which can cause thermal
stresses and lead to cracking at rather high temperatures (650—750 °C). In addition to that, the
B-a phase transformation of cristobalite at around 250 °C is accompanied by a large volume
contraction, which can lead to the creation of tensile stresses inside the structure and lower the
mechanical strength of the material. The mechanical strength could be also decreased by the
presence of a brittle SiO» phase, potentially amorphous, between the grains [98, 100].

Another factor could be the presence of more critical defects, as infiltrated foams are
more susceptible to their creation during preparation. During infiltration, the foams pre-sintered
at 1100 °C are prone to damage due to the low mechanical strength of the incompletely sintered
body. They also undergo two drying processes of the suspension, which have been shown to be
critical for crack formation in the structure.
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It was also noticed that the foams without infiltration exhibited partial void sealing due
to shrinkage after sintering, reducing the negative effect of triangular stress concentrators.

However, to give a more precise explanation, a larger statistical set of values, and further
analysis of fracture surfaces and microstructure would be required.
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Fig. 43: Compressive strength as a function of porosity.

5.2.4 Filtration capacity

Due to delays in the fabrication of the filtration unit, it was not possible to test the
prepared filters for their filtration capacity as part of this work. However, the suitability of the
prepared foams for filtration can be discussed based on their microstructural properties. As it
was already mentioned, the key properties of a filter with high efficiency are the following:

- Porous structure with interconnected pores, to allow the fluid flow,

- Unimodal and narrow pore size distribution, tailored to the size of contaminants, to
ensure the efficiency of filtration,

- Sufficient mechanical strength, to withstand the pressure of the fluid. [60]

Based on the determined properties, filter F90 (90 ppi, no infiltration) and F90+1 (90 ppi,
infiltrated) seem to be the most suitable candidates, as they both meet the essential requirements
of porous ceramics usable in filtration. They have an open porous structure with interconnected
pores, unimodal pore size distribution and sufficient mechanical strength, with a value slightly
higher for the filter without infiltration. The filter F75+1 exhibited a wide size distribution and
lower mechanical strength, which could negatively influence its performance.

As mentioned in Chapter 2.1.2, the filtration process of an electro-insulating oil usually
consists of multiple steps where the liquid passes through filters with different pore sizes from
coarse to fine, each designed to remove a different type of contamination. The size of
contaminants is usually on the scale of units to hundreds of microns [101]. Given the relatively
big pore size achievable by the replica template method, it is envisaged to employ the filters
prepared by this technique in the first step of filtration to ensure the removal of the largest
particles from the service-aged oil. A detail of the coarse particles present in the mechanically
contaminated oil can be seen in Fig. 44.
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Another possibility is that they could serve as a macroporous support for a membrane
with smaller pores. The interest in using macroporous foam as a support is to provide sufficient
mechanical strength and minimise the pressure drop due to the larger pore size while ensuring
high filtration efficiency through the active layer of the membrane. Foams with similar
characteristics have been successfully employed as macroporous supports in the study of Park
et al. [67]. They used porous cordierite foams with a porosity of 80 %, pore size of 100-200 pm
and mechanical strength of 2.7-2.9 MPa as supports for a membrane and achieved a removal
efficiency of 99.99 % for particles of 0.5-10 pm.

Fig. 44: Detail of large particles present in the mechanically contaminated electro-insulating oil.

The filtration device being developed within the project TACR FW06010300, of which
this thesis is a part, aims to purify the oil using a single filter rather than a series of individual
filters. Given the wide size distribution of the particles to be removed from the oil, the
fabrication of a hierarchical filter is proposed as a potential solution. Although the prepared
filters will be tested separately to determine their individual filtering capacities, it is likely that,
in the final design, the foams prepared by the replica template method will constitute only one
layer of the hierarchical filter.
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6 DIRECT FOAMING - RESULTS AND DISCUSSION

Porous foams prepared by the replica template method are limited in terms of minimal
pore size by the properties of the replicated template, and by the presence of hollow struts and
defects created during its firing. To propose an alternative and prepare filters with smaller pore
size and dense struts, the preparation by direct foaming based on polyurethane (PU) foam
system was investigated.

6.1 Optimisation of processing parameters
6.1.1 Composite foams composition

For optimisation of the processing parameters, the influence of composition and
processing time of the composite foams on their microstructure and handling strength was

investigated. An overview of the samples prepared during this study is given in Tab. 9, along
with porosities of the corresponding ceramic foams obtained after sintering at 1200 °C.

Tab. 9: Overview of samples prepared as part of the optimisation of the composition.

Sample Powder (g) H:0 Polyol MDI Powder/PU  Geometric  Archimedes
Molochite™ SiO. (g) (g (g weight ratio  porosity (%) porosity (%)
C1 5 - - 3.15 1.85 1 88.2 -
C2 5 - 0.03 2.85 212 1 90.4 -
C3 5 - 0.05 2.61 2.34 1 91.5 -
C4 3.6 1.4 - 3.15 1.85 1 - -
Cs5 8 - - 3.15 1.85 1.6 86.7 86.4
Cé6 9 - - 3.15 1.85 1.8 86.0 84.8
Cc7 10 - - 3.15 1.85 2 83.0 82.0
C8 11 - - 3.15 1.85 2.2 80.6 80.1
c9 6* - - 3.15 1.85 1.2 81.1 -
* powder milled for 2 h

For the first set of experiments, the ratio between ceramic powder and PU was fixed to 1
and the influence of added water (samples C2, C3) and SiO> powder (C4) were studied.

Water acts as a blowing agent by reacting with isocyanate groups to form CO» according
to equation (2) (see Chapter 2.3.4). The addition of water resulted in increased porosity and a
more homogeneous microstructure (Fig. 45b—c) compared to the sample without water
(Fig. 45a). However, both samples with added water exhibited poor handling strength and fell
apart at the slightest application of force.

Poor handling strength was also the limiting factor of the sample with increased SiO2
content (Fig. 45d). It fell apart immediately after sintering, thus its porosity could not be
measured. However, considering the porosity of the composite foam before heat treatment it
can be assumed, that its porosity after sintering would exceed 90 %.

Based on these results, subsequent experiments were conducted without the addition of
water or SiO2 powder.
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Fig. 45: Microstructure of samples with an equal ratio of powder and PU with a) 0 wt.% H>O (Cl), b)
1 wt.% HO (C2), ¢) 2 wt.% H>O (C3), d) 0 wt.% H>0, 14 wt.% SiO: (C4), sintered at 1200 °C.

Due to a relatively poor handling strength of the sintered foams with an equal ratio of
powder and PU, an increase in powder loading was considered for the next stage of
optimisation. Therefore, samples with powder/PU ratio varying from 1.6 to 2.2 were prepared
(C5—C8) and the corresponding microstructures obtained after sintering can be seen in Fig. 46.

Higher powder loading increased the viscosity of the mixture, which made its
processability more difficult. When the ratio was higher than 2, the mixture could not properly
fill the mould due to the high viscosity, which resulted in an incorporation of irregular pores
into the structure. Furthermore, the foaming ability was also affected and a lower final volume
was observed with increased powder loading (the increase in volume by foaming went from
262 % to 227 % for samples C5—C8). Increasing the powder to PU ratio from 1 to 2.2 increased
the rigidity of the foams and reduced the porosity from 88.2 to 80.6 %. To verify the values of
porosity determined by the geometric method, the Archimedes method was used, and
comparable values were obtained (see Tab. 9).

A powder/PU ratio of 2 was identified as the limit for achieving a homogeneous
incorporation of powder with PU precursors while achieving increased strength.

- > J g
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Fig. 46: Microstructure of samples with increasing powder/PU ratio, a) 1.6 (C5), b) 1.8 (C6), ¢) 2
(C7),d) 2.2 (C8); sintered at 1200 °C.

Due to the large particle size of the initial raw powder, a preparation from milled powder
with finer particles was also considered (C9). The characteristics of the milled powder are
presented in Chapter 5.1.1.

The above-described optimisation of powder to PU ratio is adapted for the use of raw
Molochite™ powder. The larger specific area of the milled powder with finer particles made it
difficult to incorporate it homogeneously with PU precursors. Therefore, its quantity had to be
reduced and the limit ratio for obtaining a defect-free structure was found to be 1.2.

The change in the microstructure of the foam prepared by direct foaming due to the
reduction in powder particle size (Fig. 47) is similar to that prepared by the replica template
method (Fig. 27). There is a visible reduction of larger particles with sharp edges, which
enhanced their sintering activity.
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Fig. 47: SEM image of the microstructure of the sample prepared from a) raw powder (C7),
b) milled powder (C9); sintered at 1200 °C.

Based on the discussed results, foams with compositions referred to as C7, prepared from
raw powder, and C9, prepared from milled powder, were chosen for the next stage of
experiments. Although the use of milled powder improved the microstructure, the foam from
raw powder was kept in the evaluation due to the possibility of higher powder loading.

6.1.2 Composite foams processing

In this set of experiments, in addition to the initial 2 min homogenisation, the mixture
was allowed to foam freely in the air before filling the mould. At the same time, the mixture
was stirred every 3 min for 20 s to prevent excessive bubble growth.

The change in processing time did not have any significant influence on the linear
shrinkage of the foams after sintering. However, the gradual breaking of the nucleated bubbles
had a significant effect on the microstructure, as it can be seen from Fig. 48.

I mm

Fig. 48: Influence of processing time on the microstructure of the sample C7 (stereo microscope and
SEM polished cross-section), a) 5 min, b) 10 min, c) 15 min, d) 20 min, e) 25 min, sintered at 1200 °C.
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From the micrographs in Fig. 48, a reduction in pore size and porosity with increasing
processing time is evident. The corresponding values of porosity are given in Tab. 10.

The foam processed for 25 min started to solidify before the mould filling which led to
an incorporation of irregular pores. Therefore, the processing time of 20 min was determined
to be the limit. At the same time, it was chosen as the optimum because the pore size and
porosity were reduced, therefore a higher mechanical strength can be expected.

Tab. 10: Influence of processing time on porosity for sample C7, sintered at 1200 °C.
Processing time (min) 5 10 15 20 25

Archimedes porosity (%) 84.8 77.7 77.6 74.7 71.3

6.1.3 Heat treatment

Ceramic foams were obtained by burning out the PU from composite foams. The curves
obtained by TGA of composite foam containing 67 wt.% of ceramic powder (sample C7) are
plotted in Fig. 49. Three stages of mass loss corresponding to the decomposition of PU can be
identified. The appearance of the curves and position of exothermic peaks corresponds well
with the decomposition of rigid PU foams in the air atmosphere, as reported by Jiao et al. [102].
The measured mass loss of 35 % corresponds approximately to the amount of PU in the
composite (33 %). The difference was probably caused by a slightly different ratio of powder
to PU in the analysed sample. The experimentally measured mass loss for samples with 67 wt.%
of PU was 33.040.6 %.

Although the decomposition of PU is completed at around 580 °C, due to its relatively
high proportion in the composite foam, the first step of heat treatment was carried out up to
1000 °C. This temperature was chosen to ensure sufficient handling strength and to avoid a
collapse of the structure composed of non-sintered ceramic particles after the PU was burned
out.
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Fig. 49: TG analysis of composite foam prepared by direct foaming.
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After firing the PU from the composite, the next heat treatment step consisted of sintering
to densify the material. The evolution of microstructure with the increasing sintering
temperature for the samples from raw and milled powder is illustrated in Fig. 50 and Fig. 51,
respectively.

At 1200 °C, the individual coarse particles of the raw powder can be distinguished. The
necks formed between the particles are visible at 1300 °C, and further growth can be observed
at 1400 °C. However, it can be seen that even at this temperature, the material is still not fully
densified and there is a lot of microporosity between the necked particles.
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Fig. 50: SEM image of the microstructure (polished cross-section) of sample C7 (raw powder)
sintered at a) 1200 °C, b) 1300 °C, c) 1400 °C.

In contrast, the microstructure obtained from milled powder consists of finer particles,
which, as already mentioned, increases their sintering activity. Therefore, densification can be
observed already at 1400 °C, as can be seen in Fig. 5S1c.

Fig. 51: SEM image of the microstructure (polished cross-section) of sample C9 (milled powder)
sintered at a) 1200 °C, b) 1300 °C, ¢) 1400 °C.

6.1.4 Scale up

To evaluate the possibility of using the prepared foams for filtration, a scale-up
experiment was performed. However, the preparation of composite foam in a larger volume
presented several complications, as it can be seen in Fig. 52. The first issue was the presence of
irregular large pores resulting from the difficulty in controlling their size during foaming. This
was followed by the presence of macroscopic cracks, and last but not least, the creation of a
cavity inside the body. A possible explanation is that, due to the large volume, the foamed body
cured at a slower rate, progressively from the outside to the inside. Unstable bubbles may have
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therefore coalesced, and eventually formed a cavity inside the body. This process could be
implied by the different microstructure of the foam when observed from the exterior and interior
of the hollow body, as shown in Fig. 52b. On the external side, which was in contact with the
air, the same microstructure as for foams prepared in smaller volumes can be observed,
consisting of smaller pores relatively homogeneously distributed. In contrast, on the inner side,
this character was lost, and a rather dense structure with randomly distributed large pores was
present.

To limit bubble coalescence, the foam could be perhaps stabilised by a catalyst, which is
often used to maintain the balance between the crosslinking and foaming reactions [103].
However, further exploration of this solution was beyond the scope of this thesis.

20 mm

Fig. 52: a) Scaled-up version of sample C7, b) detail of the wall with two different morphologies.

For the reason of poor control over the resulting structure, direct foaming was found to
be unsuitable for the preparation of large-sized filters. Even though the scale-up process was
not successful, the phase composition and microstructure of two selected samples, C7 and C9,
were analysed for their potential use on a smaller scale.

6.2 Characterisation of filters
6.2.1 Phase composition

To determine the phase composition of the foams sintered at 1400 °C, an analysis of the
pattern obtained by X-ray diffraction (Fig. 53) was performed. The retrieved pattern
corresponds to the pattern of mullite, which was the only crystalline phase identified by the
quantitative analysis. Compared to the foams prepared by the replica template method, the
foams prepared by direct foaming contained less SiO> due to the absence of silica sol binder.

The phase composition of the sintered foam is the same as that of the initial ceramic
powder, indicating that no phase transformation occurred during heat treatment. Since the
powder was obtained by calcination of kaolin above 1500 °C, this was to be expected.

However, the weight ratio of Al>O3/S10; in the starting ceramic powder is approximately
45/55 (neglecting the content of minor oxide phases), indicating a higher content of SiO> than
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in mullite. The manufacturer declares the presence of an amorphous SiO; in the starting powder
Molochite™ [94], therefore, it may also be present in the sintered foam, but due to its
amorphous nature, it was not detected by XRD. Further analysis would be necessary to confirm
this statement.

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
20 (%)
Fig. 53: XRD pattern of the foam prepared by direct foaming, corresponding to the pattern of mullite.

6.2.2 Microstructure analysis

The morphology and microstructure of the foam from the raw powder can be seen in
Fig. 54. Due to the high powder loading and coarser sharper particles in the composite foam,
the circular character of pores was partially lost. In addition to the pores formed by the release
of CO», microporosity between grains resulting from sintering can also be observed in the detail
of the microstructure in Fig. 50c. As it was mentioned before, the microporosity in the presence
of macropores is not usually effective in the filtration process and its presence could negatively
influence the mechanical strength of the foams.

500 pm

Fig. 54: Microstructure of the sample C7 (raw powder), a) stereomicroscope, b) SEM polished
cross-section; sintered at 1400 °C.

Compared to the sample from raw powder, the foam from milled powder consists of
pores with more pronounced circular shape. Just by visual observation of the micrograph in
Fig. 55D, it can be stated that it also has a higher porosity due to the lower powder loading.
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The objects visible inside some larger circular pores are most likely artefacts created
while cutting the larger body into smaller samples — to achieve a flat surface, the sample was
sanded on a sandpaper and the separated particles probably filled the pores. These artefacts
were removed before evaluating the pore size by image analysis.

Fig. 55: Microstructure of the sample C9 (milled powder), a) stereomicroscope, b) SEM polished
cross-section; sintered at 1400 °C.

Based on the procedure described in the experimental part of the work, the pore size was
evaluated by image analysis. For clarity, the measured values were summarised into a histogram
with intervals of 15 um, given in Fig. 56, together with the distribution of pore size in terms of
their percentage of the total pore volume. For both samples, the majority of pores were
determined to be in the range of 5-200 um, with a few larger irregular pores present locally.
The highest number of pores for both samples was found to be between 35 and 50 pum. When
considering the volume of the pores of the given size, the distribution peak shifts to the right,
as pores with larger diameter have a more significant contribution to the volume fraction.

For both samples, the pores were evaluated over the same area of 10 mm?, so the visibly
higher number of measured pores in the sample from milled powder indicates its higher
porosity, which was confirmed by the experimentally measured value of 73.2+0.6 % compared
to 68.8+0.8 % for the sample from raw powder.
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Fig. 56: Pore size distribution determined by image analysis in terms of the count of pores and the
percentage of the total pore volume.
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The curve of pore size distribution determined by mercury intrusion porosimetry is
plotted in Fig. 57. It can be seen that the peaks are around 40 and 60 um for the samples from
milled and raw powder, respectively. These values are lower than those determined by image
analysis, where the peaks are present around 100 and 110 pm (see Fig. 56), which can be
explained by the fact that mercury intrusion porosimetry detects the largest entrance to an open
pore [96], while image analysis captures the spherical diameter of it. The diameter of a spherical
pore is not necessarily equal to the size of the interconnection between pores. Given the function
of the porous network for filtration purposes, the indication of the size of the interconnection
between pores is more relevant.

The detail from high-pressure porosimetry confirms the higher amount of micropores
present in the sample prepared from raw powder, as it can be observed on the micrograph in

Fig. 50c.
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Fig. 57: Pore size distribution determined by mercury intrusion porosimetry.

The prepared foams were evaluated based on their phase composition and microstructure.
Microstructural analysis revealed that the foams have a macroporous open structure, with
spherical pores, approximately 5-200 um in diameter, connected by interconnections smaller
than 100 pm, and with locally embedded irregular pores. Given the difficulty in controlling the
resulting structure to obtain a narrower pore size distribution, along with the inability to prepare
filters on a larger scale, direct foaming was assessed as unsuitable for the preparation of filters
for electro-insulating liquids according to the set requirements.
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7  CONCLUSION

In the present thesis, the preparation of macroporous ceramic filters based on mullite and
silica was studied in the context of their potential use in the filtration of electro-insulating
liquids in distribution transformers. The filters were prepared from a relatively low-cost
kaolin-based ceramic powder, using two methods: the replica template method and direct
foaming.

The first method studied was the replica template method. It involved optimising the
ceramic suspension, foam processing and heat treatment to improve the microstructure, porosity
and handling strength of the filters. The best results were obtained from the suspension prepared
from milled powder, which improved microstructure and sinterability. The heat treatment
involved firing the polymeric template at 800 °C and sintering at 1400 °C to densify the
structure. The resulting filters had an open interconnected porous structure derived from the
polymeric template, with a porosity of approximately 80 %, a unimodal pore size distribution
of 150-350 pm and compressive strength up to 2.4 MPa. The identified phases were mullite
and cristobalite. Infiltrating a part of the filters with a silica-rich suspension led to filling the
hollow struts and reducing the porosity and pore size but also resulted in a lower compressive
strength of 0.6—1.7 MPa, likely due to defects and internal stresses caused by the differential
thermal expansion between mullite and silica during heat treatment. Future studies should focus
on optimising the infiltration process, perhaps by modifying the silica content or the heat
treatment profile.

The second method studied was direct foaming using polyurethane foam system, both
from raw ceramic powder and milled powder. Higher powder loading resulted in lower porosity
and improved handling strength of the foams, as well as incorporating a 20 min processing time
before the mould filling. After firing the organic matter and sintering at 1400 °C, filters from
milled powder showed better densification. These filters had a similar open interconnected
porous structure as those prepared by the replica template method, however, the porosity and
pore size were decreased to 68—73 % and 5-100 um, respectively. The reduction in pore size
suggests an enhanced filtration efficiency for finer particles.

Scaling up the filters to the dimensions required by the filtration device revealed that
direct foaming was unsuitable due to the instability of the foam and poor control over the final
structure, which likely results from the inherent limitations of the foaming process in
maintaining uniformity over large scales. However, filters prepared by the replica template
method were successfully scaled up and are ready for the testing of their filtration capacity.

The aim of this master’s thesis, to fabricate ceramic filters that can be potentially used in
the filtration of electro-insulating liquids, was achieved. Filters prepared by the replica template
method meet the structural requirements for filtration due to their open interconnected pores
with unimodal pore size distribution and sufficient mechanical strength. Based on the pore size
achievable by this method, they seem to be suitable candidates for use in the first stage of
filtration of electro-insulating liquids to remove coarse particles from the contaminated oil.
Future research will focus on exploring other methods of preparing ceramic filters with smaller
pore sizes, which could enable the development of a multi-stage filtration system, where a
ceramic filter with varying porosities could fully replace the currently used paper filter and offer
a more sustainable alternative.
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