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ABSTRACT 

Low sintering temperature, ultra-low loss microwave ceramics are envisaged as future dielectrics for 

fabricating low temperature co-fired ceramic (LTCC) components for 5G applications. Low sintering 

temperature bismuth molybdate β-Bi2Mo2O9 ceramic powders have been synthesised using a solid-

state reaction method. Their additive manufacture and resulting microwave properties are reported 

for the first time. Optimum densification occurred for 3D printed samples sintered 4 hours at 670°C 

which resulted in a maximum relative density (ρr) of 92%, relative permittivity (εr) of 34, dielectric loss 

(tanδ) of 0.0007, giving a microwave quality factor (Qxf) of 10,050 GHz, properties attractive for LTCC 

applications. 
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Highlights 

• β-Bi2Mo2O9 ceramics were fabricated via AM using a powder-to-product approach. 

• Sintering 4 hours at 670°C resulted in εr = 34.2 and Q×f = 10,050 GHz. 

• The 3D printed samples achieved a remarkably low dielectric loss of tanδ = 0.0007. 

• Sintering above 670°C promoted β → α + γ phase transition, that reduced εr. 

 

 

Graphical abstract 
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1. Introduction 

Microwave (MW) ceramics are well established as the dielectric materials of choice for applications 

within microwave and mobile telecommunications such as global positioning, Wi-Fi, dielectric 

resonators (DR), filters, duplexers, capacitors and dielectric substrates [1–3].  

Their inherent properties such as relative permittivity (εr), high quality factor (Qxf) and low dielectric 

loss (tanδ), have set the standard for making mobile devices with a significantly small form factor, low 

latency and high data transfer rates. Such performance characteristics are necessary to support the 

transition to fifth generation (5G) cellular networks, where low latency and low power consumption 

are required. 5G mobile phone base stations and handheld devices should consist of components that 

exhibit the following properties: medium relative permittivity values (25 < εr < 50) and high quality 

factor (Q×f > 3,000 GHz) [4–7], resulting from low dielectric loss (tanδ < 0.001) [8].  

Current MW dielectric ceramics are fabricated through traditional powder processing routes that 

require high densification temperatures (>1000°C), leading to considerable energy consumption and 

CO2 emissions together with associated tooling costs [9]. The use of low temperature co-fired ceramics 

(LTCCs) [10–12], ultralow temperature co-fired ceramics (ULTCCs) [13–15] and cold sintering co-fired 

ceramics (CSCCs), in which materials can be densified at processing temperatures < 300°C [16–18], is 

set to revolutionise the way modern dielectric components are fabricated. Aside from the obvious 

benefit of energy saving and reduced emissions, lower sintering temperatures also favour co-firing 

with common, low-cost electrode materials, such as silver, aluminium, copper or gold, that are 

typically used in electronic circuits [19–23].  

Zhou et al. were the first to report the synthesis and associated MW dielectric properties of ceramic 

compounds in the Bi2O3 – MoO3 binary system. The monoclinic β-Bi2Mo2O9 (β-BMO) phase exhibited 

the highest relative permittivity, εr ≈ 38, together with a MW quality factor, Q×f ≈ 12,500 GHz. 

However, chemical incompatibility with silver, posing as a candidate electrode for co-firing was also 

identified [24]. In their follow up work, Zhou et al further investigated the microwave dielectric 

properties of the Bi2O3 – MoO3 binary system. A total of eight simple and multi-phase compounds 

were identified with 17 < εr < 38 and 1900 < Q×f < 21,800 GHz. The chemical compatibility of the α-

Bi2Mo3O12 and β-Bi2Mo2O9 phases with aluminium  permitted their use for co-fired components [25]. 

LTCC modules are fabricated using a multilayer process in which metal structures are printed onto the 

surface of green tape which is then multi-layered and densified at high temperature (850 to 900 oC) 

to create a MW circuit. Despite the high densities achieved (>90%), such forming approaches suffer 
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from a lack of geometric freedom; i.e. only planar architectures may be produced and further 

machining is required to add greater complexity to the shape. 

Additive manufacturing (AM) is well known for offering great manufacturing flexibility by allowing 

fabrication of geometrically complex parts, that would otherwise be challenging to realise through the 

conventional means [26]. Together with the ability to process virtually any material and its economical 

usage, AM is envisaged as a promising candidate to revolutionise electronics manufacturing [27,28]. 

Direct Ink Writing (DIW), also known as micro-extrusion [29] or robocasting [30], is a forming 

technique in the material extrusion AM family, that enables affordable and easy manufacture of 

ceramics [31]. DIW uses high solid loading colloidal suspensions (i.e. pastes, slurries), to fabricate free 

standing structures of high-aspect ratios, without the need of supporting structures, similar to powder 

bed fusion and vat-based AM processes [32]. The added benefit of using DIW processing for AM of 

ceramics is the possibility to produce final parts with periodic features and tailored properties by 

controlling the 3D printer’s toolpath [33,34]. Such examples include shaping of more advanced RF 

devices, such as single material Fresnel zone plate lenses [35,36] or multi-material structures with 

tuneable properties (e.g. controllable permittivity) [37–39] and functional devices by printing both 

electrodes and dielectrics [40,41].  

However, AM-produced structures do not always possess the properties and performance of bulk 

materials, due to process-related limitations resulting in printed parts with reduced density or poor 

surface quality that often affect performance [42,43]. Therefore, this study reports for the first time, 

the MW dielectric performance of BMO ceramics synthesised via solid-state reaction method and 3D 

printed using DIW. The following sections assess the powder feedstock material and the rheology of 

the printing medium that has been used, together with the microstructural, microwave, physical 

properties and phase evolution during sintering. 
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2. Material & Methods 

2.1. Materials 

The β- BMO powder was synthesised using a solid-state reaction method. High purity raw chemicals, 

Bi2O3 (99.9%, Acros Organics) and MoO3 (>99%, Acros Organics) were weighed stoichiometrically 

(Bi2O3: MoO3 = 1:2) and then planetary ball-milled 4 hours in isopropanol. Afterwards, the dried mixed 

powders were calcined 4 hours at 630 °C. The calcined powder was then milled using a rotary mill and 

sieved through a 100 μm aperture laboratory sieve.  

2.2. Ceramic paste formulation 

A binder mix consisting of ethylene glycol diacetate (7.1 wt.%, Sigma Aldrich, Dorset, UK) as dispersant,  

ethyl cellulose (2 wt.%, Sigma Aldrich, UK) and propylene carbonate (1.9 wt.%, Sigma Aldrich, Dorset, 

UK) as viscosity modifier and binder, respectively, diisononyl phthalate (2.7 wt.%, Sigma Aldrich, 

Dorset, UK) as plasticiser, and ammonium lauryl sulphate (0.3  wt.%, Sigma Aldrich, Dorset, UK) as 

surfactant was prepared. The BMO powder was slowly incorporated into the binder mix following by 

mixing and then topped up with de-ionised water (2.9 wt.%). The paste was homogenised thrice using 

a planetary mixer (Thinky ARM 310, Thinky Inc., Laguna Hills, California USA) at 1500 rpm for 2 mins 

with pulses of 2 hours. The total solid content in the paste was ≈83.1 wt.%.  

 

2.3. Additive manufacturing and thermal post-processing. 

All additively manufactured test samples were made using a multi-process additive manufacturing kit 

(High-Resolution Engine, Hyrel3D, Norcross, GA, USA), equipped with a syringe dispensing module 

(SDS-5, Hyrel3D, Norcross, GA, USA), using 5ml luer-lock syringes (Becton Dickinson, Franklin Lakes, 

New Jersey, USA) and 0.5 mm tapered metallic needles of 18.25 mm in length (Adhesive Dispensing, 

Milton Keynes, United Kingdom). A combination of printing speed of 5 mm/s, layer thickness of 0.2 

mm, 0.45 mm hatch spacing; providing a 10 % overlap of the extruded filaments, and a constant 

positive displacement value of 86 pulses per microlitre, were used to print cylindrical test samples of 

10 mm in diameter and 4 mm thickness.  The test samples were first modelled using CAD and G-code 

for printing was generated using Hyrel3D’ s inbuilt slicing software. 

The 3D printed samples were left to dry at room temperature for a minimum of 24 hours and were 

then thermally debinded in a furnace using a ramp rate of 1°C/min to 500 °C, whilst holding at 100 °C, 

200 °C, 300 °C, 400 °C and 500 °C for 2 hours each. The binder removal process was slow in order to 
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avoid the cracking and/or warping of the 3D printed samples. The debinded samples were sintered 

between 640 – 680°C for 2 – 4 hours with heating and cooling rates of 3 °C/min; Figure 1.  

 

2.4. Characterisation methods 

The particle size distribution of the milled BMO powder was confirmed using a combination of laser 

diffraction (Scirocco 2000, Mastersizer, UK) and scanning electron microscopy (SEM) (TM3030, Hitachi 

High Energy Technologies, etc.).  

Rheological properties of the BMO paste were measured using a high shear rheometer (Physica MCR 

101, Anton Paar) with a parallel-plate geometry of 25 mm in diameter and 0.5 mm gap. To determine, 

complex viscosity (η), shear stress (σ), storage (G’) and loss modulus (G)’’, an amplitude sweep was 

performed using a continuous strain rate ramp from 0.01 to 100 s-1 .  

The phase structure and purity of the as-synthesised BMO powder together with any potential phase 

changes during sintering, were investigated with an X-Ray diffractometer (D2 Phaser, Bruker AXS, 

Karlsruhe, Germany) using CuKα radiation at λ = 1.54054 Å, operating at 30 kV and 10 mA. 1 mm 

divergence and a 3 mm anti-scatter slits were used. Diffraction patterns were collected from 10 – 60° 

2ϑ, using a 0.02° step size and 15/min sample rotation. Collected data were analysed using Bruker’s 

proprietary software (DIFFRAC.EVA 5.2, Bruker AXS, Karlsruhe, Germany).  

The density of the sintered samples was measured using the Archimedes principle [44]. Results are 

reported as an average of three different 3D printed samples, together with their standard deviation.  

The impact of sintering temperature on the ceramic microstructure was assessed using a scanning 

electron microscope (SEM) (TM3030, Hitachi High Energy Technologies, etc.). 3D printed test samples 

were embedded in epoxy resin (EpoThin2, Buehler, Illinois, USA) and prepared by grinding using silicon 

carbide paper of P1200 grit size, followed by polishing on a cloth impregnated with a 0.05 μm alumina 

suspension. To prevent charging during SEM, samples were sputter coated with a gold/palladium alloy 

in an 80:20 wt.% ratio, for 60 s at 25 mA (Quorum Q150T, Quorum, Edwards, Hastings, UK). 

Relative permittivity (εr), dielectric loss (tanδ) and quality factor (Qxf) of additively manufactured BMO 

samples were determined by placing the cylindrical 3D printed test samples of 10 mm diameter and 4 

mm thickness, into a 24 mm TE01δ cavity resonator (QWED, Warsaw, Poland), measuring the 

transmission coefficient of the loaded cavity resonator, connected to a Vector Network Analyser (VNA) 

(MS465B22, Anritsu, Japan) using coaxial cables [45]. The properties were calculated using QWED’s 
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proprietary software. Results are reported as an average of three different printed samples, together 

with standard deviation. 

 

Figure 1 - Photos of (a) 3D printed and sintered BMO test samples, (b, c) 3D printing with BMO 
ceramic paste. 
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3. Results & Discussion 

3.1. Particle size of BMO ceramic powders 

Figure 2a shows the particle size distribution from 3 different powder samples, acquired via laser 

diffraction, of the BMO power, ball milled immediately after calcination. The analysis revealed a 

multimodal particle size distribution, ranging from 1 – 50 μm with a particle size median at D50 = 11.19 

± 4.17 μm. Polydisperse particle distributions, such as the one used in this study, are preferred in 

colloidal processing [46], since they allow for higher solid loadings (>50 vol.%); i.e. the quantity of 

ceramic particles contained in the suspension. This results in printing mediums that possess 

rheological properties suitable for extrusion additive manufacturing [47–49]. Additionally, a high solid 

loading reduces shrinkage during drying, which is known to cause microcracking [50–52], leading to 

catastrophic failures during sintering. Complementary analysis using SEM, confirmed the results from 

the particle size analysis. Figure 2b depicts BMO powder particles of subangular external morphology 

and approximate particle diameters of 2 to 16 μm in diameter, that falls within the previously 

measured particle size distribution. 

 

Figure 2 – (a) Particle size distribution of the BMO powders, (b) SEM micrograph of BMO particles.  

 

3.2. Rheological assessment of the ceramic paste 

Figure 3 presents the rheology data acquired from the oscillatory shear stress sweeps and shear stress 

vs. shear rate of the BMO ceramic paste. Figure 3a contains the storage modulus (G’), loss modulus 

(G’’) and complex viscosity (η) curves of the ceramic paste in the shear rate range of 0.01 – 100 s-1. For 

low shear values (<0.01 s-1), storage modulus of the ceramic paste is greater than its loss modulus, 

meaning that the paste has a solid-like behaviour. This is a fundamental requirement for materials to 
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be used with the direct ink writing process, since the material should be rigid enough to retain its 

shape right after extrusion, together with having enough strength and rigidity to support the weight 

of the subsequent printed layers [52,53]. 

The relation between the storage and loss moduli is kept the same, until a maximum shear 

deformation is reached, known as the yield stress (τ0), where the storage and loss curves intersect and 

the ceramic paste transitions from solid- to liquid-like. Therefore, the yield stress (τ0) is the amount of 

stress required to facilitate flow. From a practical point of view, knowledge of the τ0 gives an account 

of the approximate pressure that needs to be applied to the piston when a pneumatics-based 3D 

printing system is to be used. The yield stress point of τ0 = 60.9 kPa at �̇�𝛾 = 0.28 s-1 strain rate was 

calculated using an intersection script (Origin 2020, OriginLab Corporation, Northampton, MA, USA) 

between the storage and loss modulus curves.  

The shear rate versus complex viscosity curves are also shown, where the BMO ceramic paste 

exhibited a continuous reduction of its viscosity with increasing shear deformation. This is due to the 

change in orientation of the polymers’ molecular chains that align with the direction of the flow 

[50,54]. This phenomenon is a characteristic of non-Newtonian fluids, commonly known as shear 

thinning and is another significant requirement for materials for direct ink writing [55]. The shear 

thinning behaviour of the BMO paste was further assessed, by fitting the shear rate vs. shear rate 

curve to the Herschel – Bulkley theoretical model (Equation 1), that is used to describe yield-

pseudoplastic materials [55]: 

 

Herschel-Bulkley model: 𝜏𝜏(𝛾𝛾 ̇ ) = 𝜏𝜏0 + 𝑘𝑘 ∙ �̇�𝛾𝑛𝑛 Equation 1 

   

   

The previously measured yield stress value (τ0) was inputted in the model, to allow for more precise 

calculation of the consistency (k) and flow behaviour index (n) values. Fitting using the least squares 

method (R2 = 0.99), resulted in a consistency index value of k = 278 ± 10 Pa·s and a flow index of n = 

0.48 ± 0.0009; shown in Figure 3b. The flow index is a dimensionless number that defines whether a 

material behaves as a Newtonian fluid (n = 1), i.e. its viscosity is not directly affected by the amount 

of shear strain. Fluids with n < 1 are characterised as shear-thinning, whereas for dilatant or shear 

thickening fluids n >1 [30,54,56]. 
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Figure 3 – Rheology data of BMO ceramic pastes used for 3D printing. (a) Storage, loss modulus and 
complex viscosity vs. shear rate and (b) shear stress vs. shear rate. 

 

3.3. Phase structure 

Figure 4a-b shows the room-temperature XRD patterns for the BMO powders and sintered samples 

in the 640 – 680°C temperature range for dwell times of 2 and 4 hours. The diffraction peaks for the 

BMO powder after calcination and milling, were indexed to the monoclinic β-BMO phase (ICDD PDF 

33-0209) with P21/m space group and lattice parameters a = 11.954 Å, b = 10.81 Å, c = 11.89 Å, β = 

90°. No traces of secondary phase were identified, suggesting the pure synthesis of single phase β-

BMO using the solid-state method. The theoretical density of the powder calculated using XRD data 

was ρ = 6.5 g/cm3. 

Between 640 – 660°C, the diffraction patterns from all the 3D printed and sintered samples fired for 

2 and 4 hours, are indexed to the monoclinic β-BMO phase (ICDD PDF 33-0209). However, at 670°C 

(both 2- and 4-hours dwell time), trace amounts of the monoclinic γ-Bi2MoO6 phase (ICDD PDF 33-

0208) appear.  This is evident through the diffraction peak at 2θ = 28.2° that corresponds to the {131} 

lattice plane of the γ-Bi2MoO6 phase; the rest of the diffraction peaks are superimposed with the peaks 

of the β-BMO phase. This is in agreement with previous findings, that reported partial decomposition 

of the β-Bi2Mo2O9 phase to α-Bi2Mo3O12 and γ-Bi2MoO6 phases above 650°C [24,25]. Finally, diffraction 

patterns from the 3D printed samples sintered at 680°C, are indexed to β-Bi2Mo2O9 and α-Bi2Mo3O12  

(ICDD PDF 21-0103) monoclinic phases, respectively, together with the monoclinic γ-Bi2MoO6 phase 

(ICDD PDF 33-0208). No significant difference in phase composition are noted between the samples 

fired for 2 and 4 hours. However, for 680°C sintering temperature and 4 hours dwell time, there is a 
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change in the intensity of the {600} and {006} reflections at 2θ = 45.5° and 45.7°, suggesting the onset 

of preferential grain growth.  

 

Figure 4 - XRD patterns of BMO 3D printed samples, fired at 640 – 680°C for (a) 2 hours and (b) 4 hours. 

 

3.4. Microstructure 

Figure 5a-t shows a range of SEM images from the surface and polished cross-sections of the 3D 

printed and sintered BMO specimens, fired 2 – 4 hours in the temperature range 640 – 680°C. Grain 

growth and porosity reduction are evident with increasing temperature. Porosity significantly 

improved at 670°C/2 hours, however, several pores still exist within the ceramic body (Figure 5d,n). 

Extending the sintering period to 670°C/4 hours improved densification, as evidenced by a further 

reduction in porosity (Figure 5i,s). At 670°C, several rod-like elongated grains of γ-Bi2MoO6 are present 

on the surface (shown with a red arrow in Figure 5d), verifying the XRD analysis discussed in Section 

3.3.  

For the sintering temperature of 680°C, intergranular porosity at the surface of the samples reduces 

as the BMO grains enlarge (Figure 5e). However, within the cross-sections, large pores appear  

together with cracks, as shown in Figure 5o,t due to the formation of interspace between the grains 

of the β-BMO phase, as they elongate following a preferential growth regime normal to the {600} and 

{006} lattice planes, as confirmed by the XRD data in Section 3.3. 
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Figure 5 – SEM micrographs of the (a – j) surface and (k – t) polished cross-sections of the sintered 
BMO  ceramic samples, as a function of temperature and duration. The red arrow in subfigure (d) 
denotes the rod-like structure of γ-Bi2MoO6. 

 

3.5. Microwave dielectric and physical properties 

Figure 6a shows the εr and tanδ of the 3D printed samples, fired 2 – 4 hours at 640 – 670°C. εr values 

increase as a function of sintering temperature until 670°C and then decrease at 680°C. Prolonging 

the duration of sintering improves densification, which in turn improves εr. However, this effect is 

more noticeable in the temperature range of 640 – 660°C and is less pronounced above 670°C. The 

highest value of εr = 34.23 ± 1.19 with σ(εr) < 2 % is recorded for samples sintered 4 hours at 670°C. 

The behaviour of εr is in good agreement with the densities shown in Figure 6b. The highest apparent 

density obtained in this work was  ρ = 5.98 ± 0.06 g/cm3, corresponding to a relative density of 92% 

for the 3D printed samples processed at 670°C. Despite ρr being  below 100% , εr of the 3D printed 

samples is very close to samples produced by pressing and sintering [24,57]. 

tanδ exhibited a continuous and linear reduction with increasing temperature, as shown in Figure 6a. 

The lowest value of tanδ (0.0006 ± 0.00002) was recorded at 680°C. The 3D printed BMO ceramics 

that are presented in this experimental study achieved one order of magnitude lower tanδ compared 

to the materials currently used in microwave engineering and telecommunications industry [58,59]. 
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Figure 6 - The effect of sintering temperature on the microwave dielectric properties of additive 
manufactured BMO ceramic samples: (a) relative permittivity and dielectric loss,  (b) apparent and 
relative density. 

 

Figure 7 shows the behaviour of Q×f of the 3D printed BMO samples fired 2 – 4 hours at 640 - 680°C. 

For the samples sintered 2 hours, Q×f increases as a function of temperature from 9865 ± 85 GHz at 

640°C to 10,300 ± 100 at 650°C and remained stable until 660°C. The recorded values in the 640 – 

660°C temperature range are similar to previously published data [25,57]. At 670°C, Q×f reduces to 

9728 ± 112 GHz and then increases up to 12,428 ± 97 GHz for samples fired at 680°C.  

This erratic change in Q×f is ascribed to the interplay between the three phases of BMO (α, β and γ) 

that co-exist in samples fired at 670 – 680°C, as observed in the XRD data in Section 3.3. The Q×f for 

BMO samples fired 4 hours, followed a similar trend over the same temperature range. The inverse 

effect though is observed for the samples sintered at lower temperatures 640 – 660°C, possibly due 

to the grain size increase over prolonged sintering times that causes reduction in Qxf [60].  

 

Figure 7 - The effect of sintering temperature on the microwave quality factor of 3D printed BMO 
ceramic samples 
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4. Conclusions 

Low-loss and low sintering temperature β-Bi2Mo2O9 (BMO) microwave ceramics were successfully 

synthesised by additive manufacturing. Material extrusion, a versatile 3D printing process, was used 

to produce three-dimensional test samples which were then characterised using SEM, XRD and MW  

property measurements. The major findings are summarised in the following bullet points: 

• A combination of 0.2 mm layer thickness, 5 mm/s printing speed and 0.45 mm hatch spacing, 

using a 0.5 mm tapered nozzle, produced stable green bodies, without macroscopic printing 

failures. 

• Thermal debinding followed by densification at 670°C for 4 hours in static air, resulted in dense 

BMO ceramics (ρr = 92%) with good microwave dielectric properties of εr = 34.2 and Q×f = 

10,050 GHz. 

• The 3D printed and fired BMO ceramics presented in this paper, demonstrated very low loss 

values of tanδ = 0.0007, an order of magnitude lower than currently used materials in the 

telecommunications industry. 

• Sintering at ≥ 670°C promoted a partial phase decomposition of β-Bi2Mo2O9 to α-Bi2Mo3O12 

and γ-Bi2MoO6, resulting in a multiphase fired sample with reduced εr. 

• The β-Bi2Mo2O9 phase, exhibited a preferential grain growth when fired at 680°C, creating 

interspace between the grains and resulting in an increase of porosity and cracks. 

• Material extrusion 3D printing is a promising candidate for fabricating ceramic components to 

be used in microwave and RF applications, with high repeatability. 
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