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ABSTRACT

Additive manufacturing via direct ink writing and microwave dielectric characterisation of
commercially produced low sintering temperature bismuth molybdenum oxide ceramics, have been
both performed for the first time, following a powder-to-product holistic approach. We demonstrated
that direct ink writing is an excellent candidate for producing dielectric substrates to be used for
wireless telecommunication applications operating at microwave (MW) frequencies, with great
repeatability and properties comparable to ceramics fabricated via conventional processing routes.
The optimum density (relative density of p, = 93%) of the 3D printed test samples was obtained by
sintering at 660 °C for 2 hours, resulting in a relative permittivity £, = 35.7, dielectric loss tand = 0.0004
and microwave quality factor Qxf = 14,928 GHz. Sintering at higher temperatures promoted a porosity
increase due to mismatching grain growth mechanisms and phase decomposition, that collectively
hindered the test samples’ microwave dielectric performance in terms of achievable relative

permittivity (€,) and dielectric loss (tané).
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1. INTRODUCTION

Microwave (MW) dielectric ceramics are amongst the most commonly used materials in the modern
telecommunication engineering world. Example applications include filters resonance devices,
dielectric substrates and capacitors [1]. Typical ceramic components for such applications are
manufactured via traditional sintering routes, that require densification temperatures that often
exceed 1000°C [2-4]. The introduction of low sintering temperature co-fired ceramics (LTCCs)
endeavours to revolutionise the way modern components and devices are produced [5-7]. LTCCs can
be densified at temperatures well below 1000°C and allow co-sintering with low cost electrode
materials, such as silver, copper or gold [8—11]. This will benefit electronics manufacture by reducing
the associated carbon footprint, since lower processing temperatures would require less energy

consumption and CO, emissions [12].

For radiofrequency (RF) devices operating at MW frequencies, LTCCs should exhibit a combination of
dielectric properties, such as high-quality factor (Qxf > 3000 GHz), low dielectric loss (tand) and
medium relative permittivity values (10 < &, < 50) [13]. The ceramic compounds of the Bi,O; — MoOs
binary system [14] have previously been discussed as promising candidates for producing LTCC
components, as they can be densified below 700°C with microwave dielectric properties of relative
permittivity €,= 17 — 40 and Qxf = 12,500 — 21,800 GHz [11,15]. An extensive list of the microwave
dielectric properties of the pure phases that exist in the Bi,0; — MoQOs; system can be found in the work
of Zhou et al. [16]. Note, all reported properties have been extracted from measurements using near

full density pressed pellets (<99%), that exhibit bulk-material properties.

Additive manufacturing (AM) has been acknowledged as a promising enabler in manufacturing of
ceramic components [17,18]. AM and its associated processes, can repeatably produce parts with
performance comparable to the ones made via conventional processing, together with a greater
design freedom that can deliver topologically optimised structures, functionally graded properties [19]

and also multi-material printing [20,21] for producing intergraded circuitry and functional devices



[22]. However, there are very few examples in the literature, where AM of LTCCs for MW applications

is being reported.

Vaataja et al., reported the additive manufacture of Li;MoOs MW ceramic, using DWI without the
need of a sintering stage [23]. Printed and dried samples achieved &, = 4.4 and tané = 0.0006. The
authors have recently demonstrated the additive manufacture of Ag.Mo0,0, an ultra-low sintering
temperature and low loss MW ceramic compound, using the DIW technique [20]. Measurements from
printed and fired test samples marked &, = 13.45, tané = 0.0005, Qxf = 17.056 and 17 =-121 ppm/°C. A
series of metal/ceramic patch antennas were also shown, highlighting the potential of DIW to be used

for making functional devices via dual-material printing.

Additively manufactured components do not always attain bulk material properties due to process-
specific limitations, such as non-continuous material deposition that inherently leads to porosity,
which limits the achievable relative permittivity and affects repeatability of the fabrication method

[24].

This study reports for the first time the additive manufacture of Bi;M0,0s ceramics, by using direct ink
writing; a material extrusion additive manufacturing process. The effect of thermal post processing

conditions on the physical, microstructural and microwave dielectric properties is discussed.



2. MATERIALS & METHODS

2.1. Materials

A high-purity and commercially available bismuth molybdenum oxide Bi,Mo0,09 (BMO) powder (99.8
%, American Elements, Los Angeles, CA, USA) was obtained, with an average particle size below 10

um.

2.2, Ceramic paste formulation

A binder mix consisting of ethylene glycol diacetate (7.1 wt.%, Sigma Aldrich, 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, diisononyl phthalate (2.7 wt.%, Sigma Aldrich, Dorset, UK) as
plasticiser, and ammonium lauryl sulphate (< 0.5 wt.%, Sigma Aldrich, Dorset, UK) as surfactant was
prepared. The BMO powder was slowly incorporated into the binder mix followed by mixing and then
topped with de-ionised water. The paste was homogenised three times using a planetary mixer
(Thinky ARM 310, Thinky Inc., Laguna Hills, California USA) at 1500 rpm with 2 mins pulses for a total

duration of 2 hours. The total solids content in the paste was 85 wt.%.

2.3. Direct ink writing 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 5 ml luer-lock syringes (Becton Dickinson, Franklin Lakes,
New Jersey, USA) and 0.5 mm 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 90 pulses per microlitre, were used to print cylindrical test samples of 10 mm
in diameter and 4 mm thickness; as shown in Figure 1. The test samples were first modelled using
CAD and G-code for printing was generated using Hyrel3D’s inbuilt slicing software. All test samples
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were printed on top of smooth surface alumina substrates of 50 x 50 x 1 mm (PI-KEM, Tamworth,

Staffordshire, UK).

The 3D printed samples were left to dry at room temperature for a minimum of 24 hours. The samples
were 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 avoid
the cracking and/or warpage of the 3D printed samples. The debinded samples were sintered between

640 — 670°C for 2 hours with heating and cooling rates of 3°C/min.

2.4. Characterisation methods

The particle size of the as-received powder was confirmed using laser diffraction (Scirocco 2000,
Mastersizer, UK). Particle size results are reported as an average of three different powder samples,

together with standard deviation.

The phase structure and purity of the BMO powder together with any potential phase changes during
sintering, were investigated using X-Ray diffraction (D2 Phaser, Bruker AXS, Karlsruhe, Germany) using
CuK, radiation at A = 1.54054 A, operating at 30 kV and 10 mA. A 1 mm divergence and a 3 mm anti-
scatter slits were used. Diffraction patterns were collected in the 10 — 60° 29 interval, 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. Densities are

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

The impact of sintering temperature on the ceramic microstructure was assessed using scanning
electron microscopy (SEM) (TM3030, Hitachi High Energy Technologies, etc.). 3D printed test samples
were embedded in epoxy resin (EpoThin2, Buehler, lllinois, USA) and prepared using a standard
metallographic regime; ground using silicon carbide paper of P1200 grit size, followed by a polishing

stage using a polishing cloth and a 0.05 um 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).

The dielectric properties, such as relative permittivity (&) and dielectric loss (tand), of the additively
manufactured samples were determined by placing the cylindrical 3D printed test samples of 10 mm
diameter and 4 mm thickness, in a 24 mm TEq;s cavity resonator (QWED, Warsaw, Poland), measuring
the Q factor and the resonant frequency of the TEs;s mode, connected to a Vector Network Analyser
(VNA) (MS465B22, Anritsu, Japan) using coaxial cables [25]. The properties were calculated using

QWED’s proprietary software. Results of €, Qxf and tané are reported as an average of three different

printed samples, together with the standard deviation.

Figure 1 — Photos of (a) direct ink writing of BMO test samples and (b) 3D printed and sintered samples
with different infill densities.



3. RESULTS AND DISCUSSION

3.1. Raw material characterisation

Figure 2 shows the particle size distribution of the purchased BMO powders as measured via laser
diffraction. Measurements from three separate powder samples (Sample 1 —3) revealed a multimodal
distribution within the 0.9 — 10 um size range, with a size median at Dsp = 4.34 + 0.8 um. Knowledge
of the particle size distribution is particularly useful for the preparation of the ceramic suspensions as
it allows for better tuning of their rheological properties [26]. This is achieved through the effective
control of the solid loading (amount of the ceramic filler within the ceramic colloidal suspension), the
viscosity of the starting binder, together with calculating the correct amount of dispersant to be used,
in order to achieve a stable colloidal suspension, making a printable paste for direct ink writing [27-
29]. Multi-modal particle distributions; as the powder that is used, are often preferred when making
ceramic formulations for additive manufacturing, since the combination of big and small particles
within the suspension, often exhibit a more desirable rheological behaviour such as high solid content
and lower viscosity [30,31] and reduced shrinkage during drying [32], compared to unimodal
distributions. Additionally, this has been found to have a positive effect with sintering, as the smaller
particles are expected to fill in any intra-granular gaps formed in between the larger grains and lead

to improved packing densification and mechanical properties [32—35].
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Figure 2 — Particle size distribution of the BMO powders measured via laser diffraction.

3.2. X-Ray Diffraction

Figure 3 shows the diffraction patterns of the as-purchased BMO powder and the 3D printed
specimens sintered at 640 — 680°C. The diffraction peaks from the as-received BMO powder were
indexed to the coexistence of three phases: the monoclinic a-BiMo0301, phase of the P2;/m group
with lattice parameters a = 7.719 A, b = 11.516 A, ¢ = 11.985 A, 8 = 115.4° (ICDD PDF 21-0103), the
monoclinic B-Bi;M0,0s phase of the P2;/m space group, with lattice parameters a = 11.954 A, b =
10.81 A, ¢ = 11.89 A, 8 = 90° (ICDD PDF 33-009), and the monoclinic y-Bi2MoOs phase of the P2;/c
space group with lattice parameters a =17.251 A, b=22.422 A, c=5.581 A, 8 = 89.503° (ICDD PDF 33-
0208). The theoretical densities of all identified three-phases were calculated via XRD measured data:

Pa-mo = 6.1 g/cm3, ps.smo = 6.5 g/cm* and py.smo= 7.5 g/cm? accordingly.

The diffraction patterns collected from the 3D printed test specimens fired in the 640 — 660°
temperature region, were indexed to the monoclinic B-Bi;M0,0s single phase, with no traces of the a-
and y- phases being detected. B-Bi2M0,0s, is the phase amongst the Bi»O3 — MoOs binary system with
the highest theoretical & of approximately 40 [36]. High & values are desirable as they allow

miniaturisation of telecommunication devices [1,24,37].



Finally, the diffraction peaks collected from the test specimens fired at 670°C, were indexed to all
three a-BiMo03013, B-Bi:M0,05 and y-BizMoOg phases. The re-appearance of the a- phase is ascribed
to the decomposition of the B- phase to a- and y- , when the processing temperature exceeds 650°C,
as previously identified by several studies [14,36]. However, the temperatures at which phase
evolution is taking place, cannot be accurately defined due to physical factors, such as the particle size

[38], that directly affect the temperature at which these thermophysical activities take place.

The test samples fired at 670°C are expected to have reduced &, as their effective permittivity (€es)
will be determined by the collective performance of all three present BMO phases. The pure a-BMO
and y-BMO phases have previously been measured with &, o-sm0= 19 and &r,-sm0= 31 [39], less than

that of pure B-Bi,Mo0,0s.
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Figure 3 — XRD patterns of the powder (PXRD) and 3D printed samples sintered at 640 — 670°C.



3.3. Microstructure

Figure 4, contains a series of electron micrographs from both the surface and the polished cross-
sections of the 3D printed test specimens sintered at 640 — 670 °C. A progressive reduction in porosity
with increasing temperature is evident, due to the grain growth mechanisms that take place during
sintering. However, at 670°C, larger pores can be seen in the cross-section (Figure 4h), possibly due to
dissimilar grain growth mechanisms of the co-existing B-Bi,Mo0,05 and a-BiMo0301, and y-Bi;MoOs
introducing pores between the grains. In Figure 4d, the existing grains have assumed an
elongated/columnar structure, consistent with the remarks above. Such behaviour is expected to have
a significant impact on microwave performance of the resulting parts, since porosity will effectively
reduce & andincrease in tané [12,40]. tané is greatly influenced by the presence of moisture within
the ceramic bodies [41] which resides on the surface of internal pores. A greater level of porosity is

therefore expected to accommodate greater amounts of moisture causing the tané to increase.

With conventional densification approaches where pressure is also applied to the green bodies,
sintering mechanisms would have the same effect throughout the green body, leading to an overall
reduction of porosity. However, this is not the case when 3D printing is used to manufacture functional
parts, as no additional pressure is applied, and higher levels of porosity exist. A number of process-
related limitations are likely to have an impact on the printed structure resulting in behaviour very
different from what would normally be expected with conventional manufacturing. It is crucial
therefore, to investigate the post-processing procedures required for the final parts to meet their

expected performance.

Lower magnification images (Figure 4a-4l) reveal a number of air voids in between the printed layers
of the test samples. These voids are caused by outgassing of the organic compounds in the ceramic
paste during the thermal debinding stage. Aside from the intergranular porosity, interlayer porosity is
detrimental to the MW properties of the ceramics but a significant reduction of interlayer porosity

occurs as the sintering temperature is increased from 650°C to 660°C. Higher sintering temperatures
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are expected to induce increased interdiffusion between the adjacent layers and thus minimise any
existing air voids. Due to a combination of grain growth and the increased levels of porosity in the

samples fired at 670°C, it is impossible to identify any remaining air gaps between the layers of the 3D

printed structure; as shown in Figure 4l.

Figure 4 — Electron micrographs of 3D printed and BMO samples after sintering at 640 — 670 °C. (a —
d) surface microstructure, (e — h) polished cross-sections at 1000 times magnification and (i — 1),
polished cross-sections at 200 times magnification.

3.4. Microwave dielectric properties

Figure 5 shows the microwave dielectric properties and densities from the 3D printed and sintered
test samples, at 640 — 670°C. &, increases as a function of sintering temperature until 660°C where
the highest a value of &, = 35.7 £ 0.18 is recorded. Above 660°C, &, exhibited a progressive reduction
as shown in Figure 5a. The behaviour of &, as a function of sintering temperature is in agreement with
the density measurements shown in Figure 5b. The highest density of p = 6.03 + 0.01 g/cm?3;

corresponding to p, = 93% relative density (o), was also recorded at 660°C. Despite the p; ( = 93%)
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being below 100%, & of the 3D printed samples are comparable to those of conventionally sintered

samples previously reported in the literature [11,15].
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Figure 5 — The effect of sintering temperature on the microwave dielectric properties of 3D printed
BMO ceramic samples: (a) relative permittivity (&) and dielectric loss (tan o), (b) apparent and

relative density.

Finally, Qxf values of the 3D printed BMO samples showed an increase from 12,487 + 337 GHz to

14,928 + 591 GHz as a function of sintering temperature, from 640 to 660°C, which is higher than

previously reported values for pure B-Bi-M0,05 [16]. However, Qxf was reduced to 12,496 + 63 GHz

for samples sintered at 670°C, as shown in Figure 6. Qxf is known is not only sensitive to intrinisic

factors such as inharmonic lattice vibrations but also grain size, grain boundaries and macroscopic

defects suchs as microcracks and porosity [11,42—-44]. The increase in Qxf below 660°C is ascribed to

the reduction of porosity and associated grain growth. The 3D printed BMO ceramics fabricated in this

paper exhibit low dielectric loss values of tané = 0.0004 £ 0.0009 recorded at 650 — 660°C, which is an

order of magnitude superior to materials currently used in the LTCC telecommunication industry

[45,46].
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Figure 6 - The effect of sintering temperature on the quality factor (Qxf) of 3D printed BMO ceramic
samples.

Table 1, summarises all measured MW dielectric and physical properties of the BMO samples,

produced via the direct ink writing 3D printing process. All manufactured and characterised specimens

in this paper, have shown excellent repeatability in terms of their microwave dielectric properties with

o(er) < 0.5% and o(Qxf) < 4% when sintered at 660°C. This further suggests the very good potential of

the direct ink writing to be used for manufacturing ceramic substrates for telecommunication devices.

Table 1 — The sintering temperatures, microwave dielectric properties and densities of the additively
manufactured BMO ceramic samples.

Temperature

Relative

Q) & tané Density (g/cm?3) Density Qxf (GHz)

640 26.6 £ 0.66 0.0006 = 0.000001 5.95 £ 0.60 0.92 12487 + 337
650 34.3+0.19 0.0004 = 0.000008 5.97 £0.07 0.92 14210 + 256
660 35.7+£0.18 0.0004 + 0.000009 6.03 £0.01 0.93 14928 + 591
670 24.5+0.28 0.0006 = 0.000011 5.58 £0.03 0.86 12496 + 63
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4. CONCLUSIONS

Direct ink writing (DIW), a flexible 3D printing process of the material extrusion process category, has
been employed to produce test samples of Bismuth Molybdenum Oxide (BMO), a low sintering
temperature microwave ceramic material, suitable for wireless telecommunication devices. The result
of post processing to the physical, microstructural and microwave dielectric properties of the 3D

printed parts, are being reported for the first time.

It was shown that direct ink writing is a promising candidate for shaping advanced ceramic
components with excellent repeatability; o(e;) < 0.5% and o(Qxf) < 4%, and very low dielectric loss.

The following points summarise the major conclusions arising from this study:

e Stable and defect-free BMO green bodies can be produced using a 0.5 mm conical nozzle, 0.2
mm layer thickness, 5 mm/s printing speed and 0.45 mm hatch spacing.

e  Optimum post processing conditions for achieving the highest MW dielectric properties, was
achieved while sintering the BMO green bodies at 660°C for 2 hours in static air. This resulted
in a relative permittivity of &, = 35.7, dielectric loss of tan6 = 0.0004 and quality factor Qxf =
14,928 GHz.

e Sintering at 660°C for 2 hours favoured the reduction of both intergranular and interlaminar
porosity; thereby improving the relative permittivity, dielectric loss and quality factor of the
3D printed test samples.

e Processing temperatures above 660°C had a negative impact on MW properties due to phase

transformations that further promoted porosity due to a mismatch in grain growth regime.
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