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ABSTRACT

Additive manufactured (AM) metals are of increasing interest for their per-

formance in passive microwave applications, however several barriers exist to

their large scale uptake. This thesis hopes to help address some of these barriers

through the contribution of novel microwave techniques for the characterisation

of metal AM parts and reporting of results from supporting experimental studies.

A novel parallel plate resonator fixture is developed for the accurate measure-

ment of the surface resistance of flat metal plates produced by AM. This allows

for microwave current flow in two orthogonal directions by simply exciting a

different resonant mode. This has significance for the detection of anisotropy

in a given plane that might arise through the laser scan path or vertical layer

boundaries, for example, and is used here to assess the performance of individual

wall surfaces, as they might appear in a manufactured waveguide component.

Experimental studies are performed on the use of AM processes parameters to

optimise the manufactured surfaces for low microwave loss, as well as quantifying

the effects of several commonly used post-processing treatments. Improving mi-

crowave performance of unsupported, downward facing, surfaces is of particular

interest and is investigated in this thesis, culminating in a ∼ 40% reduction in

surface resistance.

Finally, a focus on practical applications in satellite technology is given

through the evaluation of thermal properties of AM parts. A technique is de-

scribed that uses fractional frequency shifts to evaluate the thermal expansion

(CTE) of a cylindrical AM microwave cavity over an extreme temperature range

(6–450 K) without the need for strict calibration. To the authors knowledge, this

is the first time that CTE has been assessed over such a wide temperature range

for AM parts, as is appropriate for space based components, using a passive

microwave structure that can be adopted in a satellite communications system.
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CHAPTER 1

INTRODUCTION

1.1 Introduction and Motivation

Additive manufacturing (AM) is described as the ‘process of joining materials to

make objects from 3D model data, usually layer upon layer’ [1]. The first intro-

ductions into AM technologies appear in the 1980s as a method for prototyping

new designs. In recent years, with improvements in geometrical accuracy and

material properties, there has been significant interest in the transition of AM

from a rapid prototyping tool to an industrial production method [2, 3].

Several recent reports have highlighted the potential of AM technology growth

within the global manufacturing sector, with estimations that AM products and

services worldwide were worth ∼ $6bn in 2017 and continually growing [4]. This

sum however represents only 0.05% of the global manufacturing market, a share

which is expected to grow rapidly. In the UK, AM has been identified as a ’pri-

ority technology’ to develop as a national competency [5], where areas of existing

expertise, such as healthcare, motor sports and aerospace have already been ac-

tive in the use of AM technology, albeit currently on a relatively small scale [6].

Some business case drivers for industrial uptake include: reduction in part and

tooling costs, reduction of waste material through powder recycling and exploit-

ing benefits from redistributed manufacturing [7]. Furthermore, with continued

technological developments and enhancements in green electricity production,

AM may be able to offer improved environmental impact when compared to

conventional manufacturing [8].

Manufacturing systems for metal powder bed fusion (PBF), one form of AM,

such as the Renishaw AM250 and RenAM500, are capable of producing near

full density parts [9] with the benefits of significant weight reduction [10] and

increased geometric design freedom [11] compared with subtractive manufac-
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turing methods. From an engineering point of view, the use of under-utilised

technologies such as PBF depends on a comprehensive understanding of how

the final product will perform in a given environment. Mechanical properties

of PBF parts such as hardness [12, 13, 14], tensile strength [15, 16, 17] and

ductility [18, 19, 20], to name a few, are well represented in academic litera-

ture. For aerospace applications the knowledge of such properties, along with

the promised weight reduction that AM offers is highly desirable, with AM hav-

ing been identified as an enabling technology for next-generation microwave /

communications devices [21]. However, AM adoption for aerospace applications

is still in its relative infancy [22] due to the limited knowledge available on the

material electrical properties. The relatively poor surface finish of AM parts,

suggesting poor microwave performance, perhaps leads to an assumption that

the surfaces will require heavy post-processing and may be an inhibiting factor

in uptake.

The main theme of this thesis is to investigate the application of PBF pro-

cesses to the production of passive microwave devices, as applicable for aerospace

applications, through the evaluation of material electrical and thermal proper-

ties. A variety of metal powders are available for PBF, including titanium, steel,

nickel and cobalt alloys. However, due to its higher electrical conductivity, that

is demanded by passive microwave devices, an aluminium alloy (AlSi10Mg) is

used throughout this thesis.

1.2 Research Goals

The research goals outlined here have been developed in partnership with the

commercial / industrial sponsor, Renishaw plc. To thoroughly understand and

test the microwave surface resistance of PBF parts a compact, accurate and easy

to use test fixture is to be developed. Any three-dimensional structure, such as a

microwave waveguide section, will contain surfaces of various orientations, there-

fore the test fixture should be capable of testing each surface individually. Com-
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plementary to the test fixture, a simulated waveguide model is to be developed

where individual surface properties can be combined into a three-dimensional

component. Microwave performance of PBF parts with and without undergoing

post processing treatments will be investigated and thermal expansion will be

measured over typical space environment thermal cycling ranges.

1.3 Thesis Summary and Original Contributions

Having established the motivation and objectives for the body of work, this thesis

can be broken down into four primary areas of research;

1. Development of microwave cavity resonator fixtures to aid in the mea-

surement of surface resistance.

2. Effects of process parameters on the microwave performance of PBF

surfaces.

3. Effect of post-processing methods on the microwave performance of PBF

surfaces.

4. Thermal characterisation of AlSi10Mg for space applications.

Each research area will be covered in detail in their own chapter; a summary of

which is included below.

Chapter 2: Literature Review and Background

This chapter covers an introduction to the powder bed fusion process (in-

cluding common terminology used throughout this thesis) as well as a review

of previously published works on PBF state of the art, material properties and

industrial uptake. A summary of additive manufacturing of passive microwave

components is also included. An overview of microwave measurement theory and

techniques already existing in literature is provided and common post processing

methods are also described.
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Chapter 3: Microwave Measurement of Surface resistance

In this chapter two measurement techniques are presented for the evaluation

of microwave surface resistance. Firstly an established ‘lift off’ dielectric res-

onator (LODR) technique developed over the course of previous projects and

utilised in some measurements within this thesis. Secondly a novel parallel plate

resonator technique designed specifically for use with PBF material samples.

An overview of the LODR fixture is given, including a description of the

unique calibration technique where the z position of the dielectric puck is varied;

with the resulting quality factor (Q) measurements fitted to a characteristic

equation. The curve fitting process allows for extraction of dielectric loss (tanδ)

and surface resistance without the need for additional test fixtures. Simulation,

calibration and initial measurement results are presented, along with descriptions

of the geometrical factor and dielectric filling factor calculations.

The main section of this chapter is used to provide detailed development and

design information regarding a novel microwave cavity resonator for PBF sample

measurements. The cavity is based on a parallel plate geometry and operates at

5.3 and 6.4 GHz by exciting two orthogonal resonant mode; each mode induc-

ing a one directional surface current in the sample-under-test, with 90o rotation

between modes. The orthogonality of the resonant modes and induced currents

allows for direct compression between the surface resistance seen by currents

flowing in x and y directions; assessing isotropy without the need for removal

and re-fixing the sample. A combination of an a-Priori calibration step, detailed

finite element model simulations and careful geometry design leads to a measure-

ment technique with very low error. Design equations, simulations and initial

measurement results are presented for several design iterations.

Original Contributions arising from Chapter 3

• A novel microwave cavity resonator for measuring surface resistance in flat

PBF samples.

These original contributions have resulted in the publication of a peer-reviewed
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journal article [23].

Chapter 4: Effect of PBF Process Parameters on Surface

Resistance

Here an investigation is undertaken into the influence of various process pa-

rameters on measured surface resistance. Firstly the effect of build orientation

is considered through the measurement of samples manufactured in horizontal,

vertical and 45o (relative to the build plate) build orientations. Secondly, a va-

riety of process laser powers are applied to specific parameter sets to consider

the effect of laser energy density on surface resistance. The chapter is concluded

by investigating the influences of the laser scan path through the creation of

directional roughness profiles in theoretical best and worse case scenarios relat-

ing to microwave current flow. Supporting simulations of the microwave loss

relationship to surface roughness are also presented.

Original Contributions arising from Chapter 4

• Major variations in microwave surface resistance are described between

various build orientations.

• A correlation is established between an increase in down skin laser power

and a reduction is surface resistance of downward facing surfaces.

• x-y plane surface resistance is found to be isotropic for AlSi10Mg samples

produced in a horizontal orientation.

These original contributions have resulted in the publication of a peer-reviewed

journal article [24].

Chapter 5: Effect of Post-Build Treatments on Surface

Resistance

This chapter focuses on forming comparisons between ‘as built’ PBF sam-

ples and equivalent samples that have undergone a variety of post processing
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treatments. The LODR fixture is utilised for the measurement of surface re-

sistance. Post-processing techniques investigated include silver plating, mirror

finish polishing and various deburring methods.

The chapter concludes with use of the measured surface resistance values to

create a finite element model of a C-band waveguide filter, thus highlighting the

effect that different build orientations of individual internal surfaces can have on

the overall microwave performance of a passive waveguide component.

Original Contributions arising from Chapter 5

• Silver plating reduces surface resistance of PBF samples to a value compa-

rable with copper PCB. It also significantly improves the disparity between

the surface resistance of horizontal and vertical orientated samples.

• Near-mirror finish polishing of horizontal and vertical orientated PBF sam-

ples produced surface resistance values comparable with each other, as well

as that of an equivalent treated bulk aluminium sample; the increase in mi-

crowave loss of PBF samples is mainly attributed to the increased surface

roughness.

These original contributions have resulted in the publication of a peer-reviewed

conference paper [25].

Chapter 6: Microwave Evaluation of Thermal Expansion

The final experimental chapter aims to investigate thermal properties of PBF

components by utilising a lesser known fractional-frequency shift microwave tech-

nique. Introductory details are given on the importance of understanding thermal

expansion of PBF parts if uptake in applications such as satellite communications

is to be further expanded, where parts are usually exposed to extreme variations

in temperature. The theory behind the fractional frequency shift technique and

how it enables the extraction of the thermal expansion coefficient is described

in detail, along with the extraction of surface resistance for the microwave S-

6



Parameter data. The benefit of performing testing on a functional microwave

component against traditional measurement methods is expressed. The measure-

ment data presented included fractional frequency shift, coefficient of thermal

expansion, Q factor and surface resistance; all as a function of changing thermal

conditions.

Original Contributions arising from Chapter 6

• The coefficient of thermal expansion of AlSi10Mg produced by PBF is

measured over an extreme temperature range (6 - 450 K); greater that the

typical thermal cycling experienced by satellite components in space.

• A lesser known microwave technique is employed allowing for thermal char-

acterisation of the PBF material using a passive microwave structure that

could be adopted in a satellite communications system.

These original contributions have resulted in the publication of a peer-reviewed

journal article [26].
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CHAPTER 2

LITERATURE REVIEW AND BACKGROUND

This chapter presents a review of the current ‘state of the art’ for microwave

devices produced by additive manufacturing, including summaries of the fun-

damental analysis of microwave loss and AM processes and parameters. An

appraisal is conducted into the current methods presented in literature for as-

sessing microwave performance of AM components, measurement the electrical

and thermal properties of the formed material and the common post processing

techniques required for microwave applications.

2.1 Additive Manufacturing for Microwave Applications

2.1.1 Additive Manufacturing Overview

Additive manufacturing, or ‘3-D printing’ is a modern fabrication process that

enables three-dimensional components to be built using multiple two-dimensional

layers. This form of manufacturing is becoming increasingly common as tech-

nological developments allow for greater confidence in material performance,

reduction in single-part build costs [27] and reduced time-to-market for new

designs [28]. Many flavours of AM processes exist using a wide range of mate-

rials. One of the earliest forms of AM consisted of cutting patterns from sheets

of paper before layering them with adhesive into a three-dimensional part [29].

Modern technological advancement make this process seem rather primitive. The

main categories of modern AM systems include ‘Liquid Polymer’, ‘Molten Ma-

terial’ and ‘Discrete Particle’. Liquid polymer systems, used in processes such

as stereo-lithography, employ a vat of liquid resin which is cured by a source in

a two-dimensional pattern before the build platform is moved vertically to allow

the next layer of liquid resin to cover the three-dimensional part; a schematic

8



a) b)

Figure 2.1: Representation of a) Liquid Polymer and b) Molten Material additive
layer manufacturing systems. Reprinted from [32] ©2016 Kim et al. (CC-BY-
NC), and [33] ©2020 Cao et al. (CC-BY), respectively.

of the process is shown in Figure. 2.1a. Molten material systems use a material

extrusion design and have recently found a new market amongst hobbyists. In

fact, fusion deposition modeling, one form of Molten material system, is currently

the most popular AM technology in use [30]. These systems often use polymer

filaments, but some are capable of using bound metal [31], melted through a

heated print nozzle and deposited on the build plate. The process is repeated

over successive layers to build the three-dimensional part. A schematic of molten

material system principles is shown in Figure. 2.1b.

With relation to this thesis topic, passive microwave applications, several

studies have used polymer AM with an additional post-process metalisation.

Geterud et al. [35] utilized an electroless plating procedure where upwards of

5µm thickness of copper is deposited on polymer waveguide sections produced

through various types of AM, leading to conductive and functional components

with drastically reduced weight. Genc et al. [34] used fused deposition mod-

eling to fabricate a series of pyramidal horn antennas, shown in Figure. 2.2,

plating each with a different metal coating. Copper, Chromium and Nickel were

investigated and whilst all metalisations produced working antennas, perhaps

unsurprisingly the copper plated version showed highest achieved gain of the

9



Figure 2.2: Genc et al. antenna horn manufactured by fused deposition modeling.
Coated with a) copper, b) chromium and c) nickel. Reprinted from [34] ©2017
IEEE.
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Figure 2.3: Genc et al. additive manufactured antenna horn gain results.
Reprinted from [34] ©2017 IEEE.

Figure 2.4: Representation of a powder bed fusion process; A discrete particle
additive layer manufacturing system. Reprinted from [26] ©2019 Gumbleton et
al. (CC-BY).

three materials, as shown in Figure. 2.3. However, these studies and others [36,

37, 38], have not compared the measured performance to current commercially

available alternatives or considered the power handling and thermal properties

of the polymer base in extreme operating conditions; as might be expected in

aerospace applications.

Perhaps the largest area of interest for AM in passive microwave application is

the discrete particle systems mentioned above. One example of this AM process

is metal powder bed fusion (PBF), where layers of atomised metal powder are

consecutively melted using a high powered laser into two-dimensional patterns,

with each layer contributing to the three dimensional build; a representation

is shown in Figure. 2.4. The potential of PBF for the production of passive
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microwave devices is exciting due to possibility of producing near full density

(99.8%) parts while offering upto 50% weight reduction over traditionally man-

ufactured alternatives [10]. PBF processes have also opened up new possibilities

for the manufacture of novel three-dimensional, passive, microwave devices with

previously un-realisable design freedom.

2.1.2 Application to Passive Microwave Devices

Amongst the early adopters of AM outside of academia, Airbus Defence and

Space have been at the forefront of research into AM for microwave compo-

nents. Early publications by Booth et al. described the use of AM to simplify

the manufacture of Ortho Mode Transducers (OMT), which are some of the

most complex feed chain components to manufacture [39]. The increased surface

roughness present due to AM was somewhat offset by applying a silver plating

process post-build. Additionally, through the monolithic design, the removal of

flanges and multiple interconnects where losses tend to occur. Photographs of the

traditional manufactured part and its AM equivalent are shown in Figure. 2.5.

This is one example where AM has been used to improve the manufacturing of an

existing component design. More recently, Kilian et al. have published several

further studies utilising the design freedom of AM to create increasingly complex

monolithic assemblies [40], incorporating the OMT into a single part build with

multiple other components. Perhaps the presented build that best summarises

the opportunities realised through AM is a Ku-band feed cluster [41], shown in

Figure. 2.6.

This assembly consists of 18 feed chains, each comprising an antenna horn,

OMT, transition segment and waveguide routers, including flanges; replacing

upwards of 72 individual components with a single piece. Each section was de-

signed for additive manufacture; for example the traditional rectangular waveg-

uide routers have been replaced with elliptical sections, which have similar wave

propagation properties but have been shown to exhibit lower ohmic loss, as
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a) b)

Figure 2.5: Ortho Mode Transducers produced by a) multi part traditional manu-
facturing and b) monolithic additive manufacturing. Reprinted from [39] ©2017
IEEE.

Figure 2.6: Single-part Ku-band Tx/Rx feed cluster. Reprinted from [41] ©2017
IEEE.

found by Booth et al. [42, 43] and Lorente et al. [44], and are easily produced

through AM. Additionally, the whole assembly is orientated within the AM build

chamber to minimise the area of downward facing surfaces, which would require

supporting structures and often exhibit the highest surface roughness.

Underpinning the advances in complex assemblies are more fundamental in-

vestigations into optimised design geometries. Again Airbus have been a major

contributor to this knowledge base through studies such as Kilian et al. [45] and

the development of near free-form waveguide sections, as shown in Figure. 2.7.

These developments allow for mass and quantity of components to be reduced

and enables complex structures to be realised with minimal routing. Few other

commercial companies share advancements in AM in the same manner as Air-
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Figure 2.7: Near free-form waveguide section. Reprinted from [45]. ©2017 The
Institute of Engineering and Technology.

Figure 2.8: Optimised Spline antennae horn produced by additive manufacturing.
Reprinted from [46] ©2018 IEEE.
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bus, but another exception is Thales, who have also published details of their

AM manufactured components. Cailloce et al. have published studies on the

the performance of spline horn antennas using aluminium and titanium alloys,

optimised for low mass by thin walls and mesh structures, as shown in Fig-

ure. 2.8, as well as advanced single part clusters produced by AM [46]. Talom et

al. also investigated different processing materials for microwave components in

AM. This study found that the surface roughness of titanium built part was sig-

nificantly lower that the aluminium equivalent and thus had a smaller influence

on frequency shift in waveguide filters. However, the lower electrical conductivity

meant that titanium built parts experience more loss [47]. Other contributing

companies include Optisys, who have also developed novel iterations on the OMT

using metal PBF and single part design [48] and The Mitre Corporation, building

a frequency scaling, ultra-wideband phased array for satellite applications [49].

a)

b)

Figure 2.9: Waveguide filter designs for production by additive manufacturing.
a) traditional filter design, b) tilted downward facing surfaces. Reprinted from
[50] ©2019 Calignano et al. (CC-BY).
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From an academic perspective, there are several research groups investigating

AM for microwave components. Perhaps the largest group of studies have been

conducted by researchers at the Politecnico di Torino. Peverini et al. performed

assessments of fundamental electromagnetic performance on standard waveguide

filters produced by AM before optimising the design as to minimise the downward

facing surfaces, which suffer increased roughness [51]. This design change is

shown in Figure. 2.9, where each filter sub is ‘tilted’ and the part is manufactured

vertically. The initial measurements were promising in that aluminium alloy

could provide sufficiently low loss as to not require additional plating if correct

decisions are made on the build orientation, although many studies still apply

this additional, post-processing plating step to improve electrical performance.

The possibility of foregoing plating is also observed by Hollenbeck et al., who

compared waveguide attenuation values for commercial waveguides, AM and

CNC equivalents [52]. As expected, the commercial waveguides were far superior

in performance; however, the CNC and AM sections were relatively close in terms

of attenuation, which is perhaps due to the requirement for the CNC section to

be made in two pieces, such that the loss associated with surface roughness in

the AM section is of the same order of magnitude as the loss associated with a

seam along the H-plane of the CNC part. Calignano et al. further developed the

‘tilted’ filter design through a weight optimisation processes, achieving a 50%

reduction in weight whilst maintaining filter performance [50].

Other microwave research groups have also performed studies using AM to

implement their designs. Salek et al. fabricated rectangular waveguide filters

using ‘micro’ laser sintering, where the laser spot size is ∼30 µm (much smaller

than in typical PBF manufacturing systems). This increase in manufacturing

accuracy enabled their design reach into the mm-wave regime, operating at ap-

proximately 100 GHz and with the use of copper plating a very good insertion

loss was measured [53]. The additional plating was required in the first instance

to offset the lower conductivity of the steel power used for the base manufacture
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but also, even with the reduced surface roughness (∼ 5µm), at such high frequen-

cies the microwave loss is heavily dependent on the presence of surface features.

This is consistent with other high frequency / millimeter wave studies utilising

AM [54, 55]. Millimeter wave applications are becoming more relevant commer-

cially, through for example collision avoidance, advanced communications and

radar systems. However, the critical dimensions for such high frequency com-

ponents is difficult to manufacture to a high quality with current commercially

available AM systems. While at lower microwave frequencies AM has been used

as an enabler for novel designs, such as ‘quasi’ elliptical inline filters presented

by Rao et al. [56] or the ‘slotted spherical resonator’ filters proposed by Zhang

et al. [57].

A significant theme of these studies is that the possibility for AM to enhance

the aerospace supply chain is great, and this is not only for novel, ground break-

ing geometries, which are not necessarily achievable by traditional manufacturing

methods; it is also for the simplification, reduction of lead time and the decrease

in weight and physical size of more traditional components. In particular, despite

the rough surface finish exhibited by AM components, the attenuation of waveg-

uide structures is not drastically enhanced, at least in low microwave frequency

applications (up to Ku band), as may have been expected (no more than a factor

of two worse than traditional alternatives [58]). This leads to the prospect of im-

proving performance through process optimisation and the desirable properties

of requiring little or no post-processing between build and utilisation.

Within the Centre for High Frequency Engineering at Cardiff University,

an alternative model for investigating microwave performance in AM parts has

been initiated; to assess individual surfaces, as they would appear in 3D struc-

tures, using microwave cavity resonator techniques rather than measuring whole

transmission line components in the ‘macro approach’ adopted by the studies

mentioned above. Clark, Hefford and Porch have pioneered this approach and

in the first instance examined the microwave loss exhibited by flat metal sam-
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ples built in horizontal or vertical orientations [59]. Titanium alloy (Ti6Al4V),

aluminium alloy (ALSi10Mg) and cobalt chrome alloy (CoCr) were investigated.

Interestingly, all material samples built in a vertical orientation showed higher

loss compared with an ideally flat, bulk metal, approximation (by a factor of ∼

2-3), while the horizontal samples exhibited only slightly increased loss (by a fac-

tor of ∼ 1.1-1.5). This methodology has been extended and used throughout this

thesis. A significant finding from Clark’s work, which is discussed in more detail

later in this chapter, was a deviation from the traditionally accepted correlation

of microwave loss to RMS surface roughness. Rather, microwave performance is

attributed to the distribution of roughness feature geometry and size, as opposed

to the averaged peak-peak roughness height alone.

2.2 Surface Roughness and Microwave Loss

Surface resistance (RS) is a key parameter when assessing the performance of

conductive metal surfaces at microwave frequencies. Measurement and under-

standing the origin of enhanced RS over the theoretical values for specific metals

is important in the optimisation for low-loss microwave applications. In practice

the manufacturing process alone will introduce surface features, which have been

shown to strongly correlate with microwave loss and hence RS [60, 61, 62, 63,

64, 59, 65]. RS is defined as the real part of the ratio of tangential components

of electric and magnetic fields at a metal surface; equivalently (and importantly

for evaluating the performance of passive microwave devices) it is the power dis-

sipated per unit area per unit parallel magnetic field at the surface of a metal.

Electromagnetic (EM) wave analysis using the fourth of Maxwell’s equations

yields the following equation for Rs that demonstrates its dependence on key

variables such as frequency f and conductivity σ (assuming the metal to be

non-magnetic)

RS =

√
πfµ0

σ
(2.1)
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Figure 2.10: Current flow in a circular wire at different frequencies. Current
flows in an increasing narrow layer at the extremities of the wire as frequency
increases.

where µ0 is the permeability of free space (H/m), f is the operating frequency

(Hz) and σ is the electrical conductivity of the material. It should be noted

that although RS shares the same units (Ω) as the bulk resistance (R) of a

material, these are two separate quantities. The DC value of R arises as the

result of current flow over the whole cross-section of a metal component, but

Rs arises owing to current flow very near the surface in a region called the skin

depth (δ). The significance of RS at microwave frequencies is due to the non-

uniformly distributed alternating current within the conductor, where a high

current density is concentrated near the surface. This phenomenon is known as

the skin effect and the depth at which the majority of current (1 - 1/e = 63%)

is carried is calculated as

δ =

√
1

πfµ0σ
(2.2)

For aluminium alloy AL6082 (of bulk conductivity σ = 2.63×107 S/m) at a

nominal frequency 5.3 GHz, it is calculated that δ = 1.96 µm. Therefore, the

majority of current will be carried in the outermost ≈ 2 µm of the material;

we expect the surface roughness to be on a scale an order of magnitude larger

than this and can have a significant impact on power loss. A simplistic repre-

sentation of the skin depth in a cylindrical wire as a function of frequency is

shown in Figure. 2.10. The current density associated with the skin effect decays
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Figure 2.11: Current density decay as a function of skin depths into a conductor
from its surface.

exponentially from the surface as a function of depth y into the conductor by

Js(y) = J0e
−y/δ (2.3)

where J0 is the current density at the surface (y = 0). This decay is shown

graphically in Figure. 2.11, where one skin depth represents the distance into the

material at which point the current density is 1/e or 37% of its surface value.

When y=4δ into the conductor, 98% of current is flowing within this region of

material.

2.2.1 Roughness and Performance

There is widespread acknowledgment that the presence of rough surfaces in mi-

crowave devices leads to an increase in resistive losses. Historically, the drive

to understand and quantify this link lead to surface roughness being modeled

as repeated, uniform, corrugations of arbitrary shape. Morgan, acknowledging

that effective resistance had already been linked to the surface treatment of the

material, was the first to present such a model directly linking surface roughness

to microwave loss [63]. His work concluded that surface features (triangular or

square profile) transverse to current flow have the effect of significantly increasing

losses when the features are on the same scale as the skin depth. Hammerstad and

Jenson adapted Morgan’s results to present perhaps the most widely accepted
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and adopted surface roughness model for microwave loss estimations [66]. This

was the first model to introduce a correction factor employed to the attenuation

coefficient of transmission lines to account for surface roughness in a practical

sense. Both Morgan’s, and Hammerstad and Jeson’s models use the ratio of

RMS surface roughness to the skin depth to quantify excess losses. Hammerstad

and Jenson’s model is given by Equation. 2.4.

αrough = αsmooth ×K (2.4a)

where αsmooth is the calculated attenuation constant for a smooth conductor and

K is the Hammerstad and Jenson correction factor

K = 1 +
2

π
tan−1

(
1.4

[
Rq

δ

])
(2.4b)

where Rq is the RMS surface roughness.

Several later models proposing similar concepts are reported in literature,

however, in all of these models the excess RS tends to saturate at a correction

factor of two as the ratio Rq / δ increases [67], so limiting their effectiveness to

frequency ranges below around 5 GHz [68]. These important works on the effects

of surface roughness on microwave loss have been seminal in the advancement of

modeling and simulation tools [69] for EM applications; however, all rely on the

RMS surface roughness in some form as the indicator for increased loss. Curran

et al. [70] went someway further with this modeling to include edge effects

and proximity effect in a unified model and introduced a “broad methodology”

for analysis of resistive loss mechanisms, while still approximating roughness

as idealised triangular corrugations. Many other works have also attempted to

model roughness with this geometrical corrugation approach in various forms;

conducting rigorous calculations on field magnitudes [71], adjusting the physical

representation away from solid pyramid geometries [72] and developing three

dimensions simulations of uniform periodic structures [73, 74], as well as showing
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Figure 2.12: Simulation of induced current density (A/m2) at 5,7 GHz for a)
feature width = 1 µm and b) feature width = 10 µm. Reprinted from [59]
©2017 IEEE.

that the ×2 saturation of loss is a significant underestimation of experimental

results [61, 75]. However, it may be observed that real-world roughness profiles

are not simply constructed of uniform, homogeneous arbitrary geometries, but

modeling of random roughness is not usually practical or indeed possible with

the simulation tools we currently have at our disposal.

Clark et al. performed relatively simple 2D finite element model simulations,

also on triangular grooves perpendicular to current flow, while adjusting not

only the roughness peak height but also the feature width [59]. The simulated

current density for the extremes of feature width are shown in Figure. 2.12.

This current density profile shows that at these extremes current flow is not

significantly impeded by the roughness peaks. Further to this, analysis of relative

loss, displayed in Figure. 2.13, shows a clear relationship between roughness

width (b) and skin depth. Specifically, when roughness peaks are approximately

three times the skin depth maximum in loss is observed. Conversely, at the

extremes of roughness width, microwave loss approximates to ideally flat surfaces.

This study goes some way to understanding that, in reality, roughness profiles will

have a variety of features sizes and perhaps it is a cumulative distribution rather

than an RMS surface roughness that should be the key modeling parameter for

high frequency loss estimation.

It should also be noted that in a transmission line structure that is generic

to all of the passive components considered in this thesis, the information signal
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Figure 2.13: Simulated relative surface losses as a function of feature width
relative to skin depth. Reprinted from [59] ©2017 IEEE.

is carried in the propagating EM wave confined by conducting boundaries. The

conducing boundaries give rise to the attenuation of the EM fields penetrating

into them such that roughness present on these boundaries serves to increase

the surface area on which EM penetration occurs and hence leads to higher loss.

The current flow shown in Figure.2.14, which follows the conductor profile, is a

common assumption used in many loss models and describes the roughness peaks

as discontinuities to current flow; this is perhaps misleading, as Figure.2.14 sug-

gests that there is an increased current path length with increased roughness

height at high frequencies (relative to the DC path length)[76]. Gold and Helm-

reich highlight the fundamental oversight that comes with modeling roughness

as 2D grooves perpendicular to current flow by taking a 3D approach of the

same problem [77], by assuming a current flow in a rough cylindrical conductor,

where roughness peaks prolong the conductor length (l) by a factor K to give an

effective conductor length (leff), the width (weff) and circumference (ζeff) of the

conductor are also increased by K. In this case, the resistance per unit length is

unchanged from that of a smooth conductor

Rrough =
leff

σAeff

=
leff

σδζeff

=
l

σδζ

K

K
= Rsmooth (2.5)

Furthermore, Huray et al. [78, 79] state that the Fermi velocity of electrons in

a good conductor (Copper) is ≈ 1.5×106 m/s whereas the EM wave propagating

in the contained dielectric (or vacuum) is propagating at a speed of vp = c/
√
εeff;
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Figure 2.14: 2-D corrugated surface assumption behind the Hammerstad-Jenson
model. Black arrows represent surface current flow at high frequencies.

where c is the speed of light in vacuum (3×108 m/s) and εeff is the relative

permittivity of the media. This means that the propagating wave is traveling

much faster than any charged particle could possibly move. Thus in order to

sustain the propagating wave there must exist localised charge densities. Cur-

rents flowing the in the z direction transverse to roughness peaks in Figure. 2.14

are localised eddy currents rather than a signal current linked to the propagating

EM wave in the adjacent media and as such the notion of roughness peaks acting

as discontinuities to current flow is somewhat misleading.

2.2.2 Loss Measurement Techniques

Several methods for the evaluation of RS using cavity resonance already exist and

are represented well in literature; two main techniques have been established for

this cause. The ‘end wall’ replacement of a resonant cavity structure [80, 81]

and the use of dielectric resonator (DR) fixtures in various forms [82, 83, 84],

perhaps most well known in the Hakki-Coleman implementation [85], shown in

Figure. 2.15. In the ‘end wall’ replacement technique, the Q factor of the TE

or TM mode of a cylindrical cavity resonator (usually manufactured of copper

or aluminium) is measured. An end wall is then replaced with a planar sample

of the study material and the change in Q factor can be used to extract RS,

relative to that of a reference sample. In the DR fixture approach, a low loss

dielectric resonator material (e.g. sapphire) is suspended within a conductive

shielding cavity with one wall replaced for the sample. When the dielectric is in

close proximity to the sample the loss influence of the sample Q factor is greatest
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Figure 2.15: Illustration of the two-plate Hakki-Coleman dielectric setup. Where
two parallel samples are measured simultaneously Reprinted from [86] ©2019
Hefford.

since it relies on the tangential magnetic field at the conductor surface

Qc =
ωµ0

∫∫∫
H2dv

RS

∫∫
H2
t ds

(2.6)

where Qc is the quality factor associated with conductive surfaces and ω is the

angular frequency (Rad/s). DR fixtures with very high Q factors have been used

for measuring superconducting films [90], which present the greatest challenges

for RS measurement owing to the extremely small RS values for superconductors

at microwave frequencies (around 0.1 mΩ for high temperature superconductors

at 10GHz and 77K) and recently a modern lift off DR approach for additive

manufactured parts with a high precision [59, 91, 25]. In both techniques res-

onant modes are chosen such that the induced current in the sample only has

only azimuthal components [90, 82], appropriate for maximising sensitivity by

avoiding current flow through the intersection of two pieces metal making up the

outer cavity walls [92].

Although appropriate for maximising sensitivity, this means that only isotropic

samples can be measured accurately. Owing to the layered nature of AM parts,

and any anisotropy introduced as result of the laser scan pattern or build orienta-

tion used in their production. An alternative technique (described in Chapter. 3)

is proposed within this thesis and is based upon the adaptation of a parallel

plate resonator (PPR). PPR variations have been previously employed by Reible

and Wilker [87], Gao et al. [88] and Taber [89] in studies on superconducting

materials. These PPR methods involve dielectric spacers sandwiched between
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a)

b) c)

Figure 2.16: Various parallel plate resonator implementations. a) Reible and
Wilker, b) Gao et al. and c) Taber. Reprinted from [87] ©1991 IEEE,
[88] ©1996 IEEE and [89] (with the permission of AIP Publishing), respectively.
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superconducting films, which are compressed intimately together through a set

of springs / rods external to the cavity as shown in Figure. 2.16. These versions

necessitate highly complex and sensitive setups but are capable of generating uni-

form, directional current flow for measurement of HF losses. These structures

will form the basis of the alternative PPR described in Chapter. 3.

2.3 Powder Bed Fusion: Process Parameters and Machine Data

Whilst discussing the use of AM for passive microwave applications, it is impor-

tant to consider the mechanisms and parameters that define the manufacturing

process itself. For the studies within this thesis, metal additive manufacturing is

utilised in the form of powder bed fusion. Discussed below are the key param-

eters that may effect the outermost surfaces of built parts in which microwave

currents will flow.

Throughout this thesis two Renishaw PBF systems are used; AM250 and

RenAM500Q, shown in Figure. 2.17. There are some significant differences in

the hardware between the two systems, outlined in Table. 2.1, however the fun-

damental process parameter considerations remain the same.

2.3.1 Powder Properties

The material of interest in this thesis is the commonly used AlSi10Mg Aluminium

alloy powder. Its nominal chemical composition is shown in Table. 2.2. The

Feature AM250 RenAM500Q

Laser 1 × 200/400 W 4 × 500 W

Focal Diameter (µm) 70 80

Build Volume (mm) 250 × 250 × 300 250 × 250 × 350

Max. Deposition Rate (cm3/hr) 20 150

Table 2.1: Summary of key difference between Renishaw AM250 and RenAM500
metal additive manufacturing systems.
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a) b)

Figure 2.17: Renishaw plc metal additive manufacturing systems. a) AM250 and
b) RenAM500Q. Reprinted from from [93] ©2021 Renishaw plc.

Element Al Si Mg Fe N O Ti Zn Mn Ni Cu Pb Sn

Mass% Bal 10 0.35 0.25 0.20 0.20 0.15 0.10 0.10 0.05 0.05 0.02 0.02

Table 2.2: Nominal chemical composition of AlSi10Mg aluminium alloy powder
for additive manufacturing applications.

material comprises aluminium with up to 10% mass fraction of silicon and small

quantities of other elements such as magnesium. The silicon present helps to

improve the fluidity of the melt pool while the addition of magnesium makes the

alloy both harder and stronger than pure aluminium [94]. The metal powders

used in PBF are manufactured through a process called atomisation, the most

common of which is gas atomisation, where a stream of falling, molten, metal

is acted upon by inert gas jets. Disrupting the metal flow into small spherical

particles of molten metal which cool as they fall and are ultimately collected as

powder. A generic representation of this process is shown in Figure. 2.18.

In general, the powder diameters for PBF applications are within the range

of 15 - 45 µm [96] for ‘raw’ powder. The raw powder however is very expensive

and unused powder from a build is generally recycled for economic reasons. It is

accepted that re-used power will generally have a different size distribution than
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Figure 2.18: Gas atomisation process.

Figure 2.19: Illustration of the influence of spattering particles defect generation
in powder bed fusion. Where spatter particles can generate pores within the bulk
of a manufactured component. Reprinted from [95] ©2017, with permission from
Elsevier.
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raw powder and in the case of AlSi10Mg shape deformation is also experienced,

as shown by Cordova et al. [97]. A significant mechanism for these differences is

the generation of spatter, where particles are ejected from the melt pool and are

deposited elsewhere on the powder bed [98]. Depending on the laser parameters,

scan strategy and inert gas properties in the chamber, the spatter particles can

combine to varying degrees with the loose powder atop of which they land,

creating unusual shapes and altering the size distribution. Reuse of powder

in this form can impact the quality of the final component, as illustrated in

Figure. 2.19. Recycled powder undergoes treatment to sieve out any undesirable

particles and, recently, novel methods of characterising particle size distribution

have been proposed to aid the reuse of powder in PBF processes [99]. The particle

size distribution will have an effect on the minimum layer thickness achievable

and subsequently lead to changes in the characteristics of the built part.

2.3.2 Layer thickness

The layer thickness parameter is defined by the height at which a spreading

blade is run relative the the previous layer. The choice of this value is relative

to the average particle size being used; a layer thickness much less that the aver-

age diameter will mean few particles are actually processed, while a larger layer

thickness can mean the laser energy may not fully fuse the particles to the layer

below. From an economical perspective, a larger layer thickness leads to reduced

build times and hence lower per-unit cost [100]. Figure. 2.20 shows the layer

preparation when layer thickness (t) is slighting larger than the average parti-

cle diameter. The layer thickness can also affect the accuracy of manufacture,

where for angled faces a ‘staircase’ effect is observed (and shown in Figure. 2.21).

The smaller the layer thickness is in these circumstances, the more accurate the

manufacturing can be to the designed geometry.
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Figure 2.20: Representation of PBF layer thickness t.

Figure 2.21: Graphic highlighting the effect of layer thickness on the accuracy
of powder bed fusion manufacturing. Large layer thickness produces an equally
large deviation from the design geometry.
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Figure 2.22: Three common scan strategies used by Renishaw additive manufac-
turing systems. a) Meander, b) Stripe and c) Chessboard. Adapted from [101]
©2017 Renishaw plc.

2.3.3 Scan Strategy

The scan strategy is the hatch path that the laser takes in melting each layer

of a component. The three main strategies employed by Renishaw systems are

(a) Meander; shown in Figure. 2.22a as straight line vectors directly between the

borders of the part; this can be done in a unidirectional manner by returning

the unpowered laser optic to the original boarder before scanning the next path,

or a bidirectional manor which is significantly faster; meander is, in general, the

quickest and most efficient strategy and is the one used throughout this thesis.

(b) Stripe; shown in Figure. 2.22b where the processing area is split into thin

stripes and the Meander pattern is used within each stripe; with typical stripes

in the range of 5-10 mm, this strategy can become slow for large build areas but

it ensures a more uniform residual temperature distribution than the Meander

strategy. (c) Chessboard; shown in Figure.2.22c where the stripe pattern is

divided into smaller, square areas in which the Meander path is employed; this

strategy has little benefit over Stripe and its additional complexity leads to slow

build times.

For each scan strategy, the direction of laser scan path is defined by the start

angle and the rotation angle increment between layers, as shown in Figure. 2.23.

The default value of rotation per layer is 67o, ensuring that the same scan di-

rection is not repeated for 180 layers, which helps to ensure a uniform fusing of
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Figure 2.23: Layer-wise manufacturing in powder bed fusion. Adapted from
[102], ©2018 WILEY-VCH Verlag GmbH & Co. KGaA.

layers. Other parameters, such as hatch distance shown in Figure. 2.23, will have

an effect of the density and porosity of the final part. This parameter should

be set such that there is a small overlap between adjacent tracks, which will be

marginally smaller than the size of the effective melt pool.

2.3.4 Laser Properties

For both the AM250 and RenAM500Q systems, ytterbium fibre lasers are em-

ployed for powder melting. The default wavelength is between 1070-1080 nm, in

the regime of high absoptivity for commonly used PBF metals [103]. The laser

focal diameter is approximately 70 − 80 µm and the maximum laser power for

the AM250 system is 200 W, while for the RenAm500Q (which employs four

independent lasers) the maximum power is 500 W. Laser power, during a given

exposure time, determines the energy penetration into the powder bed; this must

be sufficient to encourage good wetting between successive layers, however too

high a power can result in cracking due to excessive thermal gradients [104].

Laser power also has a major role in determining the surface quality of a PBF

component and its value subsequently will differ depending on which part of the

component is being processed. Particularly when processing unsupported, over-

hanging, sections the laser power will determine how much energy penetrates

previous layers and as such the level of partially melted powered adhered to the

surface.
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2.3.5 Build strategy

For any three dimensional component built by additive layer manufacturing,

there will be some surfaces that have to be orientated at a finite angle relative

to the build plate. Figure. 2.24 shows three common orientations for surfaces

in three dimensional builds; Horizontal (parallel to build plate), Vertical (per-

pendicular to build plate) and 45o; the latter is considered the lowest possible

build angle achievable without the requirement for additional supporting struc-

tures [105]. This is significant because for any microwave part produced by

additive manufacture, the presence of support structures within the internal vol-

ume of the component will severally effect performance. The removal of support

structures often requires line of sight access for mechanical removal, one method

of which is shown in Figure. 2.25a, which is often not achievable for internal

volumes. as detailed in Figure. 2.25b. Furthermore, even if the supports can

be removed, there will be powder residue and unwanted features on the surface,

which could have negative impacts on the microwave performance. Therefore, the

45o build orientation is significant for the production of microwave components

via additive layer manufacturing.

The presence of surfaces of different build orientation within a microwave

component necessitates consideration of the different surface features presented

by each orientation. By classifying the upward facing and downwards facing sur-

Figure 2.24: Additive manufacturing build strategy. a) Three commonly used
build orientations and b) representation of the staircase effect. Reprinted
from [24] ©2021 Gumbleton et al. (CC-BY).
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a)

b)

Figure 2.25: Problematic support structures. a) Manual removal of support
structures, reprinted from [106] ©2020 Conteo AG and b) schematic of inacces-
sible, internal supports.

faces of an angled build orientation as the ‘upskin’ and ‘downskin’, respectively,

their individual properties can be explored. In the context of PBF, ‘downskin’ is

used to refer to a scan path which is not directly on top of a previously processed

layer. The downskin applies to any downwards facing surface at an angle below

the set activation angle, 60o as default, relative to the build plate. Conversely,

an ‘upskin’ refers to any laser path that does not have a proceeding layer di-

rectly above; each case has a different set of process parameters for manufacture.

The different surface roughness properties of upskin and downskin surfaces are

summarised in Figure. 2.26. There have been many studies performed on the

manufacturability of the downskin (unsupported) surfaces, with a common con-

cluding theme that these surfaces exhibit relatively low quality surface finishes

[107, 108]. Others, such as Chen et al. [109], have sought to improve the sur-
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Figure 2.26: Optical microscope image of representative roughness profiles on
AlSi12Mg lattice struts built at various angles relative to the build plate.
Reprinted from [107] ©2016, with permission from Elsevier .

a) b)

Figure 2.27: SEM imaged of stainless steel surfaces produced by powder bed
fusion at 60o build angle. a) Laser power = 40 W and b) laser power = 195 W.
Adapted from [110] ©2016 Fox et at (CC-BY).

face finish of overhanging surfaces on AlSi10Mg parts through adaptation of the

downskin process parameters, specifically the laser energy density defined as

LED =
P

v
(2.7)

where P (W) is the laser power and v (m/s) is the laser scan speed. It was

shown that via changes to the LED through v, it was possible to reduce the

surface roughness of overhanging surfaces by nearly 50%.

Fox et al. [110] performed similar investigations using the stainless steel alloy

GP1, while also varying the input laser power. Figure. 2.27 shows the result
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of this work, where the differing dominant surface features are obvious. Fig-

ure. 2.27a shows that the lower laser power is not sufficient to fully melt some

of the power, leading to high levels of dross formation where partially melted

powders adhere to the surface, while in Figure. 2.27b the level of dross is sig-

nificantly reduced. Han et al. [111], Xiang et al. [112], and Staub et al. [113]

have performed additional studies on the optimisation of downskin parameters

for improved surface quality. An interesting study by Han et al. [114] on the

manufacture of overhanging surfaces suggested that it is the low thermal con-

ductivity of loose, un-melted powder, that causes the dross defects and excess

roughness. The slow dissipation of heat leads to a larger meltpool than that in

a fully supported region. This increased size and the surface tension force of

the melt pool, combined with gravity, leads to dross formation, a finding also

supported by Dong et al. [115].

It is clear that opportunities to optimise the PBF process for improved surface

finish are available. Given the link between microwave loss and surface roughness

established above, there are also opportunities to develop the process for passive

microwave devices.

2.4 Post-Processing Treatments

The current state of PBF applied to microwave components still necessitates for

post-processing treatments to be applied. There are several processes available

for the improvement of PBF in terms of both mechanical and electrical properties.

2.4.1 Heat Treatment

A common process that even manufactured parts of bulk metals may be be

exposed to is heat treatment. In subtractive metals parts, heat treatment such

as annealing will drive out dislocations close to the surface of the metal, thus

increasing the electrical conductivity in the region where microwave currents will

preferentially flow. In the case of metal PBF components, heat treatment in the
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Figure 2.28: The evolution of residual stress in the powder bed fusion. Left is
when the laser is interacting with the powder bed during heating and right when
the heat source is removed in the cooling phase. Reprinted from [119] ©2018
Springer-Verlag London Ltd.

first instance is used to relive residual stress before removal from the AM build

plate. The build up of residual stress in PBF parts is mainly caused, according

to Salmi and Atzeni, by “high spatial temperature gradients that are generated

in the produced part as a result of the laser interaction with the metal powder,

the thermal expansion, due to the heating and cooling by the laser source, and

the plasticity and flow stress of the processed material” [116]. The phenomenon

is graphically represented in Figure. 2.28. Renishaw plc treat all aluminium

parts made by PBF with a one hour heating ramp up to 320◦ C, held there

for a further three hours, before a natural air cool to room temperature in an

argon furnace [117]. The treatment of residual stress relief can help to prevent

cracks and distortions in AM build parts. Beyond stress relief, heat treatment in

used for aluminium to improve the electrical conductivity properties. In PBF,

heat treatment brings about a coarsening of the microstructure[13, 118], which

leads to less boundary discontinuities for electric current relative to the fine

microstructure of untreated parts.

2.4.2 High Conductivity plating

As previously mentioned earlier in the chapter, the use of plating material of

high electrical conductivity on PBF surfaces is a common way to overcome the

excess loss exhibited compared to traditional manufactured alternatives [42, 51].

Plating microwave devices has two beneficial outcomes; firstly, due to the skin

effect microwave currents will flow in only the outer most layers, so that if the
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plating is sufficiently thick then the entire microwave current can flow within the

higher conductivity material; secondly, the fluid nature of the plating processes

inevitably leads to the roughness valleys being filled, which lowers the overall

surface roughness of the part [120]. Plating itself does have some drawbacks

which need to be considered. Besides the obvious additional cost, financial and

time, reliability is also a concern when operating in extreme environments, as

might be expected in space or aerospace applications. Specifically, plating is

subject to discrepancies between the coefficient of thermal expansion (CTE) of

different materials, for example, silver has a CTE of approximately 18×10−6K

−1 while the CTE of bulk aluminium alloy 6063 is approximately 23×10−6 K−1

(between 293 and 393 K) [121, 122]. In extreme instances, the plating material

can disassociate from the AM surface and result in failure [123]. This scenario

can be significantly worse with some polymer AM materials. Furthermore, the

selection of processing techniques can result in differing mechanical properties

from the same raw material, for example PBF processed AlSi10Mg exhibits a

higher tensile strength than cast AlSi10Mg [124]. So although properties of the

raw material may be known, the use of AM as a processing technique can bring

about different property values.

2.4.3 Deburring Methods

A burr is defined, by Franke, as “a material accumulation, which is created on

the surface during the manufacturing of a workpiece. It extends over the intended

and actual workpiece surface and has a slightly higher volume in comparison with

the workpiece” [125]. Although this definition actually relates to rough edges

produced by traditional manufacturing tools, it could equally be applied to the

non-uniform material accumulation ‘beyond the intended workpiece’ on additive

manufactured surfaces, thus leading to poor surface finish. This terminology is

adopted throughout this thesis.

The main deburring methods available for PBF parts include CNC machine
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Figure 2.29: Photograph of an AlSi10Mg powder bed fusion sample plate treated
by different deburring methods. Reprinted from [126] ©2018 Maamoun et al.
(CC-BY).

finishing, where the PBF part is fixed to a traditional milling machine and the

outer layer exhibiting the roughness is removed. This machining can be taken

to extremes to leave a mirror-like finish on aluminium parts with RMS surface

roughness lower than 1µm [127, 128]. Bead blasting / shot peening is a commonly

implemented process, where small particles are fired at high velocity towards the

PBF surface. The particles impacts with loose power and other protrusion on

the surface, the kinetic energy forces such protrusions to break away leaving a

smother finish [126]. A photograph of a PBF sample having under gone shot

peening and machining is shown in Figure. 2.29. It has also been shown that

shot peening can reduce the size of surface layer pores [129]. In a similar context,

media tumbling / centrifugal finishing uses particle impact on the sample to

perform surface modifications. Parts and abrasive media are mixed together and

rotated in a ‘barrel’. Although this process can produce very good result for

surface smoothing, it tends to round corners on the sample parts and so they

have to be very robust[130]. Furthermore, mechanical polishing type methods are

likely to degrade the conductivity near the surface owing to increased dislocations

and residual stress.
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CHAPTER 3

MICROWAVE MEASUREMENT OF SURFACE RESISTANCE

3.1 Introduction

As discussed in Chapter 2, the relatively good performance of single-piece AM

components [42, 41, 51, 131, 52] such as waveguide filters is somewhat surprising,

given the average surface roughness is much higher than in CNC alternatives.

Evaluating microwave performance in this way requires large, costly and time

consuming sample preparation, while not allowing for assessment of microwave

loss associated with individual surfaces. Rather than fabricating large samples,

several methods for the evaluation of RS for smaller samples already exist. Two

main techniques are established for this purpose, ‘end wall’ replacement of a

resonant cavity structure [80, 81] and the use of dielectric resonator (DR) fixtures

in various forms [82, 83, 84, 85], each with its own advantages and disadvantages

(see section 2.2).

Presented here is a background to microwave resonance measurements and

loss quantification, followed by the description of two alternative / adapted mea-

surement methods designed specifically for the investigation of AM samples.

Firstly, an overview is given of a novel ‘lift-off’ DR (LODR) fixture which has

been developed with N. Clark, S. Hefford and A.Porch [68, 91, 86] and employed

in the measurement of additive manufactured parts throughout this work and in

external publication [25]. Secondly a novel resonator based upon parallel plate

transmission line principles is described, where one-directional induced current

flow is controlled by the excitation of orthogonal resonant modes. Aspects of this

chapter have been published in peer reviewed journal articles by this author [23,

91], with some figures and text having been reprinted (with relevant permissions

where this author no longer hold the copyright).
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3.2 Microwave resonance and loss

As previously outlined in section 2.2, microwave surface currents flow predomi-

nately in the outermost extremities of a conductor. The thickness of this current

carrying area is called the skin depth δ. Analytically, the skin depth of microwave

induced surface currents can be derived by examining the solutions to the wave

equations for a good conductor; a full derivation can be found in [132]. A brief

overview starts with Maxwell’s time dependent equations in phasor form

∇× ~E = −jωµ ~H (3.1a)

∇× ~H = jωε ~E + ~J (3.1b)

where ~E and ~H are sinusoidal electric and magnetic fields, respectively, ~J is

the conduction current density (σ ~E), ω is the angular frequency (2πf), µ is the

magnetic permeability, ε is the electric permittivity and σ is electrical conduc-

tivity. Solving for ~E by taking the curl of 3.1a and using 3.1b produces the wave

equation as

∇2 ~E + ω2µε
(

1− j σ
ωε

)
~E = 0 (3.2)

Here we also define the propagation constant γ

γ = α + jβ = jω
√
µε

√(
1− j σ

ωε

)
(3.3)

where α (dB/m) is the attenuation constant and β (Rads/m) is the phase con-

stant or wave number. Equation 3.2 has solutions for ~E, with basic plane wave

assumptions that ~E has only an x component, is uniform in x and y and (along

with ~H) is perpendicular to the direction of propagation (z), as

Ex(z) = E+e(−γz) + E−e(γz) (3.4)
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omitting the ejωt term common to both terms.

Solutions for the Hy(z) field are computed in the same way. The attenuation

as a function of distance z into the conductor is given by an exponential decay

linked to α. For a good conductor, where σ � ωε, γ approximates to (1 +

j)
√

(ωµσ/2) with α =Re(γ). The skin depth is defined at the point the decay

in field magnitude and hence conduction current is equal to 1/e, such that δ =

1/α (e−αz = e−αδ = e−1) and takes the form of equation 2.2.

RS becomes a key figure of merit in microwave performance when considered

in the context of power dissipation at a conductor surface in the presence of an

electromagnetic (EM) field, as given by equation 3.5

〈Pc〉 =
RS

2

∫∫
S

|HS|2dS (3.5)

where S is the surface on which the current flows (m2) and HS is the tangential

magnetic field at the metal surface (A/m). The frequency dependence of RS

shows that for any given metal sample, resistance and hence power dissipation

will increase as
√
f . Excess conductor loss associated with surface finish is encom-

passed within RS as effective conductivity σeff. Loss in a conductor can therefore

be seen as being directly proportional to RS, with RS being the quantifying met-

ric for ohmic losses at microwave frequencies. Understanding and improving RS

is important in the optimisation of materials for low-loss microwave applications.

3.2.1 Microwave Resonance

Throughout this thesis the concept of resonance is used to investigate loss in

additive manufactured samples. Measurements at resonance can provide a much

more sensitive surface resistance characterisation than waveguide measurements,

for example, while using compact, efficient and relatively simple to use structures

with dimensions on the scale of fractions of wavelengths.

A resonance condition in microwave cavity systems occurs when the electric

and magnetic stored energies are equal, such that the resulting input impedance
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is purely real and hence can be utilised to extract RS of the resonator material.

The fundamental measurement quantities for microwave resonance is the Quality

(Q) factor. The unloaded Q factor of a resonant system relates stored energy to

power loss as

Q = ω0
Average Stored Energy

Energy loss / sec
= ω0

〈W 〉
〈P 〉

(3.6)

assuming any dielectric material within the cavity as lossless, the energy loss

is given by Equation. 3.5 for the conductive cavity walls. The average energy

stored is defined as

〈W 〉 = 〈Wm〉+ 〈We〉 (3.7a)

where,

〈Wm〉 =
1

4
µ

∫∫∫
V

|HV |2dV (3.7b)

〈We〉 =
1

4
ε

∫∫∫
V

|EV |2dV (3.7c)

〈Wm〉 is the average magnetic stored energy and 〈We〉 is the averaged electric

energy stored. These energies are stored in the electromagnetic field of a stand-

ing wave formed within a hollow conductive cavity. The resonant condition is

achieved when 〈We〉 = 〈Wm〉. For a given system, a higher Q factor at resonance

will indicate a lower level of real (resistive) impedance RS.

3.2.1.1 Rectangular Cavity Resonator

For some simple shapes, it is convenient to view a cavity resonator as a waveg-

uide transmission line which is shorted at both end. The standing wave is then

described as the interference between forward and reverse travelling waves. An

example of a microwave resonant structure is the rectangular cavity resonator.

While the Q factor can be deduced through the equations above. The natural
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Figure 3.1: Geometric representation of a rectangular cavity resonator, of internal
dimensions a, b and d.

resonant frequency for a given mode (fnml) is determined by the cavities physical

geometry. Treating the cavity as a shorted rectangular waveguide section allows

the use of the propagation constant for a given waveguide mode (βnm) to estab-

lish an expression for f0; given that the boundary conditions at the side walls

the rectangular waveguide are identical to those in the rectangular cavity.

βnm =

√
k2 − mπ

a

2

− nπ

b

2

(3.8)

Where a and b are the cavity geometry as illustrated in Figure. 3.1, k = ω
√
µε is

the wave number and m and n are the mode integers. The additional boundary

conditions required for the cavity resonator are Ex = Ey = 0 on the end walls at

z = 0 and d. The transverse electric field has a sinusoidal dependence on (βnm);

therefore the boundary conditions are met when sin(βbmd) = 0 at integer multi-

ples of a half wavelength along the waveguide length. The resonant frequency of

the a rectangular cavity of length d is thus given by

fnml =
c

2π
√
µrεr

√
mπ

a

2

+
nπ

b

2

+
lπ

d

2

(3.9)

where c is the speed of light in a vacuum (approximately 3× 108 m/s).
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3.2.2 Microwave Measurements

Microwave resonant structures, as mentioned above, allow for losses associated

with RS on surfaces exposed to the parallel microwave H field to be measured

with high sensitivity. For this to be realised however, information is needed

about all other elements in the system, such as dielectric materials present in the

cavity and the electromagnetic coupling to the external circuitry, to allow both

excitation of the cavity modes and their measurement.

3.2.2.1 Electromagnetic coupling

In order for a resonant cavity to act as measurement systems they must first be

connected to external circuitry for excitation. The connection takes the from

of coupling to the electric or magnetic field within the cavity. The coupling

method used will depend on several factors such as the geometry of the cavity,

measurement application and field distribution of the target mode.

For this thesis, two port measurement are taken employing two main coupling

methods; capacitive (probe) and inductive (loop) formed of lengths of coaxial ca-

ble in the forms depicted in Figure. 3.2. Capacitive coupling is achieved through

an open circuit coaxial line protruding into the interior of the cavity volume,

where the voltage formed by the open circuit leads to an electric field radiating

from the probe. The probe is placed in an area of high electric field magnitude

and orientated such to align with the direction of electric field in the target cav-

a) b)

Figure 3.2: CAD representation of a) capacitive coupling probe (to the E field)
and b) inductive coupling loop (to the H field) created from coaxial transmission
line.
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ity mode. Alternatively, inductive coupling is achieved through a short circuited

loop of coaxial cable protruding into the cavity volume. The generated mag-

netic field is perpendicular to the plane of the loop but tangential to the wall of

the cavity, thus coupling to all cavity modes that have a component of surface

magnetic field in this orientation.

The cavity must be matched to the external circuit in order to achieve

maximum power transfer into the resonant system, such that the characteris-

tic impedance of the feed line Z0 then equals the input impedance of the cavity

at resonance Zin; generally, we can write Zin = g × Z0, where g is the coupling

coefficient, which equals 1 in the case of critical coupling for maximum power

transfer. In this condition, we define coupling coefficient g = 1 and is considered

critically coupled. For g < 1 (under coupled) and g > 1 (over coupled), some

degree of reflection is taking place at the coupling port and preventing full power

transfer to the system.

For passive measurement techniques, this may not necessarily be a problem

and can be accounted for in the scattering (S) parameter analysis. More impor-

tantly for two port measurements is the condition that the coupling coefficients

for each port are equal; g1 = g2. This allows for a simplification of the analysis

to give the peak power transfer as

P0 = |S21|2 =

(
2g

1 + 2g

)2

(3.10)

where S21 is the two port S parameter forward transmission coefficient. The

effect of coupling is to increase the measured 3dB bandwidth, and hence reduce

the measured (i.e. ‘loaded’) Q factor QL compared to unloaded Q factor Q0 (as

set by the material properties of the cavity alone) by

QL =
Q0

1 + g1 + g2

=
Q0

1 + 2g
(3.11)
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when the coupling is symmetric; combining Equation. 3.11 with 3.10 yields

QL = Q0 (1− |S21|) (3.12)

where the unloading process simply requires measurement of the peak power at

resonance, i.e. the insertion loss. Typically insertion loss at resonance should be

in the range of -30dB to -20dB, i.e. g in the range 0.02 to 0.05. In this weakly

coupled limit, there is still sufficient signal to noise ration (SNR) for accurate

measurement, but the low value of g means that that the unloading process for Q0

from QL does not require highly accurate calibration of all cable and connector

losses. A full analysis for coupling coefficients can be found in Appendix. A [133].

QL can be determined through measurement using the 3dB method where

QL =
f0

BW
(3.13)

where f0 the resonant frequency and BW is the 3dB bandwidth, corresponding

to the difference between the upper and lower frequencies at which the maximum

amplitude of insertion loss is reduced by 3dB. This method relies only on three

measurement points, making it a relative simple procedure if not the most pre-

cise. More advanced analysis can be done on measurement sweep data through

Lorentizian or circle curve fitting operations [134]. The Lorentzian curve fitting

method uses Equation. 3.10 in Lorentzian form and expressing in term of fitting

parameters a0, a1 and a2

P (f) = |S21|2 =
P0

1 + 4Q2
L − 8Q2

L

(
f
f0

)
+ 4Q2

L

(
f
f0

)2 =
a0

1 + a1f + a2f 2
(3.14)

the returned curev fitting parameters can be used to find values for Q0, f0 and

P0.
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3.2.2.2 Surface Resistance and Dielectric Loss

Having established the unloaded quality factor (Q0) of the cavity at resonance

the parameters of interest can be investigated. For an ideal air filled cavity

consisting of only conductive walls

Q0 = Qc (3.15)

where Qc is the contribution to Q0 from the conductive walls. For some of the

cavities used in these thesis, however, there are also dielectric elements present

that contribute to overall loss and have a contribution to Q0 (via their finite loss

tangents) as

1

Q0

=
1

Qc

+
1

Qd

(3.16)

where Qd is the dielectric contribution to overall Q0. Therefore, Q0 can be

further analysed by breaking up Qc and Qd into components associated with

their geometry and those associated with their loss

1

Q0

= GRS + pedtanδ (3.17)

where G (Ω−1) is the geometric factor of the conductive elements and ped, the

dielectric filling fraction, are the geometric components defined as [132]

G =
1

ω

∫∫
S
Ht ·H∗t ds∫∫∫

V
µH ·H∗dv

(3.18a)

ped =

∫∫∫
V d
εdE · E∗dv∫∫∫

V
εvE · E∗dv

(3.18b)

where S is the surface integral for each conductive surface, Vd is the volume

integral for the dielectric volume and V is the volume integral for the whole of the

host cavity. µ0 is the permeability of free space, and εd and εv are the permittivity

of the component material and the material filling the cavity, respectfully. The
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Figure 3.3: Example of traces for microwave cavity perturbation measure-
ments.Changes in resonant frequency and Q factor can be related to properties
of the material placed within the cavity volume. Reprinted from [139]

loss components are: tanδ, which is the dielectric loss tangent, and RS which is

the surface resistance of the conducting walls. tanδ and εd can be found through

well documented cavity perturbation methods [135, 136, 137, 138]. An overview

of the perturbation technique is given below. While G and ped can be found

analytically for some simple structures, modern finite element modeling software

can provide solution for complex geometries. Solving these quantities leaves only

RS to be found through measurement of Q0.

3.2.3 Cavity Perturbation

Microwave cavity perturbation is a characterisation techniques suitable for di-

electric materials. The technique involves placing a sample into a hollow cavity

in the presence of an electromagnetic standing wave (at resonance). The change

in the measured frequency and Q factor due to the sample can be used to infer

its complex permeability and permittivity values. An illustration is shown in

Figure. 3.3. Complex permittivity is defined as

ε = εrε0 = (ε′r − jε′′r) ε0 (3.19)

where ε′r is the relative dielectric constant which is related to the ability to store

electric field energy and ε′′r is the relative dielectric loss. We can also define the

50



loss tangent of a material as the ratio tanδ=ε′′r/ε
′
r. In a similar way complex

permeability is given by

µ = µrµ0 = (µ′r − jµ′′r)µ0 (3.20)

where µ′r is the relative magnetic permeability which is related to the ability

of the material to store magnetic field energy and µr is the relative magnetic

loss. Assuming that a measurement sample does not drastically change the field

distribution within the cavity, we can sue a simplified perturbation equation to

find the complex material properties above. For complex permittivity [68]

ε′r ≈ −2

(
∆f

f0

)
VCavity

VSample

Gnmp + 1 (3.21a)

ε′′r ≈
VCavity

VSample

(
∆

1

Q

)
Gnmp (3.21b)

where VSample and VCavity are the sample and cavity volumes, respectively, and

Gnmp is the mode dependent scaling constant which is a representation of the

fraction of the cavity volume is filled with electromagnetic fields. It is clear here

that changes in resonant frequency relate to to stored energy and changes in Q

factor relate to loss.

Gnmp can be found for common measurement modes of cylindrical cavities

analytically, through simulation or with a sample of known properties (for per-

mittivity). Common cavity modes for permittivity measurement are the TM0mp

modes in which there is a minimum of magnetic field immediately at the centre

of the axis, essential for electric field perturbation. The simplest method for

determining Gnmp for permittivity measurements is to use a calibration sample

such as PTFE with well know dielectric properties [140].
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3.3 Lift Off Dielectric Resonator: Overview

The LODR fixture previously developed by by N.Clark, S.Hefford and A.Porch

has been used to measure samples reported in Chapter. 5. Full details on the

measurement technique can be found in [68, 86], while a summary and presen-

tation of measured RS results are published in [91, 25]. The LODR improves

on existing open-ended dielectric resonator methods of measuring RS through

the use of a novel calibration procedure designed to accurately account of loss

contributions from each section of the fixture.

3.3.1 Measurement Theory

The fundamental principle of measurement is the same as in the PPR fixture,

in much as much as the evaluation of Equations. 3.16 and 3.17 allows for Q0

to be separated into loss contributions from conductive surfaces and dielectric

volumes. Equations. 3.18a and 3.18b provide a method of generating G and

ped values from the electric and magnetic field distributions within the cavity.

The measurement theory diverges from PPR in both the physical practice and

calibration technique, such that the loss contributions are evaluated at a number

or small incremental distances from the samples plate and curve fitting is used

to accurately asses contributions from each section of the fixture. A schematic

Figure 3.4: Schematic of the lift-off dielectric resonator fixture. Reprinted
from [59] ©2017 IEEE.
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of the dielectric resonator fixture is shown in Figure. 3.4. The measurement

equation in terms of the dielectric puck, supporting rod, cavity walls and the

sample plate as a function of lift off position x becomes

1

Q0(x)
= Gw(x)RSw0

√
f(x)

f0

+Gs(x)RSs0

√
f(x)

f0

+
pedd(x)tanδd0

f0/f(x)
+
pedr(x)tanδr0
f0/f(x)

(3.22)

where f0, RSw0, RSs0, tanδd0 and tanδr0 are the resonant frequency, surface resis-

tance of the cavity walls, surface resistance of the sample, loss of the dielectric

puck and loss of the supporting rod, respectively, at position x = 0. Q0(x), f(x),

GW (x) and GS(x), and pd(x) and pr(x) are the total unloaded Q factor, resonant

frequency, geometric factors for the conductive surfaces and energy filling frac-

tions for the dielectric volumes, respectively; all have been given a dependency

on position x.

Figure 3.5: Photograph of the lift off dielectric resonator fixture. Reprinted
from [91] ©2021 IEEE.
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3.3.2 Resonator Design

A photograph of the dielectric resonator fixture is shown in Figure. 3.5. The

device operates in the TE01δ resonant mode at 7.5 GHz. This mode is chosen

due to the field patterns generating only azimuthal induced currents on the

sample plate, while also tightly confining the electric and magnetic field to the

dielectric owing to the high relative permittivity of sapphire. Therefore the

optimal measuring height for maximising the loss contribution from the sample

is x = 0, where the magnetic field is highest at the sample surface. The relative

loss contributions for each element in the fixture in shown in Figure. 3.6, where

it can seen that the majority loss contributor is the sample for lift-off positions

x < 1 mm. Increasing the lift off position above 1 mm alters the field distribution

and leads to higher relative losses from the cavity walls and dielectric itself.

Subsequently the error in measurement of sample RS increases as x is increased

as the sample becomes a minor loss contributor.

The internal cavity is produced of aluminium with a radius of 15 mm and a

height of 22.5 mm. The dielectric puck is made of single-crystal c-plane sapphire

of tanδ approximately 2×10−5 at room temperature, whereas the supporting rod

is made of PTFE of tanδ ≈ 1×10−4. Microwave coupling for the desired mode is

achieved through the use of inductive coupling loops orientated with their planes

perpendicular to the tangential magnetic field at the cavity wall. The electric

and magnetic field patterns for TE01δ mode are shown in Figure. 3.7.

3.3.3 Calibration Results

As previously stated, the advantage of this implementation of the open-ended

dielectric resonator is a novel calibration procedure for determining parasitic

system losses. Q0 is measured at discrete vertical positions (x) from the reference

plate of the same material as the cavity walls (therefore RSw0 = RSs0). Least

squares curve fitting is then used to fit the calibration equation (3.23) for the
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Figure 3.6: Graph of the relative loss contribution against measurement posi-
tion (x) for the lift-off dielectric resonator fixture. Reprinted from [86] ©2019
Hefford.

three unknown variables RSw0, tanδd0 and tanδr0 while minimising error.

1

Q0(x)
=

(
Gw(x) +Gs(x)

)
RSw0

√
f(x)

f0

+
pedd(x)tanδd0

f0/f(x)
+
pedr(x)tanδr0
f0/f(x)

(3.23)

Measured quality factor data and the corresponding least squares curve fit is

shown in Figure 3.8. This curve fitting result shows a good agreement with the

measured quality factor data. Once calibration is complete and the unknown

variables are found, measurement can be performed at any value of x (ideally

when x <1 mm) within the calibrated range by replacing the reference plate with

a sample under test. Q0 is measured and Equation 3.22 is solved for RSs0 in the

usual way.

3.3.4 Initial Results and Discussion

A set of samples consisting of copper PCB and Al6082 aluminium alloy plates

have been measured, along with PBF samples produced of AlSi10Mg and Ti6Al4V.

The PBF samples in this section have been produced on a Renishaw RenAM500
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a) b)

c) d)

Figure 3.7: Electromagnetic field simulations for the Lift-off dielectric resonator
fixture operating in TE01δ mode at 7.5 GHz when x = 0.1 mm. a) Top view
of the sample surface. Magnetic field (A/m) magnitude is shown as a colour
gradient while the azimuthal surface current density is represented by the black
arrows. b) Cross sectional view from the top of the dielectric puck. Electric
field (V/m) is shown by the color gradient while magnetic field is represented by
the black arrows. c) Cross sectional view from the side of the fixture. Magnetic
field (A/m) is shown by the colour gradient while the electric field (V/m) is
represented by the red arrows. d) Cross sectional view from the side of the
fixture.Electric field (V/m) is shown by the colour gradient while the magnetic
field (A/m) is represented by the red arrows. Adapted from [86] ©2019 Hefford.
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laser powder bed fusion manufacturing system. For planar metal reference plate

of PCB and Al6082, the measured values of RS are shown in Figure. 3.9. The

effective conductivity calculated from these results (4.99×107 S/m for the PCB

and 2.26×107 S/m for Al6082) are realistic when considering the ‘book value’ of

DC conductivity for pure copper is 5.7×107 S/m and for aluminium Al6082 is

2.63×107 S/m. The 20% difference is likely to be degraded electrical conductiv-

ity due to alloying, dislocations or internal stress near the surface, and indeed

surface roughness. This is the best that can be usually achieved when performing

such a measurement. Figure. 3.10 shows the measured RS values for AlSi10Mg

and Ti6Al4V samples. As expected, the choice of operating mode means that

there is no EM leakage from the gaps present when measuring PBF samples and

the method is able to distinguish between metals of different conductivity. This

Figure 3.8: Calibration result for the lift-off dielectric resonator fixture. Graph
showing the measured quality factor (Q0) and corresponding least-squares curve
fit. Reprinted from [91] ©2021 IEEE.
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method is used extensively for sample measurements in Chapter. 5 and more

detailed theory and results are published in [25, 68, 91, 86].

3.4 Parallel Plate Resonator

In both the ‘end wall replacement’ and DR methods mentioned in Section.3.1, in-

cluding the lift-off dielectric resonator in Section.3.3, resonant modes are chosen

such that the induced currents on the sample surfaces only have only azimuthal

components [90, 82]. Although appropriate for maximising sensitivity to the

sample plate, this means that only isotropic materials can be measured accu-

rately. Owing to the layered nature of AM parts, and any anisotropy introduced

as result of the laser scan pattern used in their production, it would be beneficial

to have access to a technique to measure RS which would enable one-dimensional

currents to flow on metal surfaces, and for the current flow direction to be easily

rotated by 90 degrees without having to reassemble the fixture. The technique

proposed here provides such a method through the adaptation of an enclosed

parallel plate resonator system. The induced currents flow in linear, orthogonal

directions on a small study sample through the excitation of separate resonant

modes.

3.4.1 Measurement Theory

The resonant cavity design is based upon an enclosed parallel plate transmission

line structure, where current flows equally on the upper and lower surfaces. In

this implementation, the upper surface of the cavity is the sample under test,

while the lower surface is formed of a small metal plate held on a PTFE frame.

We choose this adaption since then the sample does not need to be cut to a

precise size or thickness, it just has to overlap the end of the shielding cavity.

Furthermore, the requirement for screw holes on the sample is not strictly neces-

sary as a simple clamp would ensure the required electrical contact. The metal

plate is used as a reference and is common to all measurements, as its dimensions
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Figure 3.9: Surface resistance measurements for planar reference samples. Mea-
surements taken using a lift-off dielectric resonator fixture operating in TE01δ res-
onant mode at 7.5 GHz. Standard error is given by the error bars as 3.3×10−4 Ω
and 3.1×10−4 Ω for copper PCB and Aluminium AW6082, respectively, for 10
repeated measurements.

Figure 3.10: Surface resistance measurements for powder bed fusion produced
samples. Measurements taken using a lift-off dielectric resonator fixture oper-
ating in TE01δ resonant mode at 7.5 GHz. Standard error is given by the error
bars as 1.9×10−4 Ω and 4.6×10−3 Ω for copper PCB and Aluminium AW6082,
respectively, for five repeated measurements.
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fix the resonant frequencies. Importantly, this means that only the sample is to

be replaced, leaving the delicate coupling and metal plate as constants for each

measurement. Provided that the walls of the cavity are sufficiently distant to the

sample, induced currents and hence ohmic loss are equally distributed between

the resonant structure and the sample, with only minor currents induced in the

walls of the host cavity. Measurement of Q factor is used to asses the power loss

of the system where, after calibration, differences in measured Q factor can be

attributed to RS values and form a comparison between various study samples.

A CAD rendering of the parallel plate resonator is shown in Figure. 3.11.

3.4.1.1 Parallel Plate Transmission Line Theory

Simple analytic expressions for Q factor and resonant frequency of an idealised

parallel plate resonator can be derived based on a half-wavelength section of

parallel plate transmission line, as shown in cross section in Figure 3.12. Here,

we assume that the current distribution on the cross section is uniform and

also that the EM field magnitudes are uniform and contained wholly within the

space between the plates (this becoming a better approximation as the aspect

ratio h/W tends to zero).

Figure 3.11: CAD rendering of a parallel plate resonator fixture for measurement
of quality factor and evaluation of microwave surface resistance.
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Figure 3.12: Schematic diagram showing the idealised, uniform electric (blue)
and magnetic (red) fields in the space between the plates of a parallel plate
transmission line. Current flow in the parallel plates is perpendicular to the
magnetic field and opposite in each plate. Reprinted from [23] ©2021 IEEE.

Resonant Frequency Equation

The resonance condition is that the line length satisfies l = pλ/2 , where λ is

the wavelength along the line and p is an integer (> 0), the longitudinal mode

number. The resonant frequencies are then

f0 =
pc

2
√
εeff l

(3.24)

where εeff is the effective dielectric constant of the line. Although mostly air

spaced, the presence of a finite electric field in the PTFE sample frame will

cause εeff to be slightly larger than 1, and the fringing fields at the open edges

of the parallel plate structure mean that the length of the structure should be

replaced by an effective value leff which is slightly bigger than the geometric length

l, which increases approximately linearly as the plate separation h increases,

assuming that the condition h � l is maintained; the combined effects of εeff

and leff are to reduce f0 below the simple prediction from Equation 3.24. The

resonant frequencies of the orthogonal TEM001 and TEM010 modes of interest

in our fixture are then found by replacing l with b = 25 mm and a = 20 mm,

respectively, giving frequencies of 6.0 and 7.5 GHz (in practice reduced to 5.3

and 6.4 GHz, respectively, owing to the effects mentioned above).
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Q Factor Equation

For a simple analysis of the Q factor, we first consider the conductor quality

factor Qc. With the usual assumption that h � W , the resistance per unit

length of a parallel plate line is R ≈ 2RS/W , in terms of which its conductor

attenuation constant is αc = R/2Z0. Assuming the characteristic impedance is

Z0 ≈ η0d/W (η0 ≈ 377 Ω is the free space wave impedance), these results can be

combined with Equation 3.24 to give the following simple expression

Qc =
pπ

2αcl
≈ p

η0

RS

d

l
≈ 2p

√
εeff

d

δ
(3.25)

where δ is the skin depth (defined by Equation. 2.2) and p = 1 for the TEM001

and TEM010 modes of interest here. Although greatly simplified, Equation 3.25

predicts the important dependency that Qc is proportional to the plate separa-

tion h but independent of the plate width W . This assumes that the sample

plate is parallel to the reference plate [141] and any deviation will change d and

hence Qc. In the case of planar metal samples, this error is accounted for during

calibration. However for AM samples, any tilt present may rise from local non-

uniform irregularities, quantified by the range in RMS surface roughness (Rq)

across the sample. From the AM samples investigated here, the maximum de-

viation in Rq = ±4.5 µm; this could have an effect of raising the quality factor

through altering the effective plate separation, leading to an overall underesti-

mate of RS with an error of ∼ 0.45%. The dielectric quality factor Qd is very

high since the vast majority of the electric field energy is stored in the air space

(by design), but can be written in the usual manner as Qd = 1/tanδeff.

Q Factor Equation: PPR Calibration

Finite element modeling using modern computer simulation package COM-

SOL Multi-Physics generates accurate solutions in a non-idealised system such as

ours. Whilst the approximate analytic analysis predicts the correct dependencies
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on key variables, simulation is needed for further refinement in order to extract

more precise values of RS from experimental data. The following, more rigorous

approach starts with the well known equation for quality factor [132], expressed

as a total value for the whole cavity resonator in Equation. 3.6. Different loss

contributions can be isolated from Q0 through

1

Q0

= GsRSs +
i∑

m=1

GwmRSwm +

j∑
p=1

pedptanδp (3.26)

where Q0 is the total unloaded Q factor of the system, RSs and Gs, RSw and Gw

are the surface resistances and geometric values associated with the sample and

the summation of i remaining conductive walls of the cavity and sample plate

respectively. While ped is the dielectric filling fraction for j dielectric volumes

present in the fixture (e.g PTFE frame and Nylon66 screws). The geometric

factors and dielectric filling fractions are defined in equations 3.18a and 3.18b.

The numerical value of these geometric factors and geometric filling fraction

will alter for operation in different resonant modes. The values of the definite in-

tegrals for G and ped can be accurately found through modern three-dimensional

simulation packages (e.g COMSOL Multi-physics). tanδ is found for the dielec-

tric material through cavity perturbation while RSw and RSr are found through

calibration using a sample of the same material as the cavity walls (RSw=RSs).

This leaves the sample RSs the only unknown variable from Equation. 3.26 to

be analysed when measuring a study sample. Correction for fractional changes

in frequency between measurement samples is achieved by assuming RS ∝
√
f

and tanδ ∝ f : the latter is a commonly accepted feature of dielectric loss, often

quoted as Qd ∗ f = constant.

Rs(f) ≈ Rs(f0)×

√
f

f0

(3.27a)

tanδ(f) ≈ tanδ(f0)× f

f0

(3.27b)
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A final calibration step is performed by measuring a PCB sample (with measured

electrical isotropy, see Figure. 3.35) and weighting the results to known values

found through an alternative evaluation technique [25]. This final calibration

step is required to account for the current accumulation on the corners of the

reference plate, shown in Figure. 3.19; this is the common “current crowding”

that appears at the edges of planar transmission lines such as this. We find via

COMSOL simulation that this non-uniform current distribution in the reference

plate is constant across all measured samples of different electrical conductivity,

which is discussed in more detail in Section. 3.4.3.3, therefore the final calibration

step only needs to be completed once.

3.4.2 Resonator Design

The parallel plate resonator has undergone several iterations. To create the

required orthogonal resonant modes, a metal plate of 25 x 20 x 1 mm3 must be

present within a rectangular cavity. The method for holding such a item has

been investigated below.

3.4.2.1 PTFE Frame Design

The choice of shape for the supporting PTFE frame is critical to ensure the low-

est possible dielectric loss contribution and highest physical stability to maximise

reproducibility. Early iterations of PPR used the resonant structure as the study

sample, placed on top of a pedestal attached to the lower surface of the rectangu-

lar cavity. A variety of frame shapes are shown in Figure 3.13. The rectangular

editions on the the left introduced too much error associated with the placement

of the sample, as there was no physical restraint for the sample. Furthermore

the dielectric material is in an area of high electric feild, so will reduce Qd sig-

nificantly. The cross design, shown in Figure 3.14, was an improvement in terms

of reproducibility while also removing the PTFE material as much as possible

from areas of high electric field, to maintain a high value of Qd. However, an
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Figure 3.13: Photographs and CAD geometries of preliminary PTFE frame de-
signs for securing samples within the Parallel Plate Resonator structure.

Figure 3.14: Photograph of a cross shaped PTFE frame in place holding an Silver
plated calibration sample for the Parallel Plate Resonator structure (Mk1).
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Figure 3.15: CAD renderings and photograph of the initial parallel plate res-
onator design (Mk2). A small PTFE frame holds a sample 1 mm from the
bottom surface of the shielding cavity.

adhesive was required to hold the frame in place on the bottom surface of the

cavity. The adhesive chosen for this purpose was First Contact optical cleaning

fluid [142]. Although good for its intended optical purposes, the solution acts as

a heavy microwave absorber within this resonant cavity and drastically reduced

the measured Q factor, via a low value of Qd. Such a low Q factor and an obvious

source of high microwave loss not associated with the sample makes it difficult

to extract accurate RS values with any degree of certainty.

The second iteration used a cut out PTFE block, attached with Nylon66

screws on the four corners. This design can be seen in Figure. 3.15 as part of the

resonator CAD renderings and photograph. This PTFE frame iteration avoids

the need for lossy adhesives within the cavity and initial measurements on bulk

metal alloy samples were encouraging. Figure. 3.16 shows the measurements of

Q factor and evaluated RS for samples using the parallel plate resonator Mk2
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Table 3.1: Table of sample geometries measured with a digital caliper.

Sample ID Length (mm) Width (mm) Thickness (mm) Error (mm)

Ag 25.33 20.15 1.05 ± 0.05

Cu 25.30 20.40 1.01 ± 0.05

Brass 25.23 20.13 1.01 ± 0.05

Al 24.97 19.91 1.04 ± 0.05

shown in Figure. 3.15. The measured Q factor values show a distinct separation

in values between various metal samples, successfully distinguishing between ma-

terials of different electrical conductivity. Evaluating Q factor for RS, it is shown

that the copper (Cu) sample has the lowest surface resistance in both resonant

modes, followed by the silver plated aluminium (Ag) sample with aluminium

being the most resistive, as is expected.

However several other issues were found during the commissioning. The

Nylon66 screws used to secure the PTFE frame introduce an additional dielectric

loss to factor into the analysis, although through cavity perturbation these loss

factors can be accurately modeled and accounted for. A more significant issue

is noted with the accuracy of manufacturing the geometry of the samples. A

study by Haefner formally identified that changes in physical geometry of rect-

angular transmission lines can alter the high frequency resistance seen on the

line [143]. A series of prepared samples produced of different materials for the

parallel plate resonator have been measured for physical geometry and the re-

sults can be seen in Table. 3.1. The range in width values is around 0.5 mm.

To illustrate the impact changes in geometry can have on evaluated RS values,

graphs of simulated RS and resonant frequencies are shown in Figure. 3.17. For

a ± 1mm range in sample width, evaluated RS shows a range of values of ∼

±1.5 mΩ around an average RS around 23.2 mΩ. This is expected when the

shift in resonant frequency is taken into account, where wider samples exhibit

lower RS values as explained by the relationship RS ∝
√
f . For the measured
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Figure 3.16: Graphs of measured Q factor and evaluated surface resistance (RS)
from the parallel plate resonator (Mk2) fixture. The standard error is given by
the error bars for five repeat measurements
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a)

b)

Figure 3.17: Graphs of a) simulated surface resistance (RS) and b) resonant
frequency as a function of sample width for a silver plated sample. Width varied
± 1 mm from the design specification of 20 mm around an RS value of 23.25 mΩ
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Figure 3.18: Graph of frequency corrected surface resistance (RS). Corrected to
6.4 GHz (20mm width).

samples in Table. 3.1, this would equate to a difference of 0.4 mΩ for the range

of measured geometries, if produced of the same material, generating roughly a

±2% error from geometry alone. The shift in resonant frequency and changing G

factor values brought about by changes in length and width can be accounted for

by meticulous and painstaking physical measurement and simulation for every

sample. A demonstration of this is shown in Figure. 3.18, where RS values are

separated by only 32 µΩ after correction. However, the uncertainty introduced

by the physical geometry measurement using a set of calipers means that the

error is large.

Further to geometric uncertainties in this design, an investigation into surface

current density in the small rectangular sample highlights an uneven distribu-

tion. Specifically, due to the corners present on the sample there is a high den-

sity of current concentrated on the extremities of the sample, where the radius

of curvature is greatest. The technical term for this effect is current crowding.

Figure. 3.19 shows the surface current distribution along the length of the sample

while the resonator is operating TEM010 mode at 6.4 GHz. The current density

peaks at the edges of the sample, suggesting that the sensitivity of the measure-
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Figure 3.19: Simulated surface current density (A/m) along the length of the
sample, while current flows across the samples width, operating in TEM010 mode
at 6.4 GHz. The slight asymmetry in the peaks is due to limitations in the
resolution of the FEM mesh.

ment is focused on these areas extreme to the peripheral of the surface rather

than an average across the whole surface of the sample. The uneven sensitivity

brought about by the current distribution means that this particular design, us-

ing the central rectangular plate as the sample is desirable. This current crowding

phenomena is discussed further in the final design section of this chapter.

However, when assessing the technique for PBF samples a more fundamental

problem is encountered. Producing of a sample in a PBF process requires a

series of support structures to elevate it from the build platform; this is to allow

effective removal of the part from the build platform. Cutting these support

structures away is the first post processing step in achieving a finished part.

However, when the samples are thin, and built in a horizontal orientation, it

can be difficult to obtain sufficient purchase as to secure the sample while the

support structures are removed. An example of the resultant part facing this

issue is shown in Figure. 3.20, where the support structures have not successfully

been removed. This renders the sample not fit for testing as it no longer meets the

1 mm thickness specification so the microwave cannot be accurately accounted

for from the ‘support structure’ face. It is clear that to effectively evaluate PBF
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Figure 3.20: Photographs of a sample produced of AlSi10Mg on a Renishaw
AM250 Powder Bed Fusion additive manufacturing system. The thin samples
made it difficult to effectively remove support structures from horizontally built
samples.

samples, the resonator fixture must be designed so that only a single face of the

sample is measured at any one time.

3.4.2.2 Final Cavity Design

Figure. 3.21 shows schematic images and photograph of the final cavity design.

Silver plating has been utilised to increase the electrical conductivity of the cav-

ity walls and reference plate, and hence ensure that the maximum relative loss

contribution is focused on the measurement sample. We choose silver as silver

has the highest electrical conductivity of any material at room temperature, lead-

ing to the lowest possible surface resistance for the reference plate, which has to

be subtracted in the method to find the surface resistance of the sample under

test. The base material used was aluminium for the cavity and reference plate,

PTFE for the reference plate support structure and Nylon66 for the securing

screws. The internal dimensions of the cavity structure are 35 x 25 x 7 mm3,

while the resonant structure is 25 x 20 x 1 mm3. This reference plate is held

on a frame of PTFE which provides an air spacing h of ∼1 mm between it and

the sample, which together act as half-wave resonators in orthogonal orientations

(width and length). The ratio between length and width is such that sufficient

separation of around 20% (∼ 1 GHz) is present between the centre frequencies

of the two desired, parallel plate associated resonant modes; this separates them

sufficiently spectrally to allow independent measurements of their resonant fre-
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Figure 3.21: Enclosed Parallel Plate Resonator (Mk3). A PTFE frame suspends
the small reference plate below the sample within the shielding cavity. Resonant
frequency and Q factor are analysed to evaluate RS of the sample. Top) Exploded
CAD image, Middle) Photograph of the parallel plate resonator, Bottom) CAD
Cross section of the assembled fixture. Reprinted from [23] ©2021 IEEE.
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quencies and Q factors via the S21 parameters. The half wavelength resonant

frequency associated with the reference plate is defined in Equation. 3.24.

It is accepted that when the distance between the lower conducting surface of

the reference plate and the lower wall of the host cavity (h′) is greater than five

times the height of the substrate (h), the loss contribution from the top wall of the

cavity becomes comparatively small [144], as shown in Figure. 3.27. In addition,

the proximity of the side walls of the cavity to the sample must be such as to

create a sufficient separation between the parallel plate associated modes and

cavity associated modes, in doing so also reducing the stray capacitance between

the resonant structure and the cavity walls. In this design the dominant mode

of the rectangular cavity TE101 is around 7 GHz while the half wave resonator

frequencies of the parallel plate sample are TEM001 at around 5.3 GHz and TE010

at around 6.4 GHz.

To further increase the influence of the conductors on the total system loss,

the dielectric spacer is removed from areas of high electric field, resulting in

minimal dielectric loss. To ensure a good electrical connection and avoid EM

leakage from the fixture, an electrically conductive gasket made of 100 µm thick

indium foil of electrical conductivity σ = 1.2 × 107 S/m was placed around

the edges of the cavity structure. The extremely pliable metal deforms to fill

the voids between peaks of rough surfaces at the metal-to-metal joints. This is

of particular importance when measuring samples produced of metallic additive

manufacturing, where roughness peaks can be ± 100 µm high from the mean

surface plane. A schematic of the problem is shown in Figure. 3.22. The gasket

enables a good electrical contact with as large of an area of the rough surface

as possible, effectively reducing any loss associated with radiation through any

gaps between roughness peaks while maximising the loss contribution from the

ohmic properties of the sample itself.
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Figure 3.22: Schematic of the interface between a rough PBF sample and the
smooth, machined, aluminium cavity wall. Air pockets / gaps are formed be-
tween the cavity wall and smaller protrusion of roughness on the PBF surface.

3.4.3 Simulation

The electric field distribution for TEM001 and TEM010 can be seen in Fig-

ure. 3.23a. The corresponding magnetic field induces current flow on the sample.

The simulated surface currents for both TEM001 and TEM010 resonant modes

are shown in Figure. 3.23b, where the current on the surface of the sample flows

in a uniform pattern, having a directional dependence on the operating mode.

Also shown on Figure. 3.23 is the positioning of the coupling probes, in opposing

corners of the cavity volume where electric field is high for both resonant modes.

Using COMSOL Multi-physics simulation tool combined with cavity perturba-

tion measurements for εr and tanδ, the loss contribution for each section of the

fixture can be evaluated. The parameters used for simulation at 6.4 GHz are:

relative permittivity of the PTFE frame (εrP
) = 2.1 and Nylon securing screws

(εrN
) = 3.9, dielectric loss for PTFE (tanδP) = 1.0 × 10−4 and Nylon screws

(tanδN) = 1.3 × 10−2 and σ = 4.9 × 107 S/m of the silver plating used on the

cavity walls, reference plate and calibration sample. This value for the silver

plating material is around 20% lower than the recorded DC book value for pure

silver and is typical of values seen at microwave frequencies [145, 146, 147].

The forward transmission coefficient (S21) traces from both simulation and

measurement are shown in Figure. 3.24 and are in good agreement. Evaluating

the field integrals from equations 3.18a and 3.18b, and combining with Q0 given

through simulation, Equation. 3.26 can be solved for RS. The total simulated
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a) b)

Figure 3.23: Top view of simulation results for the parallel plate resonator. a)
Simulated electric field distribution and magnitude, b) Simulated induced surface
currents (red arrows), magnetic field (black arrows) and magnetic field distribu-
tion and magnitude, for TEM001 (Top) at 5.3 GHz where current flow along the
length of the sample and TEM010 (Bottom) at 6.4 GHz where current flows along
its width. Simulations are performed using COMSOL Multiphysics software with
an arbitrary input power of 1 W. Adapted from [23] ©2021 IEEE.

Figure 3.24: Graph of the magnitude of S21 transmission coefficient for the par-
allel plate resonator. Red dots are the measured values using a Keysight N5232A
PNA. Blue line is the simulated trace using COMSOL multi-physics. Inset is a
magnified view of the measured and simulated S21 transmission coefficient traces
for TEM001. Reprinted from [23] ©2021 IEEE.
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Table 3.2: Simulated loss contribution within the parallel plate resonator fixture
operating in TEM010 mode at 6.4 GHz. Silver plated aluminium is used as the
material for the cavity walls, sample and reference plate.

Fixture Section Loss contribution (%)

Sample 44.1

Reference plate 43.9

Host Cavity Walls 9.6

Nylon66 Screws 1.4

PTFE Frame 1.0

Figure 3.25: Simulated magnetic field magnitude (A/m) at 1 MHz in a cross
section of a rectangular conductor geometry similar to that of the parallel plate
resonator. Current is flowing into the page in this example.

loss contribution from each section of the fixture is shown in Table. 3.2.

3.4.3.1 Corner Effects on Current Distribution at Microwave Fre-

quencies

When considering the resistance of a conductor in a transmission line, an impor-

tant factor is the cross sectional area in which current is flowing, as explained by

equation 3.28, derived from Pouillet’s law [148].

R =
ρ

A
≈ ρ

2δ(W + t)
≈ Rs

2(W + t)
(3.28)

where ρ is the resitivity of the material, A is the current carrying cross sectional

area, δ is the skin depth and W and t are the width and thickness of the conductor

respectively. Sharp corners on a rectangular conductor lead to a localisation of
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magnetic field and thus a high current density at the edges of the conductor,

as well as concentration of the electric fields. This localisation of magnetic field

is shown in Figure. 3.25. These simulations have been performed at lower MHz

frequencies for better computational efficiency, however they portray the same

principles apply at GHz frequencies. In addition, the skin effect at microwave

frequencies forces current to flow on the extremities of the conductor geometry.

Figure. 3.26 shows the effect that increasing frequency has on the current density

of a rectangular conductor. With an opposing current flowing in the sample

(upper cavity wall in Figure. 3.26), and the ratio W/h designed to be large, the

current in the reference plate is concentrated on the surface closest to the sample,

particularly at the corner areas, with only minor currents flowing on the lower

and side surfaces [149]. The inset to Figure. 3.26 is a close up view of the corner

and upper surface of the reference plate showing this uneven current distribution,

which is more exaggerated at higher frequencies.

The simulated surface current densities for the reference plate (upper surface),

sample and cavity wall are shown in Figure. 3.27. The non-uniform current distri-

bution in the reference plate effectively means that current is flowing in a smaller

cross sectional area. At high frequencies this current carrying area becomes very

small due to a decrease in skin depth. According to equation 3.28, this small

current carrying area at the corners will lead to a higher overall resistance value

of the reference plate. The increase in resistance due to these corner effects is

quantified by a correction factor of approximately 1.2 [150] for an isolated con-

ductor, even higher when there is a opposing current in the parallel ground plate

(sample) [149]. It is important to note here that the current density in the sample

under test remains uniform, owing to the absence of any corners.

Multiple scholarly articles have been published concerning singularity con-

ditions for electric field and magnetic field at sharp edges [151, 152, 153] and

the current density associated with magnetic field singularities [154]. These are

mainly concerned with analytic solutions for cases where ideally sharp corners
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a) b)

c) d)

Figure 3.26: Simulation results showing the effect of frequency on the current
density (A/m2) on the cross section of rectangular conductor. Inset is a magnified
view of the corner, an area of high current density at high frequencies, flowing
out of the page on the reference plate. Simulation performed at a) 1 Hz, b) 10
kHz, c) 100 kHz, d) 1 MHz.

Figure 3.27: Simulated surface current density along the length of the cavity, for
current flow along its width. This is shown for the surface of the reference plate
and surface of the sample, which make a parallel plate resonator. Also shown is
surface current density of the cavity wall parallel to the sample. Results are for
the TEM010 resonant mode at 6.4 GHz, where surface currents flow perpendicular
to the cut line. Reprinted from [23] ©2021 IEEE.
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exist in material of infinite conductivity. However, when assessing a material

of finite conductivity and non-ideal corners, as produced by any manufactur-

ing technique, these singularities cease to exist [149, 155]. The field magnitude

growth seems to obey a R−
1
3 rule in many cases, where R is the distance from

the conductor edge [149, 152], leading to the uneven current density shown in

Figure. 3.27.

3.4.3.2 Effect of Corner Radius

The current density due to corners in rectangular conductors can be reduced

through the introduction of a corner radius, something present in most common

manufacturing processes. Figure. 3.28 displays the current density of a rectangu-

lar conductor at 100 MHz with various corner curvatures. As the corner radius

increases, the current density is lower and is distributed more evenly along the

upper surface and side walls the conductor. This spreading will have the effect

of reducing the overall resistance of the conductor. In the absence of an accu-

rate measurement of corner radius for the reference plate, an a-priory calibration

process is implemented for the PPR; where a PCB sample of know RS, measured

with an alternative method, is used to calibrate the PPR setup.

3.4.3.3 Effect of Sample conductivity

To ensure that the uneven current distribution in the reference plate does not

prevent the PPR fixture from accurately measuring study samples, a simula-

tion sweep of electrical conductivity has been performed for the sample surface.

Figure. 3.29 shows the simulated surface current density in the reference plate

when electrical conductivity value of the sample-under-test are swept from 1.0

× 105 S/m to 1.0 × 108 S/m i.e. to above the conductivity of Ag at room

temperature, to take the range to absolute extreme for practical circumstances.

Figure. 3.30 shows the surface current density along the length of the sample-

under-test for the same simulation parameters. The simulated results show no
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a) b)

c) d)

e) f)

Figure 3.28: Simulation results showing the effect of corner radius on the current
density (A/m2) within a rectangular conductor at 100 MHz. Corner radius a)
0.01 mm, b) 0.04 mm, c) 0.07 mm, d) 0.11 mm, e) 0.20 mm, f) 0.30 mm.
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Figure 3.29: Simulated surface current density along the length of the cavity.
This is shown for the surface of the reference plate at various electrical conduc-
tivity values for the sample surface.

Figure 3.30: Simulated surface current density along the length of the sample,
while current is flowing along the width. This is shown for a variety of electrical
conductivity values.
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discernible difference in current density distribution on the reference plate with

changing (sample) conductivity. This distribution can therefore be considered a

constant for any sample-under-test (within these electrical conductivity values)

and is calibrated out of the final analyses for sample RS through the use of a

copper PCB calibration plate of known surface resistance.

3.4.4 Microwave Coupling

Microwave coupling is achieved through capacitive probes in opposing corners

of the cavity volume, orientated parallel to the cavity wall as to align with the

electric field between the sample and reference plate. The coupling probes are

manufactured from RG405 coaxial cable, where the inner conductor protruded

into the cavity volume by approximately 3 mm. They are placed near the corners

of the rectangular reference plate, in areas of high electric field for both modes

of interest. This placement is chosen to be sufficiently distant as to provide a

low coupling coefficient (S21 below -20dB) and decrease systematic error when

unloading Q factor [133]. The system insertion loss (S21) from simulation and

measurement are shown in Figure. 3.24. The inset to Figure. 3.24 is a simulated

cross section of the coupling probe geometry, which is shown in greater detail

in Figure. 3.31. Return losses (S11 and S22) for TEM001 and TEM010 are shown

in Figures. 3.32 and 3.33 respectively. The close match between S11 and S22

losses (for both resonant modes of interest) allows for the conclusion to be drawn

that symmetrical coupling is achieved in this implementation, facilitating the

Figure 3.31: Cross section of the parallel plate resonator geometry, showing the
coupling probe orientated parallel to the cavity wall as to align with electric field
between the reference plate and the sample. Reprinted from [23] ©2021 IEEE.

83



Figure 3.32: S Parameters for the electromagnetic coupling of TEM001 mode at
5.3 GHz in the parallel plate resonator.

Figure 3.33: S Parameters for the electromagnetic coupling of TEM010 at 6.4
GHz in the parallel plate resonator.
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evaluation of unloaded Q factor to be performed using the simplified technique

described in Chapter 1.1.

3.4.5 Calibration Results

In order to accurately account for the additional losses associated with the crowd-

ing of the current density at the edges of the rectangular reference plate described

in section 3.4.3, a calibration procedure is outlined here using a sample of copper

PCB of known RS. The value of RS considered as ‘known’ is taken from a previ-

ous set of measurement results using the dielectric resonator fixture described in

Section. 3.3 and published in [25, 91, 86]. This provides the best measurement

of RS by any means that we can access, and should be considered to be a “gold

standard” value.

3.4.5.1 PCB Samples

On microscopic inspection of the Rogers Corp. RT/duroid 6002 sample plates,

evidence of a directional surface pattern can be seen and is shown in Figure. 3.34,

generated by the electro-depositing process of the copper foil manufacturing pro-

cess [156]. As highlighted, the DR measurement technique (used for the ‘known’

RS value) makes use of azimuthal currents induced in the sample. This current

a) b)

Figure 3.34: Microscope image of PCB (Rogers Corp. RT/duroid 6002) samples.
Samples where the rolling direction can be seen along the sample a) length and
b) width. Black arrows indicate the direction of patterning.
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Figure 3.35: Average quality factor measurements for PCB samples with orthog-
onal surface patterns, using both resonant modes for each sample set. Standard
error is shown in the error bars.

pattern gives an orientationally averaged value for RS of the sample. In the

case of the PCB samples where there exists directional surface patterns, the DR

method alone cannot be used to asses the influence of these directional patterns

on the surfaces resistive properties. To ensure isotropy in RS and hence the

reliability of the calibration, samples were produced such that these surface pat-

terns are orientated in perpendicular directions (i.e. three sample plates where

the pattern runs along the length and three sample plates where the pattern

runs across the width). These samples were measured using the parallel plate

resonator fixture and their Q factor values are shown in Figure. 3.35.

The measurements show only around 0.1% difference between the average Q

factor values for each sample set. This very low value is of the same magnitude

as the random error seen for individual samples, due to the high accuracy of

the Keysight PNA used to measure Q factor and frequency. This is compared

to a random error of approximately 1% across all measurements (equating to

a variation in Q factor of 12 about an average value of around 1100, for 24

measurements across six sample plates measured in TEM010), arising from the

manual placement and fixing of the sample to the fixture.
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3.4.5.2 Correction factor for evaluating RSs

As stated in [150], sharp corners on rectangular conductors require a correction

factor to properly account for the current crowding. Therefore the COMSOL

generated solutions are used in conjunction with a known sample to find an

appropriate correction factor. Since the contribution to loss from the cavity walls

is low (around 2%) it is combined with the reference plate to give an average

RSwCal value for the silver plated conductive surfaces of the test fixture (minus

the sample plate). This is unchanged by the replacement of various samples and

defined as

RSwCal =

1
Q0
−GCuRSCu

−
∑N

p=1 pedptanδp

GSw

(3.29)

where RSCu
and GCu, and RSwCal

and GSw, are the surface resistance and geo-

metric factors for the ‘known’ reference PCB sample and remaining conductive

surfaces in the fixture, respectively. Having established the isotropic nature of

the PCB samples through Q factor measurements, shown in Figure. 3.35, RSCu

is found by scaling the measured value from [25](24.2 mΩ) using Equation. 3.27a

to be 22.3 mΩ at 6.39 GHz. Inserting this value into Equation. 3.29 gives RSwCal

= 31.35 mΩ.

Through evaluation of Equation. 3.26, when RSs is set equal to RSw as in the

Section 3.4.1.1, RSwAvg is evaluated to be 27.58 mΩ, as an average value for every

silver plated conductive surface in the fixture. Therefore, using the value gained

from Equation. 3.29 we can calculate the correction factor as;

k =
RSwCal

RSwAvg

=
31.35mΩ

27.58mΩ
= 1.14 (3.30)

This correction factor can be applied to RSw in Equation. 3.26 to produce ac-

curate values for RSs of any measured sample in the TEM010 mode at 6.4 GHz,

without the need for additional PCB calibration sample. Equation. 3.26 in terms
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Figure 3.36: Photograph of the experimental setup of the parallel plate resonator
connected to Keysight N5232A network analyser. Display showing the S21 trace
for frequency spanning both resonant modes (TEM001 at 5.3 GHz and TEM010

at 6.4 GHz). Reprinted from [23] ©2021 IEEE.

of RSs of the sample then becomes

RSs =

1
Q0
−
∑M

m=1GwmkRSwAvg −
∑N

p=1 pedptanδp

Gsn

(3.31)

RSs for the silver plated aluminium reference plate is found to be 23.15 mΩ at

6.39 GHz.

3.4.6 Initial Results and Discussion

Measurements of Q factor were taken for flat metal samples of semi-bright-silver

plated aluminium and Rogers Corp. RT/duroid 6002 PCB calibration samples,

bulk metal alloys of aluminium AL6082 and brass CZ121, as well as samples

produced of AlSi10Mg and Ti6Al4V, by means of PBF. Q factor and frequency

were measured through 2-port S-parameters using a Keysight N5232A network

analyser. A photograph of the measurement setup is shown in Figure.3.36.

3.4.6.1 Planar Metal Samples

The evaluated RS values for measured samples can be seen in Figure. 3.37, from

which we can deduce that RS values measured in both resonant modes follow the
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Figure 3.37: Surface resistance values of various metal plates. Measurements
taken using a parallel plate resonator fixture operating in TEM001 at 5.3 GHz
and TEM010 at 6.4 GHz. Standard error values are shown via error bars, values
of which are: in TEM001 ±4.4×10−5Ω, ±1.3×10−4Ω, ±1.1×10−4Ω, ±8.8×10−5Ω
and in TEM010 ±4.3×10−5Ω, ±8.8×10−5Ω, ±2.6×10−4Ω, ±1.8×10−4Ω for
Rogers Corp. RT/duroid 6002 PCB, silver plated aluminium, aluminium alloy
(AL6082) and brass alloy (CZ121), respectively. Also shown is the frequency cor-
rected RS values for TEM010 scaled down to 5.3 GHz. Reprinted from [23] ©2021
IEEE.

expected trends when compared with commonly known bulk metal resistances,

namely that silver and copper PCB exhibit the lowest electrical resistance and

brass the highest (out of metals studied here). The standard error for ten mea-

surements (per sample) are shown as error bars on Figure. 3.37. For all study

samples, RS is higher in the TEM010 mode at 6.4 GHz than in TEM001 at 5.3

GHz. This is expected due to the skin effect, where the majority of current

is contained in thinner surface layers as frequency increases, and so becomes

more susceptible to loss from micro-surface roughness features. Also shown is

the scaled RS value from 6.4 GHz to 5.3 GHz. This scaled approximation is

more closely matched with the value measured in TEM001 for Rogers Corp PCB

sample, where the surface is expected to be smooth and isotropic.

However the increased loss seen at higher frequencies due to micro-roughness

features cannot be separated or accounted for in the bulk metal samples, where
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Figure 3.38: Surface resistance values for measured samples produced of
AlSi10Mg and Ti6Al4V by means of powder bed fusion additive layer manu-
facturing. Measurements taken using a parallel plate resonator fixture operating
in TEM001 at 5.3 GHz and TEM010 at 6.4 GHz. Standard error values are shown
via error bars, values of which are: in TEM001 ±2.0×10−4Ω and ±3.4×10−3Ω , in
TEM010 ±2.8×10−4Ω and ±3.5×10−3Ω for AlSi10Mg and Ti6Al4V, respectively.
Also shown is the frequency corrected RS values for TEM010 scaled down to 5.3
GHz. Reprinted from [23] ©2021 IEEE.

machining has introduced micro-surface roughness feature or dislocations, in-

creasing loss at higher frequencies. Alternatively it has produced an anisotropic

finish on the surface, increasing or reducing RS in one orientation. Because the

induced current flow in the two operating modes flow in orthogonal directions,

close matching of values using the simple scaling formula in Equation.3.27a can

be used to predict isotropic behaviour in RS of a sample. As shown in the er-

ror bars on Figure. 3.37, the standard error is very small for all sample plates,

although this does increase when measuring samples of lower electrical conduc-

tivity such as brass.

3.4.6.2 Additive Manufactured Samples

Samples produced by PBF are evaluated for RS and shown in Figure. 3.38. As

expected, the RS value for titanium alloy Ti6Al4V is much higher than that of

aluminium alloy AlSi10Mg due to its significantly lower electrical conductivity.
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Figure 3.39: Roughness profiles of additive manufactured AlSi10Mg (top) and
Ag plated aluminium samples (bottom). The profiles have been recorded using a
Talysurf series 2 drag profiler and analysed with a 0.8mm cutoff filter. Reprinted
from [23] ©2021 IEEE.

The PBF produced aluminium alloy samples showed a slightly larger RS value

(46.4 mΩ at 6.4 GHz) than a bulk aluminium alternative AL6082 (39.2 mΩ at 6.4

GHz). The difference between these samples can be ascribed to the excess rough-

ness present from the laser melting process, which has been well documented to

lead to an increase in microwave loss [59, 157, 44]. RMS surface roughness for the

PBF samples was measured as Rq ≈ 16.5 µm whilst for the bulk aluminium alloy

sample Rq ≈ 0.66 µm. These roughness profiles are shown in Figure. 3.39 and

were measured on a Talysurf series 2 drag profiler and analysed with a 0.8mm

cutoff Gaussian low pass filter. In both materials, the frequency scaled values

suggest an isotropic behaviour in terms of RS. Again, the standard error in

measurement is much higher for lower conductivity samples of Ti6Al4V.

3.5 Conclusion

This chapter presents two methods for evaluating the microwave surface resis-

tance of flat metal samples. An overview of a previously published dielectric

resonator fixture [68, 86, 91, 25] featuring a novel ‘lift-off’ calibration process is

given as background methodology to the results presented later on in Chapter. 5.

The DR technique is also used as a reference to provide a sample of known RS

91



for use in the second measurement technique presented here, the parallel plate

resonator.

The parallel plate resonator fixture has been shown to effectively measure flat

metal samples of bulk metal material, as well as samples produced by laser pow-

der bed fusion, suggesting a reasonable robustness in the measurement technique.

The random errors associated with the measurement are very small, around 0.1%

and are associated with the measurement equipment, such is the accuracy of the

PNA used to measure Q factor and frequency. In addition, there exists a approx-

imately 1% error associated with the removal and re-fixing of the sample plate

to the fixture. This low error provides a high level of confidence when directly

comparing two measured sample plates. However a larger error is seen when

measuring samples of low electrical conductivity (around 2%). Overall accuracy

is achieved through the use of a known sample as a calibration piece, in an a-

prior calibration process. This is particularly important due to the absence of

an accurate corner radius value for the reference plate. Through this calibration

process, and due to the nature of the induced orthogonal current flow in two

resonant modes, the isotropic and low loss nature of Rogers Corp. RT/duroid

6002 PCB (in terms of RS in the xy plane) has been confirmed. Additionally,

samples produced of AlSi10Mg and Ti6Al4V by means of powder bed fusion also

exhibit this xy plane isotropy in RS. This result could have great significance in

the design for manufactured of microwave components using PBF.

PBF samples produced of AlSi10Mg show only a small increase in surface

resistance as compared to bulk aluminum alternative AL6082. This difference is

explained partly by the roughness profiles of the two materials. It is worth noting

that the PBF samples presented here were produced in the horizontal build

orientation (parallel to the build plate). Therefore no conclusion can be drawn

yet about vertical surfaces, with complex layer boundaries and adhered (partially

melted) powders. This aspect is however investigated further in Chapters 4 and 5.

The PPR measurement technique presented here is unique in that it allows ex-
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citation of two resonant modes, inducing currents in orthogonal, one-directional

patterns in the sample-under-test without the need for removal and re-fixing of

the sample. These orthogonal modes allow for measurement of RS at two discrete,

but close, frequencies and for the estimation of isotropic surface properties.
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CHAPTER 4

EFFECT OF PBF PROCESS PARAMETERS ON SURFACE

RESISTANCE

4.1 Introduction

The physical properties of components produced by powder bed fusion can be

affected significantly by the selection of process parameters during the build.

In many cases, the default parameter setups for aluminium-silicon alloys are

chosen in order to overcome the material’s high reflectively and thermal con-

ductivity [158]. These essential conditions then provide a parameter window in

which to optimise for the desired component material properties. Often in the

literature these optimisations are performed for mechanical properties such as

creep, elongation and porosity [159], as well as tensile strength [160] and relative

density [161], to name a few. Surface roughness is another substantial research

theme, with motivations that include aesthetics, corrosion resistance, fatigue per-

formance [162] and geometric tolerance [163]. Aspects of these surface roughness

studies may also be useful in the optimisation of PBF to microwave applications,

since the link between roughness and microwave loss is well established [63, 70].

Of particular interest is the improvement of surface finish for overhanging /

downwards facing surfaces [110, 108, 164], which are often unavoidable in three-

dimensional microwave components such as waveguides, and which experience

dross formation (discussed in Section. 4.2.2 and shown in Figure. 4.1), thus gen-

erating significantly higher roughness than in other orientations [50, 165]. To the

author’s knowledge there is currently no published literature on optimised pa-

rameter sets specifically for the microwave performance of overhanging surfaces.

The electrical properties of PBF components are still inferior to machined

alternatives [42, 166], however, the overall positive performance is surprisingly
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good given the poor surface finish apparent on PBF surfaces. The main tech-

niques used in the literature to assess microwave PBF structures take a macro

approach by measuring a complete waveguide component, with some studies

comparing performance to a traditional manufactured equivalents or simulated

component responses [55, 167]. In this chapter a more fundamental approach

is taken, where individual surfaces of different build orientations are assessed for

microwave surface resistance (RS). Investigation is performed on the influence of

process parameters, in the form of laser power, on the RS of PBF surfaces. In ad-

dition, a study is undertaken on the influence of the laser scan path on microwave

performance of horizontally built surfaces. No post-processing is performed on

any samples in this chapter. All RS measurements are performed using the par-

allel plate resonator technique described in Section. 3.4. Elements of this chapter

have been previously published in peer reviewed journal articles [23, 24], with

some figures and text having been reprinted (with relevant permissions where

this author no longer hold the copyright).

4.2 Sample Preparation

To assess the microwave performance of PBF produced components, a series of

flat planar samples have been made in three common build orientations; horizon-

tal, vertical and 45o with reference to the plane of the build plate. Samples were

built in each orientation using the Renishaw default process parameter setup

(see Table. 4.1) as reference samples, with other samples manufactured using

a variety of laser powers for the border scan, upskin and downskin parameters

for vertical, upfacing (45o) and downfacing (45o) surfaces, respectively. Further-

more, in Section. 4.2.3, an investigation is performed into anisotropy brought

about the laser scan path on horizontal surfaces. To achieve this, the laser scan

path was oriented to generate uniform roughness corrugations either parallel or

perpendicular to current flow, representing the best and worst cases, respectively,

for microwave loss [63].
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Table 4.1: Key default process parameters for horizontal, vertical and 45o surfaces

produced from AlSi10Mg by powder bed fusion using a Renishaw RenAM500

system.

Laser Power (W) Point Distance (µm) Exposure time (µs)

Horizontal & 45o (Upskin) 100 60 90

Vertical (Border) 350 60 40

45o (Downskin) 100 40 70

4.2.1 Build Orientations

For the comparison of build orientations with respect to microwave performance,

as well as to provide reference samples in the optimisation study, a set of sample

plates have been produced using the default process parameter setup. The ori-

entations selected are common in the design of 3D microwave components and

will each have different losses (quantified by their RS values) associated with

their surface profiles. These samples are manufactured from AlSi10Mg powder

on a Rensiahw RenAM500 additive manufacturing system and the key process

parameter levels for each orientation are detailed in Table. 4.1.

4.2.2 Process Parameter Optimisation

A major microwave loss contributor in over hanging surfaces of PBF parts are

partially melted powder sphere caused by the laser energy penetrating below the

desired layer. An simplified schematic of the problem, known as ‘dross forma-

tion’, is shown in Figure. 4.1.

Down and up facing surfaces are treated differently in the PBF build process

to the core of the part, through the application of up/ downskin process param-

eters. Both parameter sets often consist of multiple laser passes over the same

area / layer, so that any optimisation of these surfaces should focus on the the

up/downskin parameters rather than the core. Specifically, at 45o incline and

25 µm layer thickness, the step/overhang will be 25 µm. With a laser diameter
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Figure 4.1: Schematic of the dross formation process in powder bed fusion man-

ufacturing. Reprinted from [24] ©2021 Gumbleton et al. (CC-BY).

Table 4.2: Key process parameters for horizontal, vertical and 45o surfaces pro-

duced in AlSi10Mg by powder bed fusion using a Renishaw RenAM500 system.

Laser Power (W)

Vertical (Border) 45o (Upskin & Downskin)

250, 270, 290, 310, 350, 0, 60, 80, 100,

370, 410, 430, 450, 470 120, 140, 160, 180

of 70 µm generating a melt pool diameter of approximately 120 µm, only the

upskin/downskin border scan will be performed. Similarly in the case of vertical

samples, the volume border scan will define the properties of the first approxi-

mately 120 µm of the surface. Further to this, from a microwave perspective, the

skin depth (described by Equation. 2.2 and discussed in detail in Section. 2.2)

tends to be much smaller than the layer thickness and the laser diameter. There-

fore, the majority of microwave current will be flowing in the region defined by

the border parameters for all parameter setups investigated here.

As discussed in Section. 2, several studies have shown a link between laser

energy density (LED) and surface roughness [110, 109, 168], with LED defined

using the simple expression

LED = P/v (4.1)
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Figure 4.2: Photograph of Renishaw RenAM500 build plate layout and AlSi10Mg

samples produced by powder bed fusion. Samples are created in horizon-

tal, vertical and 45o orientations using a variety of laser powers. Reprinted

from [24] ©2021 Gumbleton et al. (CC-BY).

where P is the laser power (W) and v (m/s) is the scan speed. In this study

the scan speed is kept constant at the machine default setup while a sweep of

energy density, via changes in laser power, is performed to investigate the affects

on microwave loss. The laser powers investigated for each surface orientation are

detailed in Table. 4.2. A photograph of a RenAM500 build plate populated with

the samples described above is shown in Figure. 4.2.

4.2.3 Orthogonal Roughness profiles

An additional set of horizontal samples have been manufactured, in which a uni-

form roughness profile is generated deliberately to emulate the best and worst

cases scenarios for microwave loss. Morgan [63] presented theoretical calculations

that showed that roughness (modeled as grooves), orientated perpendicular to

current flow, will severely inhibit current and thus increase resistance. Ham-

merstad’s [66] model remains the main and most widely accepted model for
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Figure 4.3: Photograph of Renishaw AM250 build plate layout and AlSi10Mg

samples produced by powder bed fusion. White arrows indicate the laser scan

path. a) Layout for sample set so that the laser scan path is parallel to the width

or length of the sample. Directional roughness features have been generated

along b) the length of the sample and c) the width of the sample. Reprinted

from [23] ©2021 IEEE
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quantifying loss due to roughness. Using a series of grooves to model rough-

ness, the model generates a correction factor based on the ratio of RMS surface

roughness height (Rq) and skin depth. Subsequent studies have used the saw-

tooth roughness profile in modeling techniques but it is accepted that it is diffi-

cult to accurately model real-world roughness [76]. These samples, created from

AlSi10Mg using a Renishaw AM250 additive manufacturing system, are designed

to generate grooves / corrugations parallel and perpendicular to current flow in

different resonant modes. The default process parameters are used for the core

of the samples and the upskin parameters are disabled, such that the laser scan

path is exposed. The main process parameters for these samples are: laser power

= 200W, hatch distance = 130 µ m, layer thickness = 25 µm, exposure time =

140 µs and point distance = 80 µ m. The starting angle of the laser scan, which

rotates by 67◦ each consecutive layer, is calculated so that the final layer scan

path is parallel to the edges of the samples. A photograph of the populated build

plate with the laser path annotated is shown in Figure. 4.3a. Figure 4.3b and c

shows a close up view of the roughness corrugations parallel to the sample length

and width, respectively. This sample set allows an investigation into anisotropy

that may be induced in the PBF by the laser itself and is intended to exploit the

orthogonal resonant modes that can excited in the PPR measurement fixture;

each sample will have a roughness profile that is parallel to current flow in one

mode while perpendicular in the second (orthogonal) mode.

4.3 Results and Discussion

4.3.1 Build Orientations

Samples produced using default build parameters in different orientation have

been measured to evaluate RS and the results are shown in Fig. 4.4. The standard

error reported on Fig. 4.4 is very small due to the high precision frequency mea-

surement equipment used (Keysight N5232A network analyser), with less than

0.1% random error and the described cavity resonator fixture providing approx-
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Figure 4.4: Measured surface resistance values for samples of different build orien-

tation manufactured using default process parameters. Measurements were taken

at 6.4 GHz using the parallel plate resonator fixture, with 5.3 GHz data scaled

to this standard frequency. Standard error is shown by error bars. Reprinted

from [24] ©2021 Gumbleton et al. (CC-BY).

Figure 4.5: RMS surface roughness Rq profiles from a Talysurf 2 drag profiler

using a 0.8mm filter. The profiles are for powder bed fusion samples produced

in horizontal, 45◦ upskin and downskin, and vertical build orientations.

101



imately 1% systematic error from the removal and replacement of samples. The

45◦ downskin surface, perhaps predictably, performs significantly worse in terms

of microwave loss than other build orientations. Specifically, RS is nearly two

times higher than that of the equivalent samples for vertical and upskin surfaces.

Horizontally built plates exhibit the lowest loss of all samples, a result that sup-

ports previous measurements by this author [25], while there is only a marginal

difference between vertical and 45◦ upskin surfaces. RMS surface roughness (Rq)

measurements have been performed using a TalySurf Series 2 drag profiler fitted

with a tip of 2 µm radius and analysed with a 0.8mm cutoff low pass filter. Rq

a) b)

c) d)

Figure 4.6: Microscope images of a) horizontal, b) vertical c) 45◦ upskin and d)

45◦ downskin surfaces. All surfaces are manufactured using the default parameter

set for each scenario. Scale bar is set at 1 mm.
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for the default parameter set (∼6 µm for horizontal, ∼12 µm for vertical, ∼13

µm for 45◦ upskin and ∼20 µm for 45◦ downskin orientations) correspond well

with the measured RS, which increases with increasing surface roughness. Rq

profiles of different orientations in the default parameter set are shown in Fig-

ure. 4.5. The downskin Rq and RS values are approximately two times higher

than that of the vertical / upskin surface and approximately four times higher

than the horizontal orientation. This is further supported by examining the sur-

faces microscopically, as shown in Figure. 4.6. Figure. 4.6a shows the horizontal

surface as relatively smooth and uniform with only small balling and agglomer-

ated spatter formations [95, 169, 170]. In contrast, Figure. 4.6d shows a surface

nearly entirely formed of small isolated protrusions of clustered particles. Very

little contact is made between protrusions, which would be expected to inhibit

microwave current flow significantly.

From the measurement results of different build orientations, it is evident that

the commonly utilised macro style approach of testing PBF microwave compo-

nents is missing crucial information regarding the regions where loss contribu-

tions are greatest. This also suggests that the overall performance of waveguide

components will be heavily dependent on the component orientation within the

build process.

4.3.2 Laser Power Optimisation

Figures. 4.7, 4.8 and 4.9 show the measured RS values and Rq of for samples

built in a vertical orientation, 45◦ upskin and 45◦ downskin surfaces, respec-

tively, against varying process laser power. In all cases RS correlates well with

observed changes in Rq. Figures. 4.7 and 4.8 show that there is no significant

trend observed relating RS to changes in laser power for vertical and 45◦ upskin

orientations. This may be explained for the upskin through the core build pro-

cess having sufficiently melted the layer prior to the upskin parameters being

implemented. Similarly, for the vertical built samples, border scans are repeated
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Figure 4.7: Measured surface resistance and RMS surface roughness (Rq) values

for various border laser power levels in vertical built samples. Standard error is

shown via error bars for five repeat measurements are on the order of ∼4×10−4Ω.

Reprinted from [24] ©2021 Gumbleton et al. (CC-BY).

Figure 4.8: Measured surface resistance and RMS surface roughness (Rq) values

for various laser power levels in the upskin parameter set for 45◦ orientated

samples. Standard error is shown via error bars for five repeat measurements

are on the order of ∼3×10−4Ω. Reprinted from [24] ©2021 Gumbleton et al.

(CC-BY).
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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 significant improvement

in their RS values with increasing laser power, shown in Figure. 4.9. This is quan-

tified by low values ofRS and correlates with lower values ofRq. There is around a

40% relative reduction in RS for the highest laser power 180 W (best case) against

60W (worse case), and around a 22% reduction in RS for the best case compared

to the default laser power result. Furthermore, the disparity (quantified by a

percentage difference) seen between downskin and upskin/vertical surfaces, for

the default reference cases, is nearly halved by applying the high laser power

setup to the downskin parameter (from 93% to 52%).

Optical microscope images are shown in Figure. 4.10 for several downskin

surfaces at different power levels and additional optical microscope images for

other selected surfaces are shown in Appendix B. The surface of the 60 W sample

(Fig. 4.10a) 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 nor a sufficiently good electrical connection, and so are a

major microwave loss contributor. The adherence of partially melted powders is

explained, at a fundamental level, by the surface energy of their spherical shapes.

The surface area of a sphere is very high for a fixed volume, requiring less energy

to form new bonds with other surfaces than to fully melt the powder [171]. In

the 180 W sample (Fig. 4.10b), however, these satellites appear to have formed

into larger agglomerates with surrounding particles, creating a more effective

network of electrical connections and a more coherent layer. This is explained by

the additional laser energy density penetrating deeper into this layer and more

fully melting a greater proportion of the particles.

Due to the layer-wise nature of PBF, there is a concern that the layer bound-

aries could have an adverse effect on microwave performance. Exploiting the
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Figure 4.9: Measured surface resistance and RMS surface roughness (Rq) values

for various laser power levels in the downskin parameter set for 45◦ orientated

samples. Standard error is shown via error bars for five repeat measurements

are on the order of ∼4×10−4Ω. Reprinted from [24] ©2021 Gumbleton et al.

(CC-BY).

a) b)

Figure 4.10: 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. Reprinted

from [24] ©2021 Gumbleton et al. (CC-BY).
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Figure 4.11: Percentage difference between surface resistance values measured

in TEM001 at 5.3 GHz, where current flows parallel to layer boundaries, and

TEM010 at 6.4 GHz, where current flows perpendicular to layer boundaries.

PPR fixture’s orthogonal resonant modes allows currents to be excited both

along and across layer boundaries for 45o and vertical samples. A simple scaling

approximation (from Equation. 3.27a) allows the difference in RS to be evalu-

ated perpendicular and parallel to layer boundaries. The general trends seen

in RS and laser power correlations in measurement mode TEM001 at 5.3 GHz

are also seen in TEM010 at 6.4 GHz. After scaling, anisotropy is expressed as

a percentage difference from the measured value in TEM001 at 5.3 GHz and is

shown in Figure. 4.11. There is a range of around +5 % anisotropy across all

samples of 45◦ and vertical orientations. The positive sign means that higher

RS values are measured when current is flowing in the direction perpendicular

to layer boundaries. The spread, however, suggests that further work needs to

be done on this topic, specifically testing a larger sample set.

107



4.3.3 Application to Waveguide Components

Using the results from the previous sections, several X-band waveguide compo-

nents have been produced with different downskin laser parameters to investigate

the optimisation effects on real systems. The components are shown prior to re-

moval from the build plate in Figure. 4.12. The build orientations are such that

two internal surfaces of each waveguide are upwards facing and use the default

parameter setup, while the remaining downward facing surfaces are swept for

each waveguide section using the following laser powers; ALM1 = 100 W (de-

fault), ALM2 = 0 W and ALM3 = 180 W. The resulting differences in electrical

performance of the waveguide sections can then be attributed to the downskin

surfaces. Figure. 4.13 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

Figure 4.12: Three straight waveguide sections on a Renishaw RenAM500 build

plate. Each section is produced with different downskin laser parameters.

Reprinted from [24] ©2021 Gumbleton et al. (CC-BY).
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Figure 4.13: Additive manufactured AlSi10Mg waveguide section connected as

a cavity resonator to a vector network analyser. Reprinted from [24] ©2021

Gumbleton et al. (CC-BY).

the attenuation from the measurement of attenuated power of a travelling wave;

for example a typical waveguide may have an attenuation coefficient of approx-

imately 0.5 dB/m, for a section of length = 154 mm the attenuation would be

too small to accurately measure. Q factor and hence RS are measured through

the forward transmission S parameter S21. These traces are shown as an inset

to Figure. 4.14. The resonant frequency of the dominant TE101 mode of this air

filled cavity is 6.62 GHz, a similar frequency to the PPR measurements for con-

sistency of results and dictated by the internal geometry of the cavity; 22.9±0.06

mm × 10.2±0.1 mm × 154.0±0.1 mm. RS for the cavity geometry is found by

RS =
1

G Q0

(4.2)

where the geometry constant G is found through simulation using COMSOL

Multi-physics software to solve the field integrals in Equation. 3.18a. The mea-

sured RS values for each waveguide section are shown in Figure. 4.14. There is

a clear reduction in RS for sample ALM3, arising from the use of 180 W for the
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Figure 4.14: Measured surface resistance values for additive manufactured rect-

angular waveguide resonators produced using various down skin laser powers.

Standard error is shown via error bars. Inset is the forward transmission S pa-

rameter traces for each waveguide resonator. Reprinted from [24] ©2021 Gum-

bleton et al. (CC-BY).

downskin laser power when compared to the default value (ALM1 : 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 assess how the reduction in RS will translate into a waveguide transmission

line system, attenuation has been calculated using the measured resonator RS

(RSr) values over the X-band frequency range. Conductor attenuation (αc) due

to the surface conduction losses of a uniform, rectangular waveguide in the TE10

mode is assessed by [172]

αc =
RSr(f)

bη0

√
1− x2

[
1 +

2bx2

a

]
(4.3)

where a and b are the long and short internal dimensions of the waveguide, respec-

tively, and η0 is is wave impedance of free space. The dimensionless parameter

x is defined as the ratio x = fc/f , where fc = c/2a is the cut-off frequency of

the TE10 mode and f is the frequency of single mode operation (i.e in the range
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Figure 4.15: Calculated attenuation for TE10 mode of three rectangular waveg-

uides produced by additive manufacturing using various downskin laser powers.

Also included is a calculated value for an equivalent waveguide consisting of ver-

tical surfaces. Inset is a magnified view of the calculated attenuation. Reprinted

from [24] ©2021 Gumbleton et al. (CC-BY).

c/2a < f < c/2b). For calculation of αc over the X-band frequency range, RSr is

scaled from the cavity resonator measured value by

RS(f) = RSr

√
f

fr
(4.4)

Figure. 4.15 shows the calculated αc values for each waveguide section over the

X-band frequency range. The reduced RS value for ALM3 provided a modest

∼0.05 dB/m improvement 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. 4.15;

the RS value for this is taken from Fig. 4.4. Attenuation is significantly lower

(∼0.13 dB/m) in the absence of downward facing surfaces. The results presented

here are promising for the continued improvement in performance, and subse-
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quent industrial uptake, of PBF components for microwave applications, where

the design of three-dimensional parts, such as waveguide filters, will inevitably

necessitate for one or more downward facing surfaces.

4.3.4 Orthogonal Roughness Profiles

4.3.4.1 Simulation

Current analytical models for roughness effects on microwave performance tend

to rely on Rq as an input, essentially considering only the average height profile of

roughness. Modern, full wave simulation software however enables roughness to

be modelled in a variety of shapes, including discontinues and varying roughness

widths. To further understand how current flows in the skin depth layer relative

to different roughness profiles, a series of simulations have been performed, ex-

tending the previous published work of the Cardiff group [59] and emulating the

roughness profiles generated using the laser scan path; here, roughness is simu-

lated via a set of grooves of various peak heights (h) and, importantly, peak-peak

widths (b), perpendicular to current flow, which allows for the evaluation of loss

associated with the surface profile.

Figure. 4.16 shows the simulated surface current density for a variety of rough-

ness profiles, simulated at 5.3 GHz with a skin depth of ∼ 2 µm. In all simula-

tions h is fixed arbitrarily at 6 µm while b is varied. In the extreme cases where

b much larger (Figure. 4.16c and d) than the skin depth, the current can be seen

to follow the profile as it would in a flat surface. Interestingly, when b is much

smaller (Figure. 4.16a) than the skin depth, current flows underneath the pro-

trusions, again effectively behaving like a flat surface. However, when b is of the

magnitude of a few skin depths, current flow is significantly impeded leading to

higher resistive loss. This is confirmed when normalised power loss is expressed

as a function of b (in skin depths), as shown in Figure. 4.17. High Rq values

alone do increase loss compared a perfect flat surface; however, maximum loss

is exhibited when b is around three times the skin depth. For very large or very
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Figure 4.16: Two-dimensional simulated current density in aluminum at 5.3 GHz,

where roughness peak height (h) = 6 µm. a) Peak-peak distance (b) = 1µm, b)

b = 4µm, c) b = 50 µm and d) b = 130 µm. Dimensional axis labeled in µm

and the current density legend in A/m2.

Figure 4.17: Simulated normalised power dissipation as a function of roughness

width (expressed in skin depths).
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small feature widths (relative to three skin depths), relatively small increases in

loss are observed compared to ideally flat surfaces.

4.3.4.2 Measurement Results

By exploiting the orthogonal current flow generated by two resonant modes of

the PPR (Chapter. 3.4), the influence of the laser scan path on RS can be in-

vestigated. Three samples of each laser scan orientation have been measured in

the PPR for Q factor and subsequently evaluated for Rs. Each measurement

consisted of exciting both resonant modes in turn, so as to effectively produce

simultaneous measurements on the same sample, where current will be flowing

both perpendicular and parallel to roughness, corresponding to the theoretical

best and worst cases, respectively, for microwave loss [63].

Figure 4.18: Average surface resistance values for AlSi10Mg samples produced

with the laser scan path along the length or across the width of the sample. Mea-

surement taken using the parallel plate resonator operating in TEM001 mode at

5.3 GHz and TEM010 mode at 6.4 GHz. Standard error values for 10 measure-

ments per sample are shown via error bars. Reprinted from [23] ©2021 IEEE.
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The averaged evaluated RS values for both sample sets are shown in Fig.4.18.

The difference in the averaged values of RS due to directional roughness features,

in both resonant modes, is less than 0.5 mΩ, while the range of RS values for

all samples is around 1.5 mΩ. These measurements were repeated 10 times on

each of the six samples and standard error is calculated to be much less than

1%. The systematic error in very low owing to the high measurement precision

of the VNA used, while a larger error exists attributed to small positional errors

arising from the manual replacement of the samples. These results suggest that

the RS value, for the PBF surfaces tested, is not dependent on the laser scan

path and is effectively isotropic. This result is perhaps not surprising given

the simulation results above, when feature width of the deliberately induced

roughness is considered.

Figure. 4.19 shows a three-dimensional surface profile of one of the PBF

samples measured, taken using a Taylor Hobson Talysurf 2 drag profiler. The

scan paths are clearly seen, and are also shown in Figure. 4.3 b and c. The width

of the features produced by the laser scan on the AlSi10Mg PBF samples here

Figure 4.19: Three-dimensional surface profile of a powder bed fusion plate with

laser induced roughness features. Measured on a Taylor Hobson Talysurf 2 drag

profiler. Axis scale is in mm while color scale for height is in µm.
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Figure 4.20: Simulation of surface current density. The model geometry consists

of roughness peaks with partially melted powder adhered to the surface. The

axes have units of µm and current density (A/m) is shown via color scale.

are large enough (≈ 130 µm) as to be approximated as a near flat surface, given

that the skin depth at the operating frequencies is around 2 µm. Figure. 4.19

also shows a large quantity of non-uniform roughness features such as balling

and spatter (identified by the extreme profile heights and rounded geometries).

To demonstrate the effect of such features, a simple extension to the simulations

above is performed.

Fig.4.20 shows rudimentary simulation results for a roughness profile that

includes partially melted powders. The simulation is based on the roughness

heights and feature widths measured on the PBF samples, while the partially

melted power is based on a particle radius of 35 µm. The value of P/P0 (i.e.

loss normalised to an ideally flat surface) based on this simulation is recorded

as 1.77 for triangular roughness peaks and 2.13 for roughness with partially

melted powder. This result suggests that the partially melted powder present on

the surface of the samples can contribute significantly to loss. This simulation

however does not take into account the fact that the powder adhered to the

surface is often not fully melted, so the electrical contact may be worse than the

simulation suggests, perhaps underestimating its loss contribution.
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4.4 Conclusions and Further Work

This chapter has investigated the effect that process parameters can have on the

microwave performance of metal PBF samples. A significant finding, through

experimentation, is the reduction in RS of downward facing surfaces through

an increase in downskin laser power, which represents an important improve-

ment for the adoption of PBF in the production of microwave components. The

underside of the material is essentially made up of powder rather than a solid ma-

terial, which understandably produces different behaviours and properties. The

increased laser energy melts more of the isolated powder particles into a more

coherent layer of solid metal and hence starts to perform as such. Downward

facing surfaces are often unavoidable in passive microwave devices and measure-

ments of plates in various build orientations have shown a significant difference

in loss contributions from each surface. This leads to a conclusion that the

commonly utilised macro approach of testing whole waveguide components is

missing important information on on the precise surfaces the loss is occurring.

This knowledge can be used in the design - for - additive manufacture process

to ensure critical surfaces (i.e. areas of high current flow) are oriented in the

most efficient way; where downward facing surfaces must be present, the laser

power parameters can be optimised accordingly to minimise excess roughness

and hence microwave loss.

A second set of interesting results is seen in the investigation of the influence

of laser scan path. This work has shown that loss in PBF produced microwave

components is not associated with natural groves created by the laser scan pat-

tern. These grooves are on a scale too large to contribute significantly to loss.

With a laser diameter of 70 µm and melt pool of ∼130 µm, it would be difficult

to produce roughness on the scale of ∼ 5 µm necessary for maximum loss at the

C band frequencies used here. This suggests that the laser scan path should not

be a major concern to microwave designers working with ALM products, with

horizontal surfaces being effectively isotropic in terms of RS. Rather, excess loss
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over machined parts maybe be due to micro-surface roughness such as partially

adhered particles, voids and splutter. this finding may become less valid as freq

is increased and new studies are ongoing to investigate this.

These findings suggests that the correct selection of process parameter can

bring about improvements in performance of passive microwave components pro-

duced by PBF, not only through the physical reduction in surface roughness but

also through the advancement in design knowledge for component orientation.

Further work is required to determine what effect the variation in laser power

has on the sub-surface properties of downward facing surfaces. The influence

that increased laser power may be having on the mechanical properties of the

surfaces has not been investigated here and would be a useful further study in

the drive for increased industry uptake. Additional imaging studies would also

be interesting to investigate the variation in microsructure size and shape due to

different laser powers.
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CHAPTER 5

EFFECT OF POST-BUILD TREATMENTS ON SURFACE

RESISTANCE

5.1 Introduction

The additional treatment of PBF parts post manufacturing is, in many applica-

tions, a necessary step to achieve the desired properties. A range of treatments

are available for the enhancement of mechanical properties, such as hot isostatic

pressing to reduce interior porosity [173, 174], annealing and other heat treat-

ments for relieving residual stress and increasing hardness [118] and shot pen-

ning to improve the surface finish [68, 126, 129]. This chapter investigates the

use of post processing techniques specifically for the improvement of microwave

performance, quantified by low surface resistance (RS), of metal powder bed fu-

sion (PBF) samples. The main categories of treatments investigated include the

removal of loose, semi-melted powder from the material surface, coating with

a material of high electrical conductivity and polishing to remove the surface

roughness profile. Treated PBF sample measurements are then compared with

‘pre-treatment’ equivalent samples to evaluate the effect of the post-processing

treatment on RS. All PBF samples discussed within this chapter have been

manufactured of AlSi10Mg using a Renishaw RenAM500 laser PBF additive

manufacturing system, unless otherwise stated.

Quality factor measurements and subsequent evaluation for RS, are performed

using the lift-off dielectric resonator fixture described in Section. 3.3 operating in

the TE01δ mode at 7.5 GHz. The measurement fixture and several sample plates

are shown in Figure. 5.1. Parts of this chapter have been published in a peer-

reviewed conference paper [25] with some figures and text having been reprinted

(with relevant permissions where this author no longer hold the copyright).
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Figure 5.1: Photograph of the lift-off dielectric resonator fixture with samples
plates of copper PCB and polished aluminium along with powder bed fusion sam-
ples treated by silver plating, media tumbling and machine polishing. Adapted
from [25] ©2019 IEEE.

5.2 Sample Preparation

Surface resistance is measured for a variety of samples with various post-processing

techniques having been implemented. These techniques include silver plating,

bead blasting, media tumbling and machine polishing in various combinations.

In addition, samples of copper PCB, machined bulk AL6082 aluminium alloy and

‘as built’ samples of AlSi10Mg are used for reference. The reference samples of

copper PCB and Al6082 are shown in Figure. 5.2. PBF samples have been pro-

duced using the process parameters detailed in Table. 5.1 in both vertical and

horizontal orientations prior to receiving selected post-processing treatments.

The build plate containing the PBF study samples (AlSi10Mg) in their ‘as built’

form is shown in Figure. 5.3.
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a) b)

Figure 5.2: Photographs of the reference samples a) copper PCB (35 µm thick-
ness) b) Al6082 aluminium alloy.

Figure 5.3: Photograph of the build plate containing AlSi10Mg samples produced
by laser powder bed fusion prior to post processing treatments.
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Table 5.1: Process parameters used to produce AlSi10Mg Samples on a Renishaw
RenAM500 laser powder bed fusion system.

Laser Power(W) Point Distance (µm) Exposure Time (µm) Hatch Distance (µm)

Volume 350 60 40 90

Upskin 100 60 90 130

5.2.1 Silver Plating

Due to the skin effect, where the majority of current is carried in the outermost

few microns of material, an obvious improvement method would be to introduce

an additional layer of material which exhibits the desired properties, i.e. high

electrical conductivity. In practice this is easily implemented through various

plating techniques for copper or precious metals such as silver and gold. In this

study, silver (Ag) is chosen as the plating material owing to its high electrical

conductivity compared to available alternatives. A plating layer of sufficient

thickness is required to encompass the majority of current flow; at four skin

depths thickness ∼ 98% of current will flow within the silver material. For silver

of nominal electrical conductivity (σ) of 6 × 107 S/m, using Equation. 2.2 the

skin depth (δ) at 7.5 GHz is calculated to be ∼0.75 µm. The silver plating

employed in this study is a semi-bright silver solution of between 5.0 and 7.5 µm

in thickness, equating to between six and ten skin depths, and can therefore be

Figure 5.4: Silver Plated AlSi10Mg samples produced by laser powder bed fusion
in a horizontal orientation. The sample on the left is ‘as built’ with silver plating
layer whilst the right sample has also been bead blasted.
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considered sufficiently thick to carry the majority of current flow. Due to the

oxidising nature of the aluminium alloy, a nickel sub-layer is required to ensure

good adhesion of the silver plating and this nickel sub-layer is around 3.0-5.0 µm

thick. However, the measurement techniques features an ‘end wall replacement’

approach and as such the absolute thickness of the sample is not a concern, ,

as long as the base layer is effectively screened by the highly conducting coating

above it. In addition, the silver plating technique goes someway to reducing

surface roughness, as the liquid plating solution will partially fill the valleys of

the roughness profile. Several silver plated samples are shown in Figure 5.4

5.2.2 Deburring

Deburring methods for the smoothing of sample surfaces are investigated by

means of bead blasting / shot peening and media tumbling. These methods are

employed to remove any loose or partially melted powder from the surface. The

bead blasting process is a manual post processing technique that uses spherical

ceramic beads fired at pressure towards the sample. In this study, the ceramic

material used comprised of ∼ 65% Zirconia (ZrO2), ∼ 30% glass and the re-

mainder alumina (Al2O3) with an average diameter of 400 µm. The tumbling

process, in contrast, is more controlled and consists of media being continually

Figure 5.5: Photograph of AlSi10Mg samples manufactured by laser powder bed
fusion and treated by media tumbling with Rosler RM06/06 triangular media.
The left hand sample is built in a horizontal orientation. The right hand sample
is built in the vertical orientation.
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rolled (tumbled) across the sample surface through centrifugal force. Speed of

rotation fixes the input energy size of media influences the possible surface finish.

The media used for this purpose is a ceramic material of size 6 × 6 × 6 mm3

in a pyramid geometry. The samples are fixed in place while the media is ex-

cited by the rotational / vibrational motion of the machine; the contact between

sample and media causes the raised peaks(burrs) and partially melted powder

adhered on the sample to be knocked off. A photograph of horizontal and vertical

orientated samples, treated by media tumbling, is shown in Figure. 5.5.

5.2.3 Polishing

Machine polishing is used to remove the influence of surface roughness on RS

completely. The process involves repeated polishing and buffeting to the sample

surface to remove extrusions until a mirror-like finish is produced [127, 128].

Polishing has been performed on the ‘as built’ samples of AlSi10Mg (horizontal

and vertical build orientation) and the reference plate of Al6082, all of which have

been measured for RS prior to treatment. The mirror-like finish of the treated

plates exhibit values for RMS surface roughness (Rq) of ∼ 20 nm. The roughness

value for these surfaces is much lower than one skin depth in aluminium at 7.5

GHz (∼ 1µm) and can be considered flat for microwave current. The machine

Figure 5.6: Photograph of two polished (mirror finish) samples. The left hand
sample is produced of Al6082 Bulk Aluminium Alloy. The right hand sample is
produced of AlSi10Mg manufactured by laser powder bed fusion in a horizontal
orientation.
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polished Al6082 and horizontally built AlSi10Mg samples are shown in Figure

5.6. Practically this method would not be suitable for internal surfaces, however

it is used here to assess the influence of surface finish on RS.

5.2.4 Summary of Measurement Protocol

A series of PBF sample plates have been produced and treated by silver plating,

polishing and deburring in various combinations, along with reference samples of

‘as built’ AlSi10Mg, PCB and Al6082 plates. For PBF samples, plates have been

produced in both vertical and horizontal orientations for all treatment methods.

Samples were manufactured in two batches, with the media tumbled and machine

polished samples tested in separate measurement sessions to the as-built, silver

plated and bead blasted samples. During each measurement session, common

samples were repeatedly re-measured to ensure the consistency of results, giving

rise to a standard error of two percent between measurements of batches (for 10

measurements). A summary of the sample ID and description for all measured

samples is shown in Table. 5.2.

5.3 Results and Discussion

Measurement of each sample plate has been performed a minimum of six times

over two discrete measurement sessions using the DR fixture described in Sec-

tion. 3.3 at 7.5 GHz. Presented here are the average measured RS and calculated

σeff (see Equation. 2.1 in Chapter. 2) for each plate, which form a comparison

with the reference samples. The σeff values are utilised in COMSOL simulations

of a C band waveguide filter in Section. 5.3.2 to examine the performance of 3D

components comprising both horizontal and vertical surfaces.

5.3.1 Surface Resistance Measurements

The averaged results for RS and σeff are shown in Figure. 5.7. As is perhaps

expected given the rough surfaces on the Ag plated samples, the copper PCB
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Figure 5.7: Graph of surface resistance (blue) and effective conductivity (orange-
calculated from (Equation.2.1)) at 7.5 GHz. Standard error is shown for each
sample as an error bar, typically in the range of 1× 10−4Ω for RS. Reprinted
from [25] ©2019 IEEE.
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Table 5.2: Measurement Sample Description

Sample ID Post Processing Treatment

PCB Copper PCB reference sample

Al6082 Bulk aluminium alloy Al6082 (CNC machined) reference sample

AgH Silver plated AlSi10Mg PBF sample (Horizontal build orientation)

AgV Silver plated AlSi10Mg PBF sample (Vertical build orientation)

AgHBB
Silver plated PBF sample (Horizontal build orientation) with bead blasting

AgVBB
Silver plated PBF sample (Vertical Build Orientation) with bead blasting

AlSi10MgH AlSi10Mg PBF sample ‘as built’ (Horizontal build orientation)

AlSi10MgV AlSi10Mg PBF sample ‘as built’ (Vertical build orientation)

Al6082Polished Bulk aluminium alloy Al6082 with machine polished finish

AlSi10MgHPolished
AlSi10Mg PBF sample (Horizontal build orientation) with machine polished finish

AlSi10MgVPolished
AlSi10Mg PBF sample (Vertical build orientation) with machine polished finish

AlSi10MgHBB
AlSi10Mg PBF sample (Horizontal build orientation) with bead blasting

AlSi10MgVBB
AlSi10Mg PBF sample (Vertical build orientation) with bead blasting

AlSi10MgVMT
AlSi10Mg PBF sample (Horizontal build orientation) with media tumbled finish

AlSi10MgVMT
AlSi10Mg PBF sample (Vertical build orientation) with media tumbled finish

sample exhibited the lowest RS value of all samples studied here.

The notably poor performance of samples built in a vertical orientation op-

posed to horizontal is shown in Figure. 5.8. The disparity between the two

orientations studied is greatest for the ‘as built’ samples, where vertical samples

exhibit an RS of approximate 1.5 times higher. For the machine polished sam-

ples, where the influence of surface roughness has been minimised, there is only

negligible differences between the two build orientations. For the deburring treat-

ments, the ratios in Figure. 5.8 are perhaps misleading as the disparity between

orientations is reduced through a larger increase in the RS value of the horizontal

samples rather than a reduction in the vertical samples. These treatments are

discussed in more detail later in this section.

Focusing on the silver plating process, RS is reduced significantly compared to

the ‘as built’ AlSi10Mg sample and becomes similar in value to the PCB sample.

Furthermore the plating also goes some way to reducing the disparity in RS

between vertical and horizontal build orientations, as shown in Figure. 5.7. The
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Figure 5.8: Surface resistance values for vertically built samples as a ratio with
equivalent horizontal built samples. Standard error is shown in the error bars,
typically for 10 measurements.

effect of silver plating on RS, through a ratio to equivalent ‘pre-plating’ surfaces,

is shown in Figure. 5.9. In all cases silver plating has reduced RS. The largest

improvement is seen for the vertically built surfaces, where a ∼ 50% reduction in

RS is evident after silver plating for both the ‘as built’ and bead blasted samples.

This may be due to the current being nearly entirely contained within the silver

layer, as such avoiding the additional complexities associated with current flow

in partially melted powders or across layer boundaries in the PBF material.

The horizontally built samples also exhibit a significant improvement, of at least

30%, as compared to the equivalent ‘pre-treatment’ samples. This result is not

surprising, given the high electrical conductivity of silver, as well as removing

current in near its entirety from the PBF material.

The deburring methods employed here have increased RS for the majority

of samples. The exception to this is the vertical orientation treated with media
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Figure 5.9: Silver plating effect on surface resistance. Each averaged sample RS

is shown as a ratio with the equivalent ‘pre-treatment’ sample. Standard error
is shown by the error bars.

tumbling, where a marginal improvement of ∼ 6% is observed. The compar-

ison of RS results for the media tumbling process are shown in Figure. 5.10a

through a ratio with an equivalent ‘pre-treatment’ sample. The process does

however increase the RS value for the horizontally built sample. RS results for

the bead-blasted samples are shown in Figure. 5.10b as a ratio with an equiva-

lent ‘pre-treatment’ sample. Marginal increases in RS is observed for the samples

treated with both bead-blasting and silver plating, whilst a more significant neg-

ative impact is seen in the samples without silver plating. Again, the higher

conductivity and the skin effect make this result not entirely surprising. The

overall trend of these deburring methods of increasing RS is however somewhat

unexpected. The measured surface roughness values, detailed in Appendix. C,

do not correlate directly with RS. For example, the bead-blasting process was

successful in lowering the overall roughness Rq by approximately 45% for the

vertical built sample, however simultaneously increasing its RS value by approx-
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a)

b)

Figure 5.10: Effect of a) media tumbling and b) bead blasting treatment on the
microwave surface resistance of powder bed fusion produced samples. Values are
shown as a ratio with the equivalent ‘pre-treatment’ RS values. Standard error
is shown by the error bars.
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a) b)

c) d)

Figure 5.11: Optical microscope images of bead blasting and media tumbling
post-processing treatments. Silver plated, vertical build orientation a) ‘as built’
and b) bead blast. Media Tumbling c) horizontal orientation and d) vertical
orientation.

imately 20%. This suggests that although the partially melted powders and

protrusions may have been removed, the process of particle impacts is deforming

the metal surface in other ways [175]. This assumption is confirmed through

optical microscope images shown in Figure. 5.11. Figure. 5.11 a and b shows ’as

built’ and bead blasted surfaces, respectively, of silver plated samples built in a

vertical orientation. The large roughness features present on the ‘as built’ surface

are replaced by an increased number of smaller indentations. Figure. 5.11 c and

d show media tumbled surfaces of samples produced in horizontal and vertical
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orientations, respectively. This unusual surface texture appears to be the result

of flattening roughness protrusions by compression rather than the removal of

loose particles. In Figure. 5.11c, the scan path can be seen under the features.

Although the surface in Figure. 5.11d looks smooth by visual inspection, the me-

dia tumbling process is causing some other effect on the surface that is increasing

RS values over those seen in ’as built’ samples.

The machine polishing process removed the surface roughness almost en-

tirely, leaving a surface finish of less than 0.02µm on all study samples. The

influence of this treatment on samples in both build orientations is shown in Fig-

ure. 5.12a through the ratio to equivalent ‘pre-treatment’ PBF samples. There

is a large improvement in RS, of ∼ 35%, for the vertically built sample while

only a modest improvement (∼ 2%) is observed for the horizontal orientation.

This is expected given the ‘pre-treatment’ vertical surfaces exhibit Rq three times

higher than in the horizontal orientation (see Appendix. C) and although Rq is

not the only parameter to influence loss, it does give some indication as to a

surfaces’ microwave performance. Interestingly, when the absolute RS values for

the polished surfaces are compared, no significant difference can be seen between

the horizontal and vertical PBF samples, or indeed with the Al6082 aluminium

alloy sample, which has undergone the same treatment. The averaged RS values

for all polished samples are shown in Figure. 5.12b, where < 1 % differences are

seen between the PBF and bulk Al6082 aluminium alloy samples. This result is

significant because it highlights that the excess conductor loss associated with

PBF components can be entirely attributed to the surface finish. It also suggests

that the layer boundaries formed within the vertically built samples, which are

still present after removing roughness, are not contributing significantly to the

inhibition of current flow.
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a)

b)

Figure 5.12: Effects of mirror-finish polishing on surface resistance. a) Ratio of
surface resistance for the polished sample against their ‘pre-treatment’ equiva-
lents and b) absolute surface resistance. Standard error is shown by the error
bars.
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Figure 5.13: CAD model of a C band rectangular waveguide filter using (using
COMSOL Multiphysics). Simulated electric field magnitude (V/m) from a 1
W input power at the centre of the passband is shown by the colour gradient.
Reprinted from [25] ©2019 IEEE.

5.3.2 Simulated Waveguide Filter

The measured RS values can be converted into an effective conductivity (σeff)

through Equation. 2.1 and are shown in Figure. 5.7. σeff can then be used in

almost any EM simulation package to account for the losses associated with

surface roughness [77]. Horizontal built PBF samples have exhibited surprisingly

good performance when compared to traditionally machined alternatives, which

is a very positive result for microwave devices that can be manufactured in only

one plane, such as some patch antennas [176, 177]. However, many passive

microwave components will have a three-dimensional nature and as such, for

PBF produced parts, will be subject to the loss properties of more than one

build orientation.

To examine how the presence of both horizontal and vertical surfaces affect

the overall microwave performance, a rectangular waveguide filter has been im-

plemented in COMSOL multiphysics for simulation of the band-pass insertion

loss. The model is based on [178] and adapted for operation in the C band with

a passband between 7.25 and 7.55 GHz (consistent with the DR measurement

frequency). The three-pole, air filled component consists of cascaded cavity res-

onators coupled by inductive irises of dimensions 9.4 × 4 mm2 and 7.2 × 4 mm2
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. This study uses S-parameters for the dominant TE10 propagating mode of the

waveguide to asses loss. Individual surfaces of the component can be attributed a

relevant σeff value, such that the measured horizontal and vertical surfaces can be

incorporated into the model. The σeff values used for each surface are taken from

Figure. 5.7. A representation of the model and its electric field distribution within

the passband is shown in Figure. 5.13. The simulated S21 traces are shown in

Figure. 5.14. S21 in this case corresponds to the insertion loss, IL=-20log|S21|,in

the usual way, such that the more negative an S21 value the higher the loss that is

exhibited. Included for completeness is a hypothetical scenario where all walls of

the waveguide are made from the copper PCB material, as would be expected this

setup produces the lowest loss value of all combinations investigated, however the

silver plated and silver plated bead blasted devices were comparable. Polished

AlSi10Mg and Al6082 parts performed similarly, with 24% increase in passband

Figure 5.14: Simulated S21 traces for a C band waveguide filter. Modeled with
different σeff values for vertical and horizontal surfaces. Adapted from [25] ©2019
IEEE.
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Figure 5.15: Simulated S11 traces for a C band waveguide filter. Modeled with
different σeff values for vertical and horizontal surfaces.

insertion loss over PCB values. Although the ‘as built’ horizontal AlSi10Mg

sample performed well in comparison to Al6082 in isolation, when the vertical

surface is included the overall performance is significantly worse that the equiv-

alent simulation for an Al6082 filter. This results highlight the negative impact

the vertical surfaces have on EM component performance. It is with noting here

that this model is somewhat simplified as it does not account for overhanging

surfaces that would be present on a real component build, however it is of some

use in evaluating the impacts of different build orientations combined into three-

dimensional components. Furthermore, some of the treatments examined here

would not be realisable for internal surfaces of three-dimensional components,

for example the mirror-finish polishing and bead blasting processes. Included for

completeness are the simulated S11 traces (corresponding to return loss) for each

scenarios shown in Figure. 5.15, where there is no significant variance between

materials and in all cases values are below the normally acceptable -15 dB level.
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5.4 Conclusions and Further Work

The most influential of the post-process surface treatments investigated here is

the use of silver plating. The improvement in RS seen in these samples is in the

range of 30% to 50%. This can be attributed to the increased conductivity value

of silver over aluminum as the primary conductor and the removal of nearly all

current from the PBF material. Although the ‘book value’ conductivity of silver

is higher than that of copper, the surface finish of PFB parts are considerably

worse than those of the PCB sample. Furthermore, the electrical conductivity

plated metals tends to be significantly less (as low as 25%) than that of its bulk

metal equivalent [179]. The combination of these properties result in silver plated

PBF parts exhibiting a lower effective conductivity than copper PCB.

As suspected, vertical built surfaces perform significantly worse than parts

built in a horizontal orientation. Specifically, when ‘as built’ parts were inves-

tigated in a three-dimensional simulation of the C-band bandpass filter. The

vertical surfaces degraded the overall performance to a level much lower than

that of traditionally machined aluminium (Al6082). However, the silver plating

process has been effective in reducing the disparity between vertical and hor-

izontal surfaces. This makes the silver plating process the most viable option

as a single treatment of three-dimensional components for use in microwave ap-

plications, at least in the low GHz frequency range. It should be noted that

downwards facing surfaces in PBF parts may not provide similar RS values to

those of upward facing surfaces, and have not be considered in this study.

The results from bead blasted and media tumbled samples are surprising in

that they lead to an increase in RS. This may suggest that they are influencing

the surface topology of the sample, which dominates over the intended removal

of loose particles. There are a number of influential variables in both processes

that have not be considered in this study. These include particle size and blast

pressure, as well as media shape and material, all of which merit further investi-

gation.
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By machine polishing of the PBF samples, so effectively reducing the surface

roughness, it has been shown that the underlying aluminum alloy can perform

comparably with the traditionally machined alloy. This suggests that the inclu-

sion of silicon in the starting powder does not have a significant negative effect

on its microwave performance, as might not have been suspected from the out-

set. Furthermore, the crystalline structure of the PBF samples is perhaps similar

to traditional alloys and requires further studies using advanced characterisation

techniques. However, due to the nature of this finishing process, it is not suitable

for the internal faces of three-dimensional PBF structures.

An interesting technique not investigated here but reported in the literature is

chemical machining. Using solutions of Nitric and Hydrofluoric acids, it is possi-

ble to significantly reduce roughness in PBF parts without changing the chemical

composition of the alloy [180]. This techniques warrants proper consideration in

future work related to optimising RS.
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CHAPTER 6

MICROWAVE EVALUATION OF THERMAL EXPANSION

6.1 Introduction

Thermal expansion can be problematic in many areas of engineering, not least

during the PBF process itself, where higher silicon content in aluminium alloy

powders can help lower thermal expansion and prevent crack formation [118]

during the rapid melting and solidification process. In metallic solids, the crys-

talline structure of atoms is relatively compact at very low temperatures, but

as temperature increases the potential energy and spacing between atoms in-

creases and forces the solid to expand [181]. In one extreme, modern bridges

allow for expansion through the use of specially placed expansion joints, where

structural restraining forces of the order of 4 × 106 N would otherwise be re-

quired to prevent loss of support in the presence of only a 10 K temperature

rise [182]. Similarly, thermal expansion can have detrimental effects during pre-

cision engineering. High frequency waveguides and filters, for example, have

critical dimensions which are sensitive to temperature, which results in devia-

tions in their desired operating frequencies. Large enough shifts in frequency can

render a device inadequate for its intended purpose. This phenomenon is par-

ticularly worrisome when operating in harsh temperature environments, such as

in space and aerospace applications where, for example, typical thermal cycling

between 98 K – 433 K is experienced by components of satellite systems [183].

For example, a thermal cycle of 300K could cause a component made from alu-

minium alloy (coefficient of thermal expansion ∼ 23×10−6 K−1) to change its

length by around 0.7%, i.e. 0.7 mm for a component of length 10cm; this could

have a major effect on the performance of a high precision part like a microwave

filter. It is therefore apparent that accurate information about the building ma-
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terials is essential in order to make considered judgments regarding safety and

suitability. The metric for quantifying geometrical changes due to changes in

temperature is the coefficient of thermal expansion (CTE).

AM enables advancements in component manufacture in many fields of engi-

neering, but it is still a relatively new technology where the thermal properties

of the melted powder alloys need to be explored. Furthermore, the selection of

processing techniques can deliver differing properties from the same raw mate-

rial, as shown in Chapter.2. So although properties of the raw material may be

known, the use of AM as a processing technique can bring about different values

of material properties compared with the ‘book’ values. In addition, metallic

AM parts currently exhibit inferior electrical properties when compared to tradi-

tional bulk metals, as described in proceeding chapters, leading to anomalously

high values of surface resistance at microwave frequencies, and so high losses. To

overcome these losses, post processing techniques such as machine polishing [184]

and silver plating are often employed [42, 51, 176]. Machine polishing of three

dimensional structures is not always possible and silver plating has become the

most commonly used treatment. Silver plating, as mentioned in Chapter.2, is

affected by the CTE of different materials where, in these instances, the plating

material can disassociate from the host surface and result in failure [123].

Thus, the investigation of thermal expansion in AM parts is of major interest,

and the added advantage of being able to machine complex geometries opens up

opportunities to use less conventional, but potentially more precise, methods to

examine the materials used. This study uses a fractional frequency shift method

to evaluate the true CTE of an aluminium cylindrical microwave cavity produced

through PBF over a wide temperature range (6 – 450 K) without the need for

strict calibration. To the author’s knowledge, this is the first time that CTE

for AM materials has been assessed over a wide range of temperature, as is

appropriate for space-based components, using a passive microwave structure

(produced by PBF) that can be adopted in a satellite communications system.
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Parts of this chapter have been published in a peer-reviewed journal paper [26],

with some figures and text having been reprinted.

6.1.1 Linear Coefficient of Thermal Expansion

The metric for quantifying geometrical changes due to changes in temperature

is the linear CTE. A common form of CTE described in literature is the ‘mean’

CTE [185], a linear average of the expansion of a material over a specified tem-

perature range expressed as

αm =
1

L0

L1 − L0

T1 − T0

(6.1)

where L and T are length and temperature, respectively, while 0 and 1 denote the

initial and final values, respectively. Limiting Equation. 6.1 to small changes in

length and temperature, we can define the true coefficient of thermal expansion

as

αc ≈
1

L0

dL

dT
(6.2)

where dL/dt is the gradient of the curve of length against temperature and is

expressed at one temperature point. Figure 6.1 highlights the difference between

the two CTE definitions.

Figure 6.1: Representation of mean and true coefficient of thermal expansion.
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6.1.1.1 Approximation for the Coefficient of Thermal Expansion

In metallic solids such as aluminium alloys, thermal expansion has contributions

arising from ionic lattice vibrations as well as the free electron density. Since it

is accepted that thermal expansion of solids will follow the same temperature de-

pendence as the material’s specific heat capacity [186], an expression for thermal

expansion can be formulated from the use of the Debye and Somerfeld-Drude

models.

The ionic contribution to specific heat capacity (Cvi
), and therefore thermal

expansion, can be expressed using the Debye model as [186]

Cvi = 9nikb

(
T

ΘD

)3

D (6.3a)

where D is the Debye function

D =

∫ ΘD
T

0

x4 ex

(ex − 1)2
dx (6.3b)

kb is Boltzmann’s constant (1.38 ×10−23 J/K)ΘD is the Debye Temperature

(nominally 390 K for aluminium [186]), T is temperature (K), and ni is the

density of ions (∼ 6× 1022/cm3 for aluminium [186])

ni = 6.022× 1023 ρm
A

(6.3c)

where ρm is the mass density (2.7g/cm3 for aluminium) and A is the atomic

mass (27 u for aluminium). This model predicts that the specific heat capacity

(hence thermal expansion) will follow a T 3 dependence at temperatures well

below the Debye temperature and follows the Dulong-Petit law constant at high

temperature, in which specific heat tends to a constant over high temperatures.

However, when considering metallic solids, the electronic contribution to spe-

cific heat must also be accounted for as this becomes important at very low

temperatures. The Sommerfeld-Drude model approximates the electronic con-
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tribution to specific heat (Cve) as [186]

Cve =
π2

2
nekb

(
T

Tf

)
(6.4a)

where Tf is Fermi temperature (∼ 14 ×104 K for aluminium) and ne is the free

electron density

ne = Zni (6.4b)

where Z is the nominal valance (three for aluminum). The Sommerfeld-Drude

model predicts that specific heat capacity from electronic contributions will fol-

low a linear temperature dependence. Due to the extremely high Tf value, the

electronic contribution is very small compared to the ionic contribution and is

only appreciable at very low temperatures. Therefore low temperature specific

heat capacity in metals varies as αT+βT 3, where α and β are constants. However

the linear term from the electronic contribution is only observed when T < T0

[186], which is defined by

T0 = 0.145

(
ZΘD

Tf

)1/2

ΘD (6.5)

The ionic contribution exceeds the electronic contribution to specific heat at

T > T0 ≈ 12.55 K.

The approximate models described above lead to the formulation of an ex-

pression for CTE [186]

αc =
1

3B

(
γCVi +

2

3
CVe

)
(6.6)

where B is the bulk modulus (76 GPa) and γ is Grüneisen parameter (it value

found through curve fitting to experimental data). Both γ and B are very weakly

temperature dependent and assumed to be constant for this analysis.
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6.1.2 Temperature Dependent Resistivity

In an ideal metal, conduction electrons are able to migrate through the lattice

without impediment. In a real metal, resistivity is introduced by a number of

factors. For alloyed metals, a residual resistivity is present which is temperature

independent and arises due to ions of the alloying material disrupting the lattice

structure [181]. The temperature dependent contribution to electrical resistivity

is associated with the lattice vibrations that also contribute to thermal expan-

sion. The increasing lattice vibrations act as a source of resistance through the

scattering of electrons known as electron-phonon interaction [187]. Resistivity

can be therfore be expressed as

ρ = ρ0 + ρ(T ) (6.7)

where ρ0 is the residual resistivity and ρ(T ) is the temperature dependent electron-

phonon contribution to resistivity.

The Bloch-Grüneisen model has been used successfully in several studies to

fit experimental temperature dependent resistivity data for metal solids [188,

189, 190]. The model is expressed as [191]

ρ(T ) = A

(
T

ΘR

)5 ∫ ΘR
T

0

t5

(et − 1)(1− e−t)
dt (6.8)

where A is a constant associated with the material, ΘR is the characteristic

temperature (usually close to the Debye temperature of a material) and T is the

temperature at measurement.

6.2 Measurement Theory

The microwave cavity resonator method allows calculation of CTE via evaluating

the derivative of resonant frequency over temperature. The metallic material of

interest must be machined to contain a hollow cavity of known dimensions. The
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method is based on the microwave resonant frequency response of this cavity

being directly dependent on the internal geometry. The equation for the resonant

frequency, f , of transverse-magnetic (TM) modes in a cylindrical air spaced

cavity is given by [132]

fnml =
c

2π

√(
pnm
a

)2

+

(
lπ

d

)2

(6.9)

where c is the speed of light, m,n and l are the mode integers, i.e pnm is mth

root of the nth order Bessel function Jn(x) of the first kind, and l is the integer

number of half wavelengths along the cavity axis. a and d are the cavity radius

and height, respectively. In this study the test cavity is made of an aluminium

alloy, as such it is subject to thermal expansion, making a and d temperature

dependent and approximated to the first order as

a = a0(T ) ≈ a0(1 + αc∆T ) (6.10a)

d = d0(T ) ≈ d0(1 + αc∆T ) (6.10b)

where a0 and d0 are the initial radius and height, αc is the linear CTE of the

cavity walls and ∆T is the change in temperature. Evaluating the first order

partial derivatives of (6.9) including the temperature dependence of (6.10a) and

(6.10b), the fractional change in frequency due to changes in temperature can

be expressed as [192, 193]

∆f

f0

≈ −αc
(

c

2πf0

)2(
p2
nm

a2
0

+
l2π2

d2
0

)
∆T ≈ −αc∆T (6.11)

where αc is

αc ≈ −
1

f0

∆f

∆T
≈ 1

f0

df

dT
(6.12)

for small shifts in f and T . The fractional frequency shift, df , becomes analo-

gous to dL from (6.2). Hence small shifts in resonant frequency can be directly
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attributed to the CTE of the cavity material.

6.3 Experimental Method

The microwave cavity resonator used for this study [68] was produced on a Ren-

ishaw AM250 laser powder bed fusion additive manufacturing system. The ma-

terial used in this study, aluminium alloy (AlSi10Mg), comprises aluminium with

up to 10% mass fraction of silicon and small quantities of other elements such

as magnesium. The silicon present helps to improve the fluidity of the melt pool

while the addition of magnesium makes the alloy both harder and stronger than

pure aluminium [94]. The main PBF process parameters used to produce this

cavity include: laser power = 200W, hatch distance = 130 µm, layer thickness

= 25 µm, exposure time = 140 µs and point distance = 80 µm and each layer is

orientated at 67o to the previous layer. The chamber is vacuumed with a flow of

argon to avoid oxidisation of the powder.

The TM010 mode of the cavity is used to measure the resonant frequency over

the temperature range 6 – 450 K. The TM010 mode of a cylindrical cavity is the

lowest frequency (i.e. dominant) mode of such a structure when the radius is

larger than the length. Its electromagnetic (EM) field distribution comprises a

high electric field on its axis, and high azimuthal magnetic field near to its outer

perimeter. Higher order modes, TM210 and TM310, are also measured between

310 – 450 K to investigate the influence of EM field distribution on CTE.

The cavity used and the EM field distributions for each mode are shown in

Figure 6.2. The cavity’s internal dimensions were a = 4.6 cm and d = 4 cm while

the resonant frequencies (at 310 K) of the three modes studied were TM010 at

2.522 GHz, TM210 at 5.343 GHz and TM310 at 6.643 GHz. The geometric factors

(G) from Equation. 3.18a for TM010 is evaluated, through COMSOL Multiphysics

simulation, for the temperature range between 210.5 Ω−1 at 6 K and 211.3 Ω−1

at 450 K.

To cover such a wide temperature range, the experiment was conducted in
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Figure 6.2: (a) Cylindrical cavity produced through powder bed fusion, (b) field
distributions of TM010, TM210 and TM310 modes. Reprinted from [26] ©2019
Gumbleton et al. (CC-BY).

Figure 6.3: Photograph of the experimental setup for the dilution fridge (6 –
300 K) and oven ramps (310 – 450 K). Reprinted from [26] ©2019 Gumbleton
et al. (CC-BY).
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two parts: a cooling ramp between 6 – 300 K and a heating ramp between 310 –

450 K. Figure 6.3 shows the two experimental setups used for each section of the

temperature range. The fractional frequency shift for both ramps was measured

through 2-port S-parameters, with the cooling ramp using a Keysight Fieldfox

N9914A portable vector network analyser (VNA) and the heating ramp using a

lab based Keysight VNA. Due to a wider available frequency range in the heating

ramp setup, higher order modes, TM210 and TM310, were also observed between

310 – 450 K to investigate the influence of of a different EM field distribution on

CTE.

The cooling system used for the low temperature range is a Bluefors dilution

fridge with a cooling rate of 0.2 K/min. The AM microwave cavity resonator

was clamped to an internal plate with copper straps and the temperature of the

cavity was directly measured using a calibrated diode thermometer. To ensure

good thermal contact with the plate, the rough as-manufactured surface of the

cavity was polished until visually smooth. For the high temperature range, the

cavity was heated in a Memmert UF 30 oven with a 1 K/min heating rate. A

National Instruments (NI) NI-cDAQ-9171 was used to interface two temperature

sensors and an NI LabVIEW program was used to record all measurements during

the oven ramp. A comparison between the Keysight and Fieldfox VNAs was

performed to ensure consistency in frequency measurements. S21 measurements

taken under the same environmental conditions produced a deviation of ≈ 20 kHz

between the resonant frequency of TM010 recorded by the two measurements

systems, giving rise to a relative standard error of < 0.1%.

6.4 Results and discussion

The resonant frequency of the PBF produced cylindrical cavity across the full

temperature range is shown in Figure 6.4. At ∼310 K there is a deviation from

the trend line in the absolute values of the resonant frequency when comparing

the fridge and oven measurements. This is due to the design of the cavity con-

148



Figure 6.4: Resonant frequency shift of TM010 as a function of temperature. The
dashed line is added as a guide to the eye. Inset plot of normalised S21 traces at
different temperatures. Reprinted from [26] ©2019 Gumbleton et al. (CC-BY).

taining a hole at the top and bottom. Since the electric field of the TM010 mode

is central and parallel to the axis of the cavity, the electric field leaks from the

hole. This fringing field will interact with materials external to the cavity, in this

instance the copper strip attaching the cavity to the cold plate of the dilution

fridge. The exact proximity and material was not replicated in the oven ramp

and explains the deviation from the trend line. At temperatures above approx-

imately 150 K, we observe that the resonant frequency is linearly proportional

to the ambient temperature and follows (6.12). When cooled to temperatures

lower than approximately 150 K, the resonant frequency starts to saturate and

is no longer linearly dependent on temperature, while at temperatures below

approximately 40 K this tends to a constant.

The inset of Figure 6.4 shows S21 traces at three temperature points with

the corresponding Q factor values. We observe that at lower temperature the

3dB bandwidth is narrower, resulting in a higher Q factor, itself ∝ 1/RS ∝
√
σ.

Comparing the measured Q factor values to an equivalent cavity produced via

traditional methods (Q ≈ 11, 000 at 310 K and Q ≈ 9, 500 at 450 K [194]),

highlight the significant negative impact that poor surface finish associated with

the AM manufacturing processes has on RS.
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Figure 6.5: AC Electrical resistivity (at 2.5 GHz) of AlSi10Mg microwave reso-
nant cavity as a function of temperature.

Figure 6.5 shows the microwave resistivity calculated from simulated G and

measured Q factors. The error associated with measuring the bandwidth in our

system can be as large as 1 KHz with a 2.5 GHz resonant frequency [192], which

is on the same scale as the coefficient of resistivity, typically 3.9 ×10−3 K−1 for

aluminium. Therefore extracting this coefficient is not possible. This error makes

the Q factor data noisy, however Figure. 6.5 is able to show a general trend

of increasing resistivity with increasing temperature. Also plotted on Figure

6.5 is the calculated Bloch-Grüneisen model for resistivity against temperature.

In addition, this is a high frequency measurement of resistivity, so the poor

surface finish is also contributing to the high resistivity values at low temperature

compared with pure and machined aluminium.

Plotting the gradient of the frequency shift as per (6.12) produces a plot of

the true CTE, displayed in Figure 6.6. The diamond markers indicate the value

for CTE specified in the Renishaw PLC datasheet for AlSi10Mg [94], which

matches closely with the recorded data and agrees well with the fitted Debye

curve. Observed CTE values between 260 - 390 K deviate from the curve fit. In

addition to the deviation arising from the cavity design, there is also uncertainty

due to cooling / heating gradients at the start of each ramp, prior to the material

reaching a thermal equilibrium. The volume of metal comprising the cavity
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Figure 6.6: True coefficient of linear thermal expansion as a function of temper-
ature, derived from the resonant frequency measurements of the PBF cylindrical
cavity in TM010 mode. The curve fit uses the Debye approximation for thermal
behaviour in solids [186]. Reprinted from [26] ©2019 Gumbleton et al (CC-BY).

Figure 6.7: True Coefficient of thermal expansion. Derived from resonant fre-
quency measurements for TM010, TM210 and TM310 cavity modes. Reprinted
from [26] ©2019 Gumbleton et al. (CC-BY).
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experiences a thermal lag and takes some time to reach thermal equilibrium. The

inset curves for temperature gradient with respect to time (dT/dt) show regions

of non-linearity between 0 – 80 K, 260 – 300 K, and 310 – 390 K. However, the

Debye model [186] provides a good fit despite the non-linear regions. CTE at low

temperatures exhibits a T 3 thermal dependence and at very low temperatures the

vibrations that relate to lattice energy levels, and hence to thermal expansion,

starts to freeze out [186] causing CTE to tend to zero. While at high temperatures

CTE becomes approximately constant, as per the Dulong-Petit law [186], where

it can be observed that CTE values between 293 – 393 K are lower than those

stated in literature for bulk aluminium alloy 6063 (23×10−6 K−1) [195]. 6000

series aluminium alloys are commonly utilised in the manufacture of microwave

resonant structures due to their high electrical conductivity [99].

Figure 6.7 shows the CTE for TM010, TM210 and TM310 modes between 310 K

and 450 K. Each measured mode produces a similar CTE curve. This suggests

that field distribution within the cavity, at least for low power applications, does

not have an affect on CTE and is a good indicator of material homogeneity.

The results outlined above show the utilisation of a little known microwave

technique as an alternative to traditional methods of measuring CTE. The tech-

nique demonstrates the use of microwave cavity resonators made from the ma-

terial under test since they are very susceptible to temperature. Previous stud-

ies [192, 193] have shown the extraction of CTE using this method for aluminium

and copper has been achieved owing to the ability to measure frequency with

very low error. While this approach requires that the metal be fabricated into a

specific geometry, the advantage of AM is that such unconventional shapes can

be easily realised.

Traditional CTE measurement techniques, such as push rod dilaometry and

thermo-mechanical analysis, have also been successfully used to evaluate ther-

mal expansion in PBF materials (Invar36, Stainless steel 316L and Ti-6Al-4V)

between 280 – 1200 K [196, 197]. Push rod dilatometry [198] uses the linear
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displacement of a rod placed against the sample under test to evaluate CTE.

Thermo-mechanical analysis [199] is closely related to dialometry, however, uses

a force equalisation technique to measure changes in length. In both techniques,

commercially available equipment can provide a resolution of ∼10 nm [200].

A more precise CTE measurement technique is interferometry [201], an opti-

cal technique that uses changes in reflected ‘fringe’ patterns to infer changes in

geometry. However, due to the requirement for highly reflective surfaces and

complex alignment processes, interferometry is more often utilised to measure

the rod displacement in dilalometry systems, culminating in resolutions as small

as ∼0.25 nm [202]. In all of the above mentioned traditional techniques, strict

sample preparation criteria must be observed with sample volume normally re-

quired in low cm3 range, while often requiring an additional material of known

CTE for calibrating out the CTE of the measurement system itself. The main

limitation of this study is the thermal lag present due to non-linear heating and

cooling rates, where the cavity fails to reach a thermal equilibrium during the

early stages of each temperature ramp. This may be overcome through finer con-

trol of the temperature gradients, but with much slower, linear heating/cooling

profiles.

6.5 Conclusions and Further Work

This chapter has used a fractional frequency shift method to evaluate the true

CTE for PBF AlSi10Mg metal, fabricated into a cylindrical microwave resonant

structure. This technique has allowed the material to be characterised across an

extreme temperature range as a functional component as appropriate for space-

based components. In addition, the single part geometry negates the need for

calibration pieces and small geometrical material samples. Measured CTE results

for the cavity material are found to match well with the CTE value reported in

the manufactures’ data sheet ∼ 20×10−6 K−1 over the specified temperature

range.
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Further work around this topic includes a study of the process parameters that

can affect the CTE value of the material. Several studies have already shown that

laser energy density [196] has an optimal level for low thermal expansion, while

hatch spacing has an effect of the heat transfer characteristics [203] which may

also affect CTE. Using the TMmn0 resonant modes means that only the radial

expansion is evaluated, therefore CTE in various orientations can be observed

through manufacturing a cavity at different angles from the base plate. This will

allow exploration of the effects of layer boundaries on thermal expansion.
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CHAPTER 7

FINAL SUMMARY AND FURTHER WORK

This work presents a focused investigation into the use of AlSi10Mg alloy within

PBF process, specifically for microwave applications. A novel measurement fix-

ture has been proposed and is utilised within several experimental studies relating

to microwave surface resistance. Further studies on the effect of PFB process pa-

rameters and available post-processing treatments have been completed. Finally,

a study is presented looking at the thermal expansion of AlSi10Mg produced by

PBF within a scenario typical of satellite applications.

This final chapter provides a concise summary of the work completed and

suggestions for additional studies that would be of interest to the wider PBF /

microwave communities, based on the results presented in this thesis.

7.1 Measurement of Microwave Surface Resistance

This thesis presents a novel measurement fixture based upon a parallel plate

waveguide resonator. The key feature of this implementation is its ability to

excite two orthogonal resonant modes in which one directional surface currents

are induced in a flat planar conductive sample. Analysis of the measured Q

factors allows for extraction of the materials’ RS.

Several mechanical adaptations would be beneficial for the improvement of

this fixture. In particular, the indium gasket required for PBF sample mea-

surements can be time consuming and inconsistent in their implementation. A

groove surrounding the cavity could be fitted to allow partial submersion of an

indium wire. This would help speed up the gasket fitting process and provide a

consistent finish. Additionally, the difference in hardness between the aluminium

cavity and the steel screws has caused threads to wear and the fixing of PBF

samples to become a relatively sensitive process. It would be better to replace
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these fittings with through-bolts to allow for the measured application of torque

and increase the longevity of the fixture.

From a microwave perspective, further improvements could be gained by the

redesign of the supporting frame such that the requirement for nylon screws

could be avoided and further PTFE removed from areas of high electric field.

7.2 Process parameters Optimisation

Two studies are presented on the use of PBF process parameter to influence RS

values. A link has been established between laser power, surface roughness and

surface resistance in AlSi10Mg for downward facing surfaces. This proves that the

optimisation of these processes for microwave applications is possible, although

much more work is still required. A second positive outcome is linked to the

measured isotropy in RS measured for AlSi10Mg, built in a horizontal orientation,

whilst implementing artificially induced ‘worst’ and ’best case’ roughness profiles.

Further work is required to investigate the influence of such elevated downskin

laser power on the mechanical properties of the produced part. New copper alloy

powders are now become more processable and also merit investigation into their

use and optimisation for passive microwave components. Fundamentally there

are many process parameters that have not been studied here, hatch distance

and laser track speed for example, which may have a contribution to microwave

performance.

7.3 Post Processing Treatments

A selection of post-processing treatments have been utilised and their effect on

microwave loss measured for planar metal samples. Perhaps not surprisingly,

silver plating of AlSi10Mg PBF parts brought the measured RS to comparable

levels with copper PCB, while treatments associated with deburring the rough

PBF surfaces had mixed results. Bead blasting, for example, increased RS in

every case within this study, however previously publish literature had suggested
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the opposite. This highlights the uncontrolled nature of the process, where dis-

tance from the part, tool pressure and manual operation can all effect the final

outcome. A significant finding is that the ‘mirror’ polishing of PBF samples are

directly comparable with a traditionally machined Al6082 sample; this suggests

that the inclusion of silicon in the chemical composition is not having a signifi-

cant negative effect of electrical conductivity and that the excess loss exhibited

by PBF microwave components is primarily due to the surface finish.

Further work would include the direct comparison to AlSi10Mg processed by

other techniques, rather than comparing to the different alloy Al6082. There are

also other post processing techniques that would be suitable for finishing internal

walls that have not been explored here, including chemical polishing and abrasive

slurry finishing.

7.4 Thermal Expansion coefficient

This thesis has presented the results for the true CTE of AlSi10Mg produced by

PBF. The temperature range over which CTE was measured is extreme, much

greater than the typical thermal cycling experienced by satellite components.

Furthermore, CTE was measured using a passive microwave device, which could

be incorporated into a satellite communication system, without the need for

additional hardware or complex calibration.

To increment this work, studies could be performed on devices manufactured

in different build orientations such that the radial CTE described in this thesis

can be extracted. Additionally, there are several process parameters that have

been reported to effect CTE, such as hatch spacing, and merit further investiga-

tion.
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1. Introduction and Main Results 

 
Microwave resonators can be coupled either capacitively (using an open circuit transmission 

line, which couples to the resonator’s electric field) or inductively (using a short circuit line, 
which couples to the magnetic field). The equivalent circuit of an inductively-coupled 

resonator is shown in Fig. 1. The input and output lines are terminated in coupling loops, 

forming a pair of mutual inductances 1m  and 2m  at ports 1 and 2, respectively, of the 

resonator. Each mutual inductance depends only on geometry, i.e. the loop area, its 
orientation and position relative to the resonator. Identical loops give symmetric coupling, 

with a single mutual inductance 21 mmm  . In Fig. 1 (and in the following analysis) we 

ignore the self-inductances of the loops, which is a usually a good approximation in practice. 

 

 
 
Figure 1: The equivalent circuit of a two port, loop-coupled resonator. The resonator is 

modelled as a series LRC circuit, of impedance Z. 
 

The resonator is modelled as a series LRC circuit whose resonant frequency, impedance and 
(unloaded) quality factor are given by 
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As we’ll show below, circuit analysis of the loop-coupled resonator of Fig. 1 in the limit of 

high Q0 gives the following results for the forward voltage transmission coefficient 21S  and 

the resulting power transmission coefficient  fP  in the frequency domain (  2/f ) 
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where 0Z  is the characteristic impedance of the input/output lines (usually 50 ). Note that 

0
2Qmg  , so that stronger coupling (and greater power transmission at resonance) is 

obtained by increasing m,  by increasing 0Q , or by increasing both.  

 

Usually we assume symmetric coupling (i.e. 21 ggg  , identical coupling loops), which 

simplifies the analysis somewhat, though by measuring 
2

11S  and 
2

22S  we can determine 

both coupling coefficients independently (see Appendix A). 
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where 0P  is the peak power at resonance and LQ  is called the loaded quality factor, which is 

smaller than 0Q  due to the loading effects of the coupling.  

 

 
2. Circuit Analysis of Microwave Resonator Circuits 

 
The microwave resonator and each of the two coupling loops can be assigned its own transfer 
matrix. The coupling loops behave like transformers and have the transfer matrices shown in 

Fig. 2. 
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Figure 2: Transfer matrices for the magnetic coupling loops, which act as transformers with 

one arm representing the coupling loop, the other the resonator.  Note the sign change 
depending on the sense (i.e. phase) of the loop windings. 
 

The transfer matrix of the full equivalent resonator circuit of Fig. 1 is found using 
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where the positive sign is used for coupling loops wound in the same sense, the negative sign 
is used for coupling loops wound in the opposite sense. The resonator is modelled as a series 

LRC circuit, so its series impedance Z is  
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Writing 0 , for frequencies close to resonance (i.e. 0 , an almost exact 

approximation for a high Q resonator) then 
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where RLQ /00   is the unloaded quality factor of the resonator.  Hence, the four elements 

of the coupled resonator’s transfer matrix are 
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In terms of these transfer matrix elements, the S parameters of the coupled resonator are 
 

 
 

 
 

 
 

  dcZZba

bcad
S

dcZZba
S

dcZZba

dcZZba
S

dcZZba

dcZZba
S



















00
12

00
21

00

00
22

00

00
11

/

2

/

2

/

/

/

/

 

Hence 

0

0
021

21
1221

21

2








jQgg

gg
SS   

 
2

0

02
0

2
21

212
21

41

4



















Qgg

gg
S  

where coupling coefficients at ports 1 and 2 are defined by 
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Similarly, the voltage (and power) reflection coefficients at ports 1 and 2 are 
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Typical plots of these power transmission and reflection coefficients for a high Q resonator 
(with asymmetric coupling) are shown in Fig. 3. 
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Figure 3:  The power reflection and transmission coefficients for a high Q resonator. The 
coupling coefficients are 0.1 and 0.3 at ports 1 and 2, respectively (i.e. asymmetric coupling, 
strongest at port 2, hence the greater reflection dip at resonance). 

 
If the coupling coefficients at ports 1 and 2 need to be measured separately (e.g. if the 

coupling is asymmetric), then at resonance 
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from which g1 and g2 can be found. Clearly, if
2

022
2

011 and SS  are measured and found to 

be equal (to within experimental error) then the coupling may be assumed to be symmetric. 
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APPENDIX B

OPTICAL MICROSCOPE IMAGES OF PBF SAMPLES
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a) b)

c) d)

e) f)

Figure B.1: Optical microscope image of 45◦ upskin (left) and downskin (right)
for laser powers, a) and b) = 80 W; c) and d) = 120 W; e) and f) = 180 W.
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APPENDIX C

RMS SURFCACE ROUGHNESS MEASUREMENT
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Figure C.1: Surface roughness of AlSi10Mg ‘As built’ vertical sample. Rq = 12.1
µm.

Figure C.2: Surface roughness of AlSi10Mg ‘Bead blast’ vertical sample. Rq =
6.26 µm.

Figure C.3: Surface roughness of Silver plated AlSi10Mg ‘As built’ vertical sam-
ple. Rq = 10.9 µm.
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Figure C.4: Surface roughness of AlSi10Mg ‘Bead blast’ vertical sample. Rq =
8.13 µm.

Figure C.5: Surface roughness of ‘Mirror polished’ AlSi10Mg vertical sample. Rq

= 0.024 µm.

Figure C.6: Surface roughness of ‘Mirror polished’ AlSi10Mg horizontal sample.
Rq = 0.024 µm.

Figure C.7: Surface roughness of ‘As Built’ AlSi10Mg horizontal sample. Rq =
4.04 µm.
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Figure C.8: Surface roughness of ‘Bead blast’ AlSi10Mg horizontal sample. Rq

= 6.71 µm.

Figure C.9: Surface roughness of silver plated ‘As Built’ AlSi10Mg horizontal
sample. Rq = 4.64 µm.

Figure C.10: Surface roughness of silver plated ‘Bead blast’ AlSi10Mg horizontal
sample. Rq = 6.45 µm.

Figure C.11: Surface roughness of copper PCB sample. Rq = 0.24 µm.
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