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Väätäjä, Maria, Prospects of the room temperature fabrication method for
electroceramics. Feasibility for printing techniques and integration with
temperature-sensitive materials
University of Oulu Graduate School; University of Oulu, Faculty of Information Technology
and Electrical Engineering
Acta Univ. Oul. C 826, 2022
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

The room temperature fabrication method for electroceramics allows manufacturing of relatively
dense ceramic bodies with competent microwave dielectric properties. It is based on the use of
water-soluble ceramic materials and pressure as the driving force for consolidation.

Previously with this method, forming of the ceramic body has been done with uniaxial pressing
in a mould. This work presents the applicability of 3D printing with extrusion and 2D printing
through a stencil as alternative forming techniques for Li2MoO4-based all-ceramic samples.
Successful printing was achieved through experimental optimization of the paste formulations.
Compared to uniaxial pressing, the printed samples showed decreased relative densities due to the
lower pressures available in the forming. As a result, the dielectric properties of the samples
reached somewhat lower values, but still showed feasibility for microwave applications. In
addition, the benefit of simultaneous processing and direct integration of Li2MoO4-based
ceramics with temperature-sensitive materials offered by the low processing temperature was
verified in this thesis.

The results pave the way for fabrication of electronics and telecommunication devices with
significant time, cost, and energy savings due to the applicability of room temperature fabricable
Li2MoO4-based ceramics to different printing techniques and to integration with temperature-
sensitive materials.

Keywords: 2D stencil printing, 3D printing, dielectric, extrusion, lithium molybdate,
room temperature fabrication, temperature-sensitive materials





Väätäjä, Maria, Sähkökeraamien huoneenlämpötilan valmistusmenetelmän
mahdollisuudet. Sovellettavuus tulostus- ja painotekniikoihin sekä yhdistettävyys
lämpöherkkien materiaalien kanssa
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Tieto- ja sähkötekniikan tiedekunta
Acta Univ. Oul. C 826, 2022
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Sähkökeraamien huoneenlämpötilan valmistusmenetelmällä on mahdollista valmistaa verrattain
tiheitä keraamisia kappaleita, joilla on kilpailukykyiset dielektriset ominaisuudet mikroaaltoalu-
eella. Menetelmä perustuu vesiliukoisten keraamisten materiaalien hyödyntämiseen ja paineen
käyttöön tiivistymistä ajavana voimana.

Aikaisemmin tällä menetelmällä keraaminen kappale on valmistettu puristamalla muotissa.
Tässä työssä esitetään ekstruusioon perustuvan 3D-tulostuksen ja stensiilillä tehtävän 2D-paina-
tuksen sovellettavuus vaihtoehtoisina valmistustekniikoina näille täysin keraamisille Li2MoO4-
pohjaisille keraaminäytteille. Pastojen koostumusten optimoinnin ansiosta näytteiden valmista-
minen onnistui toivotulla tavalla. Verrattuna puristamalla valmistettuihin näytteisiin, tulostetuil-
la ja painetuilla näytteillä oli pienempi suhteellinen tiheys johtuen näiden tekniikoiden käyttä-
mistä alhaisemmista paineista. Siksi näytteiden dielektristen ominaisuuksien arvot olivat mata-
lammat mutta ne olivat silti käyttökelpoisia mikroaaltoalueen sovelluksissa. Lisäksi tässä työssä
osoitettiin, että Li2MoO4-pohjaisten keraamien samanaikainen prosessointi ja niiden yhdistämi-
nen lämpöherkkien materiaalien kanssa on mahdollista.

Tulokset viitoittavat tietä elektroniikan ja tietoliikennetekniikan komponenttien uusille aikaa,
kustannuksia ja energiaa säästäville valmistusmenetelmille. Tämä johtuu huoneenlämpötilan
valmistusmenetelmällä tehtävien Li2MoO4-pohjaisten keraamien soveltuvuudesta tulostus- ja
painotekniikoihin ja niiden yhdistettävyydestä lämpötilaherkkien materiaalien kanssa.

Asiasanat: 2D-stensiilipainaminen, 3D-tulostaminen, ekstruusio, eristeet,
huoneenlämpötilan valmistusmenetelmä, litiummolybdaatti, lämpöherkät materiaalit
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1 Introduction 

Ceramics are defined as solid crystalline nonmetallic inorganic compounds of two 

or more elements [1, pp. 1–2], [2, p. 3]. Generally, they are classified as traditional 

ceramics, such as pottery, clays and cements, and advanced ceramics, which are 

used in high-technology applications. Advanced ceramics include structural 

ceramics with superior mechanical properties and functional ceramics with 

electrical, magnetic and optical properties, also known as electroceramics [1, p. 1], 

[3, pp. 1–4]. 

Properties of different electroceramic materials are various: they can, for 

example, be conductive, dielectric, piezoelectric, ferroelectric, ferrimagnetic or 

superconductive. Thus, their applications are numerous including different 

electronic components, microwave filters, chemical sensors, sonars and permanent 

magnets [3, pp. 1–4].  

Properties of the ceramic products are determined not only by the composition 

of the constituent phases but also by the microstructure, which significantly 

depends on their processing methods [1, p. 35], [2, p. 516]. A conventional method 

for electroceramics fabrication is sintering, a high-temperature process in which 

ceramic powders are turned into dense consolidated products by the action of heat 

[1, p. 26], [2, pp. 9–12], [3, pp. 114–115]. Prior to sintering, the powder is typically 

first mixed with organic binders and other additives and then compacted to a 

desired form by pressing in a mould. The additives enable successful forming and 

they are removed in a burnout stage (around 400 °C) before sintering. The as-

formed ceramic body still contains approximately 25–50 vol.% porosity [2, p. 507]. 

High temperatures close to the melting point of the ceramic material (700–1800 °C) 

[2, p. 11] are needed to provide enough energy for sintering to occur. The driving 

force for sintering is reduction of surface free energy of the individual powder 

particles as they become consolidated into a dense solid body through coarsening 

and densification phenomena [1, p. 23], [2, pp. 469–470], [3, p. 114]. Densification 

leads to significant reduction of porosity and thus shrinkage of the ceramic body.  

Sintering is both a time- and energy-consuming process. In addition, the high 

temperatures can cause challenges with predictability and controllability of the 

final product [2, pp. 507–508], [4]–[6]: 

– Densification-related shrinkage is typically hard to control which complicates 

the manufacture of products with complex shapes.  
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– Integration of all materials, including used conductor and substrate materials, 

is restricted by their limited heat-resistance. 

– Increased chemical reactivity might lead to formation of additional unwanted 

phases. 

– Mismatch in the thermal expansion of materials may lead to decreased 

reliability. 

To overcome these difficulties, methods of low-temperature (LTCC) and ultra-low 

temperature (ULTCC) co-fired ceramics have been developed for ceramic substrate 

manufacture. They operate at processing temperatures of 700–950 °C and <700 °C, 

respectively, which facilitates the use of silver and aluminum as conductor 

materials [4], [5]. These methods build upon the use of ceramic materials with 

initially low melting points, glassy systems with low softening points [4]–[6] or the 

use of sintering aids [7]. However, the temperature-related challenges listed above 

are not completely solved. 

1.1 Room temperature fabrication method 

A novel Room Temperature Fabrication (RTF) method for electroceramics was 

developed in the Microelectronics Research Unit, University of Oulu [8]–[10]. It 

enables the fabrication of relatively dense lithium molybdate (Li2MoO4) ceramics 

with competent microwave dielectric properties [10], [11].  

The method is based on the water solubility of Li2MoO4. Moderate moistening 

of Li2MoO4 powder with a small amount of deionized water leads to a viscous 

mixture of the solid Li2MoO4 particles and the saturated aqueous phase [10]. The 

driving force for consolidation is pressure [8]. The mixture is inserted into a mould 

and pressed uniaxially. During pressing, the aqueous phase incorporates the pores 

between the powder particles and aids the packing of the solid particles [8]. 

Simultaneously, some of the aqueous phase exits the mould. The last processing 

step is the drying of the samples where the residual water evaporates and the 

dissolved Li2MoO4 recrystallizes between the solid particles resulting in a 

compacted product. The drying temperature is not decisive mainly affecting the 

drying time [9]. In most of the cases heat treatment at 120 °C is applied [10].  

The RTF method has certain significant advantages over sintering [10]: 

– No need to use organic additives to bind the powder particles and thus, there is 

no need for a binder burnout stage. 

– No need for high-temperature sintering for consolidation. 
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– No measurable shrinkage. The size of the sample is determined by the size of 

the mould and the amount of ceramic powder. 

– Formation of undesirable phases and heat expansion related mismatch of 

different materials are avoided. As the method is also found suitable for 

composite manufacture [9], [11] thus allowing tailoring of the dielectric 

properties for different applications, the reactivity of the constituent materials 

is decreased.  

These factors simplify the overall process and reduce its energy consumption. Also, 

predictability and controllability of the end product is enhanced [9], [11].  

In addition to these benefits, the RTF method is expected to provide completely 

new possibilities in ceramic components manufacture, which previously have been 

impracticable [10]. The selection of the usable additive, substrate and electrode 

materials may be extended to temperature-sensitive ones which enables the 

fabrication of completely new kinds of products. The direct integration of ceramics 

with these materials by means of different printing techniques is another interesting 

option. In addition, samples and components with complex shapes may be 

manufactured as the dimensions of the product are easy to control.  

Since the introduction of the RTF method, research on related methods for 

electroceramics has expanded. For example, different ceramic materials and 

solvents are being discovered, the amount of pressure is varied with the 

simultaneous heating in the pressing step and an annealing stage can be used to 

remove unwanted reaction phases [12]–[14]. In general, these methods are bundled 

up under the term “cold sintering process” [12]. Furthermore, composites with a 

remarkably high content of ferroelectric and piezoelectric ceramics have been 

prepared using Li2MoO4 as binder [15], [16]. In addition, in the field of structural 

ceramic manufacture, the water solubility of some other ceramics has been utilized 

[17], [18]. 

1.2 Printing of ceramic materials 

Printing in general refers to a process of reproducing a pre-defined pattern through 

controlled deposition of material [19], [20]. Advantages of printing include a fast 

production rate and, owing to its additive nature, a decreased amount of material 

waste because the need for material subtractive post-processing of the final product 

is reduced [20], [21]. Basically, successful printing results from an optimized 

combination of the material composition and the printing parameters of the printing 
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technique in question. In the case of ceramics, organic vehicles and additives are 

typically needed in the formulation of the printable pastes to facilitate the required 

flow properties during printing [21]–[23], [24, pp. 72–75].  

Three-dimensional (3D) printing, also referred to as additive manufacturing, is 

a technology where discrete objects are produced by adding material, usually 

layerwise, based on a virtual 3D-model [21], [23], [25], [26]. It allows fast 

production of objects, even those with complex shapes from polymers, metals, and 

ceramics without the use of special moulds or excessive machining [21], [23], [25], 

[27]. This is advantageous especially in the case of ceramics, which are difficult to 

shape and machine owing to their hard and brittle nature [21]. A variety of 

techniques have been developed for the 3D printing of ceramics [21], [23]. For 

functional ceramics, direct ink writing (DIW) and fused deposition modelling 

(FDM), both based on material extrusion, in addition to two-photon polymerization 

may be employed [21]. 

Screen and stencil printing are common methods for the patterning of 

electrodes on LTCC substrates and for applying solder pastes on printed circuit 

boards (PCB) in electronics [28]–[31]. The methods are similar: in both techniques 

the viscous paste-like materials are applied to a substrate through an opening with 

a desired shape [29], [30], [32]. As a result, layers 1−100 µm thick categorized as 

“thick films” are produced [24, p. 36]. 

However, the printing process is still only an alternative forming procedure for 

the ceramic product. An organic solvent’s removal stage at 150 °C and high 

temperature post-processing stages for organics burnout and sintering are still 

required to achieve a binder-free, dense product [21], [32]. 3D printing with 

extrusion and stencil printing are discussed below in more detail because they are 

studied in this thesis as forming techniques in the RTF method. 

1.2.1 3D printing with extrusion 

Extrusion means the selective dispensing of material through a nozzle [21], [27], 

[33]. It takes advantage of the liquid-to-solid state transition of the extruded 

material: the liquid state during printing allows the material to flow through the 

nozzle under the applied extrusion pressure, whereas subsequent solidification 

allows the deposited material to retain its place and shape thus facilitating the layer-

by-layer manufacturing [34]. The two techniques for extrusion-based 3D printing 

are DIW and FDM [21]. As a feedstock for printing, DIW utilizes a highly viscous 

paste-like slurry containing a solid phase and a liquid phase with organic additives, 
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whereas in FDM, a solid thermoplastic filament is melted to allow its dispensing 

through the nozzle [21], [23]. From the perspective of the RTF method, DIW is 

more compatible technique than FDM as it does not involve a polymeric matrix in 

the feedstock material. Important properties of a DIW paste are a high content of 

the solid ceramic particles (35–55 vol.%) [23] and shear-thinning behaviour, i.e. a 

decrease of viscosity upon printing-related shear with its recovery after the shear is 

released [24, pp. 71–72], [35], [36]. Viscosities of DIW pastes vary between 10–

100 Pa·s at a shear rate of 100 1/s [23]. 

An extrusion set-up is relatively inexpensive [23], [25]. It consists of a 

dispenser with a nozzle, together with a build platform, either or both of them being 

movable. The movement of the dispenser and/or the platform is controlled with 

computer software according to a virtual model of the desired object. The nozzles 

come in various diameters (usually 100 to 1000 µm) and can easily be changed to 

meet the desired precision and production rate [23].  

1.2.2 2D printing with stencil 

As a feedstock for stencil printing, ceramic powders with polymeric additives and 

organic solvents are used providing desired flow properties for the paste [22], [24, 

pp. 71–75], [32, p. 709]. Furthermore, the surface energies of both the paste and 

substrate must match for successful printing [29].  

A stencil printing set-up is simple, adaptable and inexpensive [29], [30], [32, 

p. 707]. It consists of a stencil with an aperture of the desired shape, a squeegee and 

a substrate on a press bed. When printing, the paste is first added to the edge of the 

stencil aperture. Using a squeegee, the paste is then moved across the stencil which 

simultaneously comes into contact with the substrate and is transferred through the 

aperture to the substrate [29]. To avoid smearing of the printed pattern and its 

sticking to the stencil, printing is typically done “off-contact”. This means that there 

is a gap between the stencil and the substrate except in the moment of printing when 

the squeegee passes the aperture and brings the stencil into contact with the 

substrate [24, p. 77]. 

1.3 Objectives and outline of the thesis  

In this thesis, new opportunities offered by the RTF method are studied. The 

primary objective is to apply the RTF method, for the first time, to forming 

Li2MoO4-based electroceramics with two printing techniques: extrusion-based 3D 
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printing and stencil printing. Another objective is to demonstrate the feasibility of 

the RTF method in composite manufacture with temperature-sensitive MnZn ferrite 

and in direct integration with a temperature-sensitive polyimide substrate.  

Chapter 1 introduces the overviews of the RTF method and printing of ceramics 

materials. Chapter 2 describes the materials and methods used for the 

manufacturing and characterization of the samples prepared in this work. In 

Chapter 3, the results of the work are presented and discussed. Section 3.1 considers 

the implementation of the RTF method to extrusion-based 3D printing and stencil 

printing [Papers I–III]. Section 3.2 presents the preparation of a composite with 

temperature- and atmosphere-sensitive MnZn ferrite and the direct integration of 

stencil printed films with a temperature-sensitive polyimide substrate [Papers IV 

and II]. Furthermore, a pre-granulation stage and the possibility of toroid 

manufacture are introduced in Section 3.3 as a further development and verification 

of the RTF method [Paper IV]. Chapter 4 provides a summary of the work and 

conclusions with discussion of the validity of the results and recommendations for 

further research. 
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2 Materials and methods 

2.1 Materials 

2.1.1 Lithium molybdate 

Li2MoO4 is a non-toxic dielectric ceramic material. Applications of Li2MoO4 

include a scintillator material for detecting some rare nuclear processes [37], [38], 

a catalyst for methane oxidation [39] and, in a modified form, an anode material 

for Li-ion batteries [40], [41] as well as a corrosion inhibitor [42], [43] and moisture 

sensor [44], [45]. Because the melting point of Li2MoO4 is relatively low (close to 

700 °C  [46], [47]) it has been of interest for LTCC and ULTCC technologies [5], 

[48]. Sintering of Li2MoO4 at a low sintering temperature of 540 °C has been 

reported to result in a relative permittivity (εr) of 5.5 and a dielectric loss tangent 

(tan δε) of 0.00028 at 13.051 GHz with a relative density of 95.5% [48], [49]. In 

addition, Li2MoO4 is readily soluble in water (44.81 wt.% at 25 °C [50], 

corresponding to 81.2 g per 100 mL of water) and has therefore been studied for 

ceramics manufacture with the RTF method and other related methods [10], [51]. 

Using the RTF method, an εr of 5.1 and a tan δε of 0.0004 at 9.6 GHz have been 

reported for Li2MoO4 samples with a relative density of 93% [9]. The low value of 

tan δε makes Li2MoO4 an interesting material for microwave devices [5], [48], [52]. 

In this work, Li2MoO4 powder (99+%, Alfa Aesar) was used in the sample 

preparation.  

2.1.2 Barium titanate and manganese-zinc ferrite 

Barium titanate (BaTiO3) is a dielectric ceramic material which also exhibits 

ferroelectric and piezoelectric properties [3, pp. 3, 362–364]. It has a high value of 

εr (2000–10 000) which is why it is often studied, for example, for multilayer 

capacitors but also as an additive to adjust the dielectric properties of a material [3, 

p. 3, 263], [9], [53]–[60]. Manganese-zinc (MnZn) ferrite is a dielectric 

ferrimagnetic ceramic material with a general formula of MFe2O4, where M 

represents the combination of Mn and Zn. In electronics it is used in transformers, 

transducers, and inductors [61] and as a filler in polymer-based composites [62]–

[64]. 
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In this work, BaTiO3 (99.7%, <2 μm, Alfa Aesar) and MnZn ferrite (Toda 

Kogyo) were used as insoluble additives in Li2MoO4-based composites. According to 

a laser diffraction particle size distribution measurement (LS13320, Beckman 

Coulter), the powders had mean particle sizes of 2.0 and 9.4 µm, respectively. 

BaTiO3 was added to increase the relative permittivity of stencil printed Li2MoO4 

ceramic thick films and to adjust the capacitor properties [Papers II and III]. MnZn 

ferrite was added to introduce magnetic properties to the Li2MoO4 ceramics and to 

demonstrate the feasibility of the RTF method in the processing of such 

temperature-sensitive material [Paper IV]. 

2.1.3 Polyimide 

Polyimide (PI) is a dielectric polymeric material with thermal stability up to 500 °C. 

It is commonly used in the form of a film as a substrate for printed electronics [29] 

but also as a matrix in ceramic composites [53]. In this work, PI film (Kapton 500 

HN, Lohmann; thickness 127 µm) was used as a substrate for stencil printing of 

Li2MoO4–BaTiO3 composite ceramic films to demonstrate their direct integration 

[Paper II and III]. Despite the fact that PI is relatively heat-resistant compared to 

other polymeric substrates, it was chosen because of its relatively high water 

absorption ratio (2–3 wt.%) [65] which suggested compatibility with printing 

pastes containing an aqueous phase. Prior to printing, the substrate was wiped clean 

from grease and dust with ethanol.  

2.2 Manufacturing methods 

2.2.1 Preparation of the ceramic pastes 

Li2MoO4 powder was first milled in ethanol with zirconium oxide (ZrO2) milling 

media in a planetary ball mill (Pulverisette 6, Fritsch) to reduce the original particle 

size. The powder was then sieved with mesh sizes of 200 [Paper I], 90 [Papers II 

and III], or 45 µm [Paper IV] to separate particles of a suitable size. A laser 

diffraction particle size analyser (LS13320, Beckman Coulter) was employed to 

measure the particle size and particle size distribution of the resulting powders.  

The sieved Li2MoO4 powder was then mixed with deionized water added by 

pipette [Papers I–III] or spraying [Paper IV]. The amount of added water was 

optimized depending on the used forming technique. Subsequent mixing with a 
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spatula resulted in the formation of uniform pastes with varying viscosities. The 

flow properties of the printing pastes were analyzed with a rheometer (Discovery 

HR-1, TA Instruments) using parallel steel plate geometry with a 1 mm gap between 

the plates (diameter 40 mm) [Papers I–III]. 

In the case of composites [Papers II–IV], pre-determined amounts of the 

BaTiO3 (10 and 20 vol.%) and MnZn ferrite (10, 20 and 30 vol.%), calculated as 

the vol.% of the final consolidated product, were mixed with Li2MoO4 in ethanol 

using a mortar and pestle or a planetary ball mill to achieve a homogeneous mixture. 

Ultrasound was used to break down possible agglomerates. The mixtures were 

dried in an oven and then sieved again to produce composite powders for paste 

preparation.  

2.2.2 3D printing with extrusion 

An extrusion-type 3D printer (Creatr, Leapfrog) was employed in forming of the 

samples [Paper I]. It was equipped with a custom-made dispenser [66] using a 

piston and a tapered nozzle having an orifice diameter of 0.84 mm (EFD Optimum, 

Nordson). Table 1 presents the parameters used for printing, which were 

determined empirically to facilitate successful continuous extrusion of the ceramic 

paste [Paper I]. 

Table 1. Settings for printing parameters (Adapted under CC BY 4.0 license from Paper 

I © 2018 The Authors). 

Parameter Value 

Printing height (with 0.3 mm offset) 0.80 mm 

Printing width (printing line spacing) 0.60 mm  

Extrusion rate1 740 mm/min (12.5 mm/s) 

Dispenser movement speed 1000 mm/min (16.7 mm/s) 

1 Experimentally measured.  

Disk-shaped samples (diameter of ~25 mm, thickness of ~1.5 mm) constructed 

from three layers (thickness ~0.5 mm each) were printed to allow measurement of 

the dielectric properties and to ease comparison with the previous samples 

fabricated with uniaxial pressing [Paper I]. Each layer was built up from a perimeter 

with a rectilinear infill. To minimize the amount of space between the printed lines 

and to achieve the closest-packed hexagonal layout [36], the infill angle was set 

parallel to that of the previous layer with a suitable offset (0.30 mm). The printing 
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platform, to which the polyethylene terephthalate (PET) substrate was attached, 

was heated to 80 °C to partially dry the ceramic paste after its deposition to reduce 

its flow and to retain its shape while the other layers were printed on top [Paper I]. 

Because of the layer-by-layer manufacturing, the samples exhibited step edges 

typical of 3D printed objects [36]. 

The samples with the substrates were left to dry at room temperature on top of 

a mesh for 66 h [Paper I]. The substrates were carefully removed after the first 18 

h to allow drying on both sides. To speed up the water evaporation and to ensure 

complete drying [9], the samples were post-processed at 60 and 120 °C for 24 and 

6 h, respectively [Paper I]. 

Because of the sample thickness restriction of the device used to make the 

dielectric properties measurement, the samples were thinned to a final thickness of 

0.87–0.94 mm using abrasive papers and ethanol before the measurement [Paper I]. 

To allow direct comparison of the dielectric properties, the associated relative 

density was measured from these thinned samples. However, the microstructure 

was analyzed from as-prepared samples [Paper I]. 

2.2.3 2D printing with stencil 

The square-shaped thick film samples were manually printed on a PI substrate with 

the off-contact method (gap of 1 mm) using a laser-cut steel stencil (thickness of 

100 µm) with an aperture size of 55 mm × 55 mm [Paper II] or 4 mm × 4 mm 

[Paper III], and a rigid steel squeegee. In the former case, the aperture size was 

dictated by the sample size recommendation of the measurement device used to 

study the dielectric properties of the ceramic pastes [Paper II]. In the latter case, the 

aperture size was dictated by the size of the interdigital capacitor structure used to 

verify the electrical properties of the ceramic pastes as a part of a component 

structure [Paper III]. These capacitors with six fingers (width of 250 µm and length 

of 1.7 mm, insulating gaps of 250 µm between the fingers) were screen printed on 

the PI film using a commercial silver paste (5064H, DuPont) before the printing of 

the 4 mm × 4 mm films [Paper III]. 

During printing of the ceramic pastes a suction table was employed as a 

printing bed to keep the PI substrates straight and in place. In the case of 55 mm × 

55 mm aperture [Paper II], a single pass was sufficient to produce a film with good 

quality because of the optimized paste composition. In the case of the 4 mm × 4 

mm aperture, a double pass with a 10 min waiting period between passes produced 

films with a good surface quality [Paper III]. 
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After printing, the samples were attached to a steel plate using tape to ease the 

handling of the samples and to keep the PI substrate straight during drying. The 

samples were dried, first at room temperature for 18 h and then post-processed at 

60 and 120 °C, for 6 and 3 h respectively [Papers II and III]. 

2.2.4 Uniaxial pressing 

The Li2MoO4–MnZn ferrite composite paste was fed to a mould and pressed 

uniaxially with 150 MPa pressure to a disk shape (diameter of 20 mm, thickness of 

2.5 mm) [Paper IV]. The RTF samples were dried at 120 °C for 24 h to speed up 

the water evaporation. In addition, reference samples were sintered at 685 °C for 2 

h in air following the sintering of Li2MoO4–NiZn ferrite composites [49]. Before 

characterization, the samples were thinned and polished using abrasive papers and 

ethanol to a final thickness of 1.9–2.4 mm [Paper IV]. Toroidal samples were 

fabricated from disks by drilling a hole (diameter of 5 mm) in the centre. Toroids 

were also manufactured with the RTF method in a mould equipped with hollow 

cylinder-shaped pistons accommodating a rod (diameter of 5 mm) in the middle 

[Paper IV]. 

2.3 Characterization methods 

2.3.1 Thickness and relative density 

The thickness of discrete samples formed by 3D printing and uniaxial pressing was 

measured using a screw gauge (Mitutoyo) [Papers I and IV]. The average thickness 

of the stencil printed thick films attached to the PI substrate was determined with a 

stylus profilometer (Dektak 8, Veeco) [Paper II] or with a laser microscope (VK-

X200, Keyence) [Paper III].  

The relative densities were calculated from the measured absolute densities of 

the samples and the theoretical densities of the constituent ceramic phases. The 

absolute densities of the printed samples having irregular shapes [Papers I and II] 

were determined with liquid impregnation using a vacuum method [67]. 1-Butanol 

(≥99.4%, Sigma-Aldrich) was used as an impregnation liquid because of the water-

sensitivity of the samples [Papers I and II]. For the density measurement, pieces of 

the stencil printed thick films were detached from the PI substrate [Paper II]. In the 

case of samples formed with uniaxial pressing in a mould and thus a having regular 



28 

shape, the absolute density was calculated from the dimensions and masses 

measured with a screw gauge and a precision scale [Paper IV]. The theoretical 

densities for Li2MoO4 and BaTiO3 were adapted from the Powder diffraction file 

database (PDF-2 2000, International Centre for Diffraction Data): 3.04 (PDF 12-

0763) and 6.01 g/cm3 (PDF 05-0626), respectively [Papers I, II and IV]. For MnZn 

ferrite, 4.66 g/cm3 [62] was used [Paper IV].  

2.3.2 Microstructure and phase composition 

Microstructural analysis to study the distribution of the ceramic phases and porosity 

was conducted with a field emission scanning electron microscope (ULTRA Plus, 

Zeiss) and secondary electron (SE) and back-scattered electron (BSE) images 

[Papers I–IV]. With an attached energy-dispersive spectrometer (EDS, X-MaxN, 

Oxford Instruments), the different phases were distinguished from each other with 

X-ray elemental mapping if their relative atomic masses were too similar to show 

the grey scale variation in the BSE images [Paper IV]. For the analysis, the samples 

were prepared with polishing using abrasive papers (EcoWet, KWH Mirka, and 

MicroCut, Buehler), ethanol and water-free diamond suspensions (Akasel, Cloeren 

Technology GmbH) [Papers I–IV]. If cross-sections were studied, the samples were 

first casted in epoxy before revealing and polishing of the cross-sectional sample 

surface with abrasive papers and ethanol [Papers I–III]. Finally, a thin layer of 

carbon was sputtered on top to eliminate electrostatic effects during imaging 

[Papers I–IV]. To investigate the ceramic phase composition, X-ray diffraction 

(XRD) analysis was performed using a diffractometer (D8 Discover, Bruker) with 

copper Kα-radiation [Paper IV]. 

2.3.3 Dielectric properties and relative permeability 

The dielectric properties, i.e. εr and tan δε, of the printed samples were determined 

using a vector network analyser (ZVB 20, Rohde and Schwarz) equipped with split 

post dielectric resonators (QWED) having nominal resonance frequencies at 2.475 

GHz or 9.975 GHz [Papers I and II]. The stencil printed samples were measured 

with the PI substrate and the dielectric properties of the ceramic films alone were 

derived [Paper II].  

The dielectric properties, relative permeability (µr) and magnetic loss tangent 

(tan δµ) of the Li2MoO4–MnZn ferrite composites were measured over a frequency 

range of 1 MHz to 1 GHz using an RF impedance/material analyser (E4991A, 
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Agilent) equipped with suitable test fixtures (16453A for εr, and 16454L for µr) 

[Paper IV]. For measurement of εr, silver electrodes were sputtered on both sides 

of the samples. µr was measured from toroidal samples. 

2.3.4 Oxidation 

To study oxidation of MnZn ferrite under air and argon atmospheres, 

thermogravimetric analyses and differential scanning calorimetric measurements 

(TGA-DSC) were performed [Paper IV]. A thermal analyser (STA 449 F3 Jupiter, 

Netzsch) equipped with a silicon carbide furnace and alumina crucibles was 

employed. Dynamic heating profiles up to 700 °C and back to room temperature 

were used with a heating/cooling rate of 20 °C/min [Paper IV]. 
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3 Results and discussion 

3.1 Room temperature fabrication of lithium molybdate ceramics 

with extrusion-based 3D printing and 2D printing with stencil  

The driving force for consolidation in the RTF method is pressure [8]. Printing 

techniques can provide only limited pressure compared to the uniaxial pressing 

previously used in sample forming in the RTF method [10]. In the case of extrusion, 

the amount of pressure depends on the flow properties of the paste, the dimensions 

and geometry of the dispenser and the extrusion rate [68]. In stencil printing, the 

pressure experienced by the paste is only minuscule as the stencil restricts the 

movement of the squeegee in the vertical direction. In this Chapter it is shown that 

the water solubility of Li2MoO4 allows the preparation of pastes with different 

viscosities when the amount of added water is modified [Papers I and II]. In this 

way pastes with varying flow properties can be produced to function also with 

printing techniques providing only limited pressures. In addition to the amount of 

available pressure, other characteristics of the exact printing technique also set 

requirements to the composition of a printable paste. These in turn affect the drying 

stage and the properties of the final sample [Papers I and II]. 

3.1.1 Formulation of the printing pastes 

In general, a paste consists of a liquid phase in which solid particles are dispersed 

[68]. The liquid phase is a continuously filling the inter-particular voids and thus 

separating the particles from each other. This enables the paste to flow during 

printing. The flow properties of the paste are mainly affected by the amount of the 

liquid, however the properties of the solid particles, such as size, size distribution 

and shape, determine how much liquid is required in the first place [68]. In addition, 

the used printing technique dictates the properties the paste must exhibit. Thus, the 

optimal solid-to-liquid ratio varies from case to case.  

In the RTF processing of Li2MoO4, the liquid phase is a saturated aqueous 

phase of Li2MoO4 which forms upon mixing of the water with the excess of 

Li2MoO4 powder. The solid phase consists of the remaining undissolved Li2MoO4 

and the insoluble filler particles. The starting point for the experimental 

optimization of the paste compositions was to facilitate successful printing with the 

printing technique in question [Papers I and II]. Without compromising this, it was 
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also taken into account that in the RTF method a low water content of the paste is 

desirable. This is because the evaporation of water in the drying stage increases the 

drying time and shrinkage and results in residual porosity [11], [35], [67]. 

Table 2 presents the paste compositions optimized for the used printing 

techniques [Papers I and II]. Because of the partial dissolution of the Li2MoO4, the 

particle size and distribution in addition to solid-to-liquid ratio of the paste is 

different when compared to the initial state before mixing. In addition, the amount 

of dissolved Li2MoO4 depends on the amount of water that is added upon the paste 

preparation. 

Table 2.  Paste compositions for the printing techniques [Papers I and II]. 

Properties of the  

initial powders  

and printing pastes  

3D printing  

with extrusion 

 
2D printing with stencil 

Li2MoO4 
 

Li2MoO4 
+ 10 vol.% 

BaTiO3 

+ 20 vol.% 

BaTiO3 

Powders (before mixing) 

Mean particle size (µm) 

Particle size of <99% (µm) 

Solids content 

 

201 

160 

 

  

10 

31 

 

 

8.8 

27 

 

 

7.2 

23 

 

in wt.% 86  81 82 86 

in vol.% 68  58 58 55 

Pastes (after mixing)      

Solids content2 

in wt.% 

 

68 

  

56 

 

60 

 

67 

in vol.% 60  48 48 44 

Viscosity (Paꞏs)3 46  10 12 11 

1 Bimodal particle size distribution with modes at around 10 and 100 µm. 

2 Through a calculation with Li2MoO4 solubility (44.81 wt.% at 25 °C [50], corresponding 81.2 g per 100 

mL of water) and density of Li2MoO4 aqueous solution (1.4897 g/cm3) [69]. 
3 At shear rate of 30 1/s. 

All pastes for printing showed shear-thinning behaviour [Papers I and II]. As shown 

in Table 2, in the case of 3D printing with extrusion, the particle size of the Li2MoO4 

powder was chosen to be relatively large according to the nozzle size (0.84 mm) in 

order to reduce the amount of added water. The resulting solid content was slightly 

higher than the typical content of the solid ceramic particles in a DIW ink (35–55 

vol.%) [23]. With stencil printing, the thickness of the stencil (100 µm) limited the 

maximum size of the solid particles. Thus, more water was required in the paste 

preparation compared to the 3D printing paste resulting in smaller solids contents 
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both before and after mixing of the paste, as explained in Section 3.1.1. The 

addition of insoluble BaTiO3, which had a relatively small particle size, further 

increased the need for liquid compared to the paste without the addition. This is 

consistent with the previous composite studies with insoluble titanium oxide (TiO2) 

[11]. To facilitate similar printability of the stencil printing pastes, their shear-

thinning behaviour was matched. It is worth noticing that no organic additives or 

solvents were needed to modify the paste compositions, only adjustment of the 

particle size and the solid-to-liquid ratio. 

The amount of pressure that the printing technique can provide also affects how 

much liquid is needed to cause the paste to flow as discussed in Section 3.1. Thus, 

the largest amount of liquid was needed in the stencil printing and less was required 

in the 3D printing (Table 2) where the amount of pressure was higher due to the 

extrusion forcing the paste to flow through the nozzle [Papers I and II]. This 

resulted in different viscosities of the pastes (Table 2). Compared to uniaxial 

pressing, the amount of liquid in the paste for pure Li2MoO4 is the lowest as only 

2 wt.% [9] suffices because relatively high pressure (150 MPa) can be used [10]. 

3.1.2 Shrinkage and relative density 

As discussed in Section 3.1.1 and shown in Table 2, the liquid contents of the 

printing pastes were larger than what was used previously in uniaxial pressing. 

Additionally, forming of the samples with the printing techniques did not decrease 

the amount of the liquid content in the pastes, unlike with uniaxial pressing. Thus, 

consolidation of the printed samples is expected to continue by capillary forces, 

resulting in shrinkage [70]. However, the use of the heated platform in 3D printing 

with extrusion, speeds up the drying of the freshly printed paste which impedes the 

shrinkage. For these reasons the final densities were the lowest with stencil printing 

and highest with uniaxial pressing due to the higher porosity caused by the amount 

of liquid phase [11], [35], [68].  

The shrinkage values of the printed samples were moderate and in line with the 

measured densities. When comparing the diameters of the virtual model and the 

dried sample, the 3D printed samples were estimated to shrink by 3% [Paper I]. 

Accurate shrinkage measurement was challenging because of the step edges typical 

of extruded parts [36]. The shrinkage of the 55 mm × 55 mm stencil printed films 

was about 27% when comparing the average film thickness of 73 µm measured 

from the dry samples to the stencil thickness of 100 µm [Paper II], with the used 

solid contents of the pastes listed in Table 2. The 3D printed samples showed 
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relative densities of 76–80% whereas stencil printed thick films only reached values 

of 66–69% [Papers I and II], as shown in Table 3. However, the relative densities 

of the 3D printed samples were rather high as typical values for ceramic parts after 

extrusion and drying, but before sintering, have been reported to be only up to 60% 

[23]. 

3.1.3 Microstructure 

Typical cross-sectional microstructures of the 3D printed and stencil printed 

samples are presented in Figs. 1 [Paper I] and 2 [Paper II], respectively. In the 3D 

printing case, smaller Li2MoO4 particles form the matrix where the larger particles 

are embedded (Fig. 1). Figs. 2a–c show that with stencil printing, the larger 

Li2MoO4 particles were surrounded by the added BaTiO3 in a form of agglomerate-

like clusters (insert in Fig. 2b). Microstructures also showed irregularly shaped 

porosity between the particles and no cracks (Fig. 2). However, in the 3D printed 

sample (Fig. 1), spherical pores and minor cracks were observed next to the larger 

particles [Paper I] which may have resulted from the coalescence of small pores 

into large ones due to capillary forces in the wet sample [70]. 

 

Fig. 1. SE image of the dry sample cross-section along the printing direction shows the 

typical microstructure with bimodal particle size, pores of various sizes, and the 

densest microstructure in the vicinity of the top and bottom surfaces. The layer 

interfaces between the three layers are not observed. Minor cracks are indicated with 

arrows (Reprinted under CC BY 4.0 license from Paper I © 2018 The Authors). 
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Fig. 2. Cross-sectional BSE images of stencil printed Li2MoO4–BaTiO3 films at the PI 

substrate interface. Samples with a) 0, b) 10 and c) 20 vol.% BaTiO3. d) BSE image shows 

the whole cross-section of a two-layer stencil printed film with 10 vol.% BaTiO3 on the 

top of a silver capacitor finger. Insert in 2b shows the Li2MoO4–BaTiO3 interface.The 

grey particles represent Li2MoO4 and the small white dots BaTiO3. Black areas between 

the particles denote porosity. The PI substrate is at the bottom of each image (Figs. 2a–

c adapted under CC BY 4.0 license from Paper II © 2020 The Authors). 

Large pores may also have originated from possible air bubbles in the paste, 

accumulation of evaporating water inside a wet sample [70], or detachment of 

larger particles during polishing [Paper I]. Severe cracking could be a sign of a too 

rapid drying rate [36]. However, the observed cracks were only minor and no 

warping was observed indicating that the drying rate had been suitable in both 

printing cases [35], [36], [Papers I and II].  

Furthermore, no interfaces between the three 3D printed layers (Fig. 1) and the 

two stencil printed layers (Fig. 2d) were observed [Papers I and II]. This indicated 

good adhesion and fusion of the layers without delamination and thus, successful 

printing. An earlier DIW study suggested that sufficient drying of the previously 

deposited layer induced fluid transport from a freshly printed layer [35]. This could 

possibly account for the fusion of the layers in this case [Paper I]. However, the 

associated transportation of particles with the liquid [35] was not expected to occur, 
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at least not on a large scale, as high density and viscosity of the saturated Li2MoO4 

solution has been reported to impede mass transport [69]. 

As an additional indication of liquid transport in the 3D printed samples, the 

densest microstructure was distinguished close to the top and bottom surfaces of 

the sample (Fig. 1) [Paper I]. The location suggested that, during the drying stage, 

the dissolved Li2MoO4 had transported across the layer interfaces to these drying 

surfaces. As a result of water evaporation on these surfaces, the dissolved Li2MoO4 

of the transported liquid recrystallized and the denser-looking microstructure was 

formed [Paper I]. 

3.1.4 Dielectric properties 

Table 3 presents the dielectric properties of the printed samples [Papers I and II] in 

addition to those manufactured with uniaxial pressing in a previous work [9]. The 

results show that the printed samples of pure Li2MoO4 had clearly lower εr values 

at 9.2–9.9 GHz compared to the pressed ones. This could be expected due to the 

higher relative density of 93% reported for the pressed samples compared to the 

printed ones (Section 3.1.2) since porosity is known to impair the dielectric 

properties [6], [52]. On the other hand, the tan δε values of all these samples were 

almost at the same magnitude. Pure Li2MoO4 samples were also fabricated by 

sintering at 540 °C after axial pressing [48]. The results are also in line with the 

proposed conclusions since the tan δε values were close to those discussed here, but 

due to the higher relative density of 95.5% the εr was higher (5.5) [48].  

Table 3. Dielectric properties and relative densities of the samples formed with printing 

techniques [Papers I and II] and with uniaxial pressing [9]. 

Forming technique and  

ceramic materials 

εr  tan δε  Relative 

density (%) 2.5 GHz 9.2–9.9 GHz  2.5 GHz 9.2–9.9 GHz  

3D printing with extrusion 

Li2MoO4 

 

n/a 

 

4.4 

  

n/a 

 

0.0006 

  

76–80 

2D printing with stencil 

Li2MoO4 

+ 10 vol.% BaTiO3 

+ 20 vol.% BaTiO3 

 

4.2 

6.1 

7.2 

 

4.5 

6.6 

7.5 

  

0.005 

0.012 

0.022 

 

0.001 

0.011 

0.022 

  

66 

69 

67 

Uniaxial pressing in a mould [9] 

Li2MoO4 

+ 10 vol.% BaTiO3 

 

n/a 

n/a 

 

5.1 

8.2 

  

n/a 

n/a 

 

0.0004 

0.026 

  

93 

n/a 
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It can be also noted that the effect of the measurement frequency was moderate as 

shown for the stencil printed samples, meaning a little bit higher εr at higher 

frequencies. The same trend could also be seen for the stencil printed samples 

where BaTiO3 is added [Papers I and II].  

The εr and tan δε of stencil printed Li2MoO4–BaTiO3 composites increased with 

the increasing amount of BaTiO3 [Paper II]. This is obvious since BaTiO3 is known 

to have much higher εr and tan δε. This observation is consistent with a previous 

case of Li2MoO4 based composite with 10 vol.% of BaTiO3 manufactured with 

uniaxial pressing [9]. As was the case with the Li2MoO4 samples discussed above, 

the εr was somewhat lower for the composite samples with 10 vol.% BaTiO3 

manufactured with a stencil [Paper II] than those with uniaxial pressing [9]. This is 

due to the lower density of stencil printed samples and the fact that different BaTiO3 

powder was used in sample preparation. However, the tan δε showed again the same 

order of magnitude of 10−2 at frequencies of 9.2–9.9 GHz [9], [Paper II]. 

It is worth noticing that commercial LTCC materials, Ferro A6M and DuPont 

951, are reported to be feasible for practical microwave applications [4]. Their εr 

and tan δε values are 5.7 and 0.001 at 10 GHz and 7.8 and 0.006 at 3 GHz, 

respectively [71], [72]. The measured tan δε values (Table 3) were similar to these 

LTCC materials thus indicating good feasibility of the printed Li2MoO4-based 

materials for microwave applications. 

3.1.5 Feasibility to microwave applications 

The electrical properties of the stencil printed all-ceramic Li2MoO4–BaTiO3 

composite films were verified as a part of a component structure [Paper III]. An 

interdigital capacitor was chosen as a demonstrative application for this purpose. A 

160 µm thick film using Li2MoO4 or its composites with BaTiO3 were stencil 

printed on the capacitor structures. Fig. 2d shows that the interfaces between the PI 

substrate, electrode and the ceramic film were in good contact. The upper surface 

of the ceramic films was also smooth. The intrinsic capacitance of 0.23 pF at 2.5 

GHz was increased to 0.35, 0.43, and 0.53 pF with the Li2MoO4 film and films with 

10 and 20 vol.% BaTiO3, respectively. The results showed that the Li2MoO4–

BaTiO3 composite films manufactured with stencil printing were competitive 

dielectric materials for applications in the frequency range from 45 MHz to 10 GHz 

[Paper III]. 

It is clear that, with higher relative densities, at least the permittivity values 

could be increased with a decreased amount of porosity. This excess porosity, as 
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well as the fact that Li2MoO4 is water soluble, imposes a challenge when devices 

are used in high humidities. A possible solution for this challenge is reported with 

a Li2MoO4-based patch antenna structure [73]. This antenna was protected by a 

silicone conformal coating and is expected to work also with the printed structures 

presented here. 

3.2 Integration with temperature-sensitive materials 

Because the drying temperature used in the RTF method is not decisive, it can be 

modified to be feasible for integration of temperature-sensitive materials, such as 

substrates, as long as the drying time is sufficient to remove the residual water from 

the sample. This advantage was demonstrated with the manufacture of Li2MoO4-

based composites from temperature- and atmosphere-sensitive MnZn ferrite (10, 

20 and 30 vol.%) [Paper IV] and with stencil printing of Li2MoO4–BaTiO3 

composite thick films directly on a PI substrate [Paper II]. 

3.2.1 Temperature- and atmosphere-sensitive manganese-zinc ferrite 

as an additive 

Processing of ferrites with sintering is challenging because ferrites with Mn and/or 

excess Fe are known to suffer from oxidation if processed in air at temperatures of 

550–1000 °C [74]–[76]. Oxidation is undesirable because it causes changes in the 

ferrite structure, reduction-oxidation reactions of Mn and Fe, the formation of 

additional phases and weight increase due to the incorporated extra oxygen. As a 

result, the magnetic and dielectric properties deteriorate [75], [76]. However, a 

completely oxygen-free atmosphere causes vaporization of Zn at high temperatures 

and thus, a deterioration of the magnetic properties [74]. Therefore, prevention of 

oxidation and related side effects is essential and requires careful control of the 

sintering atmosphere and temperature [74]–[76]. 

The MnZn ferrite powder was confirmed by TGA-DSC measurements to 

oxidize under the used sintering conditions (685 °C in air) [Paper IV]. A mass 

increase of about 2% and two mild exothermic signals were observed when 

sintering in air but not in an argon atmosphere, as presented in Fig. 3. 
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Fig. 3. TG (red) and DSC (black) graph of pure MnZn ferrite powder measured in air 

(solid line) and in argon (dotted line) (Adapted, with permission, from Paper IV © 2017 

The American Ceramic Society). 

Fig. 4 shows typical microstructures with X-ray elemental maps for the samples 

with 30 vol.% of MnZn ferrite manufactured with the RTF method and with 

sintering [Paper IV]. These results were well in line with the TGA-DSC study for 

the pure MnZn ferrite. The samples manufactured with the RTF method show only 

the presence of the Li2MoO4 and MnZn ferrite phases, whereas an additional phase 

containing at least Mn and Mo was observed in the sintered samples with increasing 

amounts corresponding to the MnZn ferrite content [Paper IV]. 
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Fig. 4. BSE images with X-ray elemental maps of Li2MoO4–MnZn ferrite composite with 30 

vol.% MnZn ferrite loading fabricated with a) the RTF method, and b) sintering. The colours 

denote Mo (cyan), superimposed Mn, Zn and Fe (brown), and superimposed Mo and Mn 

(dark blue) (Adapted, with permission, from Paper IV © 2017 The American Ceramic Society). 
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Respectively, the XRD analysis of samples manufactured with the RTF method 

showed only the diffraction patterns of the two constituent phases, Li2MoO4 and 

MnZn ferrite [Paper IV]. The intensity of the MnZn ferrite pattern increased when 

its amount was increased in the samples. With sintered samples, minor differences 

were detected in the MnZn ferrite pattern, as shown in Fig. 5 with samples containing 

30 vol.% of MnZn ferrite. This further suggested that the MnZn ferrite had undergone 

some structural changes during the sintering, probably as a consequence of the 

oxidation or as a result of a reaction between MnZn ferrite and Li2MoO4 [Paper IV]. 

 

 

Fig. 5. XRD patterns of the Li2MoO4–MnZn ferrite composites with 30 vol.% MnZn ferrite 

loading fabricated with the RTF method (black) and sintering (red). Two differing MnZn 

ferrite related signals have been pointed out as examples (Adapted, with permission, from 

Paper IV © 2017 The American Ceramic Society). 
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The observed oxidation of the MnZn ferrite during sintering resulted in 

deterioration of the sample properties compared to those manufactured with the 

RTF method [Paper IV]. Fig. 6 shows the εr and µr with related tan δ values of these 

samples over the frequency range from 1 MHz to 1 GHz. All the composites 

showed higher values of εr and µr as the content of MnZn ferrite was increased, as 

could be expected. However, samples fabricated with the RTF method exhibited 2–

3 times higher values of εr compared to the sintered samples whereas the difference 

in µr was not as remarkable. However, the addition of the MnZn ferrite increased 

the µr of the RTF samples faster than in the case of the sintered ones. Similar trends 

could also be observed with tan δε and tan δµ values [Paper IV]. However, 

measurement of the saturation magnetization and coercivity would provide more 

information on the relationship between the µr and the MnZn ferrite content. 

These results show the benefit of using the RTF method in the processing of 

ferrites under normal atmospheric conditions without the need for special 

arrangements. 
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Fig. 6. a) εr and tan δε, and b) µr and tan δµ of the samples manufactured with the RTF 

method and sintering (Adapted, with permission, from Paper IV © 2017 The American 

Ceramic Society). 
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3.2.2 Temperature-sensitive polyimide film as a substrate 

Without using any adhesion-enhancing agents in the paste formulation or the 

additional step of surface mounting, all the stencil printed Li2MoO4 and Li2MoO4–

BaTiO3 composite films were observed to stay attached to the PI substrate [Paper 

II]. Also, the cross-sectional microstructure in Fig. 7 showed no distinguishable gap 

between the printed film and the substrate [Paper II]. These results demonstrate that 

using the RTF method, the direct integration of an all-ceramic material with a PI 

substrate is possible [Paper II]. This is one of the great advancements of the RTF 

method.  

 

Fig. 7. Cross-sectional SE image of a sample with 10 vol.% BaTiO3 at the PI substrate 

interface. No gap between the ceramic film and the substrate can be distinguished 

(Adapted under CC BY 4.0 licence from Paper II © 2020 The Authors). 
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3.3 Further development and verification of the room temperature 

fabrication method 

3.3.1 Pre-granulation 

As a further advancement to the RTF method with uniaxial pressing, an additional 

processing stage of pre-granulation was introduced [Paper IV] to overcome the 

fabrication issues observed earlier. Previously, the large particle size (<180 µm) of 

the Li2MoO4 powder was found advantageous in RTF processing [9], [11]. Using a 

powder with a small particle size (<45 µm) had caused processing issues, such as 

complicated moistening of the powder and squeezing the paste out of the mould 

[9]. With larger particle sizes these problems did not occur. Consequently, the 

samples manufactured from powder with a larger particle size exhibited improved 

dielectric properties [9]. However, when manufacturing composites, a small 

particle size is required for even distribution of the additive powder, such as TiO2, 

to the Li2MoO4 matrix as reported earlier [11]. The above-mentioned processing 

issues were also observed when initially preparing the Li2MoO4–MnZn ferrite 

composite samples [Paper IV]. 

In the pre-granulation stage, the moistened Li2MoO4–MnZn ferrite composite 

powder was first uniaxially pressed to a disk-shape in a mould under the relatively 

low pressure of 40 MPa [Paper IV]. After drying, the disks were ground in a mortar 

to a coarse powder (<180 µm). This pre-granulated powder was then used as a 

starting powder for the typical RTF manufacturing with uniaxial pressing at 150 

MPa. Less water was now needed in moistening the powder, no clumps were 

formed and no squeezing out of the paste was observed [Paper IV]. The finished 

samples showed no signs of cracking or warpage [Paper IV], which were previously 

encountered due to the above-mentioned processing issues [9]. An EDS analysis of 

the microstructures revealed an even distribution of the MnZn ferrite in the 

Li2MoO4 matrix [Paper IV]. The developed pre-granulation stage clearly advanced 

the composite manufacture with the RTF method [Paper IV]. 

3.3.2 Preparation of toroids 

In general with sintered samples, additional machining is often required because 

the exact dimensional control of the final sample is challenging due to shrinkage 

[2, pp. 507–508]. This is especially true for samples with complex shapes, such as 

toroids which are needed for permeability measurements and toroidal inductors. 
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With the RTF method, the sample dimensions remain unaltered after pressing 

in a mould which enables the control of the sample size by specifying the 

dimensions of the mould, the amount of powder and the used pressure accordingly 

[10], [11]. So far, mainly disk-shaped samples have been manufactured with 

uniaxial pressing.  

In this work, toroidal samples were prepared with the RTF method using uniaxial 

pressing and a mould equipped with cylinder-shaped pistons accommodating a rod in 

the middle [Paper IV]. The dimensions of the toroids did not change as was expected 

with the use of the RTF method. The µr and tan δµ of these toroids were measured and 

compared to those fabricated from disk-shaped samples by drilling a hole in the centre. 

The results showed that successful fabrication of toroids is possible through the RTF 

method without further machining [Paper IV]. 
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4 Summary and conclusions 

The RTF method offers many advantages and new possibilities in manufacturing 

of ceramic components in comparison to sintered electroceramics. This method is 

based on the use of water-soluble ceramic materials with pressure as the driving 

force for consolidation, which allows manufacturing without organic additives and 

high-temperature processing.  

In this thesis, printing was studied as a forming technique of Li2MoO4-based 

ceramic samples with the RTF method for the first time. Previously, RTF processed 

ceramics have been formed in a mould by using uniaxial pressing where the 

pressure was relatively high compared to the studied printing techniques, extrusion-

based 3D printing and stencil printing. To formulate pastes suitable for printing, the 

amount of added water was increased without the use of additional organics or 

solvents. The samples showed a uniform microstructure. Because of the lower 

pressures available in printing techniques, the relative densities of the samples were 

respectively lower. This affected the dielectric properties especially by decreasing 

the εr. The εr and tan δε for Li2MoO4 samples were 4.4 and 0.0006 (at 9.6 GHz) with 

3D printing, and 4.5 and 0.001 (at 9.9 GHz) with stencil printing. The addition of 

10 and 20 vol.% of BaTiO3 increased the εr of the stencil printed samples to 6.6 and 

7.5, and tan δε to 0.011 and 0.022, respectively.  

In addition, the possibility to use temperature-sensitive materials with the RTF 

method was verified in this thesis in the fabrication of composites and direct 

integration with an organic substrate. The Li2MoO4–MnZn ferrite composites 

showed no signs of ferrite oxidation and thus reached higher values of εr and µr 

compared to their air-sintered counterparts. The success of the direct integration of 

all-ceramic Li2MoO4–BaTiO3 composite films with the PI substrate was confirmed 

with microstructural analysis. Furthermore, a pre-granulation stage was introduced 

to enhance the RTF processing of composites with uniaxial pressing. The RTF 

method also showed its advantages in fabrication of toroids since no sintering was 

needed.  

In the future, new RTF compatible electroceramic compositions should be 

investigated. In the case of printing, more detailed optimization of the pastes, 

printing parameters and drying conditions would surely improve microstructure 

with a beneficial impact on the dielectric properties. Especially, the development 

of 3D printing should be continued to enable manufacturing of ceramic bodies with 

more complex shapes. Importantly, the mould-free manufacture offers the 

advantage of fabricating small-scale prototypes with flexible and low-cost design 
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before investing in large-scale manufacturing equipment. The RTF method offers 

an opportunity to 3D print materials with different electrical and magnetic 

properties into a single structure. Direct integration of stencil printed ceramic pastes 

with temperature-sensitive substrates should include careful consideration of the 

surface energies with detailed adhesion testing. In the larger perspective, 

investigation of the consolidation mechanisms would give a valuable insight to the 

development of the RTF method in general. In addition, mechanical properties of 

the ceramic parts manufactured with the RTF method should be examined. 

Furthermore, instead of BaTiO3 and MnZn ferrite, other compositions, such as 

forsterite, cordierite and NiZn ferrite along with their particle size distributions 

would be interesting options in composite manufacturing with the RTF method. 

As an overall conclusion, the possibility of using printing techniques in 

manufacturing of all-ceramic RTF products, as introduced in this thesis, enables 

prospects for electronics and telecommunication applications. Ultimately, the RTF 

method paves the way for significant savings in time, cost and energy in 

comparison to conventional high temperature electroceramic processes. 
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