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Abstract

Additive Manufacturing (AM) of metals is of interest to passive microwave appli-
cations as it introduces new design techniques for microwave components. However,
with AM metals there are numerous issues and unknown variables. This thesis aims
to address some of these variables, with the use of a novel broadband microwave
technique for the characterisation of AM parts.

This thesis presents three proposed methods used to investigate the performance
via surface resistance, to gain a better understanding of the performance of Pow-
der Bed Fusion (PBF). The chosen method is based on a broadband resonator (in
the range of 2.8 - 8.9GHz) and is a novel measurement technique specifically used
to characterise surface resistance over a range of frequencies, and uses additional
isotropic magnetic field to investigate the microwave properties of PBF when ap-
plied at different angles. Experimental studies are performed to investigate the
effects of build orientation of samples produced via PBF to evaluate their surface
resistance for use for microwave applications.

Finally, post-processing techniques have been studied to evaluate their effective-
ness for microwave applications over a broad range of frequencies, with comparisons
made to both their as-built counterparts as well as bulk material fabricated parts

using subtractive methods of manufacturing.
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Chapter 1

Introduction and Thesis Summary

The overall theme of the thesis is to explore the potential of using additive man-
ufacturing (AM) as a means of producing microwave parts for applications, such
as waveguides, resonators and antennas, by utilising the Renishaw AM250 and
AMb500 AM machines, which use Powder Bed Fusion (PBF) to produce solid parts.
The metal alloy powders are of various materials such as Titanium, Steel, Cobalt-
Chromium and Aluminium. The basic principle of these machines is to use manufac-
turing data, which has been generated using CAD software and a model processing
specific software, to accurately create complex geometric shapes via layer-by-layer
material deposition and consolidation [I], with the powder melted using a focused,

high power laser.

Each new layer of powder is melted and then fused with the previous layer to
ensure that a fully dense metal object is produced. The surrounding powder aids
with supporting this structure while under the PBF process, though in some cases

support material is needed to ensure a successful build [2].

The two key factors which need to explored which are:



1. How does PBF perform over different bands within the microwave frequency

spectrum?

2. Are there any post-processing treatments that can improve the performance

of PBF?

These points will be expanded to establish the aims and objectives for this thesis.



3 1.1. Performance of PBF Over Multiple Microwave Bands

1.1 Performance of PBF Over Multiple Microwave Bands

1.1.1 Motivation

The adoption of additive manufacturing as a means of production accounts for ap-
proximately 0.05% of global manufacturing but is growing rapidly[3, 4]. Consider
the versatility of PBF and potential uses for different microwave applications such
as NASA’s Interstellar Mapping and Acceleration Probe, which uses an X-band
choke-ring horn antenna [5]. The performance and characteristics of PBF changes
depending on the operating frequency of the device. As mentioned previously, PBF
uses layers of metal powder and melts these together, which inherently creates a
rough surface which influences the surface resistance (Rg) of the PBF part. Given
that there are many variables in the PBF process, it is likely that there will be an
equally large range of surface qualities that can influence the value of R,. A common
approach has been to make a waveguide using PBF and measure the microwave at-
tenuation constant[6l [7]. However, this approach is more suited to improve a singular
design than characterising the material, since it characterises both the material and

the geometry used for the waveguide.

1.1.2 Research Goals

The subjects of interest are the characteristics of the R of the PBF surfaces and how
the value of R, is affected when used at different microwave bands. The research
documented within this thesis has involved the development of a microwave fixture
for testing PBF samples over a range of frequencies to enable the measurement of

R,. To achieve this, a novel measurement technique based upon a coaxial resonator
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have been used. This method was verified with simulation data and through the
measurement of bulk materials and measurement of PBF plate samples, as a plate
will not have any geometrical contributions to microwave losses. This is the first
time that AM parts have been characterised over the C to X microwave bands,
simultaneously, on the same part.This is coupled with measuring the effect of post-

processing on these parts.

1.2 The Effects of Post-Processing Treatment to PBF

1.2.1 Motivation

The use of layered metal powers for PBF with a high-energy laser produces a dense
metal part but inherently creates a rough surface which influences the R,. With
post-processing we expect to be able to reduce this value and also to measure the
values of R, by either reducing the surface roughness or introducing a new material
to be exposed to the induced current across the surface of the metal sample in
different build orientations. Understanding the effects on R, due to rough surfaces
and the affect of build orientation on Rj is critical to the successful development of
3D microwave components which use the PBF process such as waveguides, spline

horn antennas and feed clusters.

1.2.2 Research Goals

In order to investigate the changes of R, with respect to post-processing, a microwave
device that can apply a focused magnetic field to the sample under test is needed,

so that an accurate measurement of R values can be taken. This is realised by
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using a novel broadband coaxial-type resonator discussed later in this thesis, which

incorporates the sample under test into the resonant structure.



Chapter 2

Literature Review and Background

2.1 Additive Manufacturing

2.1.1 Additive Manufacturing Overview

Additive manufacturing, also known as "3D Printing”, is a type of fabrication which
utilises multiple layers which are 2-dimensional and builds up these layers to create
a 3-dimensional model[8] [9]. These are the building blocks that allow for rapid pro-
totyping and reduction of costs[10][11]. The reason for this is that when using AM
very little waste is produced, which is mostly support material, used to ensure that
the print is successful by supporting features that are most commonly overhanging

[12, [13]; the vast majority of material is used to make the item itself.

There are many forms of AM which utilise different materials which range from
plastics[14, [15], liquid resins[I6}, [17] and metal powders[I8, 19]. All of these use a

different method of solidifying their layers to create a 3D object. Some use UV

6
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Filament
A feed B
Heated |
nozzle Platform
support
Platform PP

R Part

Solidification Resin

Print bed - /M -

Figure 2.1: 3D printing schematics for (A) fused deposition modelling, (B) stereo-
lithography. Reprinted from[22].

light, which is known as stereo-lithography [20, 2], and others use heat to make
the material molten, which enables the AM layers to adhere to one another. This
type of process can be further broken down into types that either melts the layer
after the raw material has been deposited, or uses deposition of molten material as

a means of binding the new layer to the previous ones.

The AM methods depicted in Fig are popular with hobbyists, as these ma-
chines are cheap to run and over recent years have increased print quality via high
resolution printing [23, 24] and have enabled other industries to improve their AM

processes.

With the thesis topic in mind, these methods of AM have been utilised to pro-
duce microwave components by a post-process called materialisation, one example
of which is that of Betancourt et al. [25], who has designed a double-ridge horn
antenna that is optimised for ultra-wideband frequencies, shown in Fig [2.2] Using
stereo-lithography when manufacturing this part, the authors were able to make it
into a monolithic block which mitigates the inaccuracies of the more widely used

technique, that of subtractive machining. This is also shown by Jacobs et al. [26],
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who demonstrates that the tolerances within the design can cause gaps when assem-
bled together to create a double-ridge horn antenna, since voids are present which

result in unwanted resonances occurring, as shown in Fig 2.3

SMA
connector

AN

“" Exponential
profile

[25].

Gain [dBi]

1; 12 8! 6 8 10 12 14 16 18
Frequency [GHz]

Figure 2.3: Boersight gain of machined antenna with ridge-bush gap. Reprinted

from[26].

These resonances shown in Fig|2.3| occur at approximately 7GHz and another at
14.2GHz. Gaps are present at the ridge-bush gap in both bottom and top ridges with
widths of 0.045mm and 0.05mm, respectively, and with a length of 10mm and 5mm.
This is compared against Betancourt et al. [25] in Fig who uses a monolithic

block with only one resonance due to the ridge separation of the design. However,
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Figure 2.4: Return loss parameters of AM double-ridge horn antenna. Reprinted

from[25].

due to the fabrication accuracy, the separation narrows leading to an improvement

in the performance at 3GHz.

There are many studies [27, 28, 29] (including the ones above) in which AM is
tested against the more typical manufacturing process of waveguides and antennas
based on traditional subtractive manufacturing techniques. However there are many
additional factors that can affect the performance of AM when used for certain

designs, such as a waveguide, for example build orientation.

One of the largest areas of interest of AM for passive microwave components is
metal powder based systems. One of these is PBF, which uses metal powder layers
which are melted via a high powered laser, combining with the previous layer [30] 31];
with each layer being melted together, a 3-dimensional object is created. To prevent
oxidation, the process occurs within a chamber filled with nitrogen gas|32) B33] and

a representation of this process is shown in Fig [2.5

One of the greatest potentials for PBF is for passive microwave devices due to
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~T— Laser Beam
IR heater /
Counter-Rotating Powder Bed

Build
Feed Platform
Cartridges

Figure 2.5: Schematic of PBF. Reprinted from[32].

the fact that PBF produces a near fully dense part with up to 50% weight reduction
over traditional manufacturing techniques [34], 35 [36]. This opens up possibilities
to utilise PBF as a means of creating novel structures that microwave devices can

take advantage of due to the associated free-form nature of the build [37, [38].

2.1.2 Application to Passive Microwave Devices

There are many applications and sectors where microwave devices can be used when
combined with AM techniques, which also allows them to be built into structures as
part of an assembly. This is very attractive to the aerospace industry as a means of
reducing the payload weight [39][40]; companies such as Airbus have adopted this

method for producing aircraft components.

When looking at development in this sector, the starting point would be [41]
Airbus’ fifth order cavity filter using Selective Laser Melting (SLM), which utilises
the build freedoms with SLM and iris shaping techniques to minimise the losses

in the filter. When measuring the untreated PBF part, it achieved 40% - 50% of
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the theoretical maximum unloaded quality factor (Q), though measuring the same
structure which had been build using more traditional methods achieved 50% -
80% of the theoretical maximum unloaded Q. The large disparity between these
measurements was claimed to be due to the poor surface finish inherent in the
SLM process. Improving the surface finish via a chemical polishing increased the
theoretical unloaded Q of the PBF part up to 75%, which showed that the surface
roughness had a large impact on the performance of the filter. Booth and Lluch [42]
have also used SLM to create a 5th order cavity waveguide filter using super-ellipsoid
cavities. These gave a lower () for the same eigenmode resonances, but which allowed
the coupling structure to be more compact, which improved the overall filter Q for

a given far-out-of band response.

Another showcase device is presented Booth et al. [43], using AM to manufacture
a Ortho Mode Transducer, which is among the most complex components to be
manufactured for feed chain antennas. Though the increase in surface roughness
due to AM had an effect on the overall performance of the device via increased
losses, the inclusion of post-build silver plating was able to reduce these losses. The
use of AM negates the need for flanges and interconnections which would have been
present otherwise, realising the design monotonically and resulting in a saving of
further losses which would be present due to these interconnects. Kilian et al. [44]
has unitised PBF to create a Ku-band feed cluster of 18 feed chains operating at
Tx and Rx frequencies, shown in Fig and made a from single print. Different
approaches to building antennas are adopted due to the varying waveguide lengths
which are used. Examples of ellipsoidal structures to reduce losses but still maintain
the wave propagation properties are described in [41l, [42]. Other manufacturing
considerations related to mitigating high losses include orientating the builds to limit
the amount of downward facing areas, which resulted in improved manufacturing

accuracy and lowered surface roughness; all of these are part of the trade-off between
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RF performance, manufacturability, accommodation and mass.

Figure 2.6: Monolithic Ku-band Tx/Rx feed cluster. Reprinted from[44].

Companies such as Airbus have also performed studies regarding the use of AM
for space applications, where they have designed a resonator at 10GHz to investigate
the actual RF temperature stability over a range from room temperature to around
+150 °C, as temperatures in orbit range from 15-85°C. The resonator they used is a
dimpled spherical resonator, that showed high Q characteristics due to interrupting
the surface currents of the spurious modes [45]. Different materials were used with
AM to build these resonators, which were invar alloy, Ti-6Al-4V alloy (Ti64), Ti-Nb-
Ta-Zr beta-titanium alloy (TNTZ), Zr702, and the aluminium-copper alloy A20X.
A20X was specifically used as a reference material as it had similar properties to
aluminium alloy. With AM the temperature stability was found to be improved
for Ti64, Zr702 and TNTZ, though A20X did not show this characteristic. Due
to the difficulty of fabrication of Ti64, Zr702 and TNTZ parts through traditional
methods, the use for AM can be seen as an important step into using otherwise
difficult to handle materials as a means of producing microwave parts. Other studies
include as Montejo-Garai et al. [46] who compared the Computer Numerical Control

(CNC) manufacturing technique with AM and Selective Laser Sintering (SLS) by
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building mode transducers shown in Fig which are a classic component within
the microwave engineering space [47]. Owing to their inherent surface roughness, AM
components showed differences compared with their simulated CNC counterparts;
though they did not perform as expected due to the introduction of seams within

the design, they did exhibit the main characteristics of a mode transducer.

(B) (€

Figure 2.7: Manufactured mode traducer where A) is CNC milling B) is AlSil0Mg
and C) is CuNi2SiCr. Reprinted from[46].

Studies into the use of different powders for AM parts have also been investigated
by Cailloce et al. [48], who has published studies on spline horn antennas using both
aluminium and titanium alloy powders. These are optimised for low mass using thin
walls and a mesh structure that reduces the mass by 50%, depicted in Fig[2.8 Also,
a cluster of Ku-band spline horns were made which had a mass of 2.4kg and had a
reduced mass of 30%, with only 800g for the optimised structural part. Talom and
Turpault [49] use different powders for microwave components for AM applications,
in this case a waveguide. This study found that the use of titanium (Ti6Al4V)
resulted in a lower surface roughness than using an aluminium (AS10G) counterpart,
which resulted in a frequency shift within the waveguide filter. However, due to the
lower electrical conductivity of the titanium part, there were higher losses within

the waveguide.

Peverini et al. [50] studied the effects of rotating their waveguides while building
to minimise the effect of overhang, which are the leading cause for a rougher surface
finish. In this study, however, changes to the chambers of their 6th order waveguide

filter (so that they were 45° downward facing shown in Fig meant that this had
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1

Figure 2.8: AM manufactured Ku-band spline horn antenna. Reprinted from[48].

a similar effect, so that a reduction of support structure was needed, which would
save on cost per print. The use of angling the AM print is also not just relevant
to waveguide as in the study carried about by Addamo et al. [51]; they went on
to demonstrate the benefits of changing the orientation within the build volume for
their feed horn antenna and paired this with the layering properties of PBF to create

a smooth surface via the stepping of the layers when under heat.

Downward
facing
surface

Supports

Figure 2.9: Sixth order filter, with z axis cross-section of the filter, showing the down
facing sections. Reprinted from[50].

Hollenbeck et al. [52] used both AM and CNC to fabricate a set of off the shelf
waveguides and measured the attenuation constant to evaluate their performance:

Unsurprisingly, the commercially purchased waveguide came out on top, with the
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lowest attenuation constant, though this is also due them being made from a higher
conductivity material (copper and silver), in comparison the others which were all
made of aluminium alloy parts. The CNC parts, however, showed similar attenuation
constants, which implies that an increase in surface roughness due to the SLM

process had a similar impact to attenuation as the seam along the H-plane of the

CNC part.

At the Centre for High Frequency Engineering at Cardiff University, there have
been ongoing investigations into PBF. They pioneered microwave methods to char-
acterise these materials and investigate their microwave performance so that a better
understanding can be obtained. These differ from other studies, where large-scale
approaches have been used, such as measuring whole transmission line components
as mentioned above. Gumbleton, Hefford, Clark and Porch have pioneered the ap-
proach of measurement of flat samples, which are assessed in a variety of different test
fixtures.[53], [54], 55, [56]. Multiple types of materials were studied to show the effect
of build orientation, the materials chosen being aluminium alloy (AlSi10Mg), Tita-
nium alloy (Ti6A14V) and cobalt chrome alloy (CoCr). This study showed that the
samples built in a vertical orientation had a larger loss by a factor of approximately
2-3 when compared with the ideal bulk metal counterpart; additionally, horizontally
built parts showed only to have a loss of factor increase of approximately 1.1-1.5.
This approach extends through this thesis, ensuring coverage of different types of
scenarios which could occur within the build chamber. A major finding with this
study was that microwave performance of a metal surface cannot be deduced via a
simple roughness value, but instead requires the spectral distribution as roughness
with a certain wavelength applied to the surface ignores these large features and so

spatial roughness should be considered.
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2.2 Surface Roughness and Microwave Losses

Surface Resistance (R;) is a key factor when evaluating the performance of metal
surfaces at high frequencies since microwave currents flow at or near the surface of
a metal. It was shown that in many instances that the manufacturing process con-
tributes a large proportion to R, [57, 58,59, 60, [61), 62, [63]. Understanding the basic
material properties is very important, so that the study of different manufacturing
techniques and processes can be optimised for microwave applications. R, can be
defined as the real part of the ratio of tangential components of the electric and
magnetic fields at a metal surface[64, 65] and physically it is the power dissipated
per unit area of the parallel magnetic field at the surface of a metal; this character-
istic is going to be used throughout the thesis to characterise the surface of metals.
The use of Maxwell’s equations can be used to show the importance of key variables
that affect R, which are common design variables for microwave devices, namely

frequency f and conductivity o, via the well-known formula

R, — |10 (2.1)

where 11 is permeability of free space (H/m), f is the operating frequency (Hz)
and o (S/m) is the electrical conductivity of the material. Though Rs has the units
of Ohms () it should be noted that the bulk resistance (R) of a material is a
different parameter owing to where currents flow. The DC value of R arises from
the current which flows across the entire cross-section of a metal object, where R
is from the current that flows near the surface of a metal object. This given region
over which the current flows has depth called the skin depth (¢). This phenomenon,

known as the skin effect, is the reason for R, having such an impact on losses, as
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alternating currents are concentrated near the surface. This causes these areas to
have a high current density, of which 63% of the current resides within a thickness

t<d. The skin depth of a metal can be expressed as

/1
°= 7f oo <2.2)

so that

2.2.1 Surface Roughness

Surface roughness is widely known to have an impact on the performance of mi-
crowave devices. One of the first widely known examinations into surface roughness
is that of Morgan in 1949[58]. This study considers a grooved surface to demonstrate
an increase in loss with increasing roughness, characterised by the RMS roughness
value, I?,. This study concluded that the flow of transverse current across triangular
and square profiled grooves significantly increase the losses when the features are of
the same scale as the skin depth. Some examples of skin depths which would occur
during measurements taken within this thesis are at frequencies of 2.8GHz, 5.8GHz
and 8.9GHz and one metal that was measured was copper which has a conductivity
of 57x 10° S/m , so by applying this to Equation we obtain values for skin

depths of; 1.26um, 0.88um and 0.71um, respectively.

To provide guidance for design, Hammerstad and Jensen [66] uses Morgan’s
results to develop one of the most widely adopted surface roughness models for
microwave loss estimation. This method was one of the first models to introduce a

correction factor that employed an attenuation coefficient for transmission lines that
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took into account of the roughness of the surface. Whilst the models of Morgan,
Hammerstad and Jeson’s are useful and widely used for copper striplines, they are
limited to lower microwave frequencies around 5GHz and below[67]. This is due to
the over-saturation of R, as frequency increases. These models laid the foundation
for how Electromagnetic (EM) applications use surface roughness for simulation [68]

(for example, EM simulation packages like COMSOL).

Clark et al. [53] performed simple 2d finite element model simulations of trian-
gular grooves of varying heights and also widths, whilst applying a perpendicular
current flow to simulate extreme features to observe their effect on losses. These
features are shown in Fig[2.10} when at these extremes, current flow is not impeded
by these roughness peaks. Furthermore, the analysis of the relative loss shown in
Fig shows a relationship between the width of the feature (b) and the skin
depth. Maximum losses can be observed when the peak roughness is around 3 times
larger than the skin depth. However, when at extreme roughness widths, it can be
observed that the microwave losses can be approximated to be an ideally flat sample.
This study outlines the importance of how in reality using R, may be inaccurate
when predicting losses and where a cumulative distribution may be a better solution

to calculating high frequency losses than R,.

Figure 2.10: Simulation of induced current density (A/m?) at 5.7GHz for a) feature
with of 1um and, b) feature width =10um. Reprinted from[53].
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Figure 2.11: Simulated relative surface losses of the width of a 2D triangular cor-
rugated surface relative to the skin depth, where P /Py is the loss when looking at
power in vs power out, h is the height of the feature and r, is the root-mean square
of the surface roughness. Reprinted from[53].

2.2.2 Loss Measurement Techniques

There are a plethora of methods to evaluate R, using cavity resonators, which are
well represented within the literature. Two well-established techniques are the ‘end
wall” replacement of a cavity resonator structure[69, [70], and another method uses a
dielectric resonator (DR) which can take many forms |71l [72], [73| [74], [55]. The Hakki-
Coleman-type DR has the dielectric terminated with a flat sample under test on both
ends, and this method tends to be favoured for high conductivity samples because of
its high accuracy. This is due to dual termination, as it makes the structure produce
a deterministic solution for the field equation[75].The problem with this, however,
is that due to the use of two samples (shown in Fig the results for Ry will be

an average of the two samples.

Cavity e —) «—Sample
Wall \

Port 1 Port 2
q:: Dielectric C—

Sample— s —

Figure 2.12: Hakki-Coleman Dielectric Resonator. Reprinted from|[76].
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For a DR a low loss dielectric material (e.g. sapphire) is used in close proximity
to a sample plate, which makes the sample have a far greater influence over losses
as it relies on the tangential magnetic field at the conductor surface; this can be

expressed in terms of the conductor quality factor.

wpo [ H?dv

Q=R [[ m2ds (2.4)

Where Q. is the quality factor associated with the conductive surfaces and w is
the angular frequency (rad/s), o is is the permeability of free space within a vacuum
and H and H,; is the magnetic field present within the volume of the DR and the
tangential magnetic field applied to the surface of the DR, respectively. Although
DRs have very high ) factors making them very suitable for the task of measuring
surface resistances, when specifically measuring PBF where there are many factors a
DR cannot measure due to only being able to measure properties isotropically owing
to the circular currents induced in the sample end walls, which produces a surface
average measurement for Rs. An alternative solution (which can analyse anisotropic

features) will be described in Chapter 3, which is based upon a coaxial resonator.

2.3 Broadband Microwave Measurements

There are many Ry measurmenst using broadband structures for assessing the char-
acteristics of the material over a range of frequencies; the most common application
of these structures is to investigate the dielectric behaviour of materials. Some of
the earliest work was done in 1951 by H.F Cook [77], who used a coaxial line to
measure samples from 1GHz to 30GHz. This method of coaxial line measurement

has been used in many other applications, where a coaxial line has been made into
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resonant structures and used to measure liquids [78, 79, [80] and powders [81] 82].
The most common application of a coaxial structure is an open ended coaxial line,
which was developed by J R. Mosig [83] in 1981. This uses its near radiant Trans-
verse Electro-Magnetic (TEM) field to act as a probe as the reflected TEM field
propagates back along the line and is dependent on the dielectric properties of the
sample terminating the line. This probe technique is also used to measure a variety
of materials, especially biological samples [84] 85 [86] as it is a non destructive type
of measurement|87, [88] that uses low-power microwaves. Other methods of broad-
band measuring techniques have been used to measure dielectrics, one of which will
be discussed later within this thesis, namely the Fabry Perot open resonator (FPOR)
[89]. This open resonator technique showed a @ factor of 120,000 with an error of
approximately +0.25% in these measurements carried out between 9-9.5GHz when
measuring a dielectric sample . There have been recent improvements and optimi-
sation of this technique and now it is used from frequencies of gigahertz to terahertz
frequency bands [90} 01, 2] 03] 04]. Test fixtures at optical frequencies are called
a Fabry-Pérot interferometers, as semi-reflective surfaces which allow light to pass
through the mirrors are used to create a path length difference between subsequent
transmitted waves and are then recombined with a focal lens [95] [06]; an example

of this can be seen in Fig [2.13]
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Figure 2.13: Depiction of a general principle of a white light Fabry Perot
interferometer[97].
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2.4 Parameters Relating to PBF Relevant to Microwave

Performace

It is important to consider the parameters of PBF for the use of microwave applica-
tions. There are a plethora of parameters which can be changed (e.g layer thickness,
laser power, build orientation, etc.) which all can affect the surface quality of the
PBF part. Through this thesis, there is only one machine that was used to create
the PBF samples which can be seen in Fig[2.14} however the properties and param-
eters tested can be universally applied to those of other AM machines from other

manufactures.

RENISHAW

Figure 2.14: Renishaw AM250 machine which uses the PBF manufacturing process.
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2.4.1 Powder Properties

The material of interest throughout this thesis is AISi10Mg aluminium alloy powder.
These powders have a high concentration of silicon within the alloy powder to help
improve the fluidity of the melt pools which occur when the laser melts these layers
together, with the addition of magnesium to improve the strength of the alloy[98].
Metal powders used for PBF are manufactured with a process called atomisation.
This process uses an inert gas to break up the molten metals, which also serves as a
way to freeze them when the powder has formed. Free fall nozzles are also used, as
these create small spherical particles, which are then cooled with gas. The particles

falls is around 50-150mm until they land and are collected[99].

This virgin powder otherwise (known as "raw” powder) is very expensive, so
efforts to recycle it are made for economic reasons. This process ensures that any
large particles above a threshold value do not make their way into other prints as
this can cause defects within them, as the increase in particle size may be larger
for the layer thickness, meaning that there will be a large displacement of powder
in subsequent layers. Also, due to the increased size, the laser may not melt this
larger ‘clump’ of powder, which may lead to issues with the mechanical integrity of

the print[100].

2.5 Post Processing

Post-processing is an important part of the PBF process for microwave devices.
These parts still require post-processing due to their inherent surface roughness, al-
though development into building parameters designed to improve surface roughness

has come along way since PBF was first used to fabricate microwave devices.
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2.5.1 Highly Conductive

Plating High conduction plating (e.g. with silver) is a common way to lower the
surface resistance of microwave parts, and also a common way to overcome some of
the high losses associated with AM when compared against other more traditional
manufacturing techniques[I0T} 50]. Plating microwave devices has many advantages
but also disadvantages. Some advantages are that when the plating thickness is
thicker than the skin depth at the operation frequency, the part will have the char-
acteristics of the material used for plating due to the fact that all the currents are
residing within the plated material’s surface[102, [103]. Another advantage of plating
is that its liquid-like nature allows for plating the material to fill the imperfections
along the surface of the material [104, [105], which reduces the surface roughness.
The downside to plating PBF parts, aside from the additional cost and time needed
for this process, is reliability. As AM is being proposed for aerospace applications,
the environment to which parts are exposed is extreme, from extremely cold tem-
peratures to extremely hot temperatures over a matter of minutes. With this in
mind, thermal expansion of these materials needs to be considered, as in some cases
parts have been known to separate due to the different expansions of both materials

used; clearly, this could result in a failure of the plating[106].

2.5.2 Deburring

Burrs are an undesirable and unavoidable product of most manufacturing methods
because of the plastic flow of material[I07, [T08], such as cutting, forming, blanking
and shearing. A burr is defined as a projection of undesired material beyond the
desired machined feature[I09]. From this definition of a burr, we can also apply this

to PBF, as the material beyond the defined features of PBF such as the powder that
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has been bound to the object via the melt pools.

Deburring is performed with the use of a CNC machine which enables precise
deburring and chamfering of holes, flat and curved surfaces[110]. This deburring
using can achieve a mirror-like finish with a surface roughness of 0.5pym to 1.5um
[111]. Media tumbling is another post-processing method which is used for PBF
parts, as it enables treatment of the interior cavities of builds which processes like
CNC may not be able to reach. The uses of different media when tumbling allows for
different abrasive properties. Stainless steel shot has been used to reduce the RMS
surface roughness, by 25% after 2 hours and by 36% after 8 hours of tumbling[T12].
This is just one of many types of media available for surface treatment. Bead blasting
in another form of post-process, which fires small particles at high velocity, to remove
the top layers of the part. In PBF this means that it can remove loose powder
or protrusions present, which may have been created from support material[113].
Both tumbling and blasting may be expected to decrease R, since both introduce

mechanical damage near the surface in the form of material dislocations.



Chapter 3

Theory and Methods of Microwave

Surface Resistance Measurement

3.1 Introduction

Chapter 2 described the evaluation of PBF for specifically designed microwave ap-
plications, such as waveguide filters. However, this choice is somewhat interesting
as all measurements taken are of the average surface resistance of either the entire
microwave part or of a singular surface. This is important to note as the surface
performance of PBF is worse than other alternatives, such as CNC machining. Eval-
uating AM components by manufacturing them and testing them is not only very
time consuming due to the time taken to design and build these structures, but
also very costly. In addition, a full understanding of the characteristic of AM for
microwave applications, is not possible since there are have many factors that affect
the performance of such parts, such as print orientation of parts as each surface

may have a different surface resistance values and contribute to the losses differently

26
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and can’t measured separately due to the measurement being of the average surface
resistance of a wave guide. So with this in mind, rather than manufacturing a large
structure to evaluate the performance of PBF, methods have been developed that
utilise small samples so that measurements of R, can be done which reduce the cost
of a sample but also with reduced lead times for all measurements. Another added
benefit is that by using small samples, a better understanding can be gained as one
can change the parameters of these build parts such as build orientation, as you have
much more control on what samples will be and their properties when compared to
manufacturing a waveguide, which is restricted by the fundamental geometry of the
waveguide, such as orientation on the build plate. In Chapter 3 methods will be
proposed for the evaluation of PBF for two established techniques: the Fabry Perot
open resonator (FPOR) and the coaxial resonator(CR). Both of these methods use
a specially designed sample to achieve measurements of Rg but both have disadvan-
tages and advantages, as will be discussed. The third method, however, is a novel
technique that uses an end-plate replacement, which simplifies the manufacturing
process of samples. Chapter 3 presents background to microwave resonance and loss
quantification, with the explanation of these three methods to evaluate R, for PBF
with the aim of achieving broad-band measurements using a single structure and
the use of one test sample, which not only reduces the number of samples needed,

but also reduces time taken for these to be evaluated.

3.2 Microwave Resonance and Loss

As previously mentioned in Chapter 2.2, the current that flows at microwave fre-
quencies is predominantly along the surface of a good conductor, where the thickness
of this current-carrying region is called skin depth ¢ . Skin depth can be analytically

derived for a good conductor via the EM wave equation; this derivation can be found
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in[114]. A overview of this starts with Maxwell’s curl expressions for a medium with

conductivity o.

V x E = jupH (3.1)

V x H = jweE + oE (3.2)

where H and E are the magnetic and electric fields respectively and oF rep-
resents the conductor current density, w is the angular frequency (27 f), p is the
magnetic permeability, € is the electric permittivity. Equations [3.1] and [3.2) result in

a wave equation for F

V2E + wije (1 _ ji) E=0 (3.3)
WEe

The propagation vy constant can then be defined as

. . e
v=a+ih=jwyne - j— (3.4)

where « is the attenuation constant and £ is the phase constant (sometimes called
the wave number). If the assumption is made that E only has an 2 component which

is perpendicular to the direction of propagation (z) (ie. TE) the solution becomes

E(z) = EYe?) 4 E=e (3.5)
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The H,(z) field can be derived in the same way. When o > we’ as there is an
exponential decay of amplitude with distance and Re(y) = \/m =1/6 = a.
The wave impedance (n) for plane wave propagation of a good conductor can be
expressed as 1) = (145)y/wi/20. R is the real part and quantifies the microwave
losses that determine performance of the devices, In this context losses are the power
dissipation at the surface of the conductor when in the presence of a EM field, which

can be expressed as

P' = %//|HS|2dS (3.6)

where S is the surface on which the current flows and Hg is the tangential mag-
netic field. It is also important to note that R, has a dependence v/f on frequency
and so any change to frequency results in a change of R, and furthermore the power
dissipated is proportional to v/f . However there are also losses linked to surface
finish. As these are not material bound, we intrduce an effective Rg and hence an
effective value of conductivity o.ss. This then means that losses associated with the
conductor can be attributed proportionally to R,, with R, being the measurement
metric for losses at microwave frequencies, including additional surface roughness
effects. With this understanding, it is then important to look at not only mate-
rial choices for microwave applications, but also the processing and methods of the

materials as surface finish also plays an important role in the overall R;.

3.2.1 Microwave Resonance

Within this thesis, different types of microwave resonators are used to investigate the

losses of PBF parts. The use of a resonator can provide a sensitive instrument for
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measuring loss in particular, which can assess the effects of surface/material proper-
ties. Another benefit of this approach is the relative size of these structures, as the
more basic structures tend to be of around half the size of their operating frequency
wavelength. Due to their relative simplicity, most resonator based techniques are

easily scaleable and easy to fabricate.

For a resonant condition to occur within a microwave cavity the electric and
magnetic field stored energies need to be equal, so that the resultant impedance
is purely real, hence R, can be extracted with the use of certain techniques. The
unloaded Q factor of a resonator can be defined by the stored energy and the power

loss as shown in Equation [3.7] and this is the starting point to quantifying the loss.

Avrage stored energy (W)

= wo 7 (3.7)

Qo=w

Energy loss / Sec

If the assumption is made that any dielectric present within the resonator is
lossless, the energy loss can be given by Equation |3.6 as all losses are then from the
conductive cavity walls. The average energy stored within the cavity can be defined

as

where

(W) = %s / / By (3.10)
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where (W,,,) is the average magnetic field stored energy and (W) is the average
stored energy of the electric field. Both of these energies are stored within the
electromagnetic field in the form of a standing wave, which occupies the hollow space
within the cavity. Therefore, when the resonance condition is met (W,,) = (W,).
Hence when a large Q factor is present, it indicates that the relative loss is low
within the system, which would indicate a lower level of impedance and therefore a

lower value of Rg.

3.2.2 Rectangular Cavities

For a rectangular resonator it is convenient to view it as a waveguide with both ends
of the waveguide being shorted, thus forming an enclosed cavity. A standing wave
produced within a cavity is described as the sum of two waves moving in opposite
directions, but each having the same amplitude and frequency. The resonance fre-
quencies of modes ( f,n; ) for this resonator are simply determined by its physical
dimensions. As a rectangular cavity is essentially a rectangular waveguide section
with enclosed ends; it allows us to use the phase constant of a given mode(f,,,) to
designate an expression for f; when each boundary condition of the sidewalls of the

rectangular cavity is equal to those of a waveguide.

o =i () = () sy

where a and b are the geometric factors shown in Fig[3.1, & = w,/ué where 1 and
e are the permeability and permittivity of the material that fills the cavity, m and
n are the mode integers. If we apply the conditions of F;=0 at z = 0 which implies

that AT = -A~, where A" and A~ are the arbitrary amplitudes for the forward and
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Figure 3.1: geometric representation for a rectangular cavity resonator, with internal
dimensions a,b and d.

backward waves denoted by €(x,y), which is as expected from a perfect conductive

wall. This then means that the condition of E = 0 at z = d can be expressed as

E(z,y,d) = —2jA%e(z,y)sinfnnd = 0 (3.12)

The only non trivial (A* # 0) solution thus occurs for

Bnd =1m, 1=1,2,3,.., (3.13)

This implies that the cavity must be of an integer multiple of a half wavelength
long at the resonant frequency. For this no trivial solutions are feasible for other
lengths, or for frequencies other than the resonant frequencies. This then means that

a rectangular cavity is a waveguide version of a short-circuited A/2 transmission line.
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So the resonant wave number (knml) for a rectangular cavity can be defined as

b = ()4 (25 (5 a10

We can refer to the resonance modes of the cavity as TE,,,; or TM,,,; type
resonances, with the indices of the m, n, [, which refers to the number of have wave-
lengths which are standing waves in the x,y and z directions, respectively. The

resonant frequency can then be defined as

=g YY)

where c is the speed of light within a vacuum (approximately 3 x 10%m/s)

3.2.3 Surface Resistance and Dielectric Loss

Previously we have shown how loss is quantified by quality factor Q. A ideal air-

filled cavity has only conductive walls, so that

Qo = Qe (3.16)

where (). represent the losses associated with the conductive walls. However, we
can introduce dielectrics into the cavity which contribute to the losses, so the overall

losses can be summed as follows
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1 1 1

where 1/Qq is the overall loss contributions associated with the dielectrics. With

further analysis both (). and ()4 can be considered separately to give

1
— =GRs + Pytané (3.18)
Qo

where G is the geometric factor (27!) associated with the conductive losses and

P.4 is the dielectric filling factor [114], defined by

1 [[. H, Hids

G=_—
wfffv,uoH-H*dv

(3.19)
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where S represents the surface integral of each conductive surface, V' is for the
volume of the cavity space and Vj is the volume occupied by the dielectric, g is the
permeability of free space, €5 and ¢, are the permittivity of the materials within the

cavity.

To measure the values of Q factor, when using any structure within this thesis
scattering parameters (S-Parameters) where used, with either the Keysight N5232A
or E5071B. Which are transmission measurements or S,, as these are power mea-
surements over 2 ports they be expressed as |S,,|>. However as this is expressed as

insertion Loss, a span of frequency shown around the resonate frequency should be
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chosen so that -3dB of bandwidth can be seen as Q is expressed in Equation [3.2]]
due to this, the amounts of sample points of frequency required when measuring for

S-Parameters should be considered so that a -3dB bandwidth can be measured.

_ o
Qo= 5 (3.21)

Where @) is the Q factor at the resonate frequency, fj is the resonate frequency

and BW is the bandwidth

3.3 Fabry Perot Resonator: Overview

A FPOR is an open resonator, which is mostly used for dielectric characterisation[89,
115), 116l 117, 118]. The technique exploits the use of its Gaussian mode , with the
structure having a large bandwidth, typically upto 50GHz and beyond depending
on the plate separation. It is suitable for the purpose of measuring PBF samples
as it would enable the characterisation of samples over a wide range of frequencies
so that multiple bands can be characterised with a single measurement device and

requires just a flat sample.

Because open resonators have the intrinsic advantage of not having any sidewalls
within the resonant structure, the Q factor is very high, which is one of the reasons
why they are used for dielectric measurements. This also gives them the ability
to have higher accuracy for R; measurements of flat metal plates due to the high

fidelity.
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3.3.1 Measurement Theory

One of the most common configurations of a FPOR utilises two hemispherical dishes
(HSD) as metal reflectors, the free space between them containing a standing wave
which represents the resonance. If this were implemented, it would mean that one
of these dishes would have to be made using PBF, so that we could evaluate the
performance of the PBF manufacturing process. However, using an HSD manufac-
tured by PBF each time would be very costly and would make the repeatability of
the measurements very difficult to maintain, due to the complexity of the structure.
Instead of using a single hemispherical PBF reflector, a flat plate was chosen to act
as one HSD and also be the sample under test, which would increase the repeata-
bility of the measurement when many samples need to be characterised as making
a HSD would increase the complexity of manufacturing the samples which could

potentially lead to errors in these parts.

The FPOR resonant frequency is [119]

c 1 L
ﬁ(q +1+ ;cos‘l(l -3) (3.22)

FTOOq: R

where ¢ is the speed of light in a vacuum, ¢ is the mode number (an integer), L
is the distance from the centre of the HSD and the plate, and R is the radius of the

HSD; a depiction of these parameters are shown in Fig

To gain a better understanding of FPOR operation, the mode number was in-
creased to investigate whether there was a drop in Q factor, and so a COMSOL
simulation was performed. With the dish aperture being 148 degrees and a target

frequency of 15GHz (this frequency is within the K, band, which is what PBF
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sample plate
hemispherical dish

Figure 3.2: A simplified depiction of the FPOR showing the characteristic factors
affecting the resonant frequency.

devices aim to achieve as this band used in satellites for video distribution, broad-
band internet services, and corporate network communications), the results of this

simulation can be seen in Figure [3.3] below.
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Figure 3.3: Simulation of mode order separation at 15GHz.

Referring to Figure [3.3] it is clear that when the resonance mode number is

greater than 11 there is a severe drop in the Q factor. This observation is one of
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the typical downsides of an open resonator if not utilised properly. The sidewalls
present in enclosed cavities cause losses to occur on these surfaces; however, they
do ensure that the fields are contained within the structure. In an open resonator
case, if not designed properly, these fields radiate from the structure, and what we
are seeing is a prime example of this when changing the mode number to a higher
order, as fields are then radiating outward of the resonator causing the large drop
in Q factor. Note that radiation is just another loss mechanism that causes leakage

of the stored energy and thus reduces Q.

The consequence for measurement is that the plate separation needs to be closer
than the 11 half wavelengths to ensure that there is no loss of @ factor from the
radiating fields. Another outcome of these simulations was that COMSOL has lim-
itations when computing an open resonator. When trying to design the simulation
for FPOR it becomes apparent that the memory required was too much for a full
3D simulation, as systems with 64GB and 128GB of RAM with varying virtual
RAM sizes and mesh sizes would not compute. To overcome this limitation, 2D
simulations were used to gather results because the FPOR has rotational symmetry.
This enables a 2D cross section to be used to identify resonances and the Q factor

characteristics.

3.3.2 Dish Design

Other factors are not considered within the Equation3.22] such as the angle chosen
for the dishes segment, which effectively changes the arc length of the dish if observ-
ing the dish on a 2D plane. So a COMSOL 2D simulation was performed with a
sweeping angular aperture of the dish to observe its effects on Q factor, as this will
show a suitable angular aperture that can be used in practice. The results of this

simulation can be seen in Fig[3.4]
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Before simulation a model had to be made. However, since there was still a need
for a 3D simulation of a FPOR the decision was taken to make a CAD model that
could be imported into different simulation packages such as HFFS and CST along-
side COMSOL. The software used was SolidWorks, as this is one of the most popular
CAD software used in industry, with features that allow integration with other soft-
ware. Simulation packages like COMSOL have a package similar to SolidWorks Live
Link which allows parameterisation of features within the SolidWorks model to be
controlled by COMSOL when doing a parameter sweep study. Although simulations
using HFFS and CST were unsuccessful in achieving a 3D simulation, slicing the

model and using COMSOL again to create a 2D simulation worked successfully.
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Figure 3.4: Simulated graph of Q factor when the aperture of the HSD is changed
using SolidWorks Live Link.

As shown in Fig [3.4] the aperture of the dish is found to have an impact on
the Q factor, as was expected due to the fact that when having a small aperture
the reflection from the plate doesn’t have have enough area coverage to support a
standing wave. A reason for this (and why there is a sudden increase in @ factor)
is that the standing wave is in fact the shape of a Gaussian beam which starts wide

at the dish then narrows towards the plate; an example of this is shown in Fig [3.5]
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which depicts the evolution of a Gaussian beam as it expands away from the focal
point at position 0mm; with this understanding any dish angle above 140 degrees is
suitable for use when using a FPOR as it can support the curvature of the Gaussian

beam being produced within the structure.
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Figure 3.5: An example of the evolution of a Gaussian beam around a focal point

and the curvature of the wave propagation|[120].
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3.3.3 Sample Design

Now that it is understood how the characteristics of the aperture of the dish and
the mode selection affects the Q factor, we next consider the design for the sample
plate which is suitable for FPOR. When producing a sample with PBF, the size of
the part has a large impact on how many samples can be built on a single build
plate and so to produce a sample set many prints have to be run, which is both
time consuming and costly. An understanding regarding sample size is important to
gauge the appropriate size needed for the characterisation using FPOR. This study
was achieved by increasing the sample size in increments of 20mm, done as a 2D
simulation, resulting in a circular part when extrapolated to a 3D simulation using

the revolve tool in COMSOL.

One important characteristic of the FPOR is that the magnetic field applied to
the sample is circular, as shown in Fig[3.6] This is important as it limits the type of
measurement that can be done on PBF samples. The field applied in this way results
in a measurement of average surface resistance. When using a FPOR to extract the
surface resistance of a sample, all high-frequency losses must be accounted for, since
each loss contributes to the measured (loaded) Q factor. As shown below, if the mode
selection and dish angle are suitable for resonance, there is only small radiational
loss, which was also found by B. B. Yang [121]. With this in mind, we can attribute

these losses to the total unloaded )y and express as

1
— = G,Rs, + GpRs, (3.23)
Qo
where ()p is the total unloaded @ factor of the system and G, Rg,, Gp and

Rsp are the geometry factors (G) and surface resistance (R;) values associated with
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Figure 3.6: Simulation of applied magnetic field direction for the FPOR sample.

the losses of the sample plate and HSD, respectively. This equation can be used
in conjunction with COMSOL to attribute these geometric losses and apply known
material losses to each loss contribution so that a solution for Rg, can be calculated,

as seen in Equation [3.24]

1
-~ GDRSD

R — 0
Sp Gp

(3.24)

This shows how the FPOR can be calibrated for measurement of R, on unknown
samples. As the FPOR can resonate at different frequencies on changing L, multiple
calibration steps need to be considered, as there may be a change in contributional

losses associated with different operating frequencies.
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3.3.4 Mechanical Design

Since plate separation is critical, a micrometer adjustment was implemented into
the FPOR, which was achieved by boring a hole into the shaft of a micrometer and
attaching it with a bolt which acted as a pin to secure the plate onto the micrometer.
A nut was also used to ensure that the bolt did not fall out. As a micrometer has
only a small range of movement, another coarse method was used to allow a much
larger range of movement, using the extruded aluminium as the frame to slide a
bracket up and down to adjust the distance of separation by a larger amount. These

two adjustments allows the selection of a wide range of resonant modes.

It’s important to ensure repeatability when using the FPOR and add function-
ality to the design that allows the changing of components such as the HSD. Having
keyed slots on the HSD and each support bracket ensures that if any component
changes due to replacing the HSD (to target another resonant frequency), they can

be located back to the same position.

As mentioned previously a simulation package called SolidWorks Live Link within
COMSOL was used for parameter sweeps of the FPOR, which utilises both a CAD
model and simulation file to share the same model, which helped fine-tune and
validate the functionality of the resonator. In this case, it can be used to locate
the top support bracket to locate the desired frequency and use the micrometer to
sweep with fine movement control allowing a much finer control over the resonant

frequency.
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Figure 3.7: Sliced CAD view of the FPOR showing key features, where R is the
radial aperture, S is the sample width and L is the separation distance.
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3.3.5 Measurement

Initial testing of the FPOR resonator showed issues with the coupling locations
which were within the HSD, This resulted in having a raised backwards power shown
in S9; plot Fig[3.8], which made tracking the resonance peak of the Ss; response
difficult as the resonator tracker program used (which tracks the shift in the resonant
response with the use of Lorentzian curve fitting to find the peak of the Sy; response)
would jump towards peaks located nearby due to the high baseline caused by direct
coupling of the 2 ports. To relocate this port, a sacrifice had to be made as a port
was relocated within the sample plate, which reduced the range of movement as
only one half rotation could be done before the relocated port hit the top support

bracket, thus stopping the full rotation of the micrometer.

Surface Resistance (2)

-60 | I | I
11.95 11.952 11.954 11.956 11.958 11.96 11.962 11.964 11.966 11.968 11.97
Frequency (GHz)

Figure 3.8: Sy; response of FPORs high baseline when ports are located within the
HSD.

This measurement was taken with the use of a Keysight N5232A network anal-
yser. The coupling structure used 2 inductive coupling loops located in both the

sample plate and HSD which can be seen in [3.9] Thus coupling into the magnetic



3.3. Fabry Perot Resonator: QOuerview 46

field present within FPOR.

micrometer

coaxial cables
sample

Plate

hemispherical dish

inductive coupling loops

Figure 3.9: location of new coupling locations of the FPOR, one in the HSD and
one in the sample plate.
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Even with this change in port location, due the direct coupling of the ports,
the resonance could not be tracked when using the Keysight N5232A PNA as the
tracking software implemented for the PNA would jump to other Sy, peaks caused

by the [presence| of this high baseline response.

3.3.6 Future Work

For the FPOR there are many problems that need to be resolved, but automating the
separation between the sample and the HSD should be one of the first things done, as
it would alleviate problems that may be due to the use of a micrometer; automating
this with a linear stage would mean that it is then more controlled and can be used
to target frequencies more accuracy and also more repeatably. With automation
of setting the resonant frequency, more attention can be paid to investigating the
coupling port locations/structures used when coupling. The reason for investigating
a different solution to measure PBF samples was due to the issue of coupling in this
structure; It was difficult to do any measurements of Ry due to the nature of the

strong coupling of the FPOR and the inconsistent measurement of Q).

3.4 Coaxial Resonator: Overview

With a coaxial resonator (CR) the objective is to make measurement via replacement
of the centre conductor, as with a coaxial structure the magnetic field is concentrated
around this part; hence replacing this with a PBF part would enable measurements
of the performance of the inner conductor’s surface. As coaxial cables have their
currents confined to the outermost region of the conductors as a result of the skin

effect, this would also mean that the outermost layers would be under test, resulting
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linear stage

hemispherical dish

breadboard table sample

Figure 3.10: Conceptualised designs for an FPOR with an incorporated automated
linear stage.

in analysis which could evaluate if post-processing reduces the surface resistance of

PBF part.

3.4.1 Measurement Theory

Like all the resonant structures within this thesis, the CR is capable of having
multiple resonances allowing for measurements of PBF parts to be measured across
a wide range of frequencies. Where the CR has an open circuit at each end, giving
rise to a half-wavelength TEM resonances, the resonant frequency as defined in

Equation is determined by the length of the centre conductor,

nc

I (3.25)

where n is is the integer number of the half wavelengths on the length, c is the

speed of light, and L is the length of inner conductor. Due to this, the resonant
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frequencies are integers of the fundamental, so in this case a length of 53.5mm was
chosen, which resulted in a resonant mode of 2.8GHz and subsequent harmonic
modes would be at 5.6GHz and 8.4GHz. One advantage of the CR over the FPOR
is that there are no moving mechanical parts to achieve a different frequency and
so this could overcome some of the problems associated with the FPOR. Equation

[3.25] was verified with a COMSOL simulation, as shown in Fig -

Centre conductor

Coupling

Coupling l
port

port
N\

Enclosure (Outer conductor)

Figure 3.11: Cross section of a basic air spaced CR
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Figure 3.12: Cross section of a CR magnetic field (A/m), COMSOL Simulation
resonating at 2.8GHz.
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Figure 3.13: Magnetic field (A/m) COMSOL Simulation of CR at 2.8GHz.
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Figure 3.14: Magnetic field (A/m) COMSOL Simulation of CR at 5.6GHz.
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Figure 3.15: Magnetic field (A/m) COMSOL Simulation of CR at 8.5GHz.
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3.4.2 Resonator Design

As can be seen in the figures above, the inner conductor of the CR has a higher
current density in contrast to the outer conductor, which was one of the reasons
for the choice to replace the centre conductor. An air-spaced CR was proposed, as
replacing the centre conductor would be impossible if it was enclosed in a dielectric
material. However, considering the nature of an air-spaced coax, supports are still
needed to support the centre conductor in the centre of the line. Therefore, when

calculating losses of this structure, each loss can be attributed for a CR shown in

Equation [3.26]

1 %
o= GuRs, + GoRs, + Y Peq,tand(3.26)

p=1

Where G, and Rg,, G, and Rg_ are the geometric losses and surface resistance
associated with the enclosure walls, which are considered the outer conductor for
CR and the inner conductor, respectively, while pgp is the dielectric filling fraction
for the dielectric volumes present within the structure, which are the PTFE spacers.
These geometric factors and dielectric filling fractions are defined in Equations [3.19
and [3.20L As the CR is to be used over multiple resonances, each resonance will need
to be recalculated with COMSOL for both their new geometric losses and geometric
filling fractions, as these will alter with the resonant frequency due to the presence

of the dielectric spacers and the change of electric field along the central conductor.
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3.4.3 Spacer Design

With an air-spaced CR, spacers are needed to ensure the location of the centre
conductor is along the axis, other wise if the centre conductor wasn’t centred would
result in a bunching of magnetic field to accumulate on the inner conductor and not
be distributed evenly. To reduce the losses associated with these spacers, a practical
test was done to compare the effects of spacers of two designs, where one is a solid
spacer and the other in a half spacer with voids to further reduce the amount of
dielectric present with the structure. These designs can be seen in Fig and the

results of simulations with these parts included can be seen in Fig

(@) (b)

Figure 3.16: PTFE spacer design a) is a solid design, and b) is a half spacer with
voids in the structure, reducing dielectric loss.

As can be seen in Figure [3.17] there are large reductions in the Q factor in 2
regions (6.5GHz and 17GHz), which is due to the full spacer being located within
the propagating electric field at certain resonant modes. However, when using the
half spacer, it can be observed that there is no large reduction in the Q factor, which
indicates that lower volume of dielectric material present near the centre conductor

reduces the dielectric losses associated with the dielectric filling effect. The larger
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Figure 3.17: Q factor measurements of full spacer and half spacer from 1GHz to
19.8 GHz.

reduction of the Q factor at 19.8GHz is due to a combination of the connector savers
used on Keysight Technologies Vector Network Analyser (VNA) (PNA-L N5232A)
as they are only rated to go up to 18GHz, so the coaxial cable used and connectors

both need to be operating within their limits.

3.4.4 Sample Design

There are issues with PBF for manufacturing samples with a diameter down to 2mm
since such a part would have a flat spot where it has adhered to the build plate if
built horizontally, meaning that the centre conductor would have a modified field
distribution when compared to a cylindrical part; which would result in some of the
parts potentially having more loss than others due to the bunching of currents along
the length of the conductor. Also, this would mean that the spacers designed would
need to be changed to accommodate a variation of flat spots which may be present

on some samples, as these may come in different widths if they were built vertically.
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Also, warping of the part would cause a major issue and as such small diameter

parts would be more prone to warping during the PBF process.

Another issue associated with the fabrication of small cylindrical parts is the re-
peatability of post-processing, with processes such as machining and media tumbling,
being be difficult. For this reason a rectangular part was proposed, as machining a
flat surface is easier and more repeatable as samples can be made horizontally, as
it already has flat surfaces which can be used for adhesion to the build plate. To
analyse the effect of replacing a cylindrical conductor with a rectangular structure,
a COMSOL simulation was again used. In this simulation, the dimensions of the
rectangular central conductor were 3.5mm by 2mm by 57.6mm as it has the same
surface area as the cylindrical conductor which gives a fundamental resonance of
2.6GHz, which can be seen in figure [3.1§ below. The cylindrical centre conductor
(as a comparison) had a diameter of 2mm and a length of 57.6 to ensure that both

sets of resonant frequencies were the same.

0 ‘
—cylindrical center conductor
—rectangular center conductor
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Figure 3.18: COMSOL simulation of S;; comparing a rectangular and cylindrical
centre conductor.

The Sy; response when using the rectangular centre conductor shows the same
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computational response as the cylindrical centre conductor, making it a suitable
replacement. However, when studying the currents along the surface of the rectan-
gular part, there is a large bunching of currents around the corners of the rectangular
part, shown in Figure [3.19. This is because the edges have the highest electric field.
Due to the increased bunching of currents along edges and with an increased current
density, a study to look at the width of the part was performed to investigate the

magnetic field applied to the surface of the rectangular central conductor.

(WfA) wiou pay 2139313

Figure 3.19: Simulated electric field at 8.5GHz of rectangular center conductor.
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Figure 3.20: Magnetic field (A/m) across the surface width of the center conductor
sample.
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Although the R, values extracted from the rectangular samples will be weighted
by the edges, it would still represent a meaningful average across the full length of

the sample owing to the current density present across the centre of the sample.

3.4.5 Measurements

The a practical measurement was performed on a Keysight Technologies Vector Net-
work Analyser (PNA-L N5232A) to determine the differences between rectangular
and cylindrical centre conductors, shown as in Fig [3.21] there was a large disparity
between the measured Q factors using the PNA after taking out losses associated
with the cables used to connect the CR to the PNA. As these are both fabricated
out of the same copper, the material should have the same fundamental R, values,
so these differences are due to shape of the central conductor and thus show the
effects of the bunching of currents along the rectangular centre conductor. So the
original concern about the bunching of current was valid and so a new method which
uses the principles of a CR but overcomes these issues was proposed which is the

broadband parallel plate resonator BBPPR

3.5 BroadBand Parallel Plate Resonator: Overview

For both resonant structures shown earlier in Sections 3.3 and 3.4, the goal of mea-
suring PBF samples over a broad range of frequencies has been at the forefront;
however, many issues with these techniques made it difficult to gather results. e.g.
issues with the coupling and the frequency span of a single measurement with the
FPOR resulted in measurements to be non-optimal. This was also the case with

the CR, as due to having the centre conductor as the material under test, repeata-
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Figure 3.21: Measured Q factor response of a rectangular and cylindrical coaxial
resonator.

bility was a major issue, as replacing the inner conductor not only changed the
coupling but also damaged the spacer over many uses due to being friction fitted
and would cause the spacer to be fatigued and then break. This meant that new
spacers needed to be used each time, which again affected the repeatability of the
test. So, the broadband parallel plate resonator (BBPPR), was developed to over-
come the issues with previously used techniques. One of these advantages is that the
induced currents along the surface are unidirectional; this means that measurements
can be made to also see the effects of build orientation, by rotating the samples by

up to 90° in the test fixture.



3.5. BroadBand Parallel Plate Resonator: Overview 60

14

10

play Iaubejy

(wiiy) wiaou

Figure 3.22: Magnetic field applied to sample surface (view from above), showing
the directionality of the current measuring the anisotropy of R, based on build
orientation.
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3.5.1 Measurement Theory

The BBPPR is an evolution of a CR where the resonant frequency is defined by the
length of the centre conductor. This role is also shared with the reference plate but
is offset toward the lower section, which will be replaced to interchange the sample
under test. This resolves the issues previously met with the CR, as the samples to
be tested are large enough so that they can be used to enclose the end plate and that
they are flat. Furthermore, as long as these conditions are met, the sample could be
fixed without fixture holes, though a small amount of clamping force is required to

ensure the required electrical contact is made.

3.5.2 Resonator Design

To suspend the reference plate, two PTFE spacers are used to ensure that the
reference plate is secured in a fixed location, as unlike the CR it doesn’t need to be
removed. These spacers were keyed so that they would also be fixed in a position to
avoid any issues of alignment that would result in twisting on the reference plate,
which may have affected the applied magnetic field to the material under test. These
are secured with nylon screws so that if the fixture was moved they would still be
in position, unlike the CR which had the spacers friction-fitted. With the reference
plate in a fixed position, coupling to the structure was simplified as there is no
effective change to the structure when measuring from sample to sample, as we

couple to the reference plate. These features can be seen in Fig
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Figure 3.23: Cross-section of BBPP showing the construction of the resonator .

3.5.2.1 Enclosure Design

After manufacturing the BBPPR and performing initial testing there were more
resonances than anticipated, in the range of up to 20GHz. After some investigation
into the dimensional properties of the BBPPR it was found that the enclosure itself
became a waveguide, resulting in the higher frequency modes. These modes can be
seen from 6-8 GHz and 12-14 GHz in Fig However, at approximately 10 GHz
there is another mode which is outside that of the the expected resonant modes and
waveguide frequencies. This is a mode across the width of the reference plate, but
unfortunately its Q factor was too low to be used as a means of using the surface
currents which are perpendicular to the intended ones to measure anisotropy in the

sample.

To resolve this issue, a redesign for the enclosure and the reference plate was done
to make these other modes less dominant and remove them completely; this was done
by making the enclosure to have a semi cylindrical open cross section, increasing
the cut-off frequency of undesirable modes as it wouldn’t allow a standing wave to
be supported. Other modifications were needed, as changing the enclosure meant

changing the reference plate. Making the width 15mm meant that the resonant
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Figure 3.24: Measurement of S5, for the first BBPP over 0-20GHz.

modes would be at least 20 GHz as 15mm is the wavelength of 20GHz, which is
outside of the measurement range when using the Keysight Technologies VNA (PNA-

L N5232A); this can be seen in the simulated Sy; response of the new design in Fig
3.29
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Figure 3.25: Simulated S5; response of new BBPPR enclosure over 0-25GHz.
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3.5.2.2 Reference Plate Design

One other design change to the reference plate was that the top side of the plate
had beveled corners. this was to distribute the current across these corners, since
coupling to this structure had to be done at an angle in relation to the reference plate,
as the height of the reference plate from the sample made it difficult to get a coax
panel connector in place for the coupling structure. The bunching of currents when
using a rectangular reference plate causes too strong a coupling to the structure, so
to distribute the current better at these corners and to lessen the coupling strength,
beveled corners were used. This meant that a straight coupling capacitive feed could

be used, which also made it easier to couple to. These changes can be seen in Fig

Coupling ports

Redesigned
Enclosure
Sample
Redesigned
Centre
Conductor
Spacer
(PTFE)

Figure 3.26: CAD cross section of version 2 of BBPPR .
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Spacers
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Figure 3.27: Photograph of the underside of BBPPR showing capacitive coupling
feed to the reference plate.

3.5.3 Calibration

For calibration of the BBPPR it was necessary to attribute all the losses associated
with the structure so that an accurate measurement of ¢)y (and hence Ry) could be
taken. To achieve this, characterisation measurements were also done of the cables
used for the experiment to ensure that cable losses can be accounted for. These
measurements were taken over a range of 2.6-8.6 GHz as the BBPPR is intended to
be used over this range of frequencies. The losses attributed to the structure can
also be calculated via simulation, which is accomplished with the use of COMSOL
by singling out each lossy components by attributing them to their associated lossy
material and making all the other components lossless, so that we can calculate each
loss associated with each component. Similarly to the CR, the loss contribution can

be summed to find an overall Qq as in Equation [3.27]
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1 J i
N G.Ri,+ Y Gw, R, + Y Peqptand(3.27)

m=1 p=1

where () is the total unloaded Q factor of the resonant structure, G, and R,
Gw and R,,, are the geometric factors and surface resistance values associated with
the sample; the summation of j is the summation of the losses associated with the
walls of the resonator and i is the dielectric volume filled within the fixture (in this
case being PTFE for the spacers and Nylongg for the screws). These geometric and
dielectric filling factors are defined in Equations and Loss tangent tan 0 is
found through cavity perturbation, so the only loss not known is R, from equation
[3.27) which is what we need for the sample. Correcting for small changes to the
frequency between the measurements of samples is done by assuming R, o< v/f and
tand o< f, the later being consistent with the assumption that QQ,f is constant, as

is usually assumed.

A reference sample is used here with a known value of R,. We use the copper of
a Rogers Corp. RT/duriod 6002 sample PCB of a known R, value measured with a
dielectric resonator fixture that was discussed is Section 2 and published in [53],[55].
With this measurement of R, being provided for the sample of PCB being used, we

can use this as a "golden standard” measurement value.

To first understand the accuracy of the BBPPR, measurements of the PCB
sample were made with the structure being dissembled and reassembled to ensure
that any variation in measurements between each measurement can be analysed.
For the disassembly procedure, a total dismantling of the sample from the BBPPR
was done to ensure that any variation in mounting can be assessed. For reassembly,
it was ensured that the screws were tightened up to a torque of 2Nm so that no

over tightening occurred, which could warp either the PCB and other samples when
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testing, so minimising any changes to the samples.

As shown in Fig[3.28| over the range of frequencies measured, the standard error
from each measurement is at approximately 0.06%, 0.12% and 0.13% for each mode
respectively, which was obtained by repeating the reassembly process 10 times. This
signifies that for subsequent tests the error bars show the variance between samples
produced by PBF rather than the error between each measurement that occurred
due to inaccuracies in the measurement technique. We could also establish a stan-
dard error with are sample of measurements of samples N=10. From the standard

deviation o, the standard error becomes o /+/10.
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Figure 3.28: Q factor measurements taken of Copper PCB sample .

3.5.4 Correction Factor for R,

As stated in [122], sharp corners of rectangular conductors need a correction factor
to account for the current crowding. This correction factor can be obtained with

the aid of COMSOL, since the simulated solution can be used in conjunction with
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known samples of known R, to calculate a correction factor. The contribution to
the total loss of the cavity wall is low (around 4%) and it can be combined with
the reference plate to produce an average value of Rgycq; for the reference copper

plate. This value is not changed when replacement of samples is performed and can

be defined as

1
—— — GepRsyy, — Z;V:l P.q,tand,

Q —
GSw

Rsweal = (3.28)

where Rg,., and Geop, and Rgweq and Gg, are the surface resistance and geo-
metrical factors for the known Rogers Corp copper PCB sample and the remaining
conductive surfaces within the resonator, respectively. Using the Q factor mea-
surements shown in Fig and measuring the PCB sample with the known ‘gold
standard’ we can produce a correction factor. However, due to the nature of BBPPR
we measure over a wide range of frequencies and so having an absolute value would
not work; hence we need to scale the ‘golden standard’ measurement with frequency
to effectively scale the found measured R, value for each resonance, as shown in

Equation [3.29

Rsfs _ Trf?"HO (329)

Os

where R,ys is the surface resistance of the sample plate at a given frequency, o
is the conductivity of the measured sample and f, is the resonance frequency. So
as the measurement was taken at 7.5 GHz and had a measured surface resistance
of 33.4mf2, by using equation the new resistances are 20.5m{2 for 2.84 GHz,
29.6mS2 for 5.92GHz and 36.3mQfor 8.92GHz; by using these values we can calculate

the effective correction factor for each value using Equation [3.30



69 3.6. Further Work

o Rchal

k
Rsfs

(3.30)

Hence, we have correction factors of 1.18, 1.08 and 0.82 of frequencies for 2.84 GHz,
5.92GHz, and 8.92GHz, respectively. We can then rearrange equation [3.27] and sub-

stitute to calculate the surface resistance of the sample.

1 , .
P

s GS

(3.31)

3.6 Further Work

For the BBPPR there are some areas of interest which could be pursued to improve
the performance and versatility of the BBPPR so that it can investigate higher
bands within the frequency spectrum. One key element which would need to be
addressed would be the resonances caused by the enclosure of the BBPPR. As this
is the apparent limiting factor so far which could hinder the measurement of higher
frequencies, a solution to this could be to design the enclosure to be a filter which
would stop the rise to any unwanted resonances, leaving the spectrum of choice to

be measured.



Chapter 4

Build Orientation and Measurement

Orientation

4.1 Introduction

In this chapter, an investigation is made into how the effect of build orientation
affects the surface resistance as the PBF components are built by using multiple
layers of melted metal powder. Also due to the characteristic of the measurement
technique, the magnetic field is applied in a single direction, allowing us to evaluate
the Rg of the surface at different orientations. All of this data could then be used
to aid in improving the performance of PBF components by simply changing the

orientation of PBF components when being manufactured.

70
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4.2 Sample Preparation

To evaluate Rg of PBF components, consideration has to be made as to what would
typically be printed and how it would be used. As in most instances, AM builds
for mass production are done so that the yields per print is highest and so little
consideration is given to the build orientation. So, as the BBPPR uses an end plate
replacement method for the material under test, having a sample of N=3 allows a
standard deviation of o to be estimated, and hence a standard error of o/v/3 when
quoting the averages values of results. These three different samples are made with
varying degrees of angular elevation with respect to the build plate, these angles

being 0 degrees, 45 degrees and 90 degrees, as shown in Fig[4.1]

(a)

Figure 4.1: Build orientation of samples with reference to build plate where (a) is
at 90 degrees (b) is at 45 degrees and (c) is at 0 degrees.

These angles were chosen as they represent all potential outcomes of the build
orientation. An important note is that the 45 degree sample actually has two surfaces
to measure as we have the topside (which would be facing towards the laser), and

the underside facing towards the build plate; all of the surfaces are measured. The
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sample material chosen for the PBF parts was AlSil0Mg, as AlSil0Mg is one of the
most widely used alloy powders for microwave components as it is lightweight, has

good mechanical properties and a high electrical conductivity (so resulting in a low

R, and high Q).

4.3 Sample Surface Measurements Technique

We can apply a magnetic field in different directions to investigate the inherent

surface geometry of the PBF process that affects the Rg, shown in Fig

(a) (b) (c)

Figure 4.2: Directions of applied magnetic field to the samples where (a) is vertical
(b) is at 45 degrees and (c) is horizontal. Sample hole positions for the BBPPR text
fixture are also shown

4.4 Build Orientation and Surface Orientation Measure-

ments

By applying a magnetic field to induce a current on the surface of the PBF parts,
the influence of the R, can be investigated. For every sample type, there were
12 individually made samples, to produce a comprehensive data set for each build

orientation, where each measurement consisted of using all three resonant modes
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and three orientations of the applied magnetic field; these results are shown in Fig

4.3 and 2.4
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Figure 4.3: R, measurements of AISil0Mg as built with a build orientation of Hori-
zontal, Vertical samples.Standard errors are shown by the error bars.
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Figure 4.4: R, measurements of AlSi10Mg with as Build surface for topside(Ts) and
downside(Ds). Standard errors are shown by the error bars.
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Table 4.1: Measurement Sample Description Modifiers for as-built PBF samples

Sample ID Measurement Modifier

V_ Vertically built sample
H_ Horizontally built sample

45Ts_ 45 degree built sample and topside surface

45Ds_ 45 degree built and sample downside surface
vert magnetic field applied vertically on the sample
hor magnetic field applied horizontally on the sample
45 magnetic field applied 45 degrees on the sample




75 4.4. Build Orientation and Surface Orientation Measurements

Table 4.2: R, measurements for As-built PBF samples at 2.8GHz

Build Orientation | Ry Measurement Error (%)
V_Vert 0.0437 | 1.3
V_Hor 0.0445 | 1.5
V_45 0.0428 | 1.34
H_Vert 0.042 | 0.91
H_Hor 0.0411 | 0.89
H_45 0.0421 | 1.3
45Ts_Vert 0.0438 | 1.4
45Ts_Hor 0.0404 | 1.4
45T's_45 0.0396 | 1.5
45Ds_Vert 0.0398 | 1.5
45Ds_Hor 0.0411 | 1.4
45Ds_45 0.0377 | 1.5

Table 4.3: R, measurements for As-built PBF samples at 5.8GHz

Build Orientation | R Measurement Error (%)
V_Vert 0.0605 | 0.99
V_Hor 0.058 | 0.95
V_45 0.0578 | 0.93
H_Vert 0.0632 | 1.3
H_Hor 0.065 | 1.1
H_45 0.0621 | 1.5
45Ts_Vert 0.0523 | 1.1
45Ts_Hor 0.0519 | 1.1
45Ts_45 0.0552 | 1
45Ds_Vert 0.0614 | 1.7
45Ds_Hor 0.0568 | 1.8
45Ds_45 0.0627 | 1.9

The method is so reproducible (N = 3) that the errors are very small, so difficult
to see. Hence this emphasis for the high statistical significance of the difference

measured.
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Table 4.4: R, measurements for As-built PBF samples at 8.9GHz

Build Orientation | Ry Measurement Error (%)
V_Vert 0.071 | 0.95
V_Hor 0.069 | 0.94
V_45 0.0687 | 0.97
H_Vert 0.0781 | 0.96
H_Hor 0.0772 | 1
H_45 0.0821 | 1.3
45'T's_Vert 0.0802 | 1.8
45Ts_Hor 0.0746 | 1.1
45T's_45 0.731 | 1.5
45Ds_Vert 0.74 1.1
45Ds_Hor 0.748 | 1.1
45Ds_45 0.692 | 1.1
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Figure 4.5: Surface Resistance measurements of machined CNC aluminum over 2.8,

5.8 and 8.9GHz

Table 4.5: R, measurements of bulk aluminium measured at 2.8GHz, 5.8GHz and
8.9 GHz (standard error estimated from N=3 sample)

Frequency (GHz) | Rq Measurement Error (%)
2.8 0.0335 | 0.92

5.8 0.0511 | 1.2

8.9 0.0364 | 1.3
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As can be seen in Figures and [£.4] vertically built PBF parts have a lower Ry
values when operating at a higher frequency when compared to all other samples.
This would be due to the reduced surface roughness. Since skin depth is reduced
due to increased frequency, the effect on surface roughness has more of an impact on
R as the effective cross sectional area of where current can flow reduces, meaning
that surface roughness has a larger contribution to the area over which current can
flow. Interestingly, at low frequency (2.8GHz), the 45 degree built downside facing
surface performed the best overall, having a Ry of 33.7m2 to 41.1m (2, where the
worst performance surface at 2.8GHz is the vertically built samples, with a R, of
42.8mf) to 44.5mS) across all measurement orientations. This is a prime example
as to why measuring these surfaces over a range of frequencies is important, as we

have shown that the surface roughness characteristics have an impact on the R,

Another interesting discovery is that applying a magnetic field across 45 degrees
at 8.9GHz produced a lower R, value in all cases except the horizontally built part.
The reason for this may be due to the surface having large surface features from the
beam line and melt pools, due to the surface under test being the last layer made.
However, when compared to its bulk aluminium counterpart, it cannot compete in
terms of R, performance at 8.9GHz, with a value of 63.5m¢2, when compared to
the lowest value of the AlSi10Mg part being 68.7mf) which is for a vertically built
sample with the magnetic field applied at 45 degrees, although it is important to
consider that inside of the waveguide all other surfaces contribute to R, resulting

in effective surface resistance R So if we were to assume that each sidewall had

Seff”

the same contribution to losses we can average out our values of R, to make R;, Y
so at 8.9 GHz values would be; for a vertically applied magnetic field 75.8m?2, for
a field applied horizontally 73.9m{2 and for a field applied at 45 degrees 73.2mf).

When compared to its bulk counterpart, there is then a significant difference.
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4.5 Conclusions and Further Work

This chapter has investigated the effect of build orientation in tandem with the effect
of applying a magnetic field in a different orientation across a range of frequencies.
This has given insight into how each surface performs as a result of the skin depth
changing. This insight has shown that for high frequency applications, using verti-
cally built parts would reduce losses when compared to all other surfaces tested. It
was also found that vertically built parts have the worst performance of all surfaces
tested at low frequencies, where at 2.8GHz the 45 degree downside facing surface has
the best performance in terms of low Ry. These results provide a better understand-
ing of how the orientation of a PBF build can affect the microwave performance and
can be used with tools such as COMSOL to incorporate these findings into design

protocols.

There are many aspects that are still unknown that contribute to understanding
how Rg changes over a range of frequencies for a PBF sample. If further work were
to continue, one of the most important steps is understanding the physical geometry
by using a drag profile, as this would quantify surface roughness and if there are
any correlated characteristics which perform better at different frequencies when
applying a magnetic field in different directions. Another aspect which would serve
of great importance to understand and optimise for PBF would be build parameters,
ranging from laser power to beam diameter. With this new broadband technique,
we expect all these parameters to be optimised effectively for low R, and recommend

this for future study.



Chapter 5

Effect of Post Processing on Surface

Resistance

5.1 Introduction

For PBF the surface finish is important at higher frequency, as the current occupies
the outermost region due to the skin depth. One of the ways to improve this is by
post-processing of PBF parts. There are a variety of treatment methods available
for metal parts that enhance the mechanical properties of PBF parts, such as hot
isostatic pressing, which increases the density of a part[123],[124] at the cost of some
changes to geometric factors due to shrinkage [125] [126]. Another type of treatment
is tempering, which improves the structural composition of the PBF parts[127, [12§],
while annealing provides an improved electrical conductivity [129, [130]; the last
method being bead blasting, which fires small beads to disrupt the surface and
removes a small amount of loose material that improves the surface finish[131], [132]

133]. This chapter describes an investigation on how Rg can be imporved with
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the use of post-processing techniques, which alter either the micro geometry of the

surface or the micro-structure of the materials surface for the PBF samples.

The post processing techniques chosen keep in mind application for real-world
uses for PBF parts, as the majority of these techniques being investigated can be
used on complicated and single builds as they do no require any need for direct access
to the surface to apply the post process. The post-processes treatments chosen will
produce three different outcomes so that an effective understanding can be gained,
These outcomes are; to remove loose powder on the surface, to replace the surface
with a highly conductive surface and to remove the inherent surface and replace it
with a CNC machined surface, making it comparable to its bulk counterpart. The
samples used in this investigation are all made of AlSi10Mg (since our focus is one
microwave device applications) and are produced using the Renishaw RenAM500
additive manufacturing system using their definition parameters for every compo-

nent.

5.2 Sample Preparation

Surface resistance measurements for a variety of different types of post-processing
techniques have been applied to PBF samples. The chosen techniques are silver plat-
ing, media tumbling and CNC machining. All of these samples have been measured
with the BBPPR so that an overview of their performance can be gathered over a
frequency range from C band to X band. The samples are built in the orientations
as described in Chapter 4 and, furthermore, the angle at which the magnetic field
is applied to the sample is changed to see if any interesting characteristics can be
identified. All samples are in the ’as built’ state before any surface treatment is

applied.



81 5.2. Sample Preparation

5.2.1 Silver Plating

Silver plating simply applies a layer of silver to the surface, which is an important
factor as we know that due to the skin effect, most of the current occupies the outer-
most region of the conductor. Therefore, by changing the outermost region material
with a plating of a material with high electrical conductivity, we can reduce Rg as
the current now flows in the less lossy material, as silver is the best electrical conduc-
tor at room temperature. For our three resonant frequencies of 2.8GHz 5.8GHz and
8.9GHz, the expected values of Ry are 1.07mf2, 1.55mf2 and 1.91mS(2, respectively.
Since the majority of the current flows withing the skin depth, the plating thickness
needs to be of a subsequent thickness so that the current can be occupied within
the plating. As the frequency of operation of the BBPPR has a range of 2.8GHz to
8.9GHz, the specification of the silver plating thickness has to be for 2.8GHz as skin
depth is thicker for a lower frequency and so by using Equation [2.2] and with the
silver having a nominal electrical conductivity of 6 x 107S/m, the minimal thickness
of silver plating is ~ 1.23um. The silver plating used for this investigation was a
semi-bright silver solution with a plating thickness of 5.0 to 7.5um, which equates to
being 4 times the skin depth required for 2.8 GHz but is 7 times the skin depth of the
highest mode of operation (8.9GHz), which ensures that over the entire spectrum of

measurements taken, the current should be within the plating.

A nickel layer was needed to adhere the silver plating to the PBF part as
AlSi10Mg oxidises, so this prevents oxidation and also protects AlSi10Mg from the
environment, as it limits the overall deposit porosity of sample. The layer thickness
of nickel is 3.0 to 5.0um, which means the maximum added thickness with layers is
12.5um ; if tests were done using a waveguide this increase would have to be consid-
ered within the design as the plating thickness would change the internal dimensions

of the waveguide, as it has gone through the plating process and so one would design
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Figure 5.1: Silver plated AlSi10Mg sample produced via PBF which was vertically
built. The fixture holes are clearly seen.

the wave guide to have plating of a certain thickness so that it would still operate
at your desired frequency. However, due to the use of an end plate replacement,
this does not impact the measurement as the only requirements needed for this re-
placement are a flat and electrically conductive surface. One additional benefit to
silver plating is that a silver liquid solution is used during the electro-plating process,
which will fill in surface features and produce a new surface profile for the sample,
which may have increased benefits such as lower roughness. Hence, the effective R;
is reduced by the double effect of lowering the surface roughness and the increasing

of electrical conductivity.

5.2.2 Media Tumbling

The purpose of media tumbling is to remove any loose powder still partially melted
to the surface caused by the melt pools of the PBF process. This is achieved by
using a medium which is vibrated and ‘tumbled’ around the part to remove any

loose material. In this case, angled cylindrical porcelain was used as the medium
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for tumbling as it has minimal abrasion properties, which is desirable due to only
wanting to remove the loose powder rather than using a more abrasive media which
removes a large amount of material from the sample. This sample can be seen in

figure [5.2

Figure 5.2: Media tumbled AlSi10Mg sample produced via PBF which was built at
45 degrees.

Every sample was tumbled for a duration of 1 hour inside a Frankford vibratory
tumbler. To clean the samples after tumbling, isopropyl alcohol and compressed
air was used to remove any material which was deposited during the process as
loose material from either the media or samples caused by tumbling is dispersed

throughout the tumbler and covers everything inside.

5.2.3 CNC Machining

One of the most commonly used manufacturing methods and surface treatment
techniques is CNC machining, due to its simplicity relative to application on open
surfaces; it is also easily controlled and easily reproducible if machine and tool bits

are maintained. The reason for choosing this post-process is that bulk aluminium



5.83. Measurement Protocol 84

parts are also CNC machined, so this can give insight if PBF can be used as an
alternative method to produce parts which are then finished with CNC machining.
This reduces the time it takes for a CNC machine to be used per part when in a
mass fabrication environment. The machined AlSi10Mg sample can be seen in Fig

0.

Figure 5.3: CNC machined sample AlSi10Mg sample produce via PBF which was
vertically built.

However, though this process can be applied to a sample plate as it has exterior
facing surfaces that are exposed, application to a structure such as a waveguide
would be next to impossible. If a complete waveguide structure were to be made
using the PBF process as a single part, due to the size of the tools needed and the
potential complexity of the structure, it would be difficult to impossible to apply a

surface finish via CNC machining.

5.3 Measurement Protocol

Similarly to the measurement procedure described in Chapter 4, the screws on the

BBPPR was tightened to a 2Nm torque rating to ensure no warping of parts, caused
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by over the tightening of the samples. The number of samples produced for each
post-process was three, as in Chapter 4 samples, which were built at a angular ele-
vations of 0, 45, and 90 degrees. Another factor to consider is that each post-process
was measured at different occasions, although calibration was done at the beginning
of each session and every 3 hour interval so that changes in temperature throughout
the day (up to 5°C) could be accounted for during calibration. Calibration was also
done at the end of every session. For every sample, 3 individual measurements were
taken so that a complete and comprehensive data set could be produced, with stan-
dard error analysis as before. In addition, in Chapter 4 there were measurements
taken with a magnetic field applied in 3 directions on the sample shown in Fig[4.2] so
a total of 9 measurements were taken for each sample. With the PBF samples, other
materials have been tested and will be reported. Along with these measurements,
CNC and media tumbled bulk aluminium samples will be shown as a comparison to
their PBF counterparts, and copper PCB will be added as a comparison for silver
plating on the surface, as these are both highly conductive materials so merit such

a comparison.

5.4 Surface Resistance Measurements

The results gathered are shown in Fig and show the average Rg for each
post-processing technique at 3 different frequencies (2.8GHz, 5.8GHz, 8.9GHz). Also

shown are the results when applying a magnetic field in 3 different directions.
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5.4.1 Tumbled Media

The results gathered from these experiments showed that media tumbling was the
worst performing post-process at high frequencies of 8.9GHz and actually increased
the value of Rg when compared to its as-built counterpart measured in Chapter 4.
Although the Rg does increase at higher frequencies, there is a slight improvement
when operating at 2.8 GHz, so for a low frequency application there is a justification
for this post-process. However, one huge difference is that the bulk sample which
was media tumbled has significantly higher losses when compared to their PBF
counterparts. This could be caused by a number of different factors, but the main
reason could be that the sample was much smaller compared to the square PBF
sample, so it was able to move more freely inside the tumbler, enhancing the effects
of the tumbling process and significantly altering the surface of the material, and

therefore increasing the Rg.

Another outcome is that even though the time in the media tumbler was con-
trolled and the samples were tumbled in fresh media, inconsistencies between all of
the samples are larger when operated at higher frequencies. Multiple points arise:
that at 8.9GHz the surface finish does have a impact on Rg and that media tumbling
does not have the consistency to produce repeatable results; the intended purpose
of this process was to remove the partially melted powder on the surface, but what
it in fact does is randomly remove material from the surface, which has a larger
impact on Rg. Instead, a shorter duration inside the tumbler is more appropriate,
just to remove the loose powder before tumbling starts to remove the main body
material of the part. The apparent poor performance at high frequency validates the
point at which media processing is complete produces a rough surface, as a result
increasing Rg. This is expected since at lower frequency this roughness becomes

unnoticeable between samples and the differences between each build orientation is
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removed, unlike the as-built samples described in Chapter 4. The range between all

measured Rg is only 5 % between all values other media tumbling at 2.8GHz.

Interestingly, the characteristic of poorer performance for the downside surface
with magnetic field applied in both vertical and at 45 degrees when measured at
5.8GHz shows that the samples themselves may have an issue for their uncharacter-
istic increased losses at 5.8GHz; all other samples measured at 5.8GHz when media
tumbled have R, between 0.0556¢2 - 0.0596€2 and having a measurement of nearly
20% larger may be caused by a issue with the samples. This can be observed in
Chapter 4 but was dismissed as the performance was similar to the horizontally
built samples, but after post-processing it is clear that there may be an issue with
the surface or the material, as the error between them shows a standard error of

only 0.5% and 0.7%, respectively, implying the issue is consistent across samples.
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Table 5.1: Copper PCB R, measurements at 2.8GHz, 5.8GHz and 8.9GHz

Frequency (GHz) | Rs () | Measurement Error (%)
2.8 0.0205 | 0.94
5.8 0.0296 | 0.98
8.9 0.0363 |1
Table 5.2: Media tumbled R, measurements of bulk aluminium at 2.8GHz, 5.8GHz
and 8.9GHz
Frequency (GHz) | R (2) | Measurement Error (%)
2.8 0.0465 | 1.1
5.8 0.047 0.9
8.9 0.0948 | 1.2
Table 5.3: CNC machined bulk aluminium R, measurements at 2.8GHz, 5.8GHz
and 8.9 GHz
Frequency (GHz) | Rs (©2) | Measurement Error (%)
2.8 0.0335 | 0.92
5.8 0.0511 | 1.2
8.9 0.0636 | 1.3
Table 5.4: Measurement Sample Description Modifiers for all Post-Processed Sam-
ples
Sample ID Measurement Modifier
Cu copper PCB
Al _MT Bulk aluminium media tumblered
Al _CNC Bulk aluminium CNC machined
MT _ Media tumbled
SP _ Silver plated
M _ CNC machined
V_ Vertically built sample
H_ Horizontally built sample
45Ts _ 45 degree built sample and topside surface
45Ds _ 45 degree built and sample downside surface
Vert Magnetic field applied vertically on the sample
Hor Magnetic field applied horizontally on the sample
45 Magnetic field applied 45 degrees on the sample
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Figure 5.4: Rg Measurements of PCB bulk CNC aluminum and media tumbler
aluminum at frequencies of 2.8GHz, 5.8GHz and 8.9GHz.



5.4. Surface Resistance Measurements

90

0.08 |mm2 8GHz BlI5.8GHz 118 .9GhZ|

0.07 -

0.02 -
0.01+

| | | |

(o] Yo} < [se]

S 9o 9o 9

o o o o
(15) ®oueisisay aoeuNg

Figure 5.5: Media tumbled AlSi10Mg sample produced via PBF which was built at

45 degrees.
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Table 5.5: R, measurements of PBF samples when media tumbled at 2.8GHz

Build Orientation | R () | Measurement Error (%)

MT_V_Vert 0.0387 | 0.97
MT_V_Hor 0.0375 | 0.95
MT_V_45 0.0396 |1
MT_H_Vert 0.0382 | 1.1
MT_H_Hor 0.0394 |14
MT_H_45 0.0385 |1

MT_45Ts_Vert 0.0393 | 1.1
MT_45Ts_Hor 0.0393 | 1.2
MT_45Ts_45 0.0392 |1
MT_45Ds_Vert 0.0396 | 2.2
MT_45Ds_Hor 0.0387 | 2
MT_45Ds_45 0.0382 | 1.6

Table 5.6: R, measurements of PBF samples when media tumbled at 5.8GHz

Build Orientation | R (2) | Measurement Error (%)

MT_V_Vert 0.0583 |1
MT_V_Hor 0.0556 | 0.9
MT_V_45 0.0562 | 0.94
MT_H_Vert 0.0596 | 1.6
MT_H_Hor 0.0588 | 1.5
MT_H_45 0.059 1.1

MT_45Ts_Vert 0.0583 | 1.5
MT_45Ts_Hor 0.0563 | 0.96
MT_45Ts_45 0.0583 | 0.91
MT_45Ds_Vert 0.068 4
MT_45Ds_Hor 0.0582 | 1.9
MT_45Ds_45 0.073 4.7
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Table 5.7: R, measurements of PBF samples when media tumbled at 8.9GHz

Build Orientation | Rs () | Measurement Error (%)
MT_V_Vert 0.0739 | 1.38
MT_V_Hor 0.0714 | 0.98
MT_V_45 0.07 1
MT_H_Vert 0.0786 |1
MT_H_Hor 0.079 1.1
MT_H_45 0.0831 | 1.2
MT_45Ts_Vert 0.0789 | 1.1
MT_45Ts_Hor 0.076 1.3
MT_45Ts_45 0.0765 | 1.2
MT_45Ds_Vert 0.077 1.3
MT_45Ds_Hor 0.0735 |14
MT_45Ds_45 0.0776 | 1.2
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5.4.2 CNC Machined

As can be expected from CNC machining, which it is controlled with a program
written in G-code which is a coordinate based language which gives actions to a
machine to ensure repeatability throughout each machining process, the results for
R, are very similar and consistent across the samples. A trend can be seen in some
cases in each group of measured build orientation of parts, when the magnetic field
is applied vertically and in some cases of applying the field at 45 degrees, Rg is
increased at 2.8GHz. This trend, however, is interesting as at lower frequency the
effects on Rg should be minimal and should be more apparent at 8.9GHz. However,
this leads one to believe that this isn’t caused by a rough surface, or by any inherent
properties from the PBF process, but in fact could potentially be caused by CNC
machining as this may introduce stress fractures within the part as they were only
S5mm thick samples, which could affect the interior structure of the part. Similarly
the CNC part may have gone through local heating and cooling cycles during each
pass of the CNC tool, causing the part to go through heat fluctuations, though
coolant is applied to the cutting bit. The increased internal temperature may cause
a difference between some samples, which affects the lower frequency measurements

due to the increased skin depth and less to the higher frequency measurements.

Compared to their bulk counterparts, the PBF and bulk aluminium, as can be
seen, have similar characteristics but in terms of Rg it can be seen that PBF actually
performs better. This could be due to different CNC parameters being used for the
CNC tooling path, although both had the CNC tooling path to run lengthways
along the samples. The speed at which the tool head moves and the RPM of the
tool head could cause differences in surface roughness and therefore Rg, as these were
machined on different occasions. Even tool wear may potentially cause differences

in performance at higher frequencies due to inefficiencies of the cutting tool as it
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approaches its end of life [134]. Although all PBF samples were machined together,
the surface roughnesses should be similar; this is shown by the higher frequency
mode at 8.9GHz, where the effects of the surface roughness on Rg is enhanced at
the smaller skin depth, so when operating at higher frequencies the evaluation of

the surface roughness becomes easier to identify Rg measurements.

We can conclude that the performance from parts post-processed via CNC ma-
chining is a result of their new surface profile compared with as-built. The last
point from these CNC parts is that changing the orientation of the applied mag-
netic field did not have any noticeable effect on Rg, which was not expected. A
visual inspection identifies a uniform textured surface on the sample, with patterns
where it is noticeably rougher in one orientation than the other. The cause for this
may be due to the peaks and troughs within the rough surface being wider and less
sharp, meaning that the current along the surface has an easier path to travel as the

average surface roughness is less.
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Figure 5.6: CNC machined AlSi10Mg sample produced via PBF which was built at
45 degrees.
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Table 5.8: R, measurements of PBF samples when CNC machined at 2.8GHz

Build Orientation | Rs () | Measurement Error (%)
M_V_Vert 0.0388 | 1.5
M_V_Hor 0.0314 | 1.8
M_V_45 0.0388 | 1.2
M_H_Vert 0.0331 | 1.6
M_H_Hor 0.0317 | 1.7
M_H_45 0.032 1.7
M_45Ts_Vert 0.0336 | 0.94
M_45Ts_Hor 0.0323 | 2.1
M_45Ts_45 0.0319 |25
M_45Ds_Vert 0.0329 | 2.3
M_45Ds_Hor 0.0301 | 1.1
M_45Ds_45 0.0354 | 2.1

Table 5.9: R, measurements of PBF samples when CNC machined at 5.8GHz

Build Orientation | R () | Measurement Error (%)
M_V_Vert 0.0487 | 1.1
M_V_Hor 0.098 1.3
M_V_45 0.0459 | 0.89
M_H_Vert 0.0496 | 0.95
M_H_Hor 0.0485 | 1.2
M_H_45 0.0494 | 1.1
M_45Ts_Vert 0.0451 | 0.92
M_45Ts_Hor 0.0468 | 1.3
M_45T's_45 0.0442 | 0.89
M_45Ds_Vert 0.0455 |1
M_45Ds_Hor 0.0477 | 0.96
M_45Ds_45 0.0459 | 1.1
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Table 5.10: R, measurements of PBF samples when CNC machined at 8.9GHz

Build Orientation | R (2) | Measurement Error (%)
M_V_Vert 0.0557 | 1.3
M_V_Hor 0.0567 | 1.1
M_V_45 0.0574 |1
M_H_Vert 0.0572 | 0.9
M_H_Hor 0.0573 | 0.9
M_H_45 0.0559 | 0.93
M_45Ts_Vert 0.0575 |1
M_45Ts_Hor 0.0566 | 1.1
M_45Ts_45 0.0564 | 1.1
M_45Ds_Vert 0.0571 | 0.92
M_45Ds_Hor 0.0571 | 0.99
M_45Ds_45 0.0555 | 0.93
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5.4.3 Silver Plating

As can be expected for when the samples are plated to a silver thickness greater
than the multiple skin depths, the entire sample exhibits the electrical conductivity
properties of the plated silver metal. Therefore, the improvement in Rg is due not
only to the potential improvement in surface roughness when plating, but also to
the change in the surface conductivity of the samples being tested. So when looking

at improvements after post-processing, it is clear that silver plating is the best.

In some cases the Rg value measured at 8.9GHz of the silver samples is lower
than the measured Rg at 2.8GHz of the as built samples. Although compared to a
copper PCB, the copper has a lower Rg of 20.5m¢2 at 2.8GHz when compared to
the siver plated samples, which had a average value of value of 22.4m{2, which is a
difference of =~ 7% ; at a higher frequency copper had a Rg of 36.4m$2 and silver had
an average value of 41.7m{2, which is a greater difference of ~13%. This can be due
to multiple factors, one main point is that the plating of ‘Semi - Bright Silver’ may
not be pure silver and so to expect a pure silver representation of the plating may
be false and so, due to impurities, the conductivity of the material to be less than
bulk silver. Another contribution is that although the roughness of the part may
be reduced due to plating, there may be some inherent structural properties such as
leaving small pockets of unplated material due to the plating forming above extreme
surface features. An example of the samples having a large impact to the surface
is evident when looking at both downside facing surfaces when the magnetic field
is applied horizontally and at 45 degrees, as these show uncharacteristic behaviour,

where R, at 2.8GHz is 36% larger than at 8.9GHz, which shouldn’t be the case.

This could be caused by a combination of two factors which are either a plating

issue (but since both Rg measurements at 2.8 and 8.9 GHz are as expected this is
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unlikely to be the case), or measurment, but this can’t be the case as these samples
were remeasured again to ensure that there was no measurement error (the results
had a difference of 1% which is well within measurement error). What may be the
issue is due to the nature of the BBPPR where high magnetic field is applied of
different regions to the samples when resonating at different frequencies, so these
different locations (paired with other variables such as silver plating and surface

roughness) may cause this unique result to occur.
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Figure 5.7: Silver plated AISil0Mg sample produced via PBF which was built at 45

degrees.
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Table 5.11: R, measurements of PBF samples when silver plated at 2.8GHz

Build Orientation | R, (€2) | Measurement Error (%)
SP_V_Vert 0.0226 | 0.95
SP_V_Hor 0.0232 |1
SP_V_45 0.0236 | 1.2
SP_H_Vert 0.0225 | 1.1
SP_H_Hor 0.023 1.2
SP_H_45 0.0228 | 1.3
SP_45Ts_Vert 0.0212 | 0.95
SP_45Ts_Hor 0.0216 | 1.1
SP_45Ts_45 0.0212 | 0.97
SP_45Ds_Vert 0.0207 | 1.2
SP_45Ds_Hor 0.0211 |14
SP_45Ds_45 0.0208 | 1.1

Table 5.12: R, measurements of PBF samples when silver plated at 5.8GHz

Build Orientation | R, (€2) | Measurement Error (%)
SP_V_Vert 0.0322 | 0.94
SP_V_Hor 0.0329 | 1.1
SP_V_45 0.0322 |1
SP_H_Vert 0.0366 | 1.9
SP_H_Hor 0.0319 | 1.2
SP_H_45 0.0314 |1
SP_45Ts_Vert 0.028 1.1
SP_45Ts_Hor 0.0302 | 1.1
SP_45Ts_45 0.0309 |1
SP_45Ds_Vert 0.0345 | 1.3
SP_45Ds_Hor 0.0431 | 1.0
SP_45Ds_45 0.0541 | 3.9
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Table 5.13: R, measurements of PBF samples when silver plated at 8. 9GHz

Build Orientation | R, (€2) | Measurement Error (%)
SP_V_Vert 0.0409 | 1.8
SP_V_Hor 0.0389 |1
SP_V_45 0.0418 |2
SP_H_Vert 0.0456 | 1.7
SP_H_Hor 0.0423 |1
SP_H_45 0.0471 |14
SP_45Ts_Vert 0.0437 | 1.9
SP_45Ts_Hor 0.043 1.3
SP_45Ts_45 0.0382 | 1.2
SP_45Ds_Vert 0.0443 | 2
SP_45Ds_Hor 0.0373 | 1.1
SP_45Ds_45 0.0375 | 1.6
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5.5 Conclusion and Future Work

This chapter has shown the effects of applying post-processing techniques to improve
the electrical performance of AlISi10Mg samples produced with PBF and has mea-
sured their performance at 2.8GHz, 5.8GHz and 8.9GHz in terms of R,. The results
show that the best performance is achieved when parts are silver plated, which is
mainly due to the current passing through the plating rather than the AlSil10Mg,
meaning that Rg would inherently be less. When comparing other post-processing
methods, where the surface currents only travel through the AlSil10Mg, CNC ma-
chining showed significant improvements when compared to media tumbling. Using
media tumbling increases Rg when compared to as-built samples when operating at
8.9GHz, but also improves Rg at 2.8GHz. Future work could involve more controlled
tests on all post processes, as one test which could be carried out is measuring the
effect of media tumbling over time spent tumbled, so that effects on the electrical
properties of PBF can be measured and a better understanding of media tumbling
for PBF gained to optimise Rg for microwave applications. One major aspect that
is missing is again the measurement of surface roughness, which will provide bet-
ter insight into how the post-processing treatment affects the surface, rather than

extrapolating Rg measurements as a sign of surface roughness.



Chapter 6

Final Summary and Future Work

The focus of this thesis has been the electrical properties of PBF manufacturing
AlSi10Mg over a range of microwave frequencies with a single sample. Multiple
techniques were either deployed in a novel way, or novel measurement fixtures were
designed and built to carry out these measurements. With studies into the ef-
fect of applying a magnetic field in different orientations for as-built samples using
AlSi10Mg alloy, and studies the effects of post-processing of these samples to gain a
better understanding how these processes affect the Rg over a range of frequencies,
we have obtained a better understanding of the role of post-processing when applied

to microwave device applications.

6.1 Measurement Methods for Microwave Surfaces

Three measurement techniques have been proposed with the objective of being able
to measure a single PBF sample over a range of microwave frequencies within a

single structure so that an understanding can be gained about the Rg performance

104
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of PBF. The three methods proposed were the FPOR, CR and the BBPPR. The
FPOR shortcomings came from its mechanical design, reducing its measurement
frequency range with one sweep, also with issues with coupling rasing the background
signal due to being strongly coupled, resulting in this technique being dropped and
a new technique was proposed. The CR was proposed as the current travels along
the centre conductor, which was going to become the sample; however, after further
investigation and planning the tests to be carried out, it was decided that the sample
would be too small and delicate to apply surface treatment, so again a new resonant
structure had to be implemented. The last method BBPPR, followed the same
principles to achieve its resonance defined by the length of its reference wall, but
unlike in the CR the sample would be an end plate replacement to ensure that
any flat, electrically conductive sample size could be measured. Additionally, a
directional magnetic field is applied to samples so that a anisotropic measurements

could be taken to measure Rg values in certain directions.

One of the main pieces of future work would be further development of the
FPOR system, as it has the potential to become a measurement technique which
can measure PBF over a range of frequencies without any gaps within the data,
unlike CR and BBPPR which has discrete frequencies where measurements can
occur; the FPOR could also be extended to mm-wave frequencies where AM parts
have not yet been deployed. Another aspect of future work would be increasing the
operating frequency of BBPPR so that a broader frequency range of resonances can

be used to produce a better and more comprehensive data set.
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6.2 Build Orientation and Surface Orientation

A range of build orientations for PBF were chosen to see if the angle at which a
part is made has inherently worse Rg performance across a range of frequencies,
when applying a magnetic field in a single direction to evaluate the electrical surface
performance of the sample. It was found that vertically built parts had the best
performance at 8.9GHz but also the worst at 2.8GHz. The most important future
work that can be done is to perform surface roughness measurements on all samples
to directly correlate these data with surface roughness so that a better understanding

can be gained.

6.3 Post Processing Treatment

Post-processing treatment has been applied to PBF samples built at 3 different
orientations, the post-processing techniques being media tumbling, CNC machining
and silver plating. Results gathered for Rg of each post-process showed that the most
inconsistent surface finish was produced by media tumbling; the values of Rg are
inconsistent and follow no pattern that correlates with either the build orientation of
samples, or between the application direction of current to the surface. One process
that did show consistency was CNC machining, which even had better performance
than its bulk aluminium counterpart. Silver plating showed the best performance
overall, as plating the sample changes the material under test at high frequencies,
though an important take away is that when compared to a copper PCB sample,
the copper had a lower Rg, its value meaning that either the silver plating isn’t
pure or the inherent roughness of the sample plays an important part in the overall

evaluation of Rg. This could be investigated by measuring the solution of the bright
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silver or by measuring a ideally flat sample plated by bright silver eliminating the
roughness present from the PBF sample and having only the roughness from the

plating process itself.

For further work in this area, again surface roughness analysis would be the next
step so that a better understanding can be gained from the post-processing treat-
ments when applied to PBF samples. Another step could be taken into controlling
all samples going through treatment for CNC machining, e.g. depth of cut, RPM
of head and speed at which the tool head moves across a part and tool wear state
to see if the age of the tool has a significant impact to surface roughness of PBF
parts. For media tumbling, either change of tumble media used and the duration of

tumbling and the effect it has on Rg merit further investigation.
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A.1 Frequency response graph with respect to mea-

sured surface resistance
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Figure A.1: As built samples frequency response of Rg when a vertical magnetic
filed is applied for a vertically built part.
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Figure A.2: As built samples frequency response of Rg when a horizontal magnetic
filed is applied for a vertically built part.
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Figure A.3: As built samples frequency response of Rg when the magnetic filed is
applied at a 45 degrees for a vertically built part.
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Figure A.4: As built samples frequency response of Rg when a vertical magnetic

filed is applied for a horizontally built part.
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Figure A.5: As built samples frequency response of Rg when a horizontal magnetic

filed is applied for a horizontally built part.
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Figure A.6: As built samples frequency response of Rg when the magnetic filed is
applied at a 45 degrees for a horizontally built part.
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Figure A.7: As built samples frequency response of Rg when a vertical magnetic
filed is applied for the 45 degrees built part upwards facing surface.
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Figure A.8: As built samples frequency response of Rg when a horizontal magnetic

filed is applied for the 45 degrees built part upwards facing surface.
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Figure A.9: As built samples frequency response of Rg when the magnetic filed is

applied at a 45 degrees for the 45 degrees built part upwards facing surface.
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Figure A.10: As built samples frequency response of Rg when a vertical magnetic
filed is applied for the 45 degrees built part downwards facing surface.
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Figure A.11: As built samples frequency response of Rg when a horizontal magnetic
filed is applied for the 45 degrees built part downwards facing surface.
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Figure A.12: As built samples frequency response of Rg when the magnetic filed is
applied at a 45 degrees for the 45 degrees built part downwards facing surface.
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Figure A.13: Machined samples frequency response of Rg when a vertical magnetic
filed is applied for a vertically built part.
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Figure A.14: Machined samples frequency response of Rg when a horizontal mag-
netic filed is applied for a vertically built part.
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Figure A.15: Machined samples frequency response of Rg when the magnetic filed
is applied at a 45 degrees for a vertically built part.
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Figure A.16: Machined samples frequency response of Rg when a vertical magnetic

filed is applied for a horizontally built part.
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Figure A.17: Machined samples frequency response of Rg when a horizontal mag-

netic filed is applied for a horizontally built part.
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Figure A.18: Machined samples frequency response of Rg when the magnetic filed
is applied at a 45 degrees for a horizontally built part.
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Figure A.19: Machined samples frequency response of Rg when a vertical magnetic
filed is applied for the 45 degrees built part upwards facing surface.
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Figure A.20: Machined samples frequency response of Rg when a horizontal mag-
netic filed is applied for the 45 degrees built part upwards facing surface.
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Figure A.21: Machined samples frequency response of Rg when the magnetic filed
is applied at a 45 degrees for the 45 degrees built part upwards facing surface.
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Figure A.22: Machined samples frequency response of Rg when a vertical magnetic
filed is applied for the 45 degrees built part downwards facing surface.
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Figure A.23: Machined samples frequency response of Rg when a horizontal mag-
netic filed is applied for the 45 degrees built part downwards facing surface.
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Figure A.24: Machined samples frequency response of Rg when the magnetic filed
is applied at a 45 degrees for the 45 degrees built part downwards facing surface.
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Figure A.25:
magnetic filed is applied for a vertically built part.
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Figure A.26: Media tumbled samples frequency response of Rg when a horizontal
magnetic filed is applied for a vertically built part.
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Figure A.27: Media tumbled samples frequency response of Rg when the magnetic
filed is applied at a 45 degrees for a vertically built part.
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Figure A.28:
magnetic filed is applied for a horizontally built part.
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Figure A.29: Media tumbled samples frequency response of Rg when a horizontal

magnetic filed is applied for a horizontally built part.
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Figure A.30: Media tumbled samples frequency response of Rg when the magnetic
filed is applied at a 45 degrees for a horizontally built part.
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Figure A.31: Media tumbled samples frequency response of Rg when a vertical
magnetic filed is applied for the 45 degrees built part upwards facing surface.
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Figure A.32: Media tumbled samples frequency response of Rg when a horizontal
magnetic filed is applied for the 45 degrees built part upwards facing surface.
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Figure A.33: Media tumbled samples frequency response of Rg when the magnetic
filed is applied at a 45 degrees for the 45 degrees built part upwards facing surface.
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Figure A.34: Media tumbled samples frequency response of Rg when a vertical
magnetic filed is applied for the 45 degrees built part downwards facing surface.
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Figure A.35: Media tumbled samples frequency response of Rg when a horizontal
magnetic filed is applied for the 45 degrees built part downwards facing surface.
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Figure A.36: Media tumbled samples frequency response of Rg when the magnetic
filed is applied at a 45 degrees for the 45 degrees built part downwards facing surface.
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Figure A.37: Silver plated samples frequency response of Rg when a vertical mag-

netic filed is applied for a vertically built part.
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Figure A.38: Silver plated samples frequency response of Rg when a horizontal
magnetic filed is applied for a vertically built part.
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Figure A.39: Silver plated samples frequency response of Rg when the magnetic
filed is applied at a 45 degrees for a vertically built part.
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Figure A.40: Silver plated samples frequency response of Rg when a vertical mag-
netic filed is applied for a horizontally built part.
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Figure A.41: Silver plated samples frequency response of Rg when a horizontal
magnetic filed is applied for a horizontally built part.
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Figure A.42: Silver plated samples frequency response of Rg when the magnetic
filed is applied at a 45 degrees for a horizontally built part.
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Figure A.43: Silver plated samples frequency response of Rg when a vertical mag-
netic filed is applied for the 45 degrees built part upwards facing surface.
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Figure A.44: Silver plated samples frequency response of Rg when a horizontal
magnetic filed is applied for the 45 degrees built part upwards facing surface.
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Figure A.45: Silver plated samples frequency response of Rg when the magnetic
filed is applied at a 45 degrees for the 45 degrees built part upwards facing surface.
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Figure A.46: Silver plated samples frequency response of Rg when a vertical mag-
netic filed is applied for the 45 degrees built part downwards facing surface.
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Figure A.47: Silver plated samples frequency response of Rg when a horizontal
magnetic filed is applied for the 45 degrees built part downwards facing surface.
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Figure A.48: Silver plated samples frequency response of Rg when the magnetic
filed is applied at a 45 degrees for the 45 degrees built part downwards facing surface.
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ABSTRACT The adoption of metal additive manufacturing into the production of passive microwave compo-
nents is still in its relative infancy. However, it is of increasing interest due to the offer of geometrical design
freedom and significant weight reduction. The electrical properties of additive manufactured components
are still inferior to traditional manufacturing techniques owing to the poor surface finish, especially on
overhanging surfaces, which are unavoidable in three-dimensional microwave components. In this paper
we present experimental findings on the disparity in microwave surface resistance values between three
common build orientations, as well as findings that establish a connection between increasing downskin
laser power and a reduction in surface resistance for overhanging surfaces. Finally, additive manufactured
rectangular waveguide sections are measured to assess the influence of combined upward and downward

facing surfaces on surface resistance.

INDEX TERMS Additive manufacture, metals, laser power, microwave, surface resistance, waveguide.

I. INTRODUCTION

Additive layer manufacturing (ALM) is of increasing interest
within the aero/space industries due to its unique offering of
unparalleled geometric design freedom. ALM produces parts
with significant weight reduction compared with traditional
manufacturing techniques, whilst maintaining up to 99.8%
density [1]. Powder bed fusion (PBF), one form of ALM,
uses spherical metal powder melted by a high power laser
in successive layers to form three-dimensional components.
A schematic of the PBF process is shown in Fig. 1. Although
PBF adoption is still in relative infancy [2], many studies have
been performed on their application to microwave communi-
cation components [3]-[5]. The electrical properties of PBF
components are still inferior to machined alternatives [6], [7],
however, the overall positive performance is somewhat
surprising given the poor surface finish apparent on
PBF surfaces. In particular, overhanging or downwards fac-
ing surfaces (with respect to the build direction) experience
excessive dross formation and can generate significantly
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higher roughness than in other orientations [8], [9]. This
suggests that some surfaces within a three-dimensional com-
ponent will have better microwave performance than others,
quantified in terms of microwave power loss. The main tech-
niques used in literature to asses microwave PBF structures
take a macro approach by measuring a complete waveguide
component and comparing its performance to a traditional
manufactured equivalent or simulation results [10], [11].
In this study, a more fundamental, experimental approach is
taken; individual surfaces of different build orientations are
assessed for microwave surface resistance (Rs), which are
subsequently optimised through changes in PBF laser power.

Il. BACKGROUND

A. MICROWAVE LOSS

At microwave frequencies, the skin effect causes electrical
current to be carried in only the outermost regions of material
at a depth known as the skin depth

1
5= o (1)
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FIGURE 1. Schematic of the laser powder bed fusion manufacturing
process. ©2019 Gumbleton et al. Reprinted from [12] (CC BY).

where f is the operating frequency (Hz), u is magnetic
permeability (H/m) and o is electrical conductivity (S/m).
For aluminium (of bulk conductivity o = 2.6 x 107 S/m)
at a nominal frequency of 6.4 GHz (used in our char-
acterisation experiments) the skin depth is calculated to
be & 1.2 pum. Therefore, with the majority of current carried
at the surface of the material, even micro-surface features can
have a significant impact on microwave loss; the relationship
between roughness and microwave loss is well established in
literature [13]. Power dissipation in a conductor at microwave
frequencies is defined by

R
h=iﬁ%%s P
2 Js

where S is the surface area on which the current flows (m?),
Hjg is the tangential magnetic field at the metal surface (A/m)
and Rs (2) is the quantifying metric for microwave loss,
which encompasses surface roughness through an effective
conductivity (oeff) as

Tf
Oeff

Rg = 3)
Since the average particle size is ~47 pum for AlSil0Mg
powder (with a range between 15 and 120 um [14]) and
8 ~ 1.4 um, it is justified to assume that the majority of
current is flowing in one PBF layer. Therefore particular
attention can be paid to optimising the outermost layers on
each surface, such that the mechanical properties defined by
the core PBF parameters remain unaltered. This is akin to the
normal process of coating base metals such as brass with a
thin layer of silver or gold for use in microwave components.

B. OVERHANG ROUGHNESS
The high degree of surface roughness seen on overhanging
surfaces is, in part, attributed to dross formation, where a frac-
tion of the laser energy penetrates below the desired layer and
partially melts powder to the surface [15]; a representation of
this phenomena is shown in Fig. 2. The adherence of partially
melted powders is explained, at a fundamental level, by the
surface energy of their spherical shapes. A sphere has the
largest surface area for a shape of fixed volume, requiring less
energy to form new bonds with other surfaces than is required
to fully melt the powder [16].

In the context of PBF, ‘downskin’ is used to refer to
a scan path which is not directly on top of a previously
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Design Geometry —~

Downskin

FIGURE 2. Schematic of dross formation on the downward facing
surfaces during powder bed fusion manufacturing.

processed layer. The downskin applies to any downwards
facing surface at an angle below the set activation angle,
60° in this case, relative to the build plate. Conversely,
an ‘upskin’ refers to any laser path that does not have a
proceeding layer directly above; each case has a different set
of process parameters for manufacture. The downskin process
parameters are set so that the laser raster passes several times
over the dross region, melting more of the adhered powder
with each pass. Studies have identified that for parts built in
a 45° orientation, high laser energy density on the downskin
layers can lead to a reduction in surface roughness [17], which
may correlate to a reduction in surface resistance.

lll. EXPERIMENTAL SETUP

Samples are prepared in AlSilOMg using a Renishaw
RenAMS500 additive manufacturing system, which utilises
a 500 W, ytterbium fibre laser of 1080 nm wavelength and
70 pum focal diameter. The samples have been built in hor-
izontal, vertical and 45° orientations, as shown in Fig. 3,
with varying laser power setups for vertical and 45° plates.
The populated build plate is shown in Fig. 4. The default
laser power for 45° upskin and downskin is 100 W, while the
default laser power for the border scan on vertical built parts
is 350 W, which are identified by (D) in Table. 1; these sam-
ples are used to quantify disparity in Rg between the different
build orientations. The remaining samples are subjected to

Vertical
Build Upskin
direction
Downskin
Horizontal
| ‘ 45°
[ i Build plate ]

FIGURE 3. Schematic of the three build orientations used for sample
manufacture.

TABLE 1. Laser power levels of 45° upskin and downskin and vertical
built sample plates.

45°
Upskin & Downskin
0, 60, 80, 100 (D),
120, 140, 160,

Vertical

250, 270, 290, 310, 350 (D),

Power (W) 370, 410, 430, 450, 470,
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FIGURE 4. Photograph of the sample populated Renishaw
RenAM500 additive manufacturing build plate.

variations in laser power levels, also shown in Table. 1, and
are centered around the default values. All microwave charac-
terisation measurements have been performed using a parallel
plate resonator (PPR) setup, described in full in [18], where
directional currents are induced in the study sample by the
excitation of orthogonal resonant modes. The results reported
here are measured at 6.4 GHz in the TEMy;¢ resonant mode;
a drawing of the PPR and simulations of its electric and
magnetic fields, as well as induced current flow for this mode,
are shown in Fig. 5. The reference plate is common to all
measurements and its dimensions set the resonant frequency
of the cavity, while the sample under test rests atop an indium
gasket and is secured by bolts at each corner.

The operating principle of the PPR setup relies on the
accurate measurement of quality (Q) factor while using a cal-
ibration sample before solving Eq. 4 to leave the sample Rg;
as the only unknown variable to be analysed when measuring
a sample.

1 " /
oy = OsRss + Y Gy, R, + Y peqytans,  (4)

m=1 p=1

where Ot is the total Q factor of the system, all measured
Q factors are loaded values, including the effects of the
coupling coefficients, and are corrected to produce unloaded
values before calculation of surface resistance; the method is
described in detail in [19]. Rss and Gs, Rsyw and Gy, are the
surface resistances and geometric values associated with the
sample and the summation of i remaining conductive walls
of the cavity, respectively, while peq is the dielectric filling
fraction for j dielectric volumes present in the fixture. The
geometric factors and dielectric filling fractions are defined
as

. 1 f/;i]t'ﬁt*ds
B wfffvuoﬁ'ﬁ*dv
fffvdsdE-E*dv

I, eE - Exdv

(5a)
Ped = (Sb)
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FIGURE 5. Parallel plate resonator fixture. a) Exploded CAD image and
simulated electromagnetic properties for TEM(;o mode at 6.4 GHz b)
magnetic field (black arrows), magnetic field magnitude (color scale) and
induced surface current (red arrows), c) electric field magnitude.
Simulations are performed using COMSOL Multiphysics software with an
arbitrary input power of 1 W. ©2021 IEEE. Reprinted, with permission,
from IEEE [18].

where s is the surface integral for the conductive surface,
vq is the volume integral for the dielectric volume and v is
the volume integral for the host cavity. ug is the permeability
of free space, and g4 and &y are the permittivity of the compo-
nent material and the material filling the cavity, respectfully.
All microwave measurements were performed using a high
precision Keysight N5232A vector network analyser.

IV. RESULTS AND DISCUSSION

A. BUILD ORIENTATION

Samples produced using default build parameters in different
orientations have been measured for Rg and the results are
shown in Fig. 6. The standard error reported on Fig. 6 is
very small due to the high precision frequency measure-
ment equipment used (Keysight N5232A network analyser),
with less than 0.1% random error and the described cav-
ity resonator fixture providing approximately 1% system-
atic error from the removal and replacement of samples.
The 45° downskin surface, perhaps predictably, performs
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FIGURE 6. Measured surface resistance values for samples of different
build orientation using default process parameters. Standard error is
shown via error bars.

significantly worse in terms of microwave loss than other
build orientations. Horizontal built plates exhibit the low-
est loss of all samples, a result that supports previous
measurements by this author [20], while there is only a
marginal difference between vertical and 45° upskin surfaces.
RMS surface roughness (Rq) measurements have been per-
formed using a Taly Surf Series 2 drag profiler fitted with
a tip of 2 um radius and analysed with a 0.8mm cutoff low
pass filter. Ry for the default values (~6 um for horizontal,
~12 pm for vertical, ~13 um for 45° upskin and ~20 um
for 45° downskin orientations) correspond well with mea-
sured Rg, which increases with increasing surface roughness.
From these results, it is evident that a macro approach to
testing microwave components produced by PBF is missing
important information regarding the specific locations where
loss contributions are occurring and hence overall perfor-
mance will be heavily dependent on the build orientation of
the part.

B. LASER POWER
Fig. 7 shows the measured Rg values and Ry of 45° upskin
and downskin surfaces and for samples built in a vertical
orientation, against varying process laser power. In all cases
Rs correlates well with observed changes in Ry. Fig. 7a and b
correspond Rs values for vertical and 45° upskin surfaces,
respectively; no significant pattern is observed relating Rg to
changes in laser power. This may be explained for the upskin
through the core build process having sufficiently melted the
layer prior to the upskin parameters being implemented. Sim-
ilarly, for the vertical built samples, border scans are repeated
over successive layers, allowing for heat transfer through
multiple layers such that a stable melt pool is generated, thus
avoiding splutter and an excess of partially adhered powders.
Interestingly, the 45° downskin surfaces do exhibit a sig-
nificant improvement with increasing laser power, shown
in Fig. 7c. This is quantified by low values of Rg and cor-
relates with lower values of Ry. Fig. 8 shows microscope
images of the downskin surfaces for the worst (60 W) and
best (180 W) performing samples. The 60 W sample (Fig. 8a)
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FIGURE 7. Graphs of measured surface resistance at different laser
powers for a) vertical, b) 45° upskin and c) 45° downskin build
orientations.

consists of an abundance of isolated satellites adhered only
to the underlying surface. These partially melted powder
spheres or satellites neither form a smooth surface or a suffi-
cient electrical connection, and so are a major microwave loss
contributor. In the 180 W sample (Fig. 8b), however, these
satellites appears to have formed into larger agglomerates
with surrounding particles, creating a more effective network
of electrical connection and a more coherent layer. This is
explained by the additional energy density penetrating deeper
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FIGURE 8. Microscope images of 45° downskin surfaces manufactured
with laser powers of a) 60 W and b) 180 W. Scale bar is set at 1 mm.

into this layer and more fully melting a greater proportion of
the particles.

C. APPLICATION TO WAVEGUIDE COMPONENTS

To test the influence of the above laser power optimisation,
a series of 45° orientated waveguide sections have been
manufactured, as shown in Fig. 9a. The build orientations is
such that two internal surfaces of each waveguide are upwards
facing and use the default parameter setup, while the remain-
ing downward facing surfaces are swept for each waveguide
section using the following laser powers; ALM1 = 100 W
(default), ALM2 = 0 W and ALM3 = 180 W. Fig. 9b
shows one of these waveguide sections connected to a vector
network analyser, through magnetic coupling loops, by using
blank end flanges; this converts the waveguide transmission
line section into a waveguide resonant cavity, allowing loss
to be measured more reliably through Q factor than the atten-
uation from the measurement of transmitted power. Q factor
and hence Rg are measured through the forward transmission
S parameter S»;. These traces are shown as an inset to Fig. 10.
The resonant frequency of the dominant TE;9; mode of this
air filled cavity is 6.62 GHz, a similar frequency to the
PPR measurements for consistency of results and dictated
by the internal geometry of the cavity; 22.86£0.06 mm X
10.1640.1 mm x 154+0.1 mm. Rs for the cavity geometry
is found by

1

RSr = G QT (6)
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b)

FIGURE 9. Additive manufactured AlSi10Mg waveguide sections, a) post
build and b) connected as a cavity resonator to a vector network analyser.

where G is found through simulation using COMSOL
Multi-physics software. The measured Rg values for each
waveguide section are shown in Fig. 10. There is a clear
reduction in Rs for sample ALM3, arising from the use
of 180 W for the downskin laser power, when compared
to the default value (ALMI1: 100 W) and the absence of a
downskin layer (ALM2: 0 W). These results are promising
for the optimisation of PBF produced parts for microwave
applications.

To asses how the reduction in Rg will translate into a
waveguide transmission line system, attenuation has been
calculated using the measured resonator Rs (Rs;) values over
the X-band frequency range. Conductor attenuation (ct.) due
to the surface conduction losses of a uniform, rectangular
waveguide in the TEjg mode is assessed by [21]

RSr(f)

[1 + bez} %)
o, =
¢ bnon/1 — x2 a

where a and b are the long and short internal dimensions of
the waveguide, respectively, and 79 is wave impedance of free
space. The dimensionless parameter x is defined as the ratio
x = f./f, where f; = c¢/2a is the cut-off frequency of the
TE |0 mode and f is the frequency of single mode operation
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FIGURE 11. Calculated attenuation for TE;o mode of three rectangular
waveguides produced by additive manufacturing using various downskin
laser powers. Also included is a calculated value for an equivalent
waveguide consisting of vertical surfaces. Inset is a magnified view of the
calculated attenuation.

(i.e. in the range c/2a < f < c¢/2b). For calculation of o,
over the X-band frequency range, Rs; is scaled from the cavity
resonator measured value by

RSr(f) = Rg, L (8)
for

Fig. 11 shows the calculated o, values for each waveguide
section over the X-band frequency range. The reduced Rg
value for ALM3 provided a modest ~0.05 dB/m improve-
ment in conductor loss. For completeness, and to show the
effect of build orientation on attenuation, a calculated value
for an equivalent rectangular waveguide built in a vertical
orientation is included on Fig. 11; the Rg value for this is taken
from Fig. 6. Attenuation is significantly lower (~0.13 dB/m)
in the absence of downward facing surfaces.
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V. CONCLUSION

In this study, additive manufactured sample plates orientated
in three common build angles and several X-band waveguide
sections have been manufactured from AlSil0Mg and evalu-
ated for microwave loss. Sweeps of laser power on different
parameter settings have been performed the following con-
clusions can been drawn:

1) The traditional macro approach to testing additive man-
ufactured waveguide components has a significant flaw
in that it does not take into account the notably higher
loss contributions arising from downwards facing sur-
faces. Knowledge of the microwave surface resistance
for each surface orientation should form part of the
design-for-additive process.

2) A correlation has been established between increasing
laser processing power and reduction of microwave
surface resistance as well as average surface roughness
for downwards facing surfaces.

Furthermore, this study has shown that it is possible
to optimise additive manufactured components to improve
microwave performance through the adaptation of build
process parameters affecting the surface finish. However,
the influence that increased laser power may be having on
the mechanical properties of the surfaces has not been inves-
tigated here and would be a useful further study in the drive
for increased industry uptake.

The results presented here are promising for the contin-
ued improvement in performance, and subsequent indus-
trial uptake, of PBF components for microwave applications,
where the design of three-dimensional parts will inevitably
necessitate for one or more downward facing surfaces.

ACKNOWLEDGMENT
Information on the data underpinning the results presented
here, including how to access them, can be found in the
Cardiff University data catalogue at http://doi.org/10.17035/
d.2021.0129673935.

Thanks is given to Prof. M Gumbleton at the School
of Pharmacy, Cardiff University, for support with optical
microscopy imaging.

REFERENCES

[1] N. T. Aboulkhair, N. M. Everitt, L. Ashcroft, and C. Tuck, “Reducing
porosity in A1Si10Mg parts processed by selective laser melting,” Additive
Manuf., vols. 1-4, pp. 77-86, Oct. 2014.

[2] H. Williams and E. Butler-Jones, “Additive manufacturing standards
for space resource utilization,” Additive Manuf., vol. 28, pp. 676-681,
Aug. 2019.

[3] S. H. Khajavi, J. Partanen, and J. Holmstrom, “Additive manufacturing
in the spare parts supply chain,” Comput. Ind., vol. 65, no. 1, pp. 50-63,
Jan. 2014.

[4] P. A.Booth and E. Valles Lluch, “Realising advanced waveguide bandpass
filters using additive manufacturing,” IET Microw., Antennas Propag.,
vol. 11, no. 14, pp. 1943-1948, Nov. 2017.

[5] O. A. Peverini, M. Lumia, F. Calignano, G. Addamo, M. Lorusso,
E. P. Ambrosio, D. Manfredi, and G. Virone, “Selective laser melting
manufacturing of microwave waveguide devices,” Proc. IEEE, vol. 105,
no. 4, pp. 620-631, Apr. 2017.

44519



IEEE Access

R. Gumbleton et al.: Effect of Build Orientation and Laser Power on Microwave Loss

(6]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

P. Booth and E. V. Lluch, “Enhancing the performance of waveguide filters
using additive manufacturing,” Proc. IEEE, vol. 105, no. 4, pp. 613-619,
Apr. 2017.

C. R. Garcia, R. C. Rumpf, H. H. Tsang, and J. H. Barton, “Effects of
extreme surface roughness on 3D printed horn antenna,” Electron. Lett.,
vol. 49, no. 12, pp. 734-736, Jun. 2013.

F. Calignano et al., “High-performance microwave waveguide devices
produced by laser powder bed fusion process,” Procedia CIRP, vol. 79,
pp. 85-88, Mar. 2019.

A. Charles, A. Elkaseer, L. Thijs, V. Hagenmeyer, and S. Scholz, “Effect
of process parameters on the generated surface roughness of down-facing
surfaces in selective laser melting,” Appl. Sci., vol. 9, no. 6, p. 1256,
Mar. 2019.

B. Zhang and H. Zirath, “A metallic 3-D printed E-band radio front
end,” IEEE Microw. Wireless Compon. Lett., vol. 26, no. 5, pp. 331-333,
May 2016.

M. D’Auria, W. J. Otter, J. Hazell, B. T. W. Gillatt, C. Long-Collins,
N. M. Ridler, and S. Lucyszyn, “3-D printed metal-pipe rectangular
waveguides,” IEEE Trans. Compon., Packag., Manuf. Technol., vol. 5,
no. 9, pp. 1339-1349, Sep. 2015.

R. Gumbleton, J. A. Cuenca, G. M. Klemencic, N. Jones, and A. Porch,
“Evaluating the coefficient of thermal expansion of additive manufac-
tured AlSi10Mg using microwave techniques,” Additive Manuf., vol. 30,
Dec. 2019, Art. no. 100841.

E. Hammerstad and O. Jensen, “Accurate models for microstrip computer-
aided design,” in IEEE MTT-S Int. Microw. Symp. Dig., Washington, DC,
USA, May 1980, pp. 407-409.

V. J. Matjeke, C. Moopanar, A. S. Bolokang, and J. W. van der
Merwe, “Effect of heat treatment time on the microstructure
and mechanical deformation behavior of additive-manufactured
AlSil0Mg components,” Prog. Additive Manuf., vol. 5, pp. 379-385,
Jun. 2020.

H. Chen, D. Gu, J. Xiong, and M. Xia, “Improving additive manufac-
turing processability of hard-to-process overhanging structure by selec-
tive laser melting,” J. Mater. Process. Technol., vol. 250, pp. 99-108,
Dec. 2017.

R. M. German, Sintering Theory and Practice. Hoboken, NJ, USA: Wiley,
vol. 1996.

J. C. Fox, S. P. Moylan, and B. M. Lane, “Preliminary study toward
surface texture as a process signature in laser powder bed fusion additive
manufacturing,” in Proc. Summer Top. Meeting: Dimensional Accuracy
Surf. Finish Additive Manuf., 2016, pp. 168-173.

R. Gumbleton, J. A. Cuenca, S. Hefford, K. Nai, and A. Porch, ‘“Measure-
ment technique for microwave surface resistance of additive manufactured
metals,” IEEE Trans. Microw. Theory Techn., vol. 69, no. 1, pp. 189-197,
Jan. 2021.

D. Pozar, Microwave Engineering. Hoboken, NJ, USA: Wiley, 1998.

R. Gumbleton, K. Nai, S. Hefford, and A. Porch, “Effects of post-
processing treatments on the microwave performance of additively man-
ufactured samples,” in Proc. 13th Eur. Conf. Antennas Propag. (EuCAP),
Krakow, Poland, Mar./Apr. 2019, pp. 1-4.

S. Ramo, J. R. Whinnery, and T. van Duzer, Fields and Waves in Commu-
nication Electronics, 3rd ed. Hoboken, NJ, USA: Wiley, 1994.

44520

RICHARD GUMBLETON received the B.Eng.
(Hons.) degree in electronic and communica-
tions engineering from Cardiff University, U.K.,
in 2017, where he is currently pursuing the Ph.D.
degree in microwave engineering as part of an
ICASE studentship award with Renishaw PLC.

His research interest includes additive manu-
facturing for microwave applications, specifically
the characterisation and optimisation of additive
manufactured surfaces.

ROBERT BATSON received the B.Eng. (Hons.)
degree in electrical and electronic engineering
from Cardiff University, U.K., in 2018, where he is
currently pursuing the Ph.D. degree in microwave
engineering as part of an ICASE studentship award
with Renishaw PLC.

His current research interest includes mea-
surement techniques that utilises microwave and
millimeter wave structures to characterise and
optimise additive manufacturing surfaces.

KENNETH NAI received the B.Sc. (Hons.) degree
in electronics and electrical engineering and the
Ph.D. degree in control systems from Lough-
borough University, UK., in 1990 and 1995,
respectively.

Since 1995, he has been with Renishaw PLC,
Wotton-Under-Edge, U.K., where he is currently a
Principal Engineer and he has developed products
in the field of metrology systems, neuro-surgical
robotics, and metal powder 3-D printers. He has
been granted 12 U.S. patents. He is also a member of the Institution of
Engineering and Technology and a Chartered Engineer.

ADRIAN PORCH received the M.A. degree in
physics and the Ph.D. degree in low temperature
physics from Cambridge University, Cambridge,
U.K,, in 1986 and 1990, respectively.

He is currently a Professor with the School
of Engineering, Cardiff University, Cardiff, U.K.,
where he leads the Center for High Frequency
Engineering. He has 34 years of experience in
applying microwave methods to measure and
understand the fundamental properties of elec-
tronic materials, with 165 relevant publications. More recently, he has
developed microwave sensors and applicators across different disciplines,
including new medical sensors and new methods in electron paramagnetic
resonance spectroscopy.

VOLUME 9, 2021



	Abstract
	Acknowledgements
	Publications
	List of Figures
	List of Tables
	Introduction and Thesis Summary
	Performance of PBF Over Multiple Microwave Bands
	Motivation
	Research Goals

	The Effects of Post-Processing Treatment to PBF 
	Motivation
	Research Goals


	Literature Review and Background
	Additive Manufacturing
	Additive Manufacturing Overview
	Application to Passive Microwave Devices

	Surface Roughness and Microwave Losses
	Surface Roughness
	Loss Measurement Techniques

	Broadband Microwave Measurements
	Parameters Relating to PBF Relevant to Microwave Performace
	Powder Properties

	Post Processing
	Highly Conductive
	Deburring


	Theory and Methods of Microwave Surface Resistance Measurement
	Introduction
	Microwave Resonance and Loss
	Microwave Resonance
	Rectangular Cavities
	Surface Resistance and Dielectric Loss

	Fabry Perot Resonator: Overview
	Measurement Theory
	Dish Design
	Sample Design
	Mechanical Design
	Measurement
	Future Work

	Coaxial Resonator: Overview
	Measurement Theory
	Resonator Design
	Spacer Design
	Sample Design
	Measurements

	BroadBand Parallel Plate Resonator: Overview
	Measurement Theory
	Resonator Design
	Calibration
	Correction Factor for Rs

	Further Work 

	Build Orientation and Measurement Orientation
	Introduction
	Sample Preparation
	Sample Surface Measurements Technique
	Build Orientation and Surface Orientation Measurements
	Conclusions and Further Work

	Effect of Post Processing on Surface Resistance 
	Introduction
	Sample Preparation
	Silver Plating
	Media Tumbling
	CNC Machining

	Measurement Protocol
	Surface Resistance Measurements
	Tumbled Media
	CNC Machined
	Silver Plating

	Conclusion and Future Work

	Final Summary and Future Work
	Measurement Methods for Microwave Surfaces 
	Build Orientation and Surface Orientation
	Post Processing Treatment

	References
	Appendix
	Frequency response graph with respect to measured surface resistance 
	Published papers


